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Research on the prediction
method of wing structure noise
based on the combination of
conditional generative adversarial
neural network and numerical
methods

Shujie Jiang®*, Yuxiang Liang**, Yu Cheng® and Lingyu Gao®?

State Key Laboratory of Aerodynamics, Mianyang, Sichuan, China, 2School of Aeronautics and
Astronautics, Shanghai Jiao Tong University, Shanghai, China

This paper presents a technique for predicting noise generated by airfoil
structures that combines deep learning techniques with traditional numerical
methods. In traditional numerical methods, accurately predicting the noise of
airfoil structures requires significant computational resources, making it
challenging to perform low-noise optimization design for these structures. To
expedite the prediction process, this study introduces Conditional Generative
Adversarial Networks (CGAN). By replacing the generator and discriminator of
CGAN with traditional regression neural network models, the suitability of CGAN
for regression prediction is ensured. In this study, the data computation was
accelerated by expanding the kernel function in the traditional boundary element
method using a Taylor series. Based on the resulting data, an alternative predictive
model for wing structure noise was developed by integrating Conditional
Generative Adversarial Networks (CGAN). Finally, the effectiveness and
feasibility of the proposed method are demonstrated through three case studies.

airfoil structure, CGAN, boundary element, aeroacoustic noise, computational
fluid dynamics

1 Introduction

The propeller is usually an open (non-enclosed) rotating mechanical device with
multiple blades, and it has a history of nearly a century as an aviation propulsion
system [1, 2]. As early as the 1940s, propellers were widely used in various types of
aircraft, and the development of propeller technology has always been closely linked to the
development of aircraft. Propeller engines are still widely used in military and civilian
aircraft today, mainly due to their excellent fuel economy [3]. However, the propulsion
speed of propellers significantly decreases under high subsonic conditions, resulting in
relatively low cruising speeds for propeller-driven aircraft. Later, the concept of contra-
rotating propeller engines was proposed. The contra-rotating propeller engine is a
conceptually different aviation engine related to the turboprop engine and turbofan
engine, and it is also referred to as a propeller fan engine, advanced turboprop engine,
un ducted fan, or ultra-high bypass ratio turbofan engine [4, 5]. The design objective is to
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balance the efficiency and fuel economy of turboprop engines with
the cruising speed and performance of turbofan engines [6-8], filling
the speed gap between conventional turboprop engines and turbofan
engines. It effectively addresses the contradiction between the
speed and propulsive
turboprop engines and turbofan engines, and it is the direction

cruising efficiency of conventional
of development for the propulsion systems of future medium-sized
transport aircraft [9].

Compared to the 1980s, although modern contra-rotating
propellers have made significant advances in aerodynamic design
[10], noise optimization techniques, and manufacturing processes,
according to NASA’s research, contra-rotating propeller engines still
have a noise level that is more than 10 dB higher than that of ducted
fan engines [11]. Therefore, aerodynamic and noise optimization
design remains a key technical issue in the development of contra-
rotating propellers [12]. However, due to the complex aerodynamic
disturbances such as viscous wake interference, potential flow field
interference, and propeller tip vortex interference between the two
rows of propellers, the aerodynamic noise mechanism is more
complicated [13-15]. Therefore, noise prediction and acoustic
optimization design of propeller engines have become one of the
key technologies in propeller design [16].

As the main component of propeller noise, accurate prediction
of the noise generated by airfoils can guide the optimization design
of propellers. Currently, in addition to using engineering estimation
methods based on empirical theories, common methods for
predicting airfoil vibration noise mainly rely on numerical
[17].
semi-theoretical

calculation methods Engineering estimation methods

typically use and semi-empirical formulas
combined with structural sound radiation theory and measured
data. Engineering estimation methods are convenient and fast, but
they are mainly applicable to specific structures or their similar
models. Numerical simulation methods mainly rely on finite
element methods (FEM) [18], boundary element methods (BEM)
[19-21], and computational aeroacoustic methods (CAA) [22].
Among them, CAA methods combine computational fluid
dynamics (CFD) simulations and the FW-H analogy method,
which can simultaneously obtain the near-field flow distribution
of the structure and the far-field acoustic characteristics, making it
one of the reliable methods. However, in the pre-processing stage of
CAA calculations, it is necessary to establish a very detailed model in
the computer, which requires a significant amount of time and leads
to a longer prediction process. Therefore, developing efficient
aerodynamic noise prediction methods by combining deep
learning methods can significantly reduce the computational cost
of aerodynamic noise [23, 24]. This is of great importance for
guiding the optimization design of low-noise propellers.

In light of the reflect on mentioned, the objective of this study is
to propose a new method for analyzing the uncertainty of
piezoelectric and flexoelectric characteristics using Conditional
Generative Adversarial Networks (CGAN), which is a machine
learning (ML) technique [25-27]. CGAN has emerged as a
significant advancement in the field of ML, allowing for the
generation of high-quality predictions and opening up new
possibilities for data-driven creativity and problem-solving [28].
Generative Adversarial Networks (GANs) [29] revolutionized image
generation [30]. However, GANs are limited in controlling the
output of the generated network. For example, when dealing with
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the MINIST dataset consisting of handwritten digits from 0 to 9,
GANs may generate any number as output without predictability.
This lack of control hinders the practicality of GANSs in real-world
scenarios [31-33].

To address this issue, Conditional Generative Adversarial
Networks (CGANs) are introduced. CGANs
conditional variable that allows for control over the behavior of

include a

the generator network, constraining the output to a user-specified
distribution and improving stability [34]. Adversarial training in
CGANSs not only enables the generation of accurate and realistic
images but also helps in learning the relationships between data [35].
CGANs have found applications in various domains, including
image synthesis for generating new images with specific attributes
[36, 37], data augmentation to enhance the performance of ML
models, style transfer for applying the style of one image to another,
and text-to-image synthesis based on textual descriptions.
Moreover, there have been several variations introduced in
different fields, such as DCGAN [38] and DAGAN [39], among
others [40, 41].

This paper primarily focuses on combining CGAN with
traditional numerical simulation methods to predict the vibration
noise of airfoil structures [42], reducing the cumbersome
calculations involved in numerical methods and speeding up the
prediction process of airfoil structure noise [43]. Figure 1 illustrates
the process of establishing a surrogate model using CGAN.

2 Conditional generation adversarial
neural network theory

2.1 Generate adversarial neural networks

Generative Adversarial Networks (GAN) are an innovative
technology that combines deep learning with probability theory.
It consists of two competing neural networks that have the ability
to learn independently and aims to learn and mimic the
distribution of real data through unsupervised learning [44,
45]. The basic structure of GAN includes a generator and a
discriminator, which compete against each other during the
iterative training process. The objective is to make the
generated data resemble the characteristics of real data as
much as possible [46]. The generator is responsible for
creating data that can deceive the discriminator by making it
appear close to authentic data, the discriminator aims to
distinguish between genuine and synthesized data. In this
process, both sides continuously learn and self-optimize,
aiming to reach the Nash equilibrium point in game theory,
where the generated data is indistinguishable from real data. The
flowchart of the GAN process is shown in Figure 2.

The input to the generator model G is random noise z, and its
output is a sample that resembles the distribution of real data. On the
other hand, the input to the discriminator model D is either real data
x or samples generated by G, denoted as G(z) [47]. When the input is
x, the discriminator D outputs 1, and when the input is G(z), the
discriminator D outputs 0. The abilities of G and D improve during
the iterative training process and eventually reach an equilibrium
state where D cannot distinguish between the two types of input
data, indicating that the generator G has successfully approximated
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Process of establishing a proxy prediction model for predicting wing structure noise.
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Discriminator

FIGURE 4
Schematic diagram of CGAN structure: Generator G and

Discriminator D.

the distribution of real data [48]. The loss of GAN is closely related
to the losses of G and D. The loss function of GAN is represented by
Equation 1.

min maxV (D, G) = Ex py,,, (v [log D (x)]
+E; p,(»[log(1 - D(G(2)))] (1)

Both Pgg, (+) and P, () represent the distribution of real data
and noise data, respectively. In the training of GAN, the generator G

(2)

FIGURE 5
(A) Tubular structure; (B) Section diagram.
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is first fixed, and the discriminator D is trained with the main
objective of improving D’s ability to discriminate between the two
sources of data [49]. Then, the discriminator model is fixed, and the
generator model is trained to generate data that can deceive the
discriminator as much as possible. The introduction of GAN has
provided more possibilities for the development of deep learning,
receiving extensive attention from scholars worldwide at that time.
However, GAN also has its limitations, such as asynchronous
training of the generator and discriminator, low accuracy of
generated data, high variability in generated data, and difficulty
in reaching an equilibrium state. These issues restrict the application
of GAN in various fields, especially in practical engineering
scenarios where many problems cannot be directly solved by
formulas. To address these issues, researchers have proposed
derivative models such as CGAN, which incorporates conditional
information into the GAN framework, transforming the originally
unsupervised learning GAN into a supervised learning approach.
This provides a direction for data generation in GAN and greatly
expands its application areas. Many subsequent variants of GAN
have been inspired by CGAN. Therefore, in this study, we have
decided to use CGAN for noise data prediction. The following
sections will provide a detailed introduction to CGAN.

2.2 Conditional generation adversarial
neural network

Networks (CGANSs),
developed by Mirza [13] introduce conditional variables into the

Conditional Generative Adversarial

model, which constrain the process of data generation and enable
targeted generation of desired data. This model introduces
conditional variables into the network architecture to guide the
data generation process and achieve targeted generation of specific
data. The CGAN architecture is similar to the original GAN [49], but
with the addition of extra conditional variables, denoted as y, in both
the generator G and discriminator D. This modification allows
CGAN to operate as a controlled and supervised network model.
The objective function of CGAN is presented in Equation 2, which

Incident wave

(b)
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maximin function.
min maxV (D,G) = Ex 1,0 [log D (x1)]
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Figure 3 presents the CGAN model, which is built upon the core
concept of Nash equilibrium derived from game theory. It mainly
G and D, which can be regarded
as players in the game. G’s function is to learn data distribution

consists of two network structures,
features from real data as much as possible, and then generate false

data that may confuse the discriminator. The primary role of the
discriminator is to effectively differentiate between real and

Frontiers in Physics

for sound pressure calculation at 900 mm (A-I).

generated data, thereby accurately determining the source of the
data. To outperform each other, both the generator and
discriminator must continuously enhance and optimize their
abilities. This iterative process of improvement and optimization
in CGAN aims to achieve a Nash equilibrium between the two
components. For the generation model G, its input is random noise
z and corresponding conditional information y, and its output is
generated sample similar to real data distribution. The discriminator
model D is designed to take real data x, corresponding conditional
information y, and generated sample G (y, z) as inputs. It assigns an
output of 1 or 0, depending on whether the input is real data or a
generated sample, respectively. Its main function is a dichotomous
test. The mutual game optimization process of generator G and
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Sound pressure calculation results of Taylor's expansion method and analytical solutions for tubular structures. (A): ro = 200 mm; (B) ro = 250 mm;

(C) ro = 300 mm; (D) ro = 350 mm.

discriminator D makes the ability of D and G continuously improve
and finally reach an equilibrium state, that is, discriminator D can
no longer distinguish between the two types of input data. The
training of CGAN is a process of D and G alternating repeatedly, so
its loss function is closely related to the loss function of D and G,
which can be expressed as Equation 3:

L(G’ D) = Ex,y,P,ia,a (x,y) [lOgD (x’ y)]
+Ey,py(y),z,Pz(Z)[10g(l —D(G(y,Z),y))] (3)
where Pgu, (X, y) represents the distribution of input data, D(.)
and G(.) represent the output of D and G respectively, z is random
noise. The loss function for D and G is written as Equation 5:
Lp = _Ex,y,pdam (x,y) [lOgD (x’ y)]
_Ez,pz,y,py (2y) [lOg(l - D(G(Z, y)’ y))] (4)
Lg = Ez,pz,y,py (2y) [lOg(l - D(G (Z’ y))’ y)] (5)

Frontiers in Physics

where > u, and when the prediction accuracy of the neural
network is high enough. The optimal result of the predicted
value can be considered as the optimization result of the
original problem.

After the introduction of conditional variables vy, the
discriminator and generator in CGAN are responsible for
distinguishing between real and generated data under the given
condition and generating corresponding data, respectively. Figure 4
illustrates the training process of CGAN, where both the generator G
and discriminator D take into account the additional information y

as inputs.

3 Acoustic boundary element method

First, the common Burton-Miller-based equation of boundary
integral is employed to accurately evaluate the sound pressure field
at broadband frequencies, as follows
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NACAOQO012 airfoil structure diagram.
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- | Gaxnamase)+a| KEyamase)

a inc
+ |:Pinc (X) +ag}17()(())()]

where « represents the coupling parameter: defined as « = i/k where
k>1 and a =1 in other cases. The symbol k represents the wave
number, where k = ¢/w, with w being the angular frequency and ¢
being the speed of sound. When the point of source x is located on a
border that is smooth S, C (x) = 1/2, the sound pressure is indicated
by p(x), p(y) represents the sound pressure at the field point vy,
while g(y) represents its normal derivative. pinc (x) represents the
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plane wave’s incident acoustic pressure. The function of Green

G(xy)
corresponding derivative are defined as follows.

and the equation given in Equation 6 and its

i
G(xy) = ZHél) (kr)

F(xy) = agn(_?y)y) = —%Hf“ (kr) ana(ry)
1 K(xy) = %Z)Y) = —%Hf” (kr)%(rx) (6)
H(xy) = ;1%;8) = i—I;Hf“ (kr)n; (x)m; (y)
_gHél) (kr) ana (rx) Bna (Ty)

where H ,(ll) (kr) represents the nth order Hankel function of the first
kind for the Green’s function G(x,y), i=+v-1, r=[x-y|
represents the distance between the source and field points, 7; is
the Cartesian component of n(x) or n(y) and or/on = r jn;.

The boundary of the structure’s surface is discretized using
constant elements. Subsequently, after gathering all the
collocation points (nodes) at the center of each element,

Equation 6 is reformulated in matrix form as follows.
Hp = Gq + pinc (7)

In the above equation, H and G represent the coefficient matrices
utilized in the BEM. These matrices are characterized by their high
density and non-symmetry, and they also exhibit frequency-
dependent variations. The vectors p and g are denoted by p and
q respectively, and p,, . represents the incident wave vector. Taking
into account the impedance boundary condition g (x) = ik (x)p (x),
Equation 7 can be rewritten as
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1750 T T T T
— CBIE
- - - Taylor 3

1700 { Taylor_5 .
....... Taylor_7

P | Taylor_10 i

1600

Sound pressure(Pa)
P
T

@

3

3
T

]450 1 1 1 1 1 1
225 250 300 350 400 450 500
Frequency (Hz)
1050 T T T T T
1000 | — CBIC ol
- - - Taylor_3
e Taylor_5
L1 s S S e el ALY Taylor 7 |4
450 == Taylor_10

Sound pressure (Pa)
(=3 ~
S S
T T
1 1

500 L I 1 | I |
750 800 850 900 950 1000

Frequency(Hz)

()

TABLE 1 Network structure and training parameter setting of CGAN.

Network structure Number of hidden layers  Loss function  Activation function  Optimizer Learning rate
Generator 3 Mean Squared Error Sigmoid Adam 0.0002
Discriminator 3 Mean Squared Error Sigmoid Adam 0.0002
P = Pinc 8) p; =-[H; - G/BJp+p}* (10)

in which the diagonal matrix B can be expressed as Equation 9.
B, - 0
B=ik| : - 9)
0 - B,
where the normalized acoustic impedance value of the ith element is
represented by f3;. Incorporating the external sound field, the sound
pressure p, can be represented as Equation 10.
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where akin to the coefficient matrix in Equation 7, Hy and G/ stand
for the coefficient matrices corresponding to field points y situated
in the external acoustic domain. The Taylor expansion of the #n-th
order Hankel function of the first kind at the frequency zo = kor is
given by

z=29

HO (2= 3 E2n)” ;f,“”m [H® ()] (11)
m=0 °
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TABLE 2 Development environment parameters table.

10.3389/fphy.2024.1452876

Operating system

Development framework

Programming language

Memory (GB)

Windows Server 2019 Tensorflow-GPU 2.6.0 Python 32 NVIDIA GeForce RTX 4090
m _ 1) (m)
2000 Iy (2 )]Z kofan( )P(Y)dS(Y)
m— CGAN . ﬁir’"
1750 rr=-[ B [H“’ (z)]z korp(y)ds (v)
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1250r
= oclr or
& I = H{
£ 1000r 4 Is [ (z )]z koran x) Bn(y)P(Y) S(y)
¢ - aﬁir (my Or
F 700 = 4 (= )]z—koran p(y)ds(y)
500F
250k In the integral I, the m-th derivative of the function zH " (z) is
represented as Equation 16.
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FIGURE 14

Prediction results of CGAN on the CBIE dataset for
airfoil structure.

iy (1)
in which [H,(,U (z)]:':z d I:zm(z)lz_z(]. Replacing z and z, with

kr and kor respectively, we obtain the Taylor series expansion of

the kernel function in Equation 6. As deriving an explicit
expression for the m-th derivative of the n-th order Hankel
function is highly intricate, this paper uses the recursive form
as in Equation 12.

dg® dH" (z) _n

O] _HWD
2= THY () - HY ()

n+l

(12)

Through successive differentiations with respect to the variable z, we
derive the recursive expression for the m-th derivative of the n-th
order Hankel function.

[H ]

i [H(l) ] (m—i) (-1)”1 (m [ fli_)l ](m 1)

= Zi(m — i)'
(13)

Next, by substituting Equation 13 into Equation 11, we derive the
expansion of H,(ll) (kr) at point k.

Combining Equations 6, 11, we can derive the expansion of the
integral in Equation 4 at the point y as follows

JFGypes) = Y S

[Gxy)a)dsE) = Y Mkl’"

of H(xy)p(y)dS(y) —_OZO M (kI + K27 o
af K (xy)q(y)ds(y) = i %kﬁm

where
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Substituting Equations 14, 15 into Equation 6 with impedance
boundary conditions, we derive the following expression.

COP()(1 +aikpx) + ¥ = k") (17 + k(=D + I7) + (17 = 1]
m=0
_ apinc(x)
= Pinc(x)+txan—(x) (17)

Due to the presence of singularity in the kernel function and its
normal derivative in Equation 6, not only is the behavior of this
equation affected but it also has an impact on other associated
expressions. Consequently, the boundary integrals involving a series
of expansions in Equation 15 also exhibit singularity. Standard
integration methods are insufficient to solve these singular
integrals. Instead, techniques such as Cauchy principal value and
Hadamard finite part integral must be employed to handle them.

To discretize Equation 17, the collocation method can be utilized
along with constant elements. This results in the following expression.

Cp+ka+Z (k= k0" )

m=0

(I + kI + KTy ]p = Pype  (18)

where C matrix can be expressed in the form of Equation 19.
C] 0 ﬁlcl 0
C= and C=ai (19)
0 Cy 0 IBNCN

Let matrices I, and I, be defined as Equation 20.

~m C 0 =
and 12:{C+IZ, m=0

sm | C+I, m=0
! { I, m#0 (20)

LI b 4N m#0

Then, by setting I7' =1,, Equation 18 can be redefined as
Equation 21.

L (k=ko)" jem
z:o m!0 (Il

This expression includes only the initial M terms of the Taylor

kL, + sz:)]p =P, (1)

. . . m zm 7 .
expansion. Since matrices I, I,, and I§’ are not influenced by
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(A) average pressure distribution on the airfoil surface and (B) RMS pressure on the airfoil surface.

frequency, they can be computed just once for wideband acoustic 4 Numerical examples

analysis. This helps to eliminate the significant computational cost

associated with repeatedly calculating Equation 8 for different In this section, the validation of the previously proposed
frequencies. methods was conducted [50]. First, the BEM method was
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Comparison of far-field sound pressure prediction results when wave number k = 1,4,8 and Mach number Ma = 0.5.
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Comparison of prediction results of CGAN on sound pressure data under unknown working conditions

verified, followed by the establishment of the BEM-CGAN wing
noise surrogate prediction model based on BEM data integrated with
CGAN. Additionally [51-53], the CAA-CGAN model validation
was performed, along with the prediction of a propeller wake model.

4.1 The wing structural vibration and noise
prediction model based on BEM-CGAN

First, consider the two-dimensional acoustic field calculation
model of the tubular structure as shown in Figure 5. Let 7y be the
radius of the cylindrical shell. In the acoustic field calculation, a
normal velocity vy = 9.6x 10>m/s is provided, which is generated by
the internal pressure of the pipe wall. The boundary condition is set
at the observation point r (2 m, 0 m).

The 2D cylindrical shell surface is uniformly discretized into
100 constant elements. When the pipe radius r0 is set to 100, 150,
200 ..., 900 mm, and the frequency f ranges from 0 to 1000 Hz (with
a step size of 1 Hz), Figure 6 presents the frequency response curves
of sound pressure using  the
conventional boundary element method (referred to as CBIE)

amplitudes  computed
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and the Burton-Miller method. From Figure 6, several

conclusions can be drawn: as the pipe radius increases, the sound
pressure at the observation location also increases. The results
obtained using the CBIE method and the Burton-Miller method
are essentially the same. However, when the radius r > 600mm, the
CBIE method exhibits false peak issues, while the Burton-Miller
method can effectively resolve this problem.

The comparison between the Taylor expansion method and the
analytical solution is shown in Figure 7. The acoustic pressure results
for different pipe structure radii ry were obtained using the Taylor
expansion-based boundary element method in the frequency range
of [1, 1,000] Hz with a frequency step size of 1 Hz.

From Figure 7, it is evident that as the number of terms in the
Taylor expansion increases, the numerical solution approaches the
analytical solution more closely. Notably, there are substantial
disparities in the boundaries of the frequency range, primarily
because the fixed frequency expansion point is positioned in the
middle of the frequency range. The numerical results become
increasingly inaccurate as one moves farther away from the fixed
frequency expansion point. To validate this hypothesis, simulations
were conducted for the radius ry = 400 mm with frequency ranges of
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(b)

FIGURE 19
Schematic Diagram of the Contra-Rotating Propeller Grid Model and Local View of the Rear Blade: (A) Regarding the mesh model of a propeller; (B)

Regarding the local image of a propeller's trailing blade.

TABLE 3 Input and output variables of CGAN under single operating conditions.

Input variables Output variables Hidden layer settings Learning rate
Xy % 66,89,105,154,121,87,65 0.0002
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FIGURE 20
The velocity distribution on the tangent line of the leading edge of the rear blade of a counter rotating propeller (wind speed:30 m/s,rotational

speed:2500 r/min). (A) Cross-Section 1; (B) Cross-Section 2; (C) Cross-Section 3; (D) Cross-Section 4.
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FIGURE 21

Prediction results of CGAN on a test set with wind speed of 50 m/s and rotational speed of 5,500 r/min. (A) Cross-Section 1; (B) Cross-Section 2; (C)
Cross-Section 3; (D) Cross-Section 4; (E) Cross-Section 5; (F) Cross-Section 6; (G) Cross-Section 7; (H) Cross-Section 8.

[1, 250] Hz and
simulated results.
So far, the numerical methods used in this study have been

[250, 500] Hz. Figure 8 presents the

validated. Next, these methods will be applied to simulate the airfoil
structure, providing sample data for the construction of the BEM-
CGAN model. The airfoil model used in this study is the
NACAO0012 airfoil, and its structure is shown in Figure 9.

The sound pressure in the frequency range of [1-1,000] Hz, the
first approach utilized is the CBIE method together with the fast
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sweeping method, both of which rely on Taylor expansion. This
frequency band is further divided into [1-250], [250-500],
[500-750], and [750-1,000]. Then, these two methods are used
for simulation, and the results are shown in Figure 10.

Based on Figure 10, it can be observed that as the frequency band
decreases, the error between the results obtained from the fast
sweeping method based on Taylor expansion and the CBIE
method decreases. Therefore, we can conclude that as the

frequency band becomes smaller, the results obtained from the

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1452876

Jiang et al. 10.3389/fphy.2024.1452876

801 « ceanv . ° A CGAN_Half +

e RealV * +  Real_Half

A . R
° 0.0104
75 o * A
L ]
L ] * é
L = +
"
70 % ° 5 R = 0.008 +
> H £
° = 4
65 & A A A A
< A
L] T 0.006 A
G + +
* A A
60 N + A +
A 3 +

52 o 0.004 { ¥
ssL ¥ . . . 2 .

0 2 4 6 8 10 12 0 2 4 6 8 10 12

Test Points Test Points
(@ (b)
FIGURE 22

Comparison between CGAN's predicted results on the test set and the actual results: (A) The speed prediction results of CGAN; (B) Prediction results

of half wake width for CGAN.

fast sweeping method based on Taylor expansion become closer to
the true solution. At this point, the obtained samples can serve as
the foundation for training the CGAN model. Next, let’s analyze
the modeling and prediction results of the CGAN model using the
airfoil structure in the [1-1,000] Hz frequency range as an
example. For the noise prediction problem of the airfoil, the
discriminator and generator of the CGAN can be viewed as
regression models. Therefore, the Mean Squared Error (MSE)
function is selected as the loss function, and the Sigmoid
function is chosen as the activation function. The capability of
the generator and discriminator should approach a balance, and
the representation has a relatively small parameter dimension.
Thus, both the generator and discriminator adopt fully connected
neural networks with three hidden layers. The network structure
configuration for the CGAN model is presented in Table 1, and the
schematic diagram of the network structure is shown in Figures
11, 12. The general modeling flowchart of machine learning is
shown in Figure 13.

In Figure 11, z;, and z, represent the random vectors input to
the generator. y represents the label information, where in this
case it corresponds to the frequency information. x; represents
the generated data, which is the sound pressure at the observation
points. In the discriminator, x, represents the real data, apologies
for the confusion. In the discriminator, y represents the label
information, specifically the frequency information. d represents
the judgment result of the discriminator’s output layer, indicating
the discriminator’s classification of the input as real or fake. x;
represents the real data. The machine learning modeling in this
study was conducted on a desktop workstation with the following
specifications: Windows Server 2019 as the operating system,
32 GB of memory, an NVIDIA GeForce RTX 4090 GPU,
TensorFlow-GPU 2.6.0 as the development framework, and
Python as the programming language. The detailed contents
can be found in Table 2. After setting the CGAN parameters,
the sound pressure data of the wing structure calculated by CBIE
in the frequency range of [1, 1,000] Hz was used as the dataset and
input into CGAN for training. The testing dataset was also set to
be the same as the training dataset to validate the applicability of
CGAN. The predicted results are shown in Figure 14. From the
figure, it can be seen that the predictions of CGAN align well with
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CBIE itself, indicating a good agreement. Subsequently, the next
step of testing was performed by extracting 3/4 of the data from
the CBIE dataset as the training set and the remaining 1/4 of the
data as the testing set to evaluate the generalization performance
of the CGAN model. Supplementary Figure 1 illustrates the
performance of CGAN on the testing set. From the figure, it
can be observed that the predicted results of CGAN on the testing
set exhibit a good consistency with CBIE itself, demonstrating that
CGAN can be applied in the field of regression prediction. These
results validate the effectiveness and generalization capability of
the CGAN model in predicting the sound pressure data of the
wing structure.

4.2 Interference noise prediction model for
wing vortex with CAA-CGAN

In the next step, the data obtained from simulating the structural
vortex interference noise of the wing using computational
aeroacoustics (CGAA) method is combined with CGAN to
establish a proxy prediction model called CAA-CGAN [12]. The
NACAO0012 airfoil is chosen as the reference airfoil, having a
thickness of 0.12¢, degree of deflection 0.02¢c, and an angle of
attack a = 2°, where ¢ represents the chord length of the airfoil.
k is a wave number vector and ¢ is a small parameter, satisfy e < 1.
The model and grid are shown in Figure 15.

For wind speed with wave numbers k; =k, =1, Figure 16 presents
the average wall pressure Py,; and root-mean-square and compares
them with the benchmark reference values provided by [54].

Based on the observation from the graph, we believe that the
data obtained from CAA calculations is accurate and effective,
making it suitable for training data in the subsequent CGAN
modeling. Next, we will proceed with the establishment of the
CAA-CGAN model. The configuration information is set as
follows: for wave numbers k = 1,4,8, Ma = 0.1, 0.2, ..., 0.7, and
the far-field angles of the airfoil are considered as conditional
information. The output data will be the calculated sound
pressure from the CAA.

First, the generalization prediction ability of CGAN under a
single operating condition is tested. The Mach number (Ma) and
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far-field azimuth are used as conditional information, and the far-
field sound pressure data is considered as the data to be generated.
For each operating condition, the dataset is divided into a 9:1 ratio
for training and testing. The CGAN is used to learn and predict the
CAA dataset, and the outcomes are then contrasted with the
forecasts made by the Amiet theory. Figure 17 shows the far-field
sound pressure results at different wave numbers for a Mach number
of 0.5, on a circular region with a radius of 4c.

After conducting the generalization testing, we extend the
predictive model to predict the far-field sound pressure data
under unknown operating conditions. The specific procedure is
as follows: we extract the data from the training set at wave
numbers k = 1, 4, 8, and Mach number Ma = 0.5, and use it
as the test set. We evaluate the accuracy of the CAA-CGAN
predictive model when predicting far-field sound pressure data
under unknown operating conditions. Figure 18 presents a
comparison of the predictive results from CGAN, CAA, and the
predictions based on Amiet theory.

From the graph, it can be observed that the predictive results
from CGAN align well with the data from CAA, and the accuracy is
stronger compared to the results obtained from Amiet theory.

4.3 Regarding the prediction of the velocity
profile of a propeller wake

Finally, we validate the model using an example of a propeller
wake. The model structure, as shown in Figure 19A, divided the
domain into 12 million grids. RANS algorithm was employed in the
simulation using Numeca software. The detailed diagram of the
model is presented in Figure 19B. Firstly, we verified the
effectiveness of CGAN in predicting the flow field data of a
Then,
considered using CGAN to predict the velocity distribution and

propeller under a single operating condition. we
key parameters of the propeller wake under multiple operating
conditions. In this example, the main operating condition
information considered was the wind speed and propeller
rotation speed.

Firstly, under fixed wind speed and rotation speed conditions,
the three-dimensional flow field of the propeller wake was divided
into 13 planes. The velocity distribution at the trailing edge of the
rear propeller blade was extracted. CGAN was used for the
adaptability test of predicting the velocity distribution and semi-
wake width of the propeller wake. The input and output parameters
of CGAN are shown in Table 3.

Secondly, we verify the applicability of CGAN by testing it on
the training dataset itself. The data from the cases with a wind
speed of 30 m/s and a rotation speed of 2,500 r/min are selected as
the overall dataset. A portion of the wind speed distribution data
from these cases is chosen as the training and testing sets. After
2,000 iterations of training, the predictive results of CGAN are
shown in Figure 20.

Testing on the dataset under a single operating condition
indicates that CGAN has the potential to be applied to such
problems. Therefore, further exploration of CGAN’s generalization
performance is needed.

From a practical perspective, what we often need is complete

data for any operating condition, rather than partial data for
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specific conditions. Therefore, both the wind speed and velocity
will be used as input variables, while other settings will be similar to
before. Following the previous applicability test, the next step is to
directly perform generalization testing. After multiple rounds of
debugging, the number of hidden layers in CGAN has been
increased to 10. The overall dataset consists of 27 sets of data
under varying wind speeds and rotation speeds. The data with a
wind speed of 50 m/s and a rotation speed of 5,500 r/min are
selected as the testing set, and the results after 20,000 iterations of
training are shown in Figure 21.

Figure 21 shows the velocity distribution along the tangential
plane at 10 cross-sections of the propeller’s leading edge under the
experimental conditions, yielding fairly accurate results. Additionally,
we also predicted the velocity loss and half-wake width at a wind speed
of 30 m/s and rotational speed of 4,800 rpm. The predicted results by
the CGAN are shown in Figure 22.

In Figure 22A shows the summary prediction results of the
CGAN for velocity, while Figure 22B shows the summary results for
the half-wake width. The half-wake width data was obtained
through simple calculations on the initial data. The horizontal
axis represents the test points corresponding to 13 cross-sections
under this operating condition.

It is worth mentioning that when using CGAN to establish a
surrogate prediction model, the generator of CGAN has an
important parameter: the noise vector. In previous applications
for image generation, this vector often had dozens or even
hundreds of dimensions to ensure the richness of generated
images. However, in the present study, a high-dimensional
noise vector would not only lead to some generated data
deviating from the desired results, but also significantly increase
the complexity of the network structure in order to meet the
accuracy requirements.

5 Conclusion

This study combines three numerical methods with Conditional
Generative Adversarial Networks (CGANS) to establish a surrogate
modeling approach for predicting the noise of airfoil structures. The
main findings are as follows:

(1) The combination of BEM, CAA, CFD, and CGANSs has been
explored to investigate the applicability of CGANS to this type
of problem.

(2) The surrogate prediction model established through CGANs
reduces significant computation time, aiding in speeding up
the optimization and design process of airfoil structures.

(3) Modifying certain structures of CGANs proves beneficial for
handling regression problems in this research.

However, this approach has some limitations. It may struggle
to achieve ideal prediction results when the data dimension is too
high or when there is poor correlation between the data,
the To these
limitations, our future research will focus on developing more

rendering predictions unreliable. address
efficient numerical algorithms. Additionally, exploring advanced
deep learning techniques to improve the accuracy of the

surrogate model. By doing so, we aim to overcome these
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challenges and enhance the reliability and accuracy of the
surrogate prediction model.
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This paper presents the acoustic analysis of a three-dimensional cylindrical shell
model under electromagnetic vibration, a critical factor affecting the
performance of electric motors in various applications such as automotive,
aerospace, and industrial systems. The study provides a multidisciplinary
approach that integrates electromagnetics, structural vibration, and acoustics,
solved using the fast multipole boundary element method (FMBEM). The results
summarize the validation of the analytical models and numerical simulations,
offering insights into effective vibration reduction methods. The conclusions
indicate that the 3-D numerical analysis using FMBEM aligns well with the
analytical solution for the sound pressure in the exterior acoustic domain of
the cylindrical shell model. The paper contributes valuable insights for the design
of low-noise motors and the control of electromagnetic vibration and noise in
electric motors.

KEYWORDS

electromagnetic vibration, acoustic analysis, electric motors, fast multipole boundary
element method, permanent magnet synchronous motors

1 Introduction

The performance of electric motors, especially in applications such as automotive,
aerospace, and industrial systems, is heavily influenced by their electromagnetic vibration
and noise. These aspects not only affect the operational efficiency but also the comfort and
reliability of motor-driven systems. With the rapid development of electric vehicles and
advanced industrial automation, there is an increasing demand for motors that are efficient,
compact, and silent. Therefore, the accurate prediction and control of their electromagnetic
vibration and noise have become paramount. A significant body of research has been
dedicated to understanding and mitigating the sources of electromagnetic vibration and
noise in permanent magnet synchronous motors (PMSMs) and other types of
electric motors.

Studies by Ballo et al. [1] and Xing et al. [2, 3] have focused on developing simplified
analytical models and numerical prediction models to forecast the noise and vibration in
PMSMs at the design stage. The influence of electromagnetic forces on motor vibration
[4, 5] has also been a central theme. Strategies to mitigate vibrations and noise have been
explored [6, 7]. Experimental studies by Torregrossa et al. [8] and Zhao et al. [9] have
validated theoretical models and numerical simulations, providing insights into the

22 frontiersin.org
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The
detection and analysis of oscillations in rail vehicle systems

effectiveness of various vibration reduction methods.

has been significantly advanced [10-12], particularly focusing

on pantograph control, which not

understanding of signal processing in this context but also

only improved the

provided practical solutions for real-time applications,
enhancing the safety and efficiency of rail transportation. A
multidisciplinary approach by Chai et al. [13] and Wu et al.
[14], combining electromagnetics, structural mechanics, and
acoustics, has been employed to provide a comprehensive
understanding of motor behavior. The dynamic behavior of the
rotor and the acoustic performance of the entire motor system
have been examined [15, 16]. Optimization studies by Mendizabal
et al. [17] have provided guidelines for designing low-noise
motors. Certain studies have focused on specific aspects such
as the effects of laminations [18], axial forces [19], and the
application of amorphous alloys in stators [20], offering
specialized insights into motor design.

The finite element method (FEM) has been extensively
employed by Mao et al. [21] and Wang et al. [22] to predict
acoustics, fracture mechanics, electromagnetics, and vibrations.
Additionally, [23, 24] investigated the natural frequencies of
motor components. However, there are several problems with
FEM when modeling infinite domains. The boundary element
method (BEM) has been used to tackle potential problems
because it offers good accuracy and easy mesh construction.
Particularly for exterior acoustic problems, the Sommerfeld
radiation condition at infinity is rapidly satisfied [25]. The
boundary integral problem has been quantitatively solved using
the Galerkin approach for BEM implementation [26, 27].

In order to directly resolve the equation system, the
conventional boundary element method (CBEM) produces a
dense and non-symmetric coefficient matrix that takes a long
time to compute. The fast multipole method (FMM) [28-30], the
fast direct solver [31, 32], and the adaptive cross approximation
approach [33] are only a few of the methods that have been
employed to expedite the resolution of the integral issue.
Architects and designers are increasingly considering changing
the structural geometry to reduce noise. There is much potential
for radiated noise reduction with this structural-acoustic
optimization [34-36]. FEM and BEM may be employed with
some computer-aided engineering (CAE) software. However,
contemporary CAE requires that the models produced by CAD
software be converted into simulation-ready models as part of the
preprocessing phase. The transfer of geometric model data by the
CAE results in geometry errors. One proposed approach to this
problem [12, 37] is to combine BEM with geometric modeling and
numerical simulation using isogeometric analysis (IGA) [38-40].
IGABEM has been employed to tackle an extensive variety of
problems, including elastic mechanics [41], potential problems
[42-46], heat transfer problems [47], wave propagation [48-53],
fracture mechanics [54], electromagnetics [55-60], and structural
optimization [61-66].

In this study, the acoustic analysis under electromagnetic
vibration is solved using the fast multipole boundary element
method (FMBEM). With regard to the advantages of FMBEM
over CBEM, please refer to Chen et al. [67].
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2 Analytical solution of sound pressure
in a cylindrical shell model for external
acoustic analysis

A cylindrical shell with radius a and infinite length is the subject
of the investigation. Consider a region of length [ in the model where
the cylindrical shell vibrates and outside of which there are no
displacements of the cylindrical shell. The acoustic vibration
coupling is not taken into account while analyzing the sound
field. The region outside the cylindrical shell when r>a is the
acoustical analysis domain. The model is presented in Figure 1.

Assuming a known radial displacement w in Equation 1:

w(z,0,t) = W,y, (z)cos(nf)e ", (1)

where y,, (z) is the modal function in the axial direction, cos (n0) is
the modal function in the circumferential direction, W,, is the
amplitude, and j is the imaginary unit. After that, the time term e7¢*
is omitted from the calculation in the frequency domain.
Equation 1 is derived for time ¢ in order to obtain the velocity

expression, as shown in Equation 2.
w(z,0) = —joW,y,, (z)cos (nb). (2)

The sound field in the domain must follow Equation 3 after
being excited by the displacement in Equation I.

p(r,z,0) = P(r)y,, (z)cos(n0). (3)

A Fourier transform of Equations 1, 3 in the z direction yields
Equations 4, 5.

w(k;,0,t) =Wy, (k;)cos (nd), (4)
1; (1“, kz’ 6) =P (T))jm (kZ)COS (n9), (5)

in which k, = w/c, is the wave number, and we have Equation 6.

9]

Vo (k) = J Y, (2)edz. (6)

In the cylindrical coordinate system, the acoustic Helmholtz
equation has the form shown in Equation 7.

2 2 2
ap+1al+1ap+al

2
ar 7 op oz TRP =0 @

ot ror
where the wave number kf = w/cy.
A Fourier transform of Equation 7 in the z direction yields
Equation 8.

o ror

Fp 10p 2]
P, P+[k}_k§-(;>]p=0. ®)

Substituting Equation 5 into Equation 8 yields Equation 9.

{azp(r) 19P(r)

2
e [k;-kﬁ-(g) ]p(r)}fm<kz>cos(n9>=0.

)
We need Equation 10 to make Equation 9 constant.
IP(r) 10P(r) [,, ., (m\?
R N —(—) P(r) = 0. 10
or? * r or T r (") (10)
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FIGURE 1
Cylindrical shell model for the acoustical analysis.

The homogeneous equation shown in Equation 10 is a Bessel
equation with the solution in Equation 11.

P(r) = AJ, (kir) + BY , (k,),

ko= (K-, ()

When r — 00, the radiation field tends to be in the form of a
plane wave, as shown in Equation 12.

P(r) — A4 = A(cos (k1) +jsin (kr))e ™. (12)

Furthermore, based on the approximation of two classes of
Bessel functions at infinity in Equation 13,

. 2 2n+1
k,lru}oo I (k,r) — ‘/ﬂkﬂ’ cos(k,r - 7'[),
lim Y, (k,r) — 1{ 2 sin(k,r _any 171).
kr—co nk,r 4

B = jA is needed to satisfy the infinity condition. Then, we have
Equation 14.

P(r) = Al (k7)) +jY, (k1)) = AHY (k1)

(13)

(14)

where HV denotes the Hankel functions of the #-th order first kind.
The continuity conditions shown in Equation 15 must be
satisfied at the interface:

1 dp

1
jwpf or . (15)

=Wl

Performing a Fourier inverse transform of Equation 15, we have
Equation 16.

— = —a)zpfti). (16)

Substituting Equations 4, 5 into Equation 16 yields Equation 17.

w’p W,
I A (17)
kHY (k,a)
and then, we have Equation 18.
w?p ,HWY (k,r
o P KD W cos nb). (18)

kHY (k.a)
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Performing a Fourier inverse transform of Equation 18, we
finally obtain an analytical solution for the sound pressure at any
point in the exterior acoustic domain for the cylindrical shell model,
as shown in Equation 19.

Vo (k,)e**dk, |W,, cos (n6).

p(rz,60) = “’Zf’f[ r" H," (k,r)

21 | ) ok, HY (K,a)
(19)

Note that r >a.

3 Numerical analysis of sound pressure
in three-dimensional external
acoustic analysis

Consider the Helmholtz governing equation in time-harmonic
acoustic analysis, as shown in Equation 20.

Vip(x) +Kp(x)=0, VYxeQ, (20)

where V? is the Laplace operator, p(x) is the sound pressure at
field point x, k = w/c is the wave number, w is the angular
frequency of the incoming wave, ¢ is the sound speed in the
domain Q, and Q is the domain for acoustic analysis. In the
frequency domain, the time-dependent component e can be
excluded from the computation.

Applying Green’s second theorem to the Helmholtz equation
yields the following integral equation, as shown in Equation 21.

pw e+ [ 50T par ) - [ Gemamare)

+pinc (x), veT, (21)

where T’ = dQ is the border of the domain €, y is the sound source
point on the boundary T, x is the field point affected by the sound
source y, G(x,y) is the Green’s function, n(y) is the outward unit
normal vector at point y, d()/on = V() - n is the exterior derivative,
p™ is the sound pressure of the incident wave, and g(y) is the
outward flux at point y. q(y) satisfies the Neumann boundary
condition, as shown in Equation 22.
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an(y) (22)

a(y) = % (z)

Jpevy (¥),

where p is the density of the medium in which the sound wave
propagates, and v (y) is the normal velocity at point y.

To obtain the unknown sound pressure on the boundary T, the
field point x may converge to the boundary, and thus, the
Kirchhoff-Helmholtz conventional boundary integral equation
(CBIE) is obtained from Equation 21, as shown in Equation 23.

9G (x,y)
r on(y)

= LG (xy)q(y)dl (y) + p™ (x), xyeT.

cp()+ | P(Y)dr(y)

(23)

The normal derivative boundary integral equation (NDBIE) of
Equation 23 is given by Equation 24.
G (x,y)
ron (y)on (x)

- [ %Ny yyary) +

ca(x)+ | p(y)dr(y)

apinc (X)
on(x)’

x,y €I. (24)

In Equations 23, 24, ¢ (x) = 1/2 when the boundary around point
x is smooth.

Applying only CBIE or NDBIE leads to non-uniqueness of the
solution to the exterior sound field analysis, which can be solved by
linearly combining CBIE and NDBIE. This is called the
Burton-Miller method [68], as shown in Equation 25.

9G (x,y)
c(x)p(x) + ac(x)q(x) + L on(y) p(y)dI'(y)
I’G(xy)
J S PVI)
oG (x, ;
- [ cenamare) +af STEg)ar(y) + p
p] inc
+a gn()(:)(), xye€l,
(25)
in which a is the coupling coefficient, and we have Equation 26.
j» k<1,
a= { j (26)
-5 k>1.

In Equation 25, for 2-D acoustic analysis, we have Equation 27.

G(xy) = ng” (kr),

G (x,y) gk or
) 4t kFS
IG(xy) K o or jk_
m = THZ (kr) on (y) on (X) + 4—?’H1 (kr)n,« (y)ni (X),
27)
and for the 3-D acoustic problem, we have Equation 28.
o
Glxy)=
0G(x,y) e . or
o)~ an? UM Sy
IG(xy) €~ or  or

(3 - 3jkr - K*1?) + (1 = jkr)m; (y)n; (%) |,

(28)

on(y)on(x) 4mr’ on(y) on(x)
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where H ,(,1) is the Hankel function of n-th order first kind, r is the
distance between point x and y, r = |x — y|, and #; is the component
of the coordinate.

In Equation 25, discretizing the boundary T yields the linear
equations shown in Equation 29.

Hp = Gq + p;» (29)

where p; is the nodal pressure from p™.
The sound pressure at point x could be obtained by solving
Equation 29.

4 Numerical example

In this part, we will calculate the sound pressure at some certain
location using the analytical equation (Equation 19) and numerical
analysis (using BEM), respectively. Both are implemented using our
in-house Fortran code. The algorithm is crafted using the Fortran
90 programming language and compiled with the combination of
Visual Studio 2022 and Intel “oneAPT 2022 toolkit. It is executed on a
PC with an Intel(R) Xeon(R) Bronze 3204 CPU @ 1.90 GHz and
complemented by 128.0 GB of RAM. In this part, the coordinates of
the points are described using the cylindrical coordinate system in
Equation 19.

Consider the cylindrical shell model shown in Figure 1. The
cylindrical shell of radius a = 0.5 m and length [ = 0.4 m is closed at
both ends for the three-dimensional (3-D) numerical analysis.
Consider Equation 1. Let the vibration of the cylindrical shell be
uniformly distributed in the axial direction; that is, let y,, = 1. Let the
amplitude of the vibration W,, = 2.24 x 10® m, the frequency
f = w/2m = [100, 1,000] Hz, and the order of the circumferential
vibration order be n = 0.

The cylindrical shell model is meshed with quadrilateral
elements. Figures 2A, B gives the meshing scheme with element
number of 2112 and 8320, separately. Figure 3 provides the
numerical solutions of the sound pressure at (v/272, 0.0, n/4)
— (0.5, 0.5, 0.0) in the cartesian coordinates for the meshing
schemes in Figure 2, where the center of the cylindrical shell is at
(0.0, 0.0, 0.0). The comparison in Figure 3 is crucial, as it tests the
sensitivity of the numerical solution to the mesh density. A fine mesh
provides a more accurate representation of the continuous problem
but at a higher computational cost. Conversely, a coarse mesh
reduces computational demand but may lead to inaccuracies. The
two mesh schemes have 2,112 and 8,320 elements, respectively. The
agreement between these two schemes suggests that the coarser
mesh (2,112 elements) is sufficiently refined for the problem at hand,
capturing the essential features of the sound pressure distribution
without the excessive computational cost associated with a very fine
mesh. Good agreement between the two mesh schemes indicates
that the numerical solution has converged to a value that accurately
represents the sound pressure at the specified point. This
convergence is a critical aspect of numerical methods, ensuring
that the solution is reliable and independent of the discretization.
The consistency of results from different mesh densities also serves
as an indirect validation of the FMBEM approach. It demonstrates
that the method is capable of providing accurate results even with
relatively coarse meshes, which is particularly beneficial for complex
geometries and larger models where fine meshing becomes
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a. Model meshing. Element number 2112.

FIGURE 2

b. Model meshing. Element number 8320.

Meshing scheme for the cylindrical shell model with closed ends. Radius a = 0.5 m and length [ = 0.4 m. (A) Model meshing. Number of elements =

2,112. (B) Model meshing. Number of elements = 8,320.
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FIGURE 3

Numerical results of sound pressure at (vV2/2, 0.0, 7/4).
Circumferential vibration order n = 0, length [ = 0.4 m; number of
elements = 2,112 vs. 8,320.

impractical. Based on this, we will select the element size
configuration shown in Figure 2A for the cylindrical shell model
with radius @ = 05 m and length [> 04 m in the
subsequent analysis.

Consider the model presented in Figure 1. The cylindrical shell
model for analytical analysis is of infinite length, in which only a
segment of length [ vibrates. This infinite-length cylindrical shell is
considered as the boundary of the exterior acoustic domain,
meaning that the acoustic analysis does not take into account the
interior region of the cylindrical shell. However, during the 3-D
numerical analysis, the boundary of the exterior acoustic domain is
not a cylindrical shell of infinite length but a shell of length I with

Frontiers in Physics

1.5E+2 T
—&—n0_Analy
e n0 Nume L0.4 E2112
—_
é‘j; 1LOE+2 - ]
g
Z
e
a
E
© 5.0E+1 R
%)
0.0E+0 - - - -
200 400 600 800 1000
Frequency (Hz)
FIGURE 4

Numerical vs. analytical results of sound pressure at (vV2/2, 0.0,
n/4) for a cylindrical shell model of length [ = 0.4 m. Circumferential
vibration order n = 0.

closed ends, which causes the space outside the [-length segment in
the infinitely long cylindrical shell to be involved in the acoustic
analysis. Thus, computing errors are introduced. For the cylindrical
shell model with a radius of 0.5 m and a length of 0.4 m, the
analytical and 3-D numerical solutions for the sound pressure at
(V2/2, 0.0, 1/4) are provided in Figure 4. The two curves do not fit
well, as we have predicted. This discrepancy is expected and can be
attributed to several factors. The analytical model assumes an
infinite length for the cylindrical shell, which simplifies the
boundary conditions but deviates from the actual finite length
used in the numerical model. The numerical model includes the
effects of the shell’s finite length, which introduces additional
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b. Length [ = 2 m, element number 4160.
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d. Length [ = 5 m, element number 8064.
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f. Length [ = 10 m, element number 14592.

Numerical vs. analytical results of sound pressure at (vV2/2, 0.0, 7/4) for cylindrical shell models of different lengths. Circumferential vibration order
n = 0. (A) Length { = 1 m, number of elements = 2,880. (B) Length [ = 2 m, number of elements = 4,160. (C) Length [ = 4 m, number of elements = 6,784. (D)
Length [ = 5 m, number of elements = 8,064. (E) Length [ = 9 m, number of elements = 13,312. (F) Length [ = 10 m, number of elements = 14,592.

complexities not fully captured by the analytical model’s
assumptions. The discrepancy highlights the limitations of
analytical models when they are based on simplified assumptions
that may not fully represent the physical system’s complexity. The
comparison underscores the importance of validating analytical
models with numerical simulations, especially when the models
are used for design and optimization in engineering applications.
The results suggest that the model configuration, particularly the
length of the cylindrical shell, significantly affects the accuracy of the
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sound pressure predictions. This insight is crucial for selecting
appropriate model parameters in both theoretical and numerical
studies. The choice between analytical and numerical methods
should be guided by the specific requirements of the problem,
including the need for accuracy, computational resources, and
the complexity of the model.

To reduce the computational errors resulting from the axial
external space of the cylindrical shell, we attempt to lengthen the
shell model with closed ends in the 3-D numerical analysis. For
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FIGURE 6

Relative error, numerical results vs. analytical results. Circumferential vibration order n = 0, length =4 m, 5m, 9 m, and 10 m.

models of various lengths, the numerical results are compared with
the analytical solution to determine an appropriate model
configuration. Figure 5 gives the sound pressure at (1/2/2, 0.0,
n/4) for cylindrical shell models of different lengths. The
circumferential vibration order n = 0. Figures 5A-F show that
the 3-D numerical result agrees well with the analytical solution
when the length I > 4 m. The analytical model assumes an infinite
length for the cylindrical shell, which simplifies the boundary
conditions but deviates from the actual finite length used in the
numerical model. The numerical model includes the effects of the
shell’s finite length, which introduces additional complexities not
fully captured by the analytical model’s assumptions. The
discrepancy between the analytical and numerical solutions for
shorter shells highlights the limitations of analytical models when
they are based on simplified assumptions that may not fully
represent the physical system’s complexity. The comparison
underscores the importance of validating analytical models with
numerical simulations, especially when the models are used for
design and optimization in engineering applications.

The data in Figures 5C-F, 6 give the relative error of the 3-D
numerical solution to the analytical result. Similar characteristics are
displayed by the four curves, namely, a rising relative error between
the analytical and numerical solutions with increasing frequency,
indicating that higher frequencies are more challenging to model
accurately. This could be due to the higher spatial and temporal
resolution required for capturing the dynamics of higher-frequency
waves. For the cylindrical shell model of length I = 4 m, the relative
error range is (—5%, 1%); for the model of [ = 5 m, it is (—4%, 1%);
and for the models of ] =9 m and [ = 10 m, it is about (-3%, —1%).
The relative error decreases, and the computational accuracy
generally improves as the model lengthens. The present shell
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model has a radius of 0.5 m. The model length is 10 times the
radius when / = 5 m and 20 times the radius when [ = 10 m. The
results suggest that the length of the model plays a critical role in the
accuracy of numerical simulations. The analytical model assumes an
infinite length for simplicity, but the numerical model must account
for the finite length, which introduces additional complexities. The
findings indicate that a model length of at least 10 times the radius is
necessary for accurate uncoupling analysis. Although increasing the
model length improves accuracy, it also increases the computational
cost in terms of memory usage and processing time. Therefore, a
balance must be struck between accuracy and computational
achieved when the model length is

efficiency, which is

approximately 10 times the radius. In our future work,
acceleration algorithms may be employed to speed up the
calculation.

Consider the cylindrical shell model shown in Figure 1. The
cylindrical shell is closed at both ends for the 3-D numerical analysis.
The radius a = 0.5 m. The length / = 5 m or I = 10 m for the 3-D
numerical analysis. Consider Equation 1. Let y,, = 1, the amplitude
of the vibration W,,, = 2.24 x 1078 m, and the frequency f = w/27 =
[100, 1,000] Hz. The analytical and 3-D numerical solutions for the
sound pressure at (v2/2, 0.0, n/4) for different circumferential
vibration orders n are given in Figure 7. Figures 7A-F show that
the 3-D numerical result agrees well with the analytical solution
when the circumferential vibration order n = 1, 3, or 4. The data in
Figures 7A, 8 provide, as an example, the relative error between the
3-D numerical result and the analytical solution.

Figure 7 shows that for n = 2, 6, and 10, the analytical solution
goes to zero, and the numerical solution is less than 3.0E-12, which
might be thought of as tending toward zero in numerical analysis.
Note that the sound pressure at (v/2/2, 0.0, 71/4) is calculated in
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Figure 7. Consider Equation 19. When 6 = n/4 and n = 2, 6, or 10,
cos(nf) = 0, meaning that the sound pressure p(r,z,0) = 0 in
Equation 19, which coincides with Figures 7B, E, F.

The agreement between analytical and numerical results for
certain modes validates the theoretical model’s assumptions and
the mathematical formulations that describe the sound pressure
distribution. This is crucial for the reliability of predictions made
using these models in practical applications. The results highlight
the importance of considering different vibration modes in the
analysis. The theoretical model predicts different behaviors for
different modes, and the numerical simulations confirm these
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predictions, emphasizing the need for accurate modeling of
vibration modes in the design and analysis of electric motors.
The findings provide valuable insights for the design and
optimization of electric motors, particularly in controlling the
vibration modes that contribute to noise. Understanding which
modes contribute to the sound pressure can guide the design of
motor components to minimize noise emissions. The choice
between analytical and numerical methods should be guided by
the specific requirements of the problem, including the need for
accuracy, computational resources, and the complexity of the
model. The agreement between the two methods for certain
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modes suggests that, under these conditions, either method could
be reliably used.

For the closed cylindrical shell model with a length of 5 m,
Figures 8A-H provide the numerical sound pressure on the
structure surface for various circumferential vibration orders, in
which the frequency f = 500 Hz. The black line in the figure
represents the section for 6 = n/4. In Equation 19, when 6 = 0,
cos (n) = 1, and the sound pressure p (1, z, 0) reaches its maximum.
This is in accordance with Figure 8I. Furthermore, in Equation 19,
when n =0, cos (nf) = 1, indicating that the sound pressure p (7, z, 0)

Frontiers in Physics

is constant along the cylindrical shell’s circumferential direction.
This finding aligns with Figure 8A. Still in Equation 19, when 6 =
n/4 and n = 2, 6, or 10, cos(nf) = 0, indicating that the sound
pressure p(r, z, 8) = 0. This conclusion is consistent with Figures 8C,
F, H. Remaining in Equation 19, when 6 = /4 and n = 4 or 8,
abs(cos(n6)) = 1, indicating that the sound pressure p(r,z,0) is
maximized. This is in accordance with Figures 8E, G. These results
demonstrate good agreement between the results of our 3-D
numerical analysis and the analytical solution. The agreement
between the numerical results and the analytical predictions
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validates the analytical model’s accuracy in predicting the sound
pressure distribution on the cylindrical shell under different
vibration modes. This is essential for the model’s reliability in
practical applications. The results highlight the importance of
considering different vibration modes in the analysis. Each mode
affects the sound pressure distribution, which is crucial for noise
control and motor design.

5 Conclusion

This study concludes that the 3-D numerical analysis
using FMBEM aligns well with the analytical solution for
the sound pressure in the exterior acoustic domain of a
cylindrical shell model, particularly when the model length is
sufficient relative to its radius. The investigation reveals that
computational accuracy improves as the model lengthens,
suggesting a model length of at least 10 times the radius for
accurate uncoupling analysis. The findings provide valuable
insights for the design of low-noise motors and contribute to
the understanding of electromagnetic vibration and noise control
in electric motors.
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More than 60% of energy losses occur through the building envelope. Exterior
wall insulation technology is widely used for wall insulation, but it is prone
to cracking, falling off, and causing fires. Self-insulation concrete compound
blocks (SIB) have attracted considerable attention in recent years for meeting
building energy efficiency standards without the need for external insulation
treatment. In this study, the shale ceramsite concrete (SCC) was prepared as
the base material for the blocks through the orthogonal test and range analysis.
In accordance with the insulation requirements of residential building walls,
12 types of self-insulation concrete compound blocks (SIB) were designed.
The heat transfer process of these blocks was simulated and analyzed using
Ansys Workbench, enabling a comparison of the thermal conductivity effects
resulting from different hole distribution schemes in the insulation blocks. The
simulated values were compared with the theoretical calculations, and the
simulated results were in good agreement with the theoretical calculations.
The results showed that TZ-12 exhibited the optimal hole configuration with
a heat transfer coefficient of 0.5 W/(m?-K), which was 38.3% lower than that
of the external insulation block TZ-9. Additionally, TZ-12 demonstrated the
average compressive strength of 8.28 MPa and the minimum compressive
strength of 745 MPa, meeting the requirements for MU7.5 strength grade and
also satisfying the requirement of not less than MU5.0 when self-insulation
blocks were used for external walls. The simulated heat flux rate of the self-
insulation concrete compound block wall (SIBW) was 154 W, and its heat transfer
coefficient was 0.56 W/(m?K), which was 29.1% lower than that of the external
thermal insulation wall (ETIW), meeting the design standard for achieving the
65% energy saving in residential buildings situated in regions with hot summers
and cold winters.

KEYWORDS

self-insulation concrete compound blocks, ANSYS workbench, heat transfer coefficient,
optimization design, energy saving

1 Introduction

The building sector was responsible for 45.5% of China’s overall energy consumption
in 2020, with more than 60% of energy loss occurring through the building envelope [1,
2]. Therefore, the energy consumption in buildings can be effectively reduced by focusing
on enhancing the thermal insulation and energy-saving capabilities of the outer wall [3,
4]. External insulation technology is widely used for wall insulation but has two inevitable
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defects: firstly, the lifespan of building insulation materials differs
from that of the structure, making them prone to cracking
and falling off; secondly, fire hazards cannot be avoided [5, 6].
Self-insulation concrete compound blocks (SIB) have garnered
significant attention due to their unique composition of concrete
and thermal insulation materials [7]. This construction material
eliminates the need for external insulation treatments while still
meeting building energy conservation standards [8, 9].

The mechanical properties requirements can still be met by
incorporating insulation material, thereby optimizing the thermal
conductivity of the blocks [10, 11]. Jiao etal. [12] conducted a
study on the optimal combination and resultant characteristics of
hollow blocks made from alkali-activated slag ceramsite concrete,
which exhibited a compressive strength of up to MUI15. The
study conducted by Osman etal. [13] demonstrated that the
recently developed ceramist concrete blocks effectively meet the
criteria for insulation blocks in extremely cold areas, contributing
to energy conservation efforts. Xie etal. [14] reported that the
thermal resistance coefficient of the recycled concrete hollow
block containing Sludge ceramsite was measured to be 0.884
(m2K)/W. Al-Tarbi etal. [15] investigated the compliance of
the recently developed blocks (composed of perlite, vermiculite,
scoria, and polystyrene) with the non-load-bearing compressive
strength requirement specified in ASTMC129. Al-Tamimi et al. [16]
incorporated perlite into a recently developed concrete block at a
proportion of 30% to enhance its thermal efficiency. The addition of
perlite resulted in a significant reduction in the thermal conductivity
of the block, with a value of 0.309 W/(m-K), indicating a substantial
decrease by 33% compared to the control block that lacked any
insulating materials.

Topcu and Iskdag [17] utilized perlite as a means to manufacture
clay blocks with enhanced resistance to heat. The introduction
of 30% perlite replacement resulted in a significant reduction of
approximately 52% in thermal conductivity, compared to the control
block. Liu etal. [18] conducted a comprehensive experimental
analysis on the insulation performance of recycled concrete blocks
made from construction and demolition waste. According to
Jaafar etal. [19], the utilization of broken bricks and concrete
slurry waste in partition walls made of concrete blocks could
potentially enhance their ability to withstand high temperatures,
thereby offering an added value application. According to the study
conducted by Zhao et al. [20], it was observed that concrete blocks
manufactured using 100% recycled concrete aggregates exhibited a
compressive strength of 11.1 MPa after a curing period of 28 days.
Al-Awsh et al. [21] studied utilizing volcanic scoria as the primary
material for constructing walls can significantly enhance thermal
resistance, resulting in an impressive increase of approximately 279%
compared to traditional concrete blocks.

By integrating holes optimization into numerical simulation
techniques, it is possible to further improve the thermal conductivity
of the bricks [22-24]. Al-Tamimi et al. [25] employed the ABAQUS
software to ascertain the most favorable hole configuration for
concrete bricks, aiming to enhance wall thermal resistance and
subsequently decrease electricity consumption. Al-Awsh et al. [26]
utilized rectangular cavities arranged in three rows to minimize
the effective thermal conductivity. They also verified their findings
by employing a three-dimensional model developed through the
ANSYS-Fluent software program. According to the study conducted
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by Cuce etal. [27], it was found that the 5-row hollow design
demonstrated superior thermal resistance and lightness compared
to the 3-row and 4-row configurations. Shuai etal. [28] found
that H-shaped interlocking insulation blocks exhibited superior
thermal performance compared to crossed-shaped ones. Notably,
the most significant enhancement in blocK’s thermal performance
was achieved through a reduction in the thermal conductivity of
concrete materials.

According to the study conducted by Ouakarrouch et al. [29], it
was observed that an augmentation in both the width and quantity
of cavities results in a notable reduction in heat dissipation and
an elevation in thermal insulation. Blanco et al. [30] demonstrated
that numerical analysis provides a reliable estimation of the
thermal performance of walls, which aligns well with experimental
results obtained using a guarded hot-box apparatus. Li etal. [31]
investigated the impact of various combinations and configurations
of holes on thermal conductivity, revealing a complex relationship
between hole quantity, arrangement, and thermal conductivity.
Bi-chao etal. [32] studied that enhancing the thermal insulation
characteristic of the block can be achieved by increasing the number
of hole rows in the air layer, while maintaining a certain hole rate.
Sutcu etal. [33] demonstrated the effective application of DOE-
SM techniques in conjunction with finite element modeling for
optimizing the overall heat transfer coeflicient.

In the context of the current building energy-saving goal,
developing higher-performance SIB to meet the standards for
energy-saving design and market demand has become a significant
challenge in the industry. This paper designed a new type of
SIB specifically for residential buildings located in areas with hot
summers and cold winters. The heat transfer process of blocks
was simulated and analyzed using Ansys Workbench, enabling
a comparison of the thermal conductivity effects resulting from
different hole distribution schemes in the insulation blocks. Finally,
an optimal design scheme was obtained to meet the 65% energy
saving standard in hot summer and cold winter regions, providing
theoretical guidance for the development of high-performance SIB
and promoting its popularization and application.

2 Preparation for shale ceramsite
concrete

Compared to conventional concrete, ceramic lightweight
aggregate concrete possesses characteristics such as low bulk
density, thermal insulation, and heat preservation [34, 35]. These
properties enable a reduction in the dead weight of building
structural elements by approximately 20%-25%. However, the
utilization rate of lightweight aggregate concrete in building
structure engineering remains low due to challenges in achieving
sufficient structural strength and harsh construction conditions.
The shale ceramite exhibits exceptional strength, making it an ideal
material for the production of lightweight aggregate concrete [36].
Consequently, this study undertook the design and preparation
of shale ceramsite concrete (SCC) to ensure both the desired
lightweight characteristics of prefabricated building components
and their structural performance.
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TABLE 1 Main parameters of shale ceramsite.

Cylinder
compressive
strength (MPa)

Stacking density

Apparent density

%) (kg/m3)

10.3389/fphy.2024.1490012

Aggregate size (mm) Water absorption

rate at 1 h (%)

42 768

1,430 5-20 3

2.1 Materials

The test utilized Tongli brand PO42.5 common Portland cement
as the primary binder. Natural river sand, with an accumulation
density of 1,450 kg/m® and an apparent density of 2,710 kg/m?, was
employed as the lightweight aggregate. Grade 800 shale ceramsite,
characterized by its main parameters outlined in Table 1, served
as the coarse aggregate material. Class I fly ash, having a density
of 2,100 kg/m®, was incorporated for this experimental study. A
polycarboxylic acid water reducer was employed in this investigation
with a water reduction efficiency of approximately 32%. For thermal
insulation purposes, hydrophobic perlite insulation board exhibiting
a thermal conductivity value of 0.051 W/m-K was implemented.

2.2 Mix proportion design

A comprehensive experiment is one in which all possible
combinations of factor levels are tested. This experimental design
offers the advantage of providing extensive information, but it also
has the drawback of requiring a large number of experiments and
consuming significant resources. The orthogonal test employed in
this study is a design method used to investigate multiple factors
and levels. It selects representative points from the comprehensive
test based on orthogonality, making it an efficient, rapid, and cost-
effective experimental design method [37].

The fundamental tool for designing orthogonal experiments is
the orthogonal table, a mathematical table based on the principles
of equilibrium distribution and combinatorial mathematics. By
utilizing the orthogonal table, experiments can be designed to
possess balanced dispersion characteristics. According to JGJ/T12-
2019 [38], shale ceramsite concrete (SCC) with LC30 strength
was designed using the loose volume method. Sixteen orthogonal
tests were conducted based on four factors and four levels,
as shown in Table 2. Test factor A represents the sand rate, test factor
B represents the water-cement ratio, test factor C represents the fly
ash substitution rate, and test factor D represents the dosage of water
reducing agent.

In this research, the compressive strength and flexural tensile
strength were chosen as control factors to primarily examine their
impact on the compressive strength and flexural tensile strength of
concrete samples. The experimental design is presented in Table 3.
The evaluation of compressive strength and flexural tensile strength
for the test blocks was conducted following GB/T50081-2019 [39].
The dimensions of the test blocks utilized for evaluating compressive
strength were 100 mm x 100 mm x 100 mm, while for evaluating
flexural tensile strength, they were 100 mm x 100 mm x 400 mm in
size. The compressive strength and flexural strength of the specimens
were tested using WAW-3000 universal testing machine. The test
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process is shown in Supplementary Figure S1 (supplementary figure
at the end of the article).

The compressive strength of the test blocks shall be calculated
according to the following formula 1:

_E

cc A

Where: f,_is the compressive strength of the test blocks, F is the

failure load of the specimen, A is the bearing surface of the specimen.

The flexural tensile strength of the test blocks should be
calculated according to the following formula 2:

(1)

Fl
i @

Where: fcc is the flexural tensile strength of the test blocks, F
is the failure load of the specimen, [ is the span between supports,
b is the section width of the specimen, % is the height of the
specimen section.

2.3 Range analysis

The outcomes of the orthogonal experiment conducted on SCC
are presented in Table 4 following testing and data processing.

The range analysis, also referred to as intuitive analysis, is an
intuitive and widely employed analytical method in the examination
of results from orthogonal test design. K represents the mean value
of the sum of experimental indices corresponding to identical levels
within a specific column of factors. The magnitude of K can be
used to determine the optimal level and optimal combination for
a particular column of factors. R denotes the range of a factor within
a column, which is essentially the difference between the maximum
and minimum values of K in that column. The magnitude of R can
be utilized to assess the primary and secondary order of influence
exerted by test factors on test indexes.

The compressive strength test data of the SCC was subjected
to range analysis. The results in Table 5 demonstrated that the
range values (R) for the four test factors A, B, C, and D were
higher than those of the control group (E), indicating compliance
with orthogonal test error requirements. By comparing primary
and secondary factors, it was evident that sand rate exerted the
most significant influence on compressive strength of the SCC,
followed by fly ash substitution rate, dosage of water-reducing
agent, and water-cement ratio. Notably, both sand rate and fly
ash substitution rate exhibited a substantial impact on compressive
strength of the SCC. The optimal levels determined were as follows:
sand rate at 50%, water-cement ratio at 0.3, fly ash substitution
rate at 20%, and dosage of water-reducing agent at 0.25%. In
other words, A;B,C;D; represented the optimal combination for
achieving maximum compressive strength.
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TABLE 2 The orthogonal table consists of four factors and four levels.

Test number

Sand rate (A) %

Water-cement ratio (B)

Factor

Fly ash substitution rate

Dosage of water

(C) % reducing agent (D) %
1 A,(30) B,(0.28) C,(0) D,(0.15)
2 A,(30) B,(0.30) C,(10) D,(0.20)
3 A,(30) B,(0.32) C,(20) D,(0.25)
4 A,(30) B,(0.34) C,(30) D,(0.30)
5 A,(40) B,(0.28) C,(10) D,(0.25)
6 A,(40) B,(0.30) C,(0) D,(0.30)
7 A,(40) B,(0.32) C,(30) D,(0.15)
8 A,(40) B,(0.34) C,(20) D,(0.20)
9 A4(50) B,(0.28) C,(20) D,(0.30)
10 A4(50) B,(0.30) C,(30) D,(0.25)
11 A4(50) B,(0.32) C,(0) D,(0.20)
12 A4(50) B,(0.34) C,(10) D,(0.15)
13 A,(60) B,(0.28) C,(30) D,(0.20)
14 A,(60) B,(0.30) C5(20) D,(0.15)
15 A,(60) B,(0.32) C,(10) D,(0.30)
16 A,(60) B,(0.34) C,(0) D,(0.25)

It could be seen from Table 5 that with the increase of sand ~ compressive strength of SCC reached the maximum of 47.14 MPa.
rate (A), the compressive strength of SCC first increased and then It was about 13.29% higher than that when the substitution rate of
decreased. When the sand rate was 50%, the compressive strength  fly ash was 0.
of SCC reached the maximum, which was 48.46 MPa. The reason
was that the strength of shale ceramite was lower than that of cement  of the dosage of water reducing agent (D), and the fluctuation of
stone, and it was prone to failure first under loading and compression ~ compressive strength was not obvious when the dosage of water

The compressive strength of SCC increased with the increase

conditions. The smaller the content of shale pottery was, the larger =~ reducing agent increased from 0.2% to 0.3%. This was because the
the sand rate was, and the higher the strength of the concrete was.  water reducing agent could play a certain dispersion effect. With the
However, when the sand rate exceeded the reasonable sand rate, increase of the dosage of water reducing agent, the concrete could
the gradability of SCC became worse, which easily led to poor = maintain good flow performance under low water consumption.
compactness and low compressive strength. Thus, the compressive strength of shale concrete could be improved.
The proper replacement of cement with fly ash (C) was beneficial ~ The characteristics of ceramsite in SCC were different from the
to improve the compressive performance of SCC. In the later curing  stones of ordinary concrete. The ceramsite was pre-wet for 1 h before
stage, fly ash could react with cement twice to produce hydrated use, so that the ceramsite reached the saturation state, and the water
calcium silicate gel. Moreover, the particle size of fly ash was much  curing concrete would be released in the later period, so the water-
smaller than the particle size of cement in the pores of shale ceramite. ~ cement ratio (C) changed within a certain range, and the impact on
The pores between cement could be filled with fly ash particles,  concrete was not very large.
which improved the overall compacting degree of concrete and its The flexural tensile strength test data of the SCC was subjected
strength. However, if the replacement rate of fly ash was too large, ~ to range analysis. The results in Table 6 demonstrated that the
the strength of concrete would also be insufficient due to too little ~ range values (R) for the four test factors A, B, C, and D were
cement content. Therefore, with the increase of the replacement rate  higher than those of the control group (E), indicating compliance
of fly ash, the compressive strength of SCC would increase firstand ~ with orthogonal test error requirements. By comparing primary
then decrease. When the replacement rate of fly ash was 20%, the  and secondary factors, it was concluded that sand rate exerted the
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TABLE 3 Mixing proportions for shale ceramsite concrete.

10.3389/fphy.2024.1490012

Test number Concrete Fly ash Water (kg/m?3) Ceramsite Sand (kg/m3) Water
(kg/m?3) (kg/m?3) reducing
agent (kg/m?3)
1 400 0 12 645.12 522 06
2 360 40 120 645.12 522 08
3 320 80 128 645.12 522 1
4 280 120 136 645.12 522 12
5 360 40 12 552.96 696 1
6 400 0 120 552.96 696 12
7 280 120 128 552.96 696 06
8 320 80 136 552.96 696 08
9 320 80 112 1608 870 12
10 280 120 120 4608 870 1
1 400 0 128 460.8 870 08
12 360 10 136 1608 870 06
13 280 120 12 368.64 1,044 08
14 320 80 120 368.64 1,044 0.6
15 360 40 128 368.64 1,044 12
16 400 0 136 368.64 1,044 1

most significant influence on the flexural tensile strength of SCC,
followed by fly ash substitution rate, water-reducing agent mixing
amount, and water-cement ratio. The optimal levels determined
were as follows: sand rate at 50%, water-cement ratio at 0.3,
fly ash substitution rate at 20%, and dosage of water-reducing
agent at 0.25%. Therefore, based on these findings, A;B,C;D;
represented the optimal combination for achieving maximum
flexural tensile strength. Table 6 showed that the flexural strength
variation pattern was almost consistent with the compressive
strength variation pattern.

The optimal combination for compressive strength, as
determined by range analysis, was A;B,C;D5. Similarly, the optimal
combination for flexural tensile strength also corresponded to
A;B,C;D5. However, since this ideal combination was not included
in the orthogonal table, we conducted a separate test on A;B,C;D5
and measured its thermal conductivity for further investigation.
Several 300 mm x 300 mm X 50 mm specimens were prepared,
and the thermal conductivity of SCC was tested using DR-3030
double plate thermal conductivity tester. The test process is shown
in Supplementary Figure S2 (supplementary figure at the end of
the article). The results of this test are presented in Table 7. The
compressive strength of the optimal combination (A;B,C;D;) was
52.03 MPa, which was 1.2% higher than that of the optimal blocks
in the other 16 groups. The flexural tensile strength of the optimal
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combination (A;B,C;D;) was 5.13 MPa, which was 1.9% higher
than that of the optimal blocks in the other 16 groups. It was verified
that A;B,C;D5 is the combination with the optimal mechanical
properties. The thermal conductivity of SCC (A;B,C;D5)
was 0.8314 W/(m-K). It was prepared as the base material
of the blocks.

3 Optimization design and thermal
performance analysis of holes

3.1 Evaluation index

The heat transfer coeflicient pertains to the rate at which heat
is transferred per unit area within a given time, under steady-
state conditions, when there is a temperature difference of one
unit between the air on either side of the building envelope. The
magnitude of the heat transfer coefficient serves as an indicator for
evaluating the thermal insulation performance of the wall, which
is inversely proportional to building energy consumption. In this
paper, numerical simulation methods are used to simulate the
average surface temperature of the block under steady-state heat
transfer conditions. Subsequently, the block’s heat flux density is
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TABLE 4 Results of orthogonal tests on shale ceramsite concrete.

Test number Combination of

Dry apparent density

10.3389/fphy.2024.1490012

Compression Flexural tensile

factors (kg/m3) strength (MPa) strength (MPa)
1 A,B,C,D, 1822.26 38.09 3.59
2 A,B,C,D, 1789.14 4423 434
3 A,B,C,D, 1761.71 45.58 448
4 A,B,C,D, 1738.78 43.17 35
5 A,B,C,D, 1845.78 46.86 459
6 A,B,C,D, 1830.08 44.25 425
7 A,B,C,D, 1818.36 45.28 443
8 A,B,C,D, 1855.12 48.07 467
9 A,B,C,D, 1905.95 514 5.03
10 A4B,C,D, 1892.38 50.57 494
11 A;B,C,D, 1916.75 4531 451
12 A;B,C,D, 1896.36 46.54 455
13 A,B,C,D, 1960.36 4321 422
14 A,B,C,D, 1926.86 435 414
15 A,B,C,D, 1935.93 42.09 3.66
16 A,B,C,D, 1937.36 38.77 3.77

TABLE 5 The range analysis of compressive strength. (Unit: MPa).

TABLE 6 The range analysis of flexural tensile strength. (Unit: MPa).

Range values A (%) B C(%) D (%) ’ E Range values A (%) B C (%) D (%) E
K, 42.77 44.89 41.61 43.35 44.71 K, 3.98 4.36 4.03 4.18 4.22
K, 46.12 45.64 4493 4521 44.92 K, 4.49 442 429 4.44 439
K, 48.46 44.57 47.14 45.45 44.90 K, 4.76 4.27 4.58 4.45 4.38
K, 41.89 44.14 45.56 45.23 44.71 K, 3.95 4.12 427 4.11 4.19
R 6.56 1.50 5.53 2.09 0.22 R 0.81 0.30 0.55 0.34 0.21
A>C>D>B>E A>C>D>B>E
calculated using Formula 3. Then the heat transfer coefficient of the block is
calculated based on Formula 4:
a=h(t,~1,) 3 K=o @

Where: q is the surface heat flux density of the block
perpendicular to the heat transfer direction, f,
temperature of the block, ty is the surface environmental
temperature of the block, and £ is the heat transfer coefficient of

the indoor and external surface.

is the surface

Frontiers in Physics

Where: K is the heat transfer coefficient of the block, and At
is the temperature difference of the environment on both sides
of the block.

The heat transfer resistance is a physical quantity that measures
the thermal impedance of the building envelope, which is the
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TABLE 7 Results of the test for A;B,C;D;.

10.3389/fphy.2024.1490012

Serial number Dry apparent density Compression Flexural tensile Thermal
(kg/m?3) strength (MPa) strength (MPa) conductivity
(W/(m-K))
17 1909.36 52.03 5.13 0.8314
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FIGURE 1
The schematic of the average thermal resistance calculation.

TABLE 8 Mesh optimization.

Element Hot surface temperature (K)
order
2mm 3mm 10mm 15mm | 20 mm
Linear 297.38 297.38 297.37 297.36 297.35
Quadratic 297.38 297.38 297.38 297.37 297.37

reciprocal of the heat transfer coefficient. According to GB50176-
2016 [40], the thermal resistance, heat transfer resistance, and heat
transfer coefficient of the blocks are calculated theoretically.

The calculation formula for the heat resistance of a single
material layer is shown in (5):

)
rR=2
)

(5)
Where: R is the thermal resistance of the material layer, § is the
thickness of the material layer, and A is the thermal conductivity of
the material.
The calculation formula for the thermal resistance of the multi-
layer building envelope is shown in (6):

R=R;+Ry+ -+ +R, (6)

Where: R; + Ry + -+ +R, is the thermal resistance of each
layer of material.

The schematic of the average thermal resistance calculation
is shown in Figure 1. The calculation of the thermal resistance
for the composite envelope can be determined using the formula

Frontiers in Physics

Where: R is the thermal resistance of the heterogeneous
composite building envelope, R; is the heat transfer resistance of the
inner surface, R, is the heat transfer resistance of the external surface,
S fpooeee [, 1s the percentage of the area of each part in the parallel
direction of the heat flux in the total area, R, ;, R, > Ry is
the heat transfer resistance of each part parallel to the heat flux,
Ryjp Ryjs oo R is the thermal resistance of each part of the j layer
perpendicular to the heat flux.

The calculation of the heat transfer resistance for the flat wall of

the envelope shall be based on Formula 11:
R,=R;+R+R, (11)

Where: R, is the heat transfer resistance of the flat wall of
the envelope.

The heat transfer coefficient of the flat wall of the envelope shall
be calculated according to Formula 12:

K= — 12
R (12)
Where: K is the heat transfer coefficient of the flat wall of
the envelope.

3.2 Calibration parameters

According to the specifications outlined in JG/T407-2013 [41]
regarding blocks dimensions, the length of the SIB is either
390 mm or 290 mm, with a width of 190 mm, 240 mm, or 280 mm,
and a height of 190 mm. Other specifications and sizes are
subject to mutual agreement between suppliers and consumers.
To meet energy-saving requirements in regions characterized by
hot summers and cold winters while considering existing research
findings, the final block specification had been determined as
390 mm x 240 mm x 190 mm.

The concrete substrate and insulation material were assumed to
be homogeneous, isotropic media with constant thermal properties.
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Block model: (A) 3 mm mesh size for TZ-12. (B) Mesh optimization curve.
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The heat transfer process of wall and setting of the block boundary conditions.

The thermal conductivity of the SCC was 0.8314 W/(m-K), while
that of the perlite insulation board was 0.051 W/(m-K). Due to
the difficulty in determining the thermal conductivity of air, this
study converted the corresponding thermal resistance of an air
layer’s thickness into its equivalent thermal conductivity value for
analysis purposes. For vertical air interlayers thicker than 40 mm,
their thermal conductivity was considered as 0.222 W/(m-K) [42].

Since the geometric models were relatively regular, hexahedral
elements were used for meshing. The element was made from“Solid
2797 a20-node element model. The element was suitable for thermal
analysis of various materials and structures, including metals,
plastics, composites, etc. Its flexibility made it the preferred element
type in steady-state thermal analysis [43, 44].
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The entire analysis relied on the grid-type approach used in
this paper. The convergence criterion used a combination of H-
type and P-type methods, focusing on the investigation of element
size and element order [45, 46]. In the preliminary simulation, the
finite element results differed greatly due to the different model
geometries, so the mesh-independent simulation was carried out for
the most complex hollow block (TZ-12), and the results are shown
in Table 8. Both H-type and P-type methods met the convergence
conditions in the model, as shown in Figure 2. In order to save
time and reduce errors, the optimal mesh size of 3 mm was
selected for simulation. The Element Order was set to Quadratic.
The second-order element provided higher spatial resolution and
enabled more accurate simulation of temperature gradients and
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FIGURE 4
The design of the basic hole for the block and establishment of 3D model. (Unit: mm). (A) Rectangular holes, (B) Rhnombus holes, (C) Square holes, (D)
Circular holes.

heat flow distributions. The entire model had 682,240 elements and
2,953,257 nodes, as shown in Figure 2 [47, 48].

There were three common types of boundary conditions for
steady-state heat transfer: (1) Constant boundary temperature; (2)
Constant heat flux density at the boundary; (3) Known surface
heat transfer coeflicient on an object’s boundary with known fluid
temperature surrounding it.

The heat transfer problem in engineering could be simplified to a
one-dimensional scenario due to the significantly smaller thickness
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compared to the length and width perpendicular to the direction
of heat transfer. It was assumed that the thermal conductivity of
air and concrete, used in simulations, remains constant within a
specific temperature range. Furthermore, it was considered that both
ambient temperatures at the low and high ends of the block remain
unchanged.

The heat transfer process between the two fluids is depicted
in Figure 3. In this study, we adopted the third type of boundary
condition for steady-state heat transfer, designating the hot surface
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FIGURE 5
The cloud map of the temperature distribution for the basic hole block. (Unit: K). (A) TZ-J, (B) TZ-L, (C) TZ-Z, (D) TZ-Y, (E) TK-J, (F) TK-L, (G) TK-Z,
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and cold surface as the outer surfaces in the vertical direction
of heat transfer. Following GB50176-2016 guidelines, convection
conditions were applied on both sides, with a hot convection
heat transfer coefficient (h;) set to 8.7 W/ (m?-K) at an ambient
temperature of 299.15 K (26°C); and a cold convection heat transfer
coefficient (h,) set to 23.0 W/ (m?K) at an ambient temperature of
268.42 K (-4.73°C). (The values were obtained by referring to the
average indoor temperature in summer and the average outdoor
temperature in winter in Xinyang City, China.)The block boundary
conditions are illustrated in Figure 3, where convective loads were
imposed on two surfaces along the thickness direction of the block
model while four walls along its height and width directions were
designated as adiabatic conditions. The ambient temperature and
convective heat transfer coefficients on both sides of the block
remained unchanged to ensure a steady-state heat transfer process.

3.3 Basic hole types

The design incorporated four basic hole types, namely,
rectangular, rhombus, square, and circular holes. Figure 4 illustrates
the design of the basic hole for the block. To eliminated interference
from other factors, a single hole with the hole rate of 13% was
employed. The 3D model is created using the DesignModeler
module, as depicted in Figure 4.

The cloud map in Figure 5 showed the temperature distribution
for the basic hole block, where TZ referred to the block with
a perlite insulation board filled inside, and TK referred to the
block with an air interlayer inside. From the temperature cloud
maps of the four TZ blocks, it was evident that TZ-J had the
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most effective heat flow blocking capability. Similarly, based on the
temperature cloud maps of the 4 TK blocks, it was apparent that
TK-J exhibits superior heat flow blocking performance. Notably,
TZ-] demonstrated a significantly better heat flow blocking effect
compared to TK-J. Therefore, rectangular holes exhibited the highest
level of effectiveness in blocking heat flow, and blocks filled
with perlite insulation boards provided better insulation than air
interlayer blocks. The order of insulation effectiveness for the blocks
was as follows: rectangular holes < rhombus holes < square holes <
circular holes.

Based on the numerical simulation results obtained from
ANSYS Workbench, the hot surface temperature and cold surface
temperature of the block were determined. The simulated surface
temperature of the basic hole block was illustrated in Figure 6.
Heat flux within the block was transferred from the hot surface
to the cold surface. A higher temperature on the hot surface or a
lower temperature on the cold surface indicated a more effective
insulation performance of the block. As depicted in Figure 6, it
could be observed that for basic hole blocks, TZ-]J exhibited superior
insulation effect compared to TZ-L, TZ-Z, and TZ-Y; similarly,
TK-J demonstrated better insulation effect than TK-L, TK-Z, and
TK-Y. Specifically, TZ-J] had a 0.57% higher temperature than
that of TK-J’s hot surface while being 0.23% cooler than that of
TK-J’s hot surface; thus confirming that rectangular holes filled
with perlite insulation board contribute to enhanced insulation
effectiveness.

The error analysis of the heat transfer coefficient for the basic
hole block is shown in Figure 7. To ensure the credibility of the
simulation, theoretical calculations were conducted to determine the
heat transfer coefficient of four different types of basic hole blocks, as
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per Equations 5-12. By comparing the theoretical calculations with
the simulated values, it was found that the error between the two
values of different hole blocks was less than 5%, which confirmed
the high accuracy of the numerical simulation method adopted in
this study.

3.4 Design of holes and analysis of thermal
performance

In conclusion, eight hole-schemes for perlite blocks using
rectangular holes had been designed with the hole rate of 38.5%. The
design of the perlite block holes is illustrated in Figure 8.

The distribution of heat flux density for the perlite block is
visually represented in Figure 9. It can be observed from Figure 9
that the SCC displayed a comparatively elevated heat flux, while
the perlite insulation board exhibited a relatively reduced heat flux.
This was because of the high thermal conductivity of SCC, which
allowed most of the heat flux to be transferred through the concrete.
Additionally, there were direct transfers of heat flux from the hot side
to cold side on both left and right sides of the block, forming a heat
bridge and resulting in high heat flux density for all eight types of
perlite blocks.

Frontiers in Physics

The simulated results of the heat flux density and heat transfer
coeflicient for the perlite block are shown in Figure 10. The study
found that: Compared with the simulated results of TZ-1, TZ-2, and
TZ-3, it was observed that the heat flux and heat transfer coefficient
of the block gradually decreased with an increase in the number of
rows of holes. Furthermore, when comparing the simulated results
of TZ-3, TZ-5, and TZ-6, it was discovered that as the number of
columns of holes increased, there was a greater number of direct heat
transfer channels from the hot side to the cold side. Consequently,
both the heat flux and heat transfer coefficient of the blocks increased
gradually. Additionally, by comparing the simulated results between
TZ-4 and TZ-7 as well as between TZ-5 and TZ-8 respectively,
it was determined that staggered holes could enhance insulation
performance.

3.5 Optimal design

In summary, the row of holes, the column of holes, and the
staggered arrangement could improve the heat transfer performance
of the block. It was necessary to further optimize the hole design
because there was still a certain gap with the energy-saving target
of 65% due to direct heat transfer from the hot side to the cold side
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FIGURE 9
The cloud map of the heat flux density distribution for the perlite block. (Unit: W/m?). (A) TZ-1, (B) TZ-2, (C) TZ-3, (D) TZ-4, (E) TZ-1, (F) TZ-6, (G) TZ-7,
(H) TZ-8.
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The simulated results of the heat flux density and heat transfer coefficient.
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Optimal design of holes and simulated result (Unit: mm and W/m?). (A) TZ-9, (B) TZ-10, (C) TZ-11, (D) TZ-12.

at the left and right sides of the block, forming a thermal bridge.
The optimized hole design is shown in Figure 11. For subsequent
comparative analysis, TZ-14 was a simulated block with a 40 mm
thick perlite external insulation board. From Figure 11 of heat flux
cloud map for the optimized block, it could be observed that these
optimized holes effectively prevented edge heat bridges and extend
the path for heat flux.

The simulated results of heat transfer coefficient for the block
are shown in Figure 12. The study found that: (1) According to the
simulated results, the heat transfer coefficients of optimized TZ-
10, TZ-11, and TZ-12 were better than those of TZ-9. The optimal
hole among them was TZ-12, with a heat transfer coefficient of
0.5 W/(m?>K), which was 38.3% lower than that of the external
insulation block TZ-9. (2) The hole rate of TZ-10 and TZ-11 was
42.31%, and the total width of the middle and external heat transfer
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channels was 60 mm. By comparing the simulated results of TZ-10
and TZ-11, it could be observed that the heat transfer coeflicient
of the blocks decreased as the number of external heat transfer
channels reduced. (3) Comparing the simulated results of TZ-11 and
TZ-12, it could be seen that the heat transfer coefficient of the blocks
decreased as the width of the heat transfer channel decreased.

3.6 Error analysis

The error analysis of the heat transfer coeflicient for the blocks
is presented in Table 9. In order to ensure the credibility of the
simulation, theoretical calculations were performed to determine
the heat transfer coeflicient of twelve different types of blocks using
Equations 5-12. By comparing these theoretical calculations with
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The simulated results of heat transfer coefficient for the block.

the simulated values, it was observed that the discrepancy between
the two values for different hole blocks was less than 10%, thus
confirming the high accuracy of the numerical simulation method
employed in this study [49].

3.7 Compressive strength test

The wooden molds required for the test were fabricated in this
study, according to the detailed dimensions of the TZ-12 shown
in Figure 11. The mold produced is shown in Figures 13A. The
pouring was done using the optimal mix ratio of SCC from Table 7,
and the results are shown in Figures 13B, with 5 blocks prepared
for each group. Following the relevant provisions of GB/T4111-
2013 [50], the compressive strength test of blocks was carried
out using the YAW-2000 pressure testing machine, as depicted in
Figures 13C.

The compressive strength (P) of the SIB was calculated according
to the code, and the result is accurate to 0.01 MPa. The calculation
formula is shown in (13). Finally, we obtained the average
compressive strength and minimum compressive strength of each
group of blocks.

F
P=— (13)

Where: P is the compressive strength of the blocks, F is the
maximum failure load of the blocks, L is the length of the bearing
surface, and B is the width of the bearing surface.

The proportion of perlite insulation board in TZ-12 was 46.15%.
The average compressive strength of TZ-12 was 8.28 MPa, and the
minimum compressive strength was 7.45 MPa. Its strength grade
met the requirements of MU?7.5, and also satisfied the requirement
of not less than MU5.0 when self-insulation blocks were used for
external walls.
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4 Thermal performance analysis of
self-insulation wall

4.1 Model building

The structural entity made of SIB with masonry mortar
is called the self-insulation concrete compound block masonry
(SIBM), and the structural entity made of the SIBM with plaster
mortar is called the self-insulation concrete compound block wall
(SIBW). JGJ/T323-2014 [51] provides relevant requirements for
masonry mortar and ash joints: for the masonry of SIB, when
thermal performance is required, the thermal conductivity of special
masonry mortar shall not be greater than 0.2 W/(m-K); plastering
should be layered, and the total thickness should be 15-20 mm; the
horizontal ash joint thickness and vertical ash joint width of SIBW
should be 8-12 mm.

The physical model of SIBW was established based on the
aforementioned standard regulations. Figures 14A illustrates the
physical model of SIBW, with dimensions of 1.6m x 1.6m x
0.28 m. The substrate had a thickness of 240 mm, while the
masonry ash joints and internal/external plastering had thicknesses
of 10 mm and 20 mm respectively. The primary structure for SIBW
consisted of TZ-17, while inorganic insulation mortar (with a
thermal conductivity of 0.18 W/(m-K)) was utilized for masonry
mortar and ordinary cement mortar (with a thermal conductivity
of 0.93 W/(m-K)) was employed for plastering purposes.

The external thermal insulation wall (ETIW) consists of the
substrate and the external thermal insulation composite system.
The external thermal insulation composite system generally includes
an insulation layer, a protective layer, and fixing materials, which
collectively refer to non-load-bearing insulation structures fixed on
the exterior surface of the outer wall.

In order to compare the thermal performance of the SIBW and
the common the ETIW, the thermal performance of the ordinary
the ETIW with the same material was also simulated. The physical
model of the ordinary the ETIW is shown in Figures 14B. The
simplified model had dimensions of 1.6 m x 1.6 m x 0.32 m, with
a substrate thickness of 240 mm, insulation layer thickness of
40 mm, masonry ash joint thickness of 10 mm, and internal and
external plastering thicknesses of 20 mm. The substrate consisted
of shale ceramsite concrete solid masonry blocks (with a thermal
conductivity of 0.8314 W/(mK)); the external insulation material
used perlite insulation boards (with a thermal conductivity of
0.051 W/(m-K)); both masonry mortar and plaster mortar were
made from ordinary cement mortar (with a thermal conductivity of
0.93 W/(m-K)).

4.2 Thermal performance

The indoor ambient temperature was set to 299.15 K (26°C)
according to GB50176-2016, with a convection heat transfer
coeflicient (h,) of the heat surface set at 8.7 W/ (m?-K). The outdoor
ambient temperature was set to 268.42K (-4.73°C), and the
convection heat transfer coefficient (h,) of the cold surface was set
at 23.0 W/(m*K). (The values were obtained by referring to the
average indoor temperature in summer and the average outdoor
temperature in winter in Xinyang City, China.)
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TABLE 9 The error analysis of the heat transfer coefficient. [Unit: W/(m?-K)].

Types of holes Simulated values W/(m?-K) Theoretically calculated Absolute value of error (%)
values W/(m?-K)
TZ-1 1.02 0.98 4.1
TZ-2 0.96 0.98 2.0
TZ-3 0.93 0.98 5.1
TZ-4 1.08 0.98 9.3
TZ-5 1.00 0.98 2.0
TZ-6 1.04 0.98 6.1
TZ-7 1.00 0.92 8.7
TZ-8 0.94 091 33
TZ-9 0.81 0.82 1.2
TZ-10 0.62 0.64 3.1
TZ-11 0.56 0.61 8.2
TZ-12 0.50 0.52 3.8

A) (B) ©

FIGURE 13
Experimental procedure of compressive strength for blocks: (A) The mold making. (B) Pouring of blocks. (C) Test of compressive strength.
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FIGURE 14
The physical model of wall: (A) The physical model of the SIBW. (B) The Physical model of the ETIW. (The Masonry mortar and Perlite insulation board
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The heat flux density of the wall: (A) The cloud map of the heat flux density distribution for the SIBW. (B) The cloud map of the heat flux density
distribution of the ETIW. (C) The cloud map of the heat flux density distribution on the top surface for the SIBW. (D) The cloud map of the heat flux
density distribution on the top surface for the ETIW. (The direction of the arrow is the direction of the heat flow. Unit: W/m?).

The numerical simulation of the steady-state heat transfer for the
SIBW was conducted. Figures 15A shows the cloud map of the 3D
heat flux density distribution of the SIBW, and Figures 15C shows the
cloud map of the heat flux density distribution on the top surface of
the SIBW. According to Figures 15A, C, the heat flux density at the
concrete substrate was highest, while it was lowest at the insulation
material. Due to using inorganic thermal insulation mortar with low
thermal conductivity for masonry mortar, there was no significant
thermal bridge effect in masonry ash joints. The simulated heat flux
rate on the wall surface was 15.4 W, and its heat transfer coefficient
was 0.56 W/(m?>K), which meets the design standard for achieving
a 65% energy saving in residential buildings situated in regions with
hot summers and cold winters.

The numerical simulation of the steady-state heat transfer for the
ETIW was conducted. Figures 15B shows the cloud map of the 3D
heat flux density distribution of the ETTW, and Figures 15D shows
the cloud map of the heat flux density distribution on the top surface
of the ETTW. According to Figures 15B-D, the heat flux density at
the masonry mortar was the largest and the solid ceramsite concrete
blocks was minimal. The simulation showed that the heat flux rate
on the wall surface was 24.12'W, and its heat transfer coefficient
was 0.79 W/(m?>K). When the heat was transferred to the perlite
insulation board on the outside of the wall, the heat flux density
was evenly distributed, indicating that the external insulation system
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can better block the heat bridge effect produced at the ash joints.
However, it did not meet the design standard of 65% energy saving
in residential buildings situated in regions with hot summers and
cold winters.

To sum up, it could be observed that under the same substrate
thickness and insulation material for both walls, the heat transfer
coeflicient of the SIBW was lower, being 29.1% lower than that of the
ETIW. This was because the SIBW was the insulation material filled
in the hole of the SIB, which could use the insulation material with
high thermal resistance to the greatest extent without increasing
the thickness of the wall. The thickness of the insulation material
for the ETTW often determined the heat transfer coefficient of the
wall, which not only reduced the economy of the external insulation
system but also increased construction difficulty.

5 Conclusion

In this study, the shale ceramsite concrete (SCC) was prepared
as the base material for the blocks through the orthogonal test and
range analysis. Subsequently, the influence of different hole type
distribution schemes on the thermal performance of self-insulation
blocks (SIB) was studied using the Steady-State module of Ansys
Workbench. The following conclusions could be drawn:
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(1) The orthogonal test employed in this study was a design
method used to investigate multiple factors and levels. It
selected representative points from the comprehensive test
based on orthogonality, making it an efficient, rapid, and cost-
effective experimental design method. Through orthogonal
test and range analysis, the results showed that:
oi. The compressive strength of the optimal combination

(A;B,C3D3) was 52.03 MPa, which was 1.2% higher

than that of the optimal blocks in the other 16 groups.

The flexural tensile strength of the optimal combination

(A;B,C3D3) was 5.13 MPa, which was 1.9% higher than

that of the optimal blocks in the other 16 groups. It was

verified that A;B,C;Dj is the combination with the optimal
mechanical properties.

The thermal conductivity of SCC (A;B,C;D;) was

0.8314 W/(m-K). It was prepared as the base material of

the blocks.

(2) The influence of different hole type distribution schemes on

e ii.

the thermal performance of self-insulation blocks (SIB) was
studied using the Steady-State module of Ansys Workbench.
The results showed that:

o i. The heat transfer coefficient of blocks gradually decreased
with an increase in the number of rows of holes, while the
heat transfer coefficient of blocks gradually increased with
an increase in the number of columns of holes.

« ii. Thestaggered holes could improve insulation performance.

« iii. The heat transfer coefficient of the blocks decreased with a

reduction in the number of external heat transfer channels

and a decrease in the width of the heat transfer channel.

(3) By comparing these theoretical calculations with the simulated
values, it was observed that the discrepancy between the
two values for different hole blocks was less than 10%, thus
confirming the high accuracy of the numerical simulation
method employed in this study. According to the simulated
results of heat transfer coefficient for the block, it was
determined that:

e i. TZ-12 exhibited the optimal hole configuration with a
heat transfer coefficient of 0.5 W/(m?-K), which was 38.3%
lower than that of the external insulation block TZ-9.

« ii. Additionally, TZ-12 demonstrated the average compressive
strength of 8.28 MPa and the minimum compressive
strength of 7.45 MPa, meeting the requirements for MU7.5
strength grade and also satisfying the requirement of not
less than MUS5.0 when self-insulation blocks were used for
external walls.

The simulated heat flux rate of the SIBW was 15.4 W,
and its heat transfer coefficient was 0.56 W/(m?K), which
was 29.1% lower than that of the ETTW, meeting the
design standard for achieving the 65% energy saving in

e iii.

residential buildings situated in regions with hot summers
and cold winters.
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This study presents a novel method for wideband acoustic analysis using
the Boundary Element Method (BEM), addressing significant computational
challenges. Traditional BEM requires repetitive computations across different
frequencies due to the frequency-dependent system matrix, resulting in high
computational costs. To overcome this, the Hankel function is expanded into a
Taylor series, enabling the separation of frequency-dependent and frequency-
independent components in the boundary integral equations. This results in
a frequency-independent system matrix, improving computational efficiency.
Additionally, the method addresses the issue of full-rank, asymmetric coefficient
matrices in BEM, which complicate the solution of system equations over
wide frequency ranges, particularly for large-scale problems. A Reduced-Order
Model (ROM) is developed using the Second-Order Arnoldi (SOAR) method,
which retains the key characteristics of the original Full-Order Model (FOM).
The singularity elimination technique is employed to directly compute the
strong singular and super-singular integrals in the acoustic equations. Numerical
examples demonstrate the accuracy and efficiency of the proposed approach,
showing its potential for large-scale applications in noise control and acoustic
design, where fast and precise analysis is crucial.

boundary element method, SOAR, Taylor expansion, sound barrier, acoustic scattering

1 Introduction

In the acoustics domain, simulating and analyzing the propagation of sound waves
through complex structures is essential. Frequency sweep calculations play a pivotal role
in understanding sound wave behavior across various frequencies, crucial for designing
effective acoustic barriers and noise reduction devices. Traditional methods for these
calculations often utilize the finite element method (FEM) or the boundary element method
(BEM). It is common knowledge that BEM is frequently utilized to address acoustic
issues because of its superior accuracy and simplicity in mesh creation [1-4]. For external
acoustic problems, it naturally satisfies the Sommerfeld radiation condition at infinity [5-9].
Conventional sound pressure calculations are typically optimized for specific frequencies,
limiting their applicability across a broader frequency spectrum. To address this limitation,
broadband analysis is introduced to provide results over a wider range of frequencies [10].
Nevertheless, in broadband analysis, the frequency band within a given range is segmented,
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and the coefficient matrix along with the boundary elements system
equation is recalculated at every distinct frequency point. This
procedure results in substantial computational expense. This study
presents an efficient approach for rapid frequency sweep calculations
in broadband acoustics.

When performing broadband acoustic analysis with the BEM,
the frequency dependence of the H;l)(kr) results in coeflicient
matrices that change with frequency [11, 12]. Consequently, for
large-scale issues, the approach is particularly time-consuming
because the boundary element system equations must be
recalculated for every discrete frequency point. Researchers came
up with a number of techniques to speed up the broadband analysis
computational process to address this problem [13-16]. A three-
dimensional (3D) axisymmetric multifrequency acoustic analysis
technique called the Linear Frequency Interpolation Technique
(FIT) was proposed by Vanhille etal. [17]. In this approach, the
second-order isoparametric segment of the Helmholtz Integral
Equation (HIE) is discretized. Despite its effectiveness, FIT requires
substantial storage capacity. Li [18] addressed the issue by separating
the frequency terms from the damping function through power
series expansions of sine and cosine functions into algebraic
polynomials, which significantly reduced computational time
for multifrequency problems. Similarly, Zhang etal. [19] tackled
multifrequency issues using BEM and incorporated series expansion
techniques in their calculations, which offer high accuracy and
computational efficiency [20]. The advantages of using series
expansion are precision and computational economy [21-23]. In this
study, the frequency-related and frequency-unrelated components
of the product function in the Boundary Integral Equations (BIE)
are separated using a Taylor series expansion.

In the realm of acoustic computations using the BEM,
coefficient matrices exhibit characteristics of being asymmetric,
full-rank, and dense [24, 25]. These attributes contribute to
diminished computational efficiency, particularly evident in
scenarios involving large-scale problems [26, 27]. Model Order
Reduction (MOR) emerges as a viable solution to this challenge
[28-31]. Among the most prominent MOR techniques [32] is
Proper Orthogonal Decomposition (POD) [33, 34]. However, the
quality of the simplified model is not guaranteed, as it depends on
the representativeness of the snapshots (or primary frequencies)
selected during the POD process [35]. The second-order Arnoldi
(SOAR) algorithm for two-dimensional (2D) linear systems, which
was introduced by Bai etal. [36, 37], has garnered interest from
numerous scholars. The full-order model (FOM) gets mapped
onto the projection space. SOAR facilitates the acquisition of an
orthogonal basis within the projection space and the construction
of a Reduced-Order Model (ROM) that preserves the characteristics
of the initial model. Furthermore, the SOAR method finds
extensive application in structural acoustic analysis, second-
order dynamical system modeling [19], and quadratic eigenvalue
problems [37, 38].

Singular Helmholtz boundary integral equations may fail to
yield unique solutions when applied to exterior boundary value
problems. To address this issue, two primary approaches have been
proposed [39-42]. The Combined Helmholtz Integral Equation
Formula (CHIEF), cited in Ref. [43], effectively addresses this
issue by introducing additional HIE within the internal domain
[44, 45]. The resulting overdetermined system of equations can be
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solved using the method of least squares. However, determining
the optimal number and placement of internal points, particularly
for issues of high frequency, remains challenging. The Burton-
Miller method [46] presents another useful strategy for handling
non-unique solutions, offering a linear formulation of the Classical
Boundary Integral Equation (CBIE) and its associated Normal
Derivative Boundary Integral Equation (NDBIE). If the boundary
is nonsmooth, NDBIE becomes hypersingular, requiring special
numerical treatment. This study utilizes Cauchy principal value
integrals and Hadamard finite part integrals for handling singular
integrals.

To enable the application of the Boundary Element Method
(BEM) in 2D acoustic computations across a wide frequency range,
this study proposes the following enhancements:

e Frequency-dependence elimination for the 2D acoustic state
boundary integral equation using Taylor series expansion.

e A ROM of a 2D acoustic state system based on SOAR
is proposed.

e The singularity elimination technique is suggested for
accurately resolving the singularities in the boundary integrals
present in the Taylor series expansion formulation.

This article has the following structure. Section 2 details the
BEM formulation for acoustic state analysis. Section 3 elaborates
on the BEM formulation with Taylor series expansion for acoustic
state analysis. MOR built on the adaptive SOAR method is employed
in Section 4 to speed up the BEM computation for 2D broadband
acoustic situations. The treatment of singular integrals in kernel
function border integrals is described in Section 5. Section 6
includes multiple numerical instances that verify the effectiveness of
the proposed algorithm. Finally, conclusions and further discussions
are drawn in Section 7.

2 BEM formulations for acoustic state
analysis

The Helmholtz half-space problem can be represented by the
following BIE and normal derivative boundary integral equation
(HBIE).

Cx)p(x)+ LF (x,y)p(y)dS(y) = LG (5y)g(y) dS(y) + pyye (%)

()
and
apinc (X)
CHq)+ LH(x,y)p(y) ds(y) = LK (xY)a()dS )+ =
@)

where y signifies the field point, x denotes the source point, and g
is the normal derivative of the sound pressure p: q(x) = dp(x)/on(x).
When x is located on a border that is smooth S, C(x) = 1/2. Acoustic
pressure incident at position x is given by p, .. The function of
Green G(x,y) and its derivatives in Equation 1 and Equation 2 are
presented as follows, which can be expressed in Equation 3.
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where the nth order first kind Hankel function is indicated by
Hiql), k denotes by the wave number, i= V=1, n; is the Cartesian
component of n(x) or n(y) and the distance between the field and
source locations is represented by the formula r = [x —y|.

For exterior acoustic problems, using either Equation 1 or
Equation 2 alone can lead to non-uniqueness of the solution at
certain imaginary frequencies. According to the Burton-Miller idea,
a linear combination of Equation 1 and Equation 2 can effectively
resolve this issue. The Burton-Miller formulation is expressed
as follows [46].

Cx) [p(x)+ag(x)] + JS [F(xy) +aH (x,y)]p(y)dS(y)

apmc (x)

A (4)

= [ 166y + aKxy)lg () dS () + e 0+
in which « represents the coupling parameter: defined as « =i/k
where k > 1 and a =i in other cases.
the
constant

several
the

By discretizing structural  boundary into

elements using elements and introducing

coeflicient matrix, Equation 4 can be reformulated as follows

inc

Hp-Gq=p; (5)
where H and G € C™¥ (N indicates the quantity of degrees of
freedom.) are the coeflicient matrices. They are asymmetric, fully
populated, and frequency-related. The column vectors p and q,
respectively, represent the sound pressure and the acoustic flux at
the collocation locations. p}”‘ is the vector of the incident wave.

To determine the sound pressure values at the boundary
surface nodes, Equation 5 needs to be solved. Subsequently, the
sound pressure can be computed at any point within the acoustic
domain by using Equation 4 with « = 0 and C(x) = 1.

Its sound pressure, Py can be written as follows if the
computation takes into account the external acoustic field.

inc

~[Hp-Gya|+py (6)
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where the matrices H; and Gy as well as the vector p ¢ are similar
to those in Equation 5, except that the source point x is outside the
structure domain. And Hyand G € CMN (N indicates the quantity

of degrees of freedom.)

3 Frequency sweep analysis for
acoustic state

In broadband acoustic analysis using BEM, the frequency-
dependent coefficient matrices result in time-consuming repetitive
computations and repeated solutions of the system equations,
posing challenges for practical engineering applications. This
frequency dependence arises because the underlying solution is
inherently frequency-related. To address this issue, the frequency
dependence of the coefficient matrix is eliminated by applying
the Taylor series theorem.

The Taylor series expansion of Hm(kr) [47] is given by

HY (kr) = Z (kr - or) [H(l)(k )] %)

kr=kyr
where k; is a fixed frequency expansion point. As seen in Figure 1,
the fixed expansion point in this paper is the midway point of the
frequency band.

Considering an incident wave traveling along the €-axis, the

Taylor series expansion of the term related to p; (x) in Equation 4
can be expressed as follows
ap inc( )

on (x) on ( ))

where x, denotes the ¢-axis coordinate of the source point, with ¢

(8)

ox,
Pine X +a——— ‘k"e<l+ak

being either x or y.
The terms of incident wave in Equation 8 are Taylor series
expanded into

o e (D" (k= k)"
elkr — elkor mz=0 % (9)

The expansion expression for the integral of the kernel functions
is obtained by combining Equation 7 and Equation 4.

o (k—ko)"
LG(x,Y) 1M =3, —
& (k—ky)™
jF(x,y)pw)dsm: Z ( ,") ry
S m=
? )m (10)
LaK(x,y)q(y)dS(Y Z -
thH(XxY)P(Y)dS(Y) Z [ K]
where
[;:L [H(l)(k )] A)ds()
m_ [ ir O )
Iy _-J —[(kr)H1 ®n]" an( WA
L=~ LW [H(l) ](kr)ko 8n(x)q() S (a
- LM [ )] ™ n,.<x>n-<y>p(y>ds<y>
P m 9
f;’,”f—LmT[Hi”(k o koran(rx) antyy? DB
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where
[k B k)™ = 5 )] " e [H k)] (12)

By combining Equation 12 and Equation 9, an expression related to
the incident wave in Equation 4 is obtained.

(k—ko)™
z 0) |:mc1+kplr;1u:2] (13)

where the respective components can be expressed as Equation 14.

PWl

inc,1 = eikoxe(ixf)m

(14)

. ) _ ox,
P = eko%e(ix,)™ (ai £
inc,2 ( E) ( ) on (X)
A new formulation of Equation 4 is given below by substituting
Equation 10 and Equation 13 into Equation 4.

CX) p) +aCH ) + Y ( [( Ig)+k(1;11—1;"))+k21;"2]

= Z m! [ ncl+kpmc2] (15)

By discretizing Equation 15 using constant elements, the following
matrix expression is derived.

zkko

m=0

{[1 n K+ T "]p- [Iq1+kI;”2 al

(k= ko)™

! [ inc,

Il
Mz

L +KP ] (16)

3
Il
o

Due to the linearization of the BEM system, the solutions p and
q in Equation 16 with truncation term M can be expressed as
Equation 17 and Equation 18.

—Z

= ko)'” M (k- ko)™

P

m=0

and
Mkk ko)

my Z qr (18)

where the respective solutions of the following system equations are
Py, Py, 4} and 3.

o gtk

=0

=

i o

m=0

j=12
(19)

{[I’" ek | B 1 k| @} = B

The coefficient matrices I;”l, I;"Z, 1;"3, I and I"’ e CMN in
Equation 19 are frequency unrelated. Thus, it only needs to be solved
once for wide-frequency acoustic problems, eliminating the need
for repetitive calculations of coefficient matrices in BEM systems.
However, there is another disadvantage of this method, which is that
it is still very difficult to solve the equations directly using GMRES
for large problems with multiple frequencies because the coefficient
matrices are full-rank and asymmetric and the truncation terms
require high storage capacity (O(5(M + 1)N?)). It is evident from
observation that Equation 19 is the second-order system equation
concerning frequency. An efficient SOAR method is presented in
[48] to accelerate the broadband solution of Equation 19.
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4 Dimension reduction of BEM system
for acoustic state analysis

In this section, an effective SOAR method is proposed to
expedite the solution of the coefficient matrix by reducing the
dimensionality of the 2D system. This projection technique is
predicated on the Krylov subspace of second order. By using the
method, a system with an equivalent second-order structure but
with a diminished state space dimension is created. In Equation 19,
the frequency-independent coefficients I;”l, 11’:42, 1;”3, I’ and I”’
are utilized to construct the frequency-unrelated orthogonal bas1s
iteratively, implementing the SOAR algorithm.

In this work, the scattering of an incident wave by a rigid
structural surface is considered. The vectors q in Equation 5 vanish
because the particle velocity on the surface of the structure is
zero. Thus, Equation 19 can be rewritten as
o0
>

m=0

[1’" + kI, +k21’“] =Pp. j=12 (20)
When m = 0, the coeflicients in Equation 19 are utilized to create
frequency-independent orthogonal bases, then Equation 19 is re-
expressed as
(1 +kI) +k21°) =Pp j=1.2 (21)
It should be noted that Equation 21 is not an approximation of
the original system equation; rather, it is used for the construction
of the orthogonal basis. Equation 21, approximated around a chosen
expansion point ky, can be expressed as Equation 22.

+(k=k) T, | B = Phn; j=12 (22)

inc,j

(105 + (k= ko)1),

where I = kI, + koI, + 1), and I, = 2k 1), + 1),

Followmg the SOAR method procedure outlined in Ref. [48],
a sequence of frequency-independent orthogonal bases Q;h was
constructed in the second-order Krylov subspace G, (A, B;r,) using
the coefficients from Equation 19, where n < N as shown in

Equation 23.
span{Q;h} =G, (A,B;ry) =span{ry,r,,1p....r,,}  (23)

where the respective quantities are shown in Equation 24.

0 )10
A=—(1))"1),
B=—(1%) "',
A r0 = (Igs) P?:w; (24)
r; = Ar,
r,=Ar,  +Br, , for €>2

To define a reduced system equation of the initial Equation 20,
the projection subspace is constructed by spanning a sequence
of nonzero columns of QJ'” Equation 20 is reformulated as

Equation 25.

oy e

m=0

m -1

(I"‘+k12+k2 ) p

inc,j

j=1,2 (25
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FIGURE 2

The constant element S, is connected to an infinitesimal semicircle.
Normal derivatives at source points x and field points y are
represented by the notations n(x) and n(y), respectively.

yl

Incident wave

Inspection point

7(3,0)

X

FIGURE 3
The infinite cylinder serves as the design domain for sound scattering.

Subsequently, the simplified system equation at the expansion point
k, can be stated as Equation 26.

-1

L T8 (k=) —
=[5 R e | e, e
" (26)
where the coeflicient matrix is shown in Equation 27.
L= QT e
Uy =[Q]'1mQr 27)

mn _ 71T 7
Ly =[] Q7

The relation between the solution of FOM and ROM is
expressed as

p" = Qb

j j (28)
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ﬁ;ﬂ is the nth order Padé-type approximation of PJ.. ; about the
fixed expansion point k, as shown in Equation 29.

f’;—ﬂ = pg‘lc,j +0((k-ky)") (29)
In the ROM, I;"l’”, I;”z’” and I;g’” are n X n matrices where n <

N. This significantly reduced storage requirements and improved
computational efficiency. At the collocation points on the structural
surface, the sound pressure can be obtained using Equation 28.
Afterward, at any point within the acoustic domain, Equation 6 can
be used to get the sound pressure value.

5 Singular integral in BEM

The boundary integral of the kernel function in Equation 11 can
be expressed as the sum of singular and non-singular terms.

[ rmasm=] rmasm+[ smasm e
s 8\S, s,

inoul, )
non—sing g

where S, is the element that contains the source point x. S\S, denotes

the boundary S that does not contain S,. Since the integral does not

exhibit singularity on the boundary S\S,, Gauss quadrature can be

employed for its solution. However, the integral over the boundary

S, is singular and must be processed to do a numerical calculation.
The steps for handling singular integrals are as follows:

1. Suppose there is a singular function f(x). First, perform a
singular order analysis on the integrand to obtain a simple
function fo(x) that shares the same order of singularity.

2. Then, split the integral of the singular function into two parts:
one part is the integrand minus the simple function f(x)—
fo(x), and the other part is the integral of the simple function
ﬁ)(x). Since f(x) - fo(x) is non-singular, it can be directly
computed using Gaussian-Legendre quadrature. Although
f,(x) retains its singularity, its simple form allows for accurate
integral results through various methods, such as integration
by parts, the Cauchy principal value, and the Hadamard finite
part integral.

3. Finally, adding these two parts yields the accurate integral value
of the original singular function f(x)

In this study, singular integrals are handled using the Cauchy
principal value and the Hadamard finite part integral methods. With
reference to Figure 2, let S, represent a semicircle of radius ¢, and
I, represent S \S,. Equation 30 can be used to rewrite the singular
integral term in Equation 31.

[ rmasw =tim_of trm-Dmiase +im | fmase+im [ Dwasw
S, I, S, T,

nonsingular

singular singular

(31)
or  _ or  _

When y €S, then - © = ) - 0, hence I}", I and I}}, are all
zero. Therefore, the singular integrals in Equation 11 are present only
in Iy and I}

To facilitate the derivation of singular integrals, the singular

terms of [;" and I}' are denoted as f; and fyy respectively.
_m[ D (m)
f? =7 [Hé (kr)]kr=kur

_ m=1[ (D (m)
f;‘nl =7 [HI (kr)]kr=k0r

(32)
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The sound pressure amplitudes at the computational point located at (3 m, 0 m) in two different frequency ranges were obtained using the analytical
solution and SOAR Accelerated Taylor Extension-based BEM: (A). f = (300,400) Hz, (B). f = (400,500) Hz.
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The sound pressure amplitudes at the computational point located at (3 m, 0 m) in four different frequency ranges were obtained using the analytical
solution and SOAR Accelerated Taylor Extension-based BEM: (A). f = (300,350) Hz, (B). f = (350,400) Hz, (C). f = (400,450) Hz, (D). f = (450,500) Hz.

Based on Equation 31 and Equation 32, the integrals I and I;! ~ Equations 34, 35.

in S, can be restated as

A, (ko) m=0
Df=qT7 (34)
J rast =ty L -o)astrs s s [ aso (), m#0
nonsinglar o a
0 0 33
J frds(y) = limj [ —D"‘]dS(y)+limJ f"‘dS(y)+limj D" dS(y) 43 and
5 Jm )y U™ Fn ) Im )y m
monsinglar o ar i ik,
—ékalr’2+—oln(k0r), m=0
where n;(x)n;(y) = 1 and dr = dS(y) in S,. The non-singular terms in . 27[1 L iﬂ
Equation 33 are computed using Gaussian quadrature. The singular Dy, = ;k(; rot p In (kor), m=1 (35)
part of H(()l)(kr) is 2iln(kr)/m and that of H(ll)(kr) is 2i/(—mkr) + "2

i(kr)In(kr)/m Thus, their m-th derivatives are represented as
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FIGURE 6
The relative error of the sound pressure at the point of calculation (3 m, 0 m) for different expansion terms was derived through the utilization of the

analytical solution and SOAR Accelerated Taylor Extension-based BEM: (A). f = (300,350) Hz, (B). f = (350,400) Hz, (C). f = (400,450) Hz, (D). f =

(450,500) Hz.
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FIGURE 7

The sound pressure amplitudes at the computational point located at (3 m, 0 m) in two different frequency ranges were obtained using the analytical
solution and SOAR Accelerated Taylor Extension-based BEM: (A). Frequency step length = 0.5 Hz., (B). Frequency step length = 0.1 Hz.

DOFs

By substituting Equation 34 into the first equation of
Equation 33, the two singular terms gy and dj) in Equation 33 can be

where L is the length of the element.

Similarly, by substituting Equation 34 into the second

equation of Equation 33, the expressions for g}" and d" are obtained.

expressed as Equation 36.
1

(37)

Frontiers in Physics

=0

&= % [In(k,L/2) - 1]

(36)

60

4i
=lim | = (=1)"k, "Dy
&' =iy | ke mi

and

frontiersin.org


https://doi.org/10.3389/fphy.2024.1464716
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Zhong et al.

Plane wave lnspectlo.n point

30m (14.0m, 2m)

Y

L.

10.0m 10.4m

FIGURE 8
The design domain of the tree-shaped sound barrier model.

8i  ikyL 4i
koL/2)—1] -lim — =0
koL + = InGal/2)=1] 20 kg€ "
ay = 8 —[ln(k L/2)—1]+11m 4 m=1
koL e=0 77k e
8i —(m+1) 4i ~(m+1) 1
E(—l)”‘k0 11n3 - —(=1)"k, m!; m>2
(38)

By combining Equation 37 and Equation 38, the expression for
the singular integral is derived as Equation 39.

8i ikyL
+ =2 In(k,L/2) - 1 =0
ol (In(kL/2)-1]  m
-8i iL
+d" = + —[In(k,L/2)-1 m=1 (39)
&' +dy L — [In(kL/2) ~1]
8i —(m+1)
ﬁ(—l)mko * m! m>2

6 Numerical example

Three computational examples are presented in this section to
evaluate the performance of the proposed algorithm. The research
employed the Fortran 90 programming language to conduct
numerical simulations. 64 GB of RAM and an Intel (R) Core (TM)
i9-10900H Central Processing Unit (CPU) were installed on a
desktop computer to perform calculations.

In the simulations, some common parameters are as follows: an
incident wave with an amplitude of p, = 1 propagating in the positive
x-axis direction, expressed as p;,. = poeik’ <059 The medium for the
acoustic wave is air, with a density of 1.21 kg/m® and a speed of
343 m/s.

6.1 Acoustic scattering by an infinitely rigid
cylinder

The acoustic scattering from a cylinder can be reduced to
a two-dimensional problem by assuming that a plane wave
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beam acts on an infinitely rigid cylinder (see Figure 3). And
a plane wave follows the positive x-axis of propagation. The
cylinder is centered at (0 m, 0 m) with a radius of 1 m, and
the circumference is discretized using 720 constant boundary
Additionally,
point are (3 m, 0 m) (see Figure 3).

elements. the coordinates of the calculation
The problem of acoustic scattering by an infinitely rigid
cylinder has the analytical solution, which is represented

as Equation 40 [49].

kry) -k k
p(r,0)=- Z n]l( ) 70]n+11( o) Hg,l) (kr)cos (nf) (40)
i nH )(kro) kronﬁ)1 (kro)

In the above equation, ¢, = 1 for n = 0, and ¢, = 2 otherwise, where
¢, represents the Neumann symbols. The expansion consists of 50
terms, and at the detection point, 6 = 0.

The relative error between the numerical result computed and
the analytical solution is evaluated, as shown in Equation 41, to
ensure that the proposed approach is accurate.

1/2 1/2
(len(X) P (x;)] ) (lee ) (41)

where x; denotes the computational points within the domain, the
numerical solution for sound pressure is represented by p, (x;), and
the analytical solution for sound pressure is denoted by p,(x;). The
number of computed points, N = 720, is evenly distributed along the
perimeter of the circle shown in Figure 3, which has a radius of r =
3m.

Figure 4 shows the sound pressure amplitude at the computed
location (3 m, 0 m) obtained using the proposed algorithm. The
analytical solution and this outcome are contrasted. Numerical
simulations considered two distinct intervals (300, 400) Hz
and (400, 500) Hz. In the frequency interval ( flef, fn.g), the
fixed expansion point is the midpoint frequency ( flef fn.g) /2.
“Taylor_03", “Taylor_06", and “Taylor_08” denote the retention
of the first 3, 6,
respectively. The ROM attainments by the SOAR approach have

and 8 terms of the Taylor expansion,

an order of 10.

Figure 4 demonstrates that the sound pressure amplitude
values derived from various Taylor series terms of the proposed
algorithm are comparatively consistent with the analytical
solution. Due to the fixed expansion point being the midpoint
of the frequency interval, significant differences occur at the
two ends of each frequency interval. In order to minimize the
disparity between the analytical and numerical solutions, we
subdivided the frequency intervals (300, 400) Hz and (400,
500) Hz into four sub-intervals each, and then recalculated the
numerical simulations.

Figure 5 presents the results of the analytical and numerical
solutions for the four sub-intervals after subdivision. It is evident
that the numerical solutions match the analytical solutions
very closely. Figure 6 shows the relative errors between them. Based
on the observations, it can be inferred that the relative error is
sufficiently minimal and exhibits little fluctuation when six or more
expansion terms are used.

Figure 7 illustrates how long it takes to compute the point
sound pressure amplitude using both the conventional boundary
element method (DBEM) and the proposed approach. The
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FIGURE 9
The sound pressure findings at a computing position (14 m, 2 m) that were acquired using DBEM and SOAR Accelerated Taylor Extension-based BEM:
(A). Real part, (B). Imaginary part, (C). Sound pressure amplitude.
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FIGURE 10
At a point of computation (14 m, 2 m), the sound pressure amplitude were acquired using DBEM and SOAR Accelerated Taylor Extension-based BEM:
(A). f = (150,175) Hz, (B). f = (175,200) Hz.

frequency sweep range is (300, 400) Hz, with the number of
frequency sweeps set to 200 and 1,000, respectively. The ROM
attainments by the SOAR approach have an order of 10. It
can be observed that for wide-frequency sweep calculations,

lot shorter amounts of time. Moreover, the more frequency
sweeps performed, the greater the time savings, indicating higher
efficiency. Based on the above analysis, six terms for the Taylor
series expansion are advised in computational simulations to

when compared to the DBEM, the proposed method takes a  minimize CPU time.
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FIGURE 11
The relative error of the sound pressure at the point of calculation (14 m, 2 m) for different expansion terms was derived through the utilization of the

DBEM and SOAR Accelerated Taylor Extension-based BEM: (A). f = (150,175) Hz, (B). f = (175,200) Hz.

TABLE 1 Sound pressure values and relative errors for different taylor expansion terms.

Frequency Taylor_03 Taylor_06 Taylor_08 Taylor_10
ISpl & ISpl & ISpl & ISpl &
150 0.89217 0.90074 9x107° 0.89053 1x107° 0.89235 2x107 0.89215 2x107°
155 1.08997 1.08959 3x107 1.08995 2x107° 1.08998 9x107° 1.08998 9x107°
160 1.22135 1.22131 3x107° 1.22132 3x107° 1.22137 2x107° 1.22136 8x107°
165 1.29554 1.29557 2x107° 1.29556 2x107° 1.29555 9x107° 1.29555 8x107°
170 1.37634 137727 7x107* 1.37632 1x107° 1.37633 7x107° 1.37633 7x107°
175 1.52724 1.53539 5x107 1.52657 4x107* 1.52733 6x107° 1.52723 7x107°
180 1.69679 1.69526 9x 107 1.69681 1x107° 1.69678 6x107° 1.69678 6x107°
185 1.67760 1.67758 1x107° 1.67759 6x107° 1.67759 6x107° 1.67759 6x107°
190 1.50347 1.50345 1x107° 1.50346 7x107° 1.50346 7x107° 1.50346 7x107°
195 1.32502 1.32549 4x107 1.32500 2x107° 1.32501 8x10°° 1.32501 8x10°°
200 1.18539 1.17692 7x107 1.18556 1x107 1.18536 3x107° 1.18538 8§x107°

6.2 Acoustic scattering by tree-shaped
sound barriers

Traffic noise is a major source of environmental noise in urban
areas, significantly impacting health and quality of life. The use of

Incident wave
—_—

sound barriers can mitigate the effects of traffic noise on both the

4.5m

—
Inspection point

—_—
(10m,2m)

environment and human health.
Figure 8 depicts a tree-shaped sound barrier model, where
the model boundary is discretized into 868 scattered points

L. a3

(3m,0m) ‘ (8.3m,0m)

by constant elements. The remaining parameters for the tree-

"7 o6m

shaped sound barrier model are as follows: the trunk and four

branches of the tree-shaped sound barrier are each 0.5 m in

RGUREtl'Z e desion dommain for twod ol length and 0.3 m in width. The base of the trunk measures 0.8

COousltiC scatterin esign aomain ror two-aimensionat room. . . . .
gees9 m in length and 0.3 m in width. A Tree-shaped sound barrier

scatters a plane wave that is traveling along the positive x-axis
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with an amplitude of p,= 1. The observation point is located
at (14 m, 2 m).

Figure 9 depicts the amplitude, imaginary part and real part
of the sound pressure at the observation point, obtained using the
traditional boundary element method and different Taylor series
expansion terms of the proposed algorithm. The figure shows that as
the number of Taylor expansion terms increases, the sound pressure
results obtained by the proposed approach converge. Due to the

10.3389/fphy.2024.1464716

fixed frequency expansion point being located at the midpoint of
the frequency range, discrepancies appear at the ends of the interval,
whereas other regions show good agreement. The frequency band
of (150, 200) Hz is split into two sub-intervals, and numerical
simulations are conducted separately for each sub-interval. The
simulation results are shown in Figure 10. From Figure 10, it can be
concluded that the results obtained with different Taylor expansion
terms are in high agreement with those obtained using the DBEM.

A
—— DBEM === Taylor 03 —-= Taylor 06
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FIGURE 13

The sound pressure amplitudes at the computational point located at (10 m, 2 m) in four different frequency ranges were obtained using the DBEM and
SOAR Accelerated Taylor Extension-based BEM: (A). f = (200,250) Hz, (B). f = (250,300) Hz.
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FIGURE 14

The sound pressure amplitudes at the computational point located at (10 m, 2 m) in four different frequency ranges were obtained using the DBEM and
SOAR Accelerated Taylor Extension-based BEM: (A). f = (200,225) Hz, (B). f = (225,250) Hz, (C). f = (250,275) Hz, (D). f = (275,300) Hz.
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FIGURE 15
The relative error of the sound pressure at the point of calculation (10 m, 2 m) for different expansion terms was derived through the utilization of the
DBEM and SOAR Accelerated Taylor Extension-based BEM: (A). f = (200,225) Hz, (B). f = (225,250) Hz, (C). f = (250,275) Hz, (D). f = (275,300) Hz.

Figure 11 presents the relative error between the results at the
calculation points for different expansion terms and those from
the traditional boundary element method. The figure indicates
that if there are six or more Taylor expansion terms, the relative
error remains consistently low and stable. Table 1 displays the
sound pressure amplitudes at various frequency points obtained
through two different algorithms, along with the relative errors
between them.

6.3 Acoustic scattering by room

This section demonstrates the calculation of sound pressure
amplitudes at observation points within a two-dimensional
room. Both the BEM and the Taylor series expansion-based
BEM accelerated by the SOAR algorithm are employed. The
results from these methods are then compared and analyzed.
As depicted in Figure 12, the two-dimensional room model
measures 4.5 m in height and 53 m in width. The boundary
is divided into 994 discrete points using constant elements. A
wave with an amplitude of 1, traveling in the positive x-direction,
is scattered by the room. The observation point is situated
at (10 m,2 m).

The frequency range scanned in Figure 13 spans from 200 Hz
to 250 Hz and from 250 Hz to 300 Hz. Figure 13 indicates that
the sound pressure amplitudes obtained by both methods exhibit
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good agreement within the intervals of (210, 235) Hz and (260,
290) Hz, but show significant discrepancies at the ends of these
intervals. The discrepancy arises because the frequencies used for
calculations within each frequency sweep interval are centered on
the midpoint of the interval. Consequently, the further a frequency
is from the midpoint, the greater the error in the calculated
result. To enhance accuracy and diminish errors, the intervals
(200, 250) Hz and (250, 300) Hz are subdivided into four sub-
intervals each. Within each sub-interval, calculations are performed
using the midpoint frequency. The outcomes are illustrated in
Figure 14. Figure 14 indicates a high level of agreement between the
results obtained by the two algorithms, this suggests that narrowing
the intervals to enhance the precision of the algorithm proposed
is effective.

Figure 15 illustrates the errors between the two algorithms.
It is evident that with six or more terms in the Taylor
the stable
an acceptable range. Table2 presents the sound pressure
at different

series  expansion, error remains and within

amplitudes relative errors
frequency points.
By comparing the three cases, it is evident that the

and corresponding

frequency sweep range is significantly reduced in more complex
models. This indicates that the complexity of the model affects
the accuracy of the proposed algorithm. However, precise
calculations can still be achieved by narrowing the frequency
sweep range.
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TABLE 2 Sound pressure values and relative errors for different taylor expansion terms.

Frequency Taylor_03 Taylor_06 Taylor_08 Taylor_10
Nl 1Spl ISpl ISpl
200 1.73971 1.65520 5%1072 1.73826 8x 107 1.73975 3%x107° 1.73971 7%x1077
205 3.77269 3.55690 6x1072 3.77243 7x107° 3.77270 5x1077 3.77269 7x107
210 0.65607 0.65559 7x107* 0.65607 6x1078 0.65607 6x1078 0.65607 6x1078
215 1.69961 1.69936 1x107 1.69961 5x107° 1.69961 5x107° 1.69961 5x107°
220 1.08095 1.06445 2x1072 1.08098 3x107° 1.08095 7x1077 1.08095 2x1077
225 2.33577 2.19804 6x1072 2.33345 1x107° 2.33582 2x107° 2.33577 4x1077
230 1.01752 1.05120 3x107 1.01745 7%107° 1.01753 1x10°° 1.01753 1x1077
235 0.89543 0.89551 9%x107° 0.89543 5%1078 0.89543 6x107° 0.89543 6x107°
240 0.59929 0.60016 1x107° 0.59929 2x1077 0.59929 1x1077 0.59929 1x1077
245 1.25059 1.23222 1x1072 1.25055 4x107° 1.25059 5%10°° 1.25059 5%10°°
250 1.54559 1.15591 2x107! 1.54341 1x107° 1.54564 3x107° 1.54559 7x1077
255 0.85390 0.81109 5% 107 0.85373 2x107* 0.85390 1x107° 0.85390 2x107
260 0.86751 0.86747 4x107° 0.86751 2x1078 0.86751 2x1078 0.86751 2x1078
265 0.44207 0.44203 1x107* 0.44207 1x1077 0.44207 8§x 107 0.44207 8§x 107
270 1.23592 1.32387 7x107 1.23587 4x107° 1.23592 1x1077 1.23592 8x1077
275 4.30881 4.16733 3% 107 4.32828 5x107° 4.30844 9x107° 4.30882 1x10°°
280 2.11202 2.16971 3x107 2.11221 9x107° 2.11202 8x 1077 2.11202 2x1077
285 1.22514 1.22547 3x107 1.22514 2x1077 1.22514 2x1077 1.22514 2x1077
290 0.80695 0.80552 2x107° 0.80695 9x1078 0.80695 3x107 0.80695 3x107
295 0.97933 0.94893 3x107? 0.97935 2x107° 0.97933 1x1077 0.97933 2x107°
300 1.14332 1.48699 3x 107! 1.14355 2x107* 1.14333 1x107° 1.14332 3x107

7 Conclusion

This paper employs the BEM to compute sound pressure for
frequency scanning analysis. It introduces an efficient computational
approach, which includes:

1. The Taylor expansion method decomposes the integral of
boundary elements into frequency-related and frequency-
unrelated terms, thus eliminating the frequency dependence
in the coeflicient matrix.

. By reducing the order of the original system model through
the application of the SOAR method, the computational
performance for solving large-scale problems was improved.

The algorithm proposed in this paper has potential applications
in various engineering fields. For example, in the design of sound
barriers, it can be used to quickly assess the acoustic performance
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of different design options, thereby optimizing the design process.
In noise control engineering, this method can be employed to
simulate and analyze noise propagation in complex environments,
enhancing the effectiveness of noise control measures. We believe
that these applications highlight the practical significance of our
research and its potential to contribute to real-world engineering
challenges. Future work will involve applying the proposed
algorithm to problems involving broadband sensitivity scanning and
topology optimization.
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This study examines the vibration characteristics of static drill-rooted nodular
(SDRN) piles in elastic soils under time-harmonic torsional loads via an analytical
approach. SDRN piles, which are characterized by uniformly distributed nodes
and enhanced surrounding cemented soil, are able to increase the vertical
bearing capacity of piles in soft soils. Piles are modelled using elastic rod
theory, while surrounding soils are separated into two sublayers along radial
direction: a core zone made up of cemented soil and an outer semi-infinite
natural soil layer. An analytical method is proposed to solve the problem after
formulating the wave equations for pile and radial soil layer. This methodology
rigorously considers the continuity of twist angle and shear stress across the
interface of the pile and radial soil layers. The simulation of nodes in the
SDRN pile involves discretizing the pile-soil system and applying the principle
of impedance function recursion to accurately compute the torsional stiffness
at the top of the pile. Developed results are validated against the existing
benchmarks for a cylindrical pile in elastic soil. Detailed numerical examples are
carried out to assess the effect of major factors on the torsional impedance
of the pile. For improved comprehension in engineering applications, the
impedance function is applied to derive the twist angle of the rigid foundation,
with the amplitude-frequency response expressed in a closed form. Results
indicate that the vibration behavior of the piles is significantly influenced by
the inner radius, outer radius, the dimension of the node, the radial width of
the cemented soil and the damping ratio of the radial soil layer. The developed
solution offers valuable insights for the optimization design of SDRN piles under
dynamic torsional loads.

static drill-rooted nodular pile, torsional vibration, rigid foundation, cemented soil, wave
propagation

1 Introduction

Pile foundations are crucial for supporting large-scale structures like high-rise buildings
[1], offshore bridges [2], and ocean platforms [3]. Therefore, understanding their response
to complex dynamic loads is essential. While pile foundations are generally subjected to
static and dynamic vertical and horizontal loads, wind and machine-induced vibrations can
cause torsional loads that significantly affect their dynamic performance [4-6]. Accordingly,
assessing the impact of dynamic torsional loads is vital to ensure the stability and safety of
pile foundations. To address this, researchers have proposed various methods to investigate
torsional vibration characteristics of piles.
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Cai et al. [7] performed a comprehensive study on the torsional
vibration of elastic piles in a uniform poroelastic medium. Based on
this fundamental research, Chen et al. [8] introduced the concept
of transverse isotropy to examine the vibration characteristics of
piles embedded in saturated soils under transient loading. Their
study emphasized the impact of soil transverse isotropy and the
pile slenderness ratio on the vibration characteristics of the piles.
Subsequent research further illustrated the effects of soil properties
on end-bearing piles [9, 10] and pipe piles [11, 12]. Given the
inherently layered and vertically non-uniform nature of soil profiles,
Zou et al. [13] explored the mechanical behavior of single piles in a
two-layer vertically non-uniform subgrade and subjected to axial-
torsional combined loads. Liu and Zhang [14] expanded upon these
findings by investigating the transient torsional vibration behavior
of heterogeneous piles in multi-layered poroelastic media, with a
focus on the influence of typical pile defects. To advance this field
of study, Li et al. [15], Zhang and Pan [16] assessed the influences
of construction disturbances on the surrounding soil, analyzing the
impact of radial inhomogeneity induced by such disturbances on
the vibration behavior of piles in layered media. Further research
has addressed open-ended pipe piles [17-19], examining the effects
of construction-induced inhomogeneity in radial direction on the
torsional impedance of piles. Additionally, studies have investigated
the impact of pile end soil [20] and variation in cross-sectional
dimensions [21] on the torsional response of piles. Typically,
these investigations model soil as a composite material composed
of pore water and soil particles. However, this assumption does
not always hold true in practical applications, particularly in
surface or shallow soils where unsaturated conditions are prevalent.
Unsaturated soils, characterized by incomplete pore saturation,
exhibit markedly different mechanical behaviors compared to
their saturated counterparts. Research concerning unsaturated soils
primarily focused on the effects of transverse isotropy [22, 23], radial
inhomogeneity [24, 25], vertical inhomogeneity of soil [25, 26], and
pile end soil [27]. Despite the significant influence of torsional loads
on pile performance, this factor has not been received adequate
consideration in studies of nodular piles.

In soft soil regions, traditional piles, such as cast-in-situ and
precast piles often face challenges such as low skin friction and
construction-related defects in the pile body. To address these
problems, static drill-rooted nodular (SDRN) piles, an innovative
foundation type initially developed in Japan, have been increasingly
used in engineering practice [28, 29]. As for SDRN pile, the
prefabricated nodular pile is embedded into cemented soil via static
drilling, effectively overcoming the limitations of conventional pile
installation techniques and providing a more efficient, cost-effective
scheme. Due to the construction similarities, SDRN piles are often
evaluated in comparison to cast-in-situ piles. Research by Zhou et al.
[30-33] has demonstrated, through extensive field studies and finite
element simulations, that SDRN piles exhibit significantly superior
skin friction and compressive bearing capacity compared to cast-
in-situ piles, making them particularly advantageous for use in soft
soil conditions. Li et al. [34] estimated the vibration characteristics
of SDRN piles in layered soil profiles and under vertical loads,
affirming the substantial benefits of SDRN piles in mitigating vertical
deformation and vibration relative to cast-in-situ piles. Additionally,
Wu etal. [35] investigated the impact of various cross-sectional
geometries on vertical vibration. Despite considerable research on
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the performance of SDRN piles under vertical loads [36-38], the
effects of torsional loads on SDRN piles remain underexplored.

The literature review above reveals that studies on the dynamic
performance of SDRN piles under torsional loading are limited.
Therefore, this article aims to examine the torsional vibration
characteristics of SDRN piles in elastic soils using an analytical
method. It should be pointed out that the analytical solutions
presented here provides engineers with a precise, convenient, and
efficient tool for quickly assessing the performance of SDRN piles.
Specifically, it allows for the evaluation of factors such as pile inner
and outer radii, node width, vertical node spacing, and variations
in properties of the surrounding cemented soil on the overall
performance of SDRN piles. The layout is as follows: Section 2
establishes the mathematical model. Section 3 derives the analytical
solutions for the dynamic response problem. Numerical examples
and the corresponding analysis and discussion are presented in
Section 4. Section 5 applies the present solution into the vibration
characteristic of pile-supported foundation. The main conclusions
are summarized in Section 6.

2 Mathematical model

As depicted in Figure 1A, a SDRN pile in elastic soil, undergoing
a time-harmonic torque is considered. This study considers the
hardening surrounding cemented soil, a radially semi-infinite
natural soil deposit and the nodular pile itself, but neglects the effect
of the soil within the SDRN pile. Given the large slenderness ratio of
the pile, it is approximated as an elastic rod with a fixed inner radius
T, and a series of equally spaced, enlarged nodes (see Figure 1B).
The external (outer) radius of pile is 7, at non-noded sections, while
the maximum external radius at nodes is r,,,..... The vertical spacing
between two adjacent nodes is [, and the radial protrusion thickness
and length at each node are w;,. Based on the node distribution, the
pile-soil interaction model is divided into N segments (elements),
numbered sequentially from the bottom upward. Each segment has
equal thickness in both the pile section and the surrounding soil
section. The thickness and the radius of segment i are denoted by
h; and r;, respectively. For node sections, sufficient segmentation
is required to simulate the continuous variation in the pile’s outer
radius. The soil around the pile is split into two distinct zones: (1)
the inner zone, composed of cemented soil, extends to a distance r,
from the pile’s centroid, and (2) the outer zone, consisting of radially
semi-infinite natural soil, lies beyond the cemented soil layer.

Previous studies [16, 39] have shown that neglecting the gradient
of shear stress oy, along the z-axis (i.e., assuming a plane strain
model) has a minimal effect on the dynamic impedance of the pile.
Therefore, following the plane strain assumption, the wave equation
for any soil layer under torsional load is given by [39].

s

G 1)

g, (r,t) + r’lue),(r, t) - r’zug(r, ) = —ug,(rt)

S

@

J
j(=r1);uy(r, 1), G, and p, represents the tangential displacement,
shear modulus and density of the soil, respectively.

where the subscript, “j” denotes the partial derivative to the variable

The dynamic equilibrium equation for an elastic pile under
torsional load is given by

Gl (20 +2nr1(z,0) = p 1,$ . (2,1) 2)
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Diagram of a SDRN pile in elastic soil undergoing a time-harmonic torsional load: (A) 3D model; (B) section plan.

where ¢(z, 1), G, Py and I , represent the twist angle, shear modulus,
density and polar moment of inertia of the pile, respectively; 7(z, t)
denotes the tangential shear stress applied by the soil around the pile.

The boundary condition for the outer natural soil deposit can be
specified as

“eij(" —00,)=0,(j=2) (3)

where the subscript ij represents the component in the j-th (where j
= 1, 2) radial region corresponding to the i-th (where i = 1-N) pile
segment; Specifically, j = 1 and j = 2 refer to the inner and outer radial
zones, respectively; In the subsequent sections, the subscript ij will
maintain this definition, unless specified otherwise.

The boundary conditions at top and bottom of the i-th (i = 1-N)
pile element are

¢;(z2=0,0)= _L (4)
Gl
¢i(z=h;,1)0;
¢ (e=hpt) + ————— = )
Gyl

where I, = 0.51(r} =1}, ); ¢; (2, t) denotes the twist angle in the i-
th pile element; ©; represents the complex impedance at the lower
end of the i-th pile element; T;(t) represents the torque exerted
on the top of the i-th pile element; For the N-th pile element (i.e.,
the top element), T(¢) = T (¢) holds; When i = 1, the impedance
from the pile bottom soil is ©, = 16G5u(r(3) —r?n)/3 as described
by Lietal. [17].
The continuity conditions at r = r. can be given by

”612(" =T t) = ”9:‘1(” =T t)

7)

TrGiZ(r ) t) = rGil(r = rc’t)

The continuity conditions at r = r; can be formulated as
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ugi(r=rt) = ¢,z 0)r; (8)
Ti(z,1) = T,g(r = 1151) = G gy (rint) = gy (rpt)] ©)
3 Solutions
The time-harmonic solution of Equationl can be
given by
ug(r) = AK,(qr) + BI, (qr) (10)

where g = iw(p,/G,)*%; i=(~1)°%; w is the angular frequency.

Substituting the boundary condition from Equation 3 into
Equation 10, it follows that B = 0. Consequently, the field quantities
in the natural soil deposit corresponding to the i-th element can
be given by

ugi(r) = ApKy(q7) (11a)

T (1) = =Ap G, Ko (q7) (11b)
where g;, = i0(py/Gy).

The field quantities in the cemented soil layer can be
formulated as

ugy () = A Ky(q,7) + By I (g, 7) (12a)
T,01 (1) = =A; G194, Ky (q,,7) + BileilquIZ(qilr) (12b)
where g;; = iw(pg/Gi)".

Substituting Equations 11, 12 into continuity conditions given
by Equations 6, 7 results in

B = x4 (13)

frontiersin.org


https://doi.org/10.3389/fphy.2024.1494394
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Zhao and Li 10.3389/fphy.2024.1494394

A B
24 . T T T T 16 T T T T
oL Present (G,=12.1 GPa) o/
.o~.... ----- Present (G,=16.5 GPa) o
. e Militano and Rajapakse [39] (Gp:12.1 GPa) 4."'
211 "'°-.._. G,~16.5 GPa 1 12 o Militano and Rajapakse [39] (G,=16.5 GPa),’
~ T ~ -
T~ “o. T~
5 181 G,=12.1GPa ) %8_ - )
M = . _ .
x = G165GP G 1) | Gra
\o
15} 4l L .
12 1 1 1 1 0 1 1 1
0.0 0.4 0.8 1.2 1.6 2.0 0.0 04 0.8 1.2 1.6 2.0
) )

FIGURE 2
Comparison of torsional impedance results for an elastic cylindrical pile in homogeneous soil with those from existing solutions: (A) Real part; (B)

Imaginary part.

TABLE 1 Properties in SDRN pile and composite soil layers.

G,, (MPa) Pp (kg/m3) ro (m) ‘ ri, (M) Foumax (M) re (m) ‘ w,, (m) H (m)

pulkg/m®)  GaMPa) | pola/m) | Go(MPa) | By fa | pulka/m) G, (MPa)

40 T T T 36 T T T

—o—r,=0.15m

—o—r,=0.17m

| ——r,=0.19m

Re(k,")

0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6

FIGURE 3
Torsional impedance for an elastic pile in elastic soil vs. excitation frequency for various inner radii: (A) Real part; (B) Imaginary part.

where

_ G191 Ko (q17)K1(907c) = G Ko (g7 ) K1 (97
i1 =

T, (1) = _AiIGsilqilKZ(qilr) + 341 G194, 1(q;,7) (15b)

(14)
G190 1(907)K1 (47e) + G Ko (g7 ) (90 7e) In the case of a time-harmonic load, Equation2 can be
reformulated as (for i-th element)
Making use of Equation 13, Equation 12 can be rewritten as
d¢.(z
G,I ﬂ +2mr7y(2) = —pPiIP,-wngi(z) (16)

ugi (r) = Ay Ky (q,7) + K3 An 11 (q;,7) (15a) PP 42
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Torsional impedance for an elastic pile in elastic soil vs. excitation frequency for different radial widths of cemented soil: (A) Real part; (B) Imaginary part.
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Combining Equations 8, 9, 15, 16 yields

d2¢i(z)
dz?

+ Y?¢i(z) =0
where
v; = (8 +Ppi1piw2)/(GP"IP")

_ 217} Gyin gy [-Ko (g0 77) + K0 1 (q,77)]
| =
1 Ki(qur;) + K11 (q7;)

The solution of Equation 17 can be expressed as

¢:(2) = C; cos (y;2) + D; sin(y;2)
Combining Equation 5 and Equation 20 results in

D;=7,C

i
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where
Y, sin 6’1) - 61‘ cos (?z) — Ok _
i= . = . _0 ®i:G 7 Vi =vihi (22)
y; cos (y;) +©; sin (,) pilpi

Substituting Equation 20, 21 into Equation 4 yields

T,

kp=—"t  =—G,.Iyn. 23
Ti gbi(z:O) pi pt%"t ( )

where kp; denotes the top-end torsional impedance of the i-th
pile element.

The principle of impedance function recursion has been
effectively used in past studies to address the vibration behavior
of piles in layered soils [40]. According to this principle, the
torque and twist angle at the interface between adjacent pile
elements are continuous, meaning that the torsional impedance at
the interface (i.e., torque/twist angle) is also continuous. That is
to say, the impedance at the top of the i-th element is equal to
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Torsional impedance for an elastic cylindrical pile in elastic soil vs. excitation frequency for different damping ratios of outer soil layer: (A) Real part; (B)
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Dynamic interaction between a rigid foundation and
supported SDRN pile.

the impedance at the bottom of (i+1)-th element (ie., k; = ©;,,).
Hence based on Equation 23, the torsional impedance function
at the top end of the pile can be determined via a step-by-step
recursion from the first element to the N-th element, which can be
written as follows

kyy = oNNYNTIN (24)

Following Militano and Rajapakse [39], the normalized
torsional impedance can be defined as
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C16Gyr, (25)

T

where k). denotes the normalized torsional impedance at the pile
top; G, and r,, denote the reference shear modulus and radius,
respectively.

4 Numerical results and discussion

First, to confirm the correctness of the developed model, a
comparison is made with the analytical results from Militano and
Rajapakse [39]. For this comparison, the SDRN pile is reduced a
solid cylindrical rod and the surrounding soil is assumed to be a
uniform elastic material. The used parameters are p, = 2,500 kg/m’,
G, =121 or 16.5GPa, ry = 0.3 m, 1, = 0m, 7y, = 0.3 m, 7,
=05m, H=10m, w, = 0m, p,;; = p, = 1800 kg/m’, G, = G,
= Gy, = Gy = 20 MPa, f3;; = B, = 0. For analysis purposes, the
normalized frequence is defined as a, = wry, (py/G,)*>, in which
reference density p, = 1800 kg/m® and G, = 20 MPa. In Figure 2, Re (
) and Im () denote respectively the real and imaginary components
of the torsional impedance. Figure 2 demonstrates that an increase
in excitation frequency leads to a decrease in real stiffness (real
part) and an increase in damping (imaginary part). Additionally, the
torsional impedance in the current solution corresponds well with
those in the existing solution.

After verifying the present solution, the effect of key parameters
on the torsional impedance at the pile top is examined here.
s is replaced by G (1+2iBy),
where f; denotes the damping ratio. Unless specified differently,
the properties for SDRN pile and composite soil layers are
outlined in Table 1. Additionally, each node is divided into 10
elements to simulate the continuous variation of cross-sectional

To account for soil damping, G

dimension (see Figure 1B), where the length of the first pile segment
h, fixed at 0.425 m.
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Variation of the normalized twist angle amplitude with excitation frequencies for different inner radii in (A) and outer radii in (B).
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frequencies for different damping ratios of outer soil layer.

Figure 3 depicts the impact of inner radius (r;,) of the SDRN
pile on the torsional impedance across different frequencies. The real
stiffness initially decreases with an increase in frequency, then begins
to increase at higher frequencies. In contrast, the imaginary part
consistently increases as frequency rises. Moreover, both the real and
imaginary parts decrease as r;, increases, indicating that the thinner
wall (t, = ry—r;,,) reduces the stiffness and damping of the pile,
thereby decreasing its torsional resistance. This behavior is mainly
attributed to the fact that a larger r;;, decreases the polar moment of
inertia of the pile, thereby reducing its dynamic resistance.

Figure 4 demonstrates the impact of outer radius (ry) of the
SDRN pile on the torsional impedance at various frequencies. For
consistency, the radial width of cemented soil (r.—-r,) is fixed at
0.2 m. As shown in Figure 4, r, has a greater impact on the torsional
impedance than the inner radius. Both the real and imaginary
components increase significantly as r,, increases.

The effects of the node width (w,) and vertical spacing (I,) on
the torsional impedance at different frequencies are presented in
Figures 5, 6. It should be noted that for a fixed pile length, a smaller
I, corresponds to a greater number of nodes along the pile body.
Figure 5 shows that increasing w), leads to a rise in both the real
and imaginary parts, revealing that a larger node width enhances
the torsional resistance of the pile. This improvement is due to the
increases in the polar moment of inertia at the node location, which
enhances the dynamic resistance. It is evident from Figure 6 that
the real part decreases as [, increases, while the imaginary part is
insensitive to I,

Figures 7, 8 describe the effects of the radial width and shear
modulus of cemented soil on the torsional impedance at different
frequencies. The radial width is represented by the outer radius
of the cemented soil, with a larger r_. corresponding to a broader
enhanced range. According to Figure 7, increasing the radial width
leads to an increase in both the real and imaginary parts. In
comparison, the effect of the shear modulus G, is relatively smaller.
As depicted in Figure 8, the components of torsional impedance
increase as G, increases, although the rate of increase slows down
as G,; continues to rise. This suggests that enhancing the radial
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width of the cemented soil is more effective than increasing the shear
modulus in improving the torsional impedance of the pile.

Figure 9 describes the effect of the damping ratio of the outer
soil layer on the torsional impedance for different frequencies. The
focus here is to present the impact of the damping ratio of the outer
natural soil layer due to minor effect of damping ratio of the inner
soil. As shown in Figure 9, at lower frequencies, the damping ratio
has little effect on the real part. However, at higher frequencies, the
torsional impedance increases with increasing damping ratio.

5 Application to pile-supported rigid
foundation

When a pile-supported rigid foundation is subjected to dynamic
torsional loads (see Figure 10), the dynamic equilibrium of the
foundation is defined by the equation given below

[ Lo do(t
I ar

dt
where I; and ¢(f) represent the mass moment of inertia and angle

+ kfgo(t) = Tf(t) (26)

of rotation of the foundation, respectively; k; and ¢, denote the
stiffness and equivalent damping coeflicient of the supported pile;
T(t) denotes the external time-dependent torsional load.

To obtain the solution for the foundation, Equation 24 can be
reformulated as

kTN= kf"'l(UCf (27)

Assuming a time-harmonic external load on the foundation
and making use of Equation 27, the solution to Equation 26 can
be given by
Making use of Equation 28, the normalized twist angle

amplitude can be formulated as

16G0r8(p
3Ty

16G,r,

3 (ks - 1) + (e,

The following parts discuss the impact of key parameters on

(29)

|A<p| =

the twist angle amplitude, with the parameters listed in Table 1.
To clearly observe the changing trends in resonant frequency and
amplitude, we use the module of the twist angle amplitude instead of
the real and imaginary part. In the analysis, I is fixed at 4,144 kg m?.
Figure 11 illustrates the effect of inner radius (r;,) and outer radius
(ry) of the SDRN pile on the twist angle amplitude at varying
frequencies. The data in Figure 11A indicate that the twist angle
amplitude initially ascends with frequency, reaches a peak, and
then gradually approaches zero. The resonant peak shows obvious
increase with an increase in 7

in>
decreases as ry, increases. As shown in the Figure 11B, r, has a

while the resonant frequency slightly

greater effect on the twist angle amplitude than the inner radius.
The twist angle amplitude increases significantly as r, decreases.
Furthermore, the resonant frequency increases markedly with an
increase in r,. This indicates that increasing the outer radius can
substantially alter the natural frequency and reduce the twist angle
of the whole system.
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Figure 12 describes the effect of the node width (w},) and vertical
spacing (I,,) of the nodes on the twist angle amplitude for different
frequencies. As observed in Figure 12A, the twist angle amplitude
decreases significantly with an increase in wy, revealing that a larger
node width enhances the dynamic torsional resistance of the system.
Besides, the resonant frequency rises with increasing w,,. Therefore,
it can be concluded that increasing the node dimension is an effective
strategy for improving the vibration behavior of the system in
engineering practice. It can be observed in Figure 12B that contrary
to expectations, the vertical spacing of the nodes has a relatively
small impact on the twist angle amplitude. Additionally, the resonant
peak shows a slight increase with increasing /..

Figure 13 describes the impact of the shear modulus and radial
width of cemented soil on the twist angle amplitude at different
frequencies. As observed in Figure 13A, the resonant peak decreases
as Gy, increases, while the resonant frequency increases with higher
G,,. At high frequencies, the influence of G;; becomes negligible.
The impact of r, is more pronounced than of the shear modulus
of the cemented soil. The resonant peak significantly decreases
as r,. increases, while the resonant frequency shows the opposite
trend (see Figure 13B).

Figure 14 shows the effect of the damping ratio in the outer soil
layer on the twist angle amplitude for different frequencies. The twist
angle amplitude is notably affected by the damping ratio. The twist
angle amplitude decreases substantially with increasing damping
ratio, indicating that materials with a higher damping ratio are more
effective in reducing vibrations.

6 Conclusion

A closed-form solution is developed to address the time-
harmonic torsional vibration of a SDRN pile embedded in elastic
soils. The wave equations corresponding to the pile and surrounding
soils are initially established. In the case of a time-harmonic load,
the general solutions for the composite soil layers are derived. The
pile and soil are partitioned into multiple elements, and interface
continuity conditions of the pile and soil for each element are
applied to derive the torsional impedance at the top end of each pile
element. Using the principle of impedance function recursion, the
torsional impedance of the pile and the twist angle amplitude are
ultimately determined. The correctness of the proposed solution is
meticulously checked, and detailed numerical analysis is conducted.
The key findings are outlined as follows:

(1) Increasing the inner radius of the pile significantly reduces the
torsional impedance of the pile and enhances the resonant peak
of the system. In contrast, enlarging the outer radius markedly
improves the torsional impedance of the pile, reduces the twist
angle amplitude and raises the resonant frequency.

(2) Expanding the node width substantially increases the torsional
impedance of the pile, reduces the twist angle amplitude and
raises the resonant frequency, thereby improving the dynamic
torsional resistance of the system. In contrast, variations in the
vertical spacing of nodes have a relatively minor impact on the
dynamic performance of the pile foundation.

(3) The radial width and shear modulus of the cemented soil

are crucial in determining the dynamic characteristics of
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the system. Increasing the radial width of the cemented
soil effectively increases the torsional impedance of the
pile, attenuates both the resonant peak and frequency,
thereby significantly enhancing the deformation resistance
of the system. Moreover, enhancing the radial width of the
cemented soil is more effective than increasing the shear
modulus in improving the deformation resistance of the
system.
(4) The damping ratio of the outer natural soil deposit is crucial
for the dynamic response of the system. Increasing the
damping ratio in the natural soil substantially improves the
torsional impedance of the pile and reduces the twist angle
amplitude, thereby effectively mitigating vibrations. These
findings provide a solid theoretical foundation for optimizing
SDRN pile designs.
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LSTM neural network
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College of Architecture and Civil Engineering, Xinyang Normal University, Xinyang, Henan, China

The earthquake simulation shaking table array is an important experimental
equipment with a wide range of applications in the field of earthquake
engineering. To efficiently address the complex nonlinear problems associated
with earthquake simulation shaking array systems, this paper proposes the
identification of the earthquake simulation shaking array system using the Long
Short-Term Memory (LSTM) algorithm. A dual array system model with flexible
specimen connections is established, and this system is identified using the
LSTM neural network. The LSTM neural network was validated for identifying
the dual array closed-loop system of the earthquake simulation shaking table by
using three natural waves and one artificial wave. The results demonstrated that
the similarity between the predicted output and the theoretical output of the
network identified by LSTM exceeded 0.999. This indicates that the algorithm
can accurately reproduce the characteristics of the shaking table itself and
shows good performance in time series prediction and data mining. References
for earthquake simulation shaking array system experiments are provided.

system identification, dual array, LSTM neural network, shaking table, deep learning

1 Introduction

The earthquake simulation shaking table is a key laboratory tool for studying and
evaluating the seismic resistance of structures. It generates horizontal, vertical, and
multidimensional accelerations through a driven platform, simulating the impact of seismic
waves on buildings and other structures [1]. The earthquake simulation shaking table
array comprises multiple independent earthquake simulation shaking tables that work
together to simulate more realistic and complex ground motions. Each table can also
be controlled independently to achieve more accurate earthquake wave simulations [2].
Due to factors such as high investment, expensive maintenance and experimental costs,
and long construction periods, it is clearly unreasonable to infinitely increase the size
and scale of shaking table. Additionally, due to similarity ratios, simply enlarging the
shaking table cannot fully meet the requirements. For large-span structures such as
bridges, pipelines, aqueducts, and transmission lines, combining multiple small shaking
table arrays can be used for testing. The construction and research of shaking table
array systems are becoming a trend in both domestic and international research. Gao
Chunhua [3] conducted a survey and comparative analysis of various algorithms for
domestic shaking tables, summarized the construction forms and loading methods of

80 frontiersin.org
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The mechanical model of two-array flexible connection of specimens.
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FIGURE 2

Multi-parameter generator schematic diagram.

shaking table substructure tests, as well as the construction and
control technical difficulties of shaking table array systems. Ji
Jinbao [4, 5] et al. summarized and introduced the functions and
characteristics of the shaking table array control system using
the nine sub array of Beijing University of Technology as an
example, and conducted large-span spatial structure model tests
using the equipment. They pointed out the issues and areas that need
improvement in using the shaking table array system and explored
the relevant research and development of control technology for
multi-shaking table array systems. Tao Dehuai [6] conducted a
dynamic analysis of the foundation of a dual-array earthquake
simulation shaking table and found that the impact of shaking on

ol

1

10.3389/fphy.2024.1475622

the foundation remained essentially unchanged under different load
conditions. Guan Guangfeng [7] et al. conducted a detailed analysis
of different control strategies for a dual array shaking table system
and verified the effectiveness of the array system controller through
experiments.

The nonlinear influence of shaking table system has always
existed in earthquake simulation shaking table test, and has seriously
affected its reproduction accuracy and waveform reproduction
ability [8, 9]. For more complex shaking table array systems, due
to the simultaneous operation of a large number of actuators, the
existing control methods cannot meet the requirements for system
stability and synchronization [10]. This means that more advanced
intelligent control algorithms are needed. As a type of intelligent
algorithm, neural network algorithms have good adaptive and
generalization abilities, can model and handle nonlinear problems
[11-13], and perform well in the control of seismic simulation
shaking tables. Gao Chunhua [14, 15] et al. carried out parameter
optimization and parameter identification for seismic simulation
shaker by intelligent control algorithm, and simulation results
showed that the intelligent control algorithm could optimize control
parameters, identify multiple parameters, and improve the control
effect of the shaker. Yu Shipin [16] et al. used a BP neural network
to optimize the control instructions so that the control peak and
valley values reached the expected values. Byung Kwan Oh [17]
etal. proposed a new model for earthquake response prediction
of buildings based on the correlation between ground motion and
structure using neural networks. They verified the effectiveness
of the proposed neural network model by studying its response
prediction performance. A. Zeroual [18] et al. proposed an artificial
neural network model, applied it to the prediction of the safety factor
for a new earth dam dataset, and compared the predicted results
with the stability calculation results of different limit equilibrium
slopes. The comparison proved that the prediction ability of the
artificial neural network model for the safety factor is satisfactory.
Long Short-Term Memory network (LSTM) is a special type of
recurrent neural network (RNN) that efficiently processes and
predicts sequence data by introducing gating mechanisms. LSTM
is designed to solve the problem of gradient vanishing or gradient
explosion encountered by traditional RNNs when processing long
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FIGURE 3
Multi-parameter speed synthesizer simulation model.
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FIGURE 4
Single input single output CAR model.

sequences of data [19]. LSTM can learn long-term dependencies,
which is difficult for traditional RNNs to achieve. It is easy to
integrate into network structures and is suitable for various time
series prediction tasks. Compared with other methods for solving
long series problems (such as bidirectional RNNs), LSTM requires
fewer parameters. Zhang Wenpeng [20] et al. proposed a three-
parameter control parameter tuning algorithm for shakers based
on LSTM and adopted the gradient descent method for offline
tuning of control parameters. This was combined with the original
parameters of the control system for real machine verification. The
results showed that the proposed tuning method can achieve better
results than manual tuning, and the tuning process is completed
offline by the system model without real machine operation, offering
advantages of high efficiency and good effect. Ruiyang Zhang [21]
etal. proposed two long short-term memory (LSTM) network
schemes aimed at data-driven structural seismic response modeling.
The verification results show that the proposed LSTM network
is a promising, reliable, and computationally efficient method for
nonlinear structural response prediction. It has great potential in the
reliability assessment of seismic vulnerability analysis of buildings.
System identification is the process of analyzing the input
and output data of a system to obtain the mathematical model
or dynamic characteristics of the system. This process includes
determining the transfer function, state-space model, or other
mathematical descriptions of the system. Effective system
identification is the key to realize high performance control of
shaking table [22, 23]. Zhan Pengyun [24] etal. used the least
squares method to identify the model parameters of the shaking

10.3389/fphy.2024.1475622

table model for seismic simulation. The research shows that the
identified model can well reproduce the characteristics of the
shaking table system itself, and the least squares identification
method can be used to identify the hydraulic and control systems
of the shaking table for seismic simulation. Ji Jinbao [25] etal.
trained and tested a constructed LSTM network model based
on the shaking table system model. The test results show that
the LSTM network can reproduce the characteristics of a single-
axis open-loop system and can be used as the control object
for system simulation and algorithm testing. Febina Christudas
[26] etal. utilized input-output data of long short-term memory
recurrent neural networks (LSTM-RNN) to model real-time CTS.
Compared with empirical models, the LSTM-RNN model achieved
better modeling results. Wei Guo [27] et al. developed a physics-
guided long short-term memory (PhyLSTM) network for system
identification of shaking tables. After detailed hyperparameter
testing, the performance of the PhyLSTM model significantly
outperformed that of traditional transfer function models.

Based on the above analysis, this paper designs a system
identification scheme for a dual-array seismic simulation shaking
table based on LSTM neural networks. The LSTM is used to identify
the multi-parameter control closed-loop system of the dual array.
By comparing the predicted results after neural network training
with theoretical results, the feasibility and high research value of this
identification scheme are verified.

2 Shaking table two-array system
modeling

2.1 Two array system with flexible
connection of specimens

For the two-array system, the forces acting on the shaking table
platform include not only the actuator forces and the interaction
forces between the specimen and the platform but also the additional
forces generated due to the asynchronous movement of the two
sub-shaking tables. Taking the dual-array system with a flexible
connection of the specimen as an example, Figure 1 shows a
schematic diagram of the mechanical model of the dual-array system
with the specimen.

The mass of the specimen in the system is M, the mass of the
shaking table is M, k is the stiffness coefficient of the connection
of the two sub-tables, ¢ is the damping coefficient; The outputs

0,, 0, 0,.,
+ . t
e N
> X 9 >
(tank
[ o] [ o]
P »
I | |
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FIGURE 5
LSTM structure diagram.
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FIGURE 6
LSTM network identification flowchart.

of the two shaker exciter are F, and F, respectively, and the
displacements of the two tables are x; and x, respectively. Assuming
the displacement of the specimen is x,, the force balance Equation 1
of the two-array system can be obtained:

M s%xg+ (s + k) (g —x,) + (es+ k) (x,—x,) =0
M) + (es+k)(x; —x,) = F, (1)
M2, + (es+k)(x, - x,) = F,

The acceleration response of the two sub-stations can be
obtained as follows:
(cs+k)?
) Fl + M2+2cs+2k” 2
s7x, = - o
cs+ s+
Mt+ $? (M s2+2cs+2k)s? @)
(cs+k)?
M2+2es+2k 71

stk (cs+k)?
Mt+ $? (M s2+2cs+2k)s?

F, +

2, _
$°x, =

There is a coupling between the two expressions in Equation 2,
in other words, the displacement x; of shaker 1 depends not only on
the parameters of the shaker itself, but also on the displacement x, of
shaker 2. Next, because the output of the exciter meets Equation 3:

{Aple =F

(3)
App, =F,

Without loss of generality, it is assumed that the parameters of
the two sub-shaker exciters are the same. In addition, p;, and p, , are
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Time domain waveform chart of network training for the dual-array
system identification (A) Shaking table 1 training results comparison
(B) Shaking table 2 training results comparison.
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Time domain waveform chart of network testing for the dual-array
system identification (EL Centro wave) (A) Comparison chart of results
for Shaking Table 1 (B) Comparison chart of results for Shaking Table 2.

used to represent the load pressure of the two shakers, Q;, and Q;,
are the total oil flow of the two shakers, and E; and E, are respectively
the control signals of the two shakers. Then, the hydraulic continuity
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Equations 4, 5 can be obtained:

{ Quy = kgEy —Kepry (4)
Qu, =keE, —Kpyy
14
Quy =Apsx; + E‘Pu +Cpry
(5)
14
Q= Apsx, + E spra+ Cepry
After simplification, we obtain:
k.E
1 qF1
APPLI = G_1<A_ —sx1> =F1
’ (6)
% L <qu2 —sx ) F
prL2 Gl AP 2 2
Where Equation 7 is:
Vv KHCG 7
a2
p p
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After substituting Equation 6 into Equation 2, the two-array

open-loop system model is obtained as follows:

[ G (cs+k)?
(Ms* +cs+k)Gy +s— _Gilesth”
I (Ms® + 2cs+2k) |
G, (cs+k)? kqE,
Xjm Xy = ——
(Mgs® +2cs + 2k) Ap
[ Gy(cs+k)?
(Ms* +cs+k)Gy +s— %
I (Ms* +2¢s + 2k) |
G, (cs+k)? koE,
Xy — Z—xl = A_
(Mgs® +2¢s + 2k) o

2.2 Modeling of two-array closed-loop
system with multi-parameter control

(®)

Building on Section 2.1, a control system is introduced that
considers the second-order characteristics of the servo valve
and sensor. Additionally, based on the three-parameter control
system, the acceleration derivative, which yields the jerk, is
introduced. The multi-parameter generator and multi-parameter
velocity synthesizer are shown in Figures 2, 3. The introduction of
jerk feedforward and jerk feedback forms a multi-parameter control

closed-loop system.
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In Figure 2, T}, represents the differential time constant, k-
k,~
feedback gain in the multi-parameter generator, and « and f

k, represents the acceleration, velocity, and displacement

represent the integral gain.

After applying the multi-parameter control scheme to the two-
array system, if G, represents the multi-parameter generator transfer
function and G5 represents the multi-parameter feedback transfer
function, then the control inputs of the two sub-stations can

{

Substituting Equation 9

be written as:

E, = Gyu, - Gsx,

E, = Gyu, — Gsx,

&)

and further

considering the characteristics of the sensors and servo valves, we

into Equation 8,

obtain the control system model. Ultimately, the two-array system
model under multi-parameters is obtained Equation 10 as follows:

, kg (GyGrs” - G\G2, )uy + GGy
57X = A—GqG4 S 3
P Gpra N _2G1GPIGfa (10)
, kg (GyGes” - G1G2, Juy + GGy
5%y = —G,Gy

G,Gr’s* ~2G, G}, Gy,
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Where Equation 11 is:

G, = Ms® +2cs + 2k
Gy =cs+k
k
Gp=G(Ms* +cs+k) +s+ A—qG5 an
P

1
Gfa = S_ZGj
Assume Equation 12 is:
kq (GyGrs” - G/GY))
A_GqG4 22 2
Gpra = 2G1 Gpl Gfa

p
2
% 6.6 G1n
4
A, 176,68 - 2G,G Gy,

G =Gy =
(12)
G =Gy =

P

Write it in the form of a matrix like Equation 13:

[l caH)

where: G|, is the transfer function of the input signal of shaker 1 to

Gll G12
GZI G22

2
s°x u
{21 _ 1 (13)

57X, U,

the acceleration s’x; of shaker 1, G, is the transfer function of the
input signal of shaker 2 to the acceleration s*x, of shaker 1; G, is the
transfer function of the input signal of shaker 1 to the acceleration
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s2x, of shaker 2, G,, is the transfer function from the input signal of
Shaker 2 to the acceleration s*x, of Shaker 2.

The basic parameters of the hydraulic control
system of the two-array seismic  simulation  shaker
are shown in Supplementary Table 1, and the relevant parameters of
the shaker table are also listed.

and

3 LSTM neural network system
identification principle

3.1 Principles and steps of system
identification

The principle of system identification is based on the analysis of
system input and output data, with the aim of inferring the intrinsic
structure and parameters of the system from this data. Using the
Controlled Auto-Regressive (CAR) model as an example, the basic
principle of system identification can be explained.

Typically, a single-input single-output CAR model can be

represented as Equation 14:
Az )y =2 B(z" Julk) + E(K) (14)

where, y(k) is the system output, u(k) is the system input, £(k) is
a random disturbance, d is pure delay, A(z™') and B(z™') can be
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expressed as Equation 15:

{

The model structure of the system is shown in Figure 4, which

-1y _ -1 -2 -
A7) =1+az +az° +... +az?

15
B(z')=1+bz +b,2 7 +... +bz " (15)

assumes without loss of generality that C(z™*) = 1.
Furthermore, the above equation can be written as
Equation 16:

y(k) = @T (k)0 + (k) (16)

where, ¢(k) = [-y(k—1),...,—y(k—p),u(k—d),...,u(k—d - q)]T isa
vector constructed from input and output observations, and 0 =
[ao, sl by ..o bq]T is the parameter vector to be solved.

During the experiment, by collecting the input and output data
of the system, the input data is the control input signal, and the
output data is the system’s response signal, that is, obtaining vector
¢(k). For systems that can be modeled, such as the CAR model, the
system identification problem can be transformed into a parameter
estimation problem, that is, finding the optimal parameter 6 estimate
by minimizing the error between the model’s predicted values and
the actual output.

System identification generally includes the following stages:

(1) Experimental Design: According to different practical
requirements, clarify the purpose of model identification,

frontiersin.org
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determine the object of system identification, select
appropriate input signals, and collect output response
data. Generally, suitable input signals should have a
certain spectrum and energy distribution to cover the key
characteristics of the system and maintain its stability.
Moreover, for nonlinear systems, random signals are usually
more suitable because they have better excitation performance.
The quality of the experimental design directly affects the
accuracy of the subsequent model.
(2) Data Collection and Preprocessing: Conduct experiments
and collect the input and output data of the system. This
includes recording the responses measured by sensors and
generating control input signals. Ensure that the experimental
environment and measurement errors are considered during
data collection. Additionally, preprocess the collected data
by performing operations such as denoising, filtering, and
sampling to improve the quality and identifiability of the data.
Establish a mathematical model: Use the collected data to
create a mathematical model of the system, such as in the

3)

form of difference equations, state-space equations, or transfer
functions, and estimate the model parameters.
(4) Parameter identification: This typically involves fitting
techniques, such as the least squares method, to minimize
the error between the model’s predictions and the actual

observations.
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(5) Model validation and optimization: Use data not involved
in the identification process for new tests to verify the
accuracy and reliability of the obtained model. Ensure that the
model can correctly predict the system’s response under new
input conditions. Additionally, analyze the obtained model
to understand the dynamic characteristics of the system.
Optimize the model as needed to enhance its performance and
adaptability.

3.2 LSTM frame structure and model
building

LSTM is a special type of neural network structure that
is designed to address the problems of gradient vanishing and
gradient explosion encountered by traditional neural networks
when handling long-term dependencies. The LSTM unit consists of
a cell state and three gating components (input gate, forget gate, and
output gate). The forget gate is used to determine which information
should be discarded from the cell state; the input gate controls the
extent to which the current input affects the cell state; and the output
gate decides how the cell state influences the next layer. In the context
of controlling a seismic simulation shaking table, the aim is to
reproduce the input earthquake waves as accurately as possible, with
a one-to-one correspondence between input and output. Therefore,
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a one-to-one LSTM model was ultimately chosen as the controller
for the shaking table in this study. The LSTM structure diagram is
presented in Figure 5.

In the establishment of the LSTM model, data processing is
first conducted to standardize the input seismic wave data to fit
the LSTM input format. The dataset is then divided into training
and testing sets. Due to the dynamic computation graph utilized
in PyTorch, a more intuitive and flexible approach is enabled
during the model construction and debugging process. Additionally,
the simple and intuitive APIs provided by PyTorch make the
construction, training, and evaluation of deep learning models
easier. Therefore, the PyTorch framework is employed in this study.
In the LSTM used in this research, the model structure is defined
using the Sigmoid activation function. The Sigmoid function can
independently control the opening and closing states of each gate
and possess good gradient propagation characteristics, effectively
preventing the problem of gradient vanishing during the training
process, thereby achieving selective information transfer.

Then, the Mean Squared Error (MSE) loss function is chosen,
and the Adam optimizer is used for backpropagation gradient
optimization in this paper. The expression for the MSE loss function
is as follows Equation 17:

MSE= L1
m

fx))?

(17)
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From the above equation, it can be seen that the loss function
MSE represents the sum of the squared differences between the
predicted value f(x) of the model and the true value y of the
sample. The smaller its value, the smaller the error and the higher
the accuracy.

Finally, the input seismic wave dataset is used for model training,
and the testing set is employed to evaluate the model’s generalization
capability. At the same time, the performance of this approach is
assessed using the correlation between the actual results and the
predicted results, as well as the root mean square error.

Based on the above, the algorithm flowchart for identifying
LSTM network is shown in Figure 6:

4 |dentification results and analysis of
the LSTM dual-array closed-loop
system

The LSTM network structure used in this paper specifically
includes: an input layer, a hidden layer with 15 neurons, and an
output layer. The momentum factor is set to 0.0005, the initial
weights of the network are randomly chosen within the range
[-1,1], and the learning algorithm employed is the “gradient descent
algorithm” The maximum number of training iterations is set to
20,000, and the loss function is calculated using the MSE formula.
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The training process for system identification is conducted offline.
In the results presented below, the curve labeled “Actual Result”
represents the output of the shaking table, which serves as the
networK’s label. The curve labeled “Forecast Result” represents the
output of the neural network. The smaller the deviation between
the forecast results and the actual results, the better the training
performance of the neural network and the higher the accuracy
of the system identification. We will first present intuitive result
display graphs, and finally evaluate the performance of this method
for system identification using the similarity between the actual
and forecast waveforms. Assuming the two waveforms are denoted
as x and vy, their correlation coefficient can be expressed as
Equation 18:

; (0 =%) 0, =)

corr(x,y) = (18)

;(xn -%)* Zl()' -y’

We used different seismic waves as input waveforms, with a
sampling time of 0.02 s, corresponding to a sampling frequency of
50 Hz. The simulation time is set to 40 s, resulting in two input
datasets each containing 4,000 data points. The first 2000 data
points are used as the training set, and the remaining 2000 data
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points are used as the test set. For the dual-array system, the output
data is modeled as a two-dimensional matrix, corresponding to
the response waveforms of Shaking Table 1 and Shaking Table 2,
respectively. We obtained the output of the dual-array closed-
loop system through simulation, which serves as the labels for
neural network training. Using the EL Centro wave to analyze the
training set, the training results of the dual-array closed-loop system
are shown in Figure 7.

Figures 7A, B are comparison charts of the output waveforms
and network training results for Shaking Table 1 and Table 2,
respectively. After calculation, the root mean square error
(RMSE) between the network output waveform and the actual
waveform is —52.9 dB for Table 1 and -52.8 dB for Table 2. The
correlation coefficients are 0.9998 for Tablel and 0.9998 for
Table 2. The network training results match the actual results
very well.

For the test set, we used three different seismic waves and
one artificial wave for analysis, performing both time domain and
frequency domain analyses. First, we analyzed the EL Centro wave,
with the time domain chart shown in Figure 8.

The calculated root mean square error (RMSE) between the
network output waveform and the actual waveform is —60.4 dB
for Table 1 and -60.9 dB for Table 2. The correlation coefficients
are 0.9998 for Table 1 and 0.9998 for Table 2. After performing
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a Fourier transform on the waveform data, the frequency
spectrum characteristics of the seismic wave can be obtained,
as shown in Figure 9. It can be seen that the frequency domain
performance of the network output waveform also almost perfectly
replicates the actual frequency domain waveform.

Next, we performed time and frequency domain analyses of the
Wenchuan surface wave, as shown in Figures 10, 11. The calculated
results indicate that the root mean square error (RMSE) between
the network output waveform and the actual waveform is —42.3 dB
for Table 1 and -56.2 dB for Table 2. The correlation coeflicients are
0.9996 for Table 1 and 0.9997 for Table 2.

Next, we performed time and frequency domain analyses using
the Traf wave, as shown in Figures 12, 13. The calculated results
indicate that the root mean square error (RMSE) between the
network output waveform and the actual waveform is —51.74 dB for
Table 1 and -51.20 dB for Table 2. The correlation coeflicients are
0.9988 for Table 1 and 0.9986 for Table 2.

Finally, we performed time and frequency domain analyses
using the artificial wave, as shown in Figures 14, 15. The calculated
results indicate that the root mean square error (RMSE) between
the network output waveform and the actual waveform is —49.62 dB
for Table 1 and -49.43 dB for Table 2. The correlation coefficients are
0.9996 for Table 1 and 0.9996 for Table 2.

Based on the analysis of these four waveforms, the root
mean square error (RMSE) and correlation coefficients between
the network output waveforms and the actual time domain
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waveforms are summarized in Supplementary Table 2. Both
the time domain and frequency domain waveform correlations
exceed 0.99, indicating that the output closely matches the
actual waveforms. This demonstrates that the identification
scheme has excellent performance, and the network trained with
LSTM can achieve the dual-array system identification task with
high accuracy.

5 Conclusion and discussion

This paper primarily designs an identification scheme for a
dual-array closed-loop system based on an LSTM network. First,
the dual-array system of a seismic simulation shaking table is
modeled. Then, a dual-array system identification method based
on LSTM is proposed. Using the dataset from the constructed
Simulink simulation model, the neural network is trained and
tested. The LSTM network is modified to adapt to the system
output, considering the characteristics of the dual-array system.
This identification scheme is highly applicable, efficient in terms of
parameters, and reflects the true characteristics of the system. The
main conclusions drawn are as follows:

(1) In training the neural network model, the gradient descent
algorithm is highly efficient and adaptable. It effectively
handles the nonlinear problems in seismic simulation shaking
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tables and has broad application prospects in optimizing

control systems.
(2) Afteridentification using the LSTM neural network, the output
of the seismic simulation shaking table dual-array closely
matches the theoretical output, with a low mean square
error and a waveform correlation coefficient exceeding 0.99.
This verifies that the identification scheme has high accuracy
and good convergence, providing a theoretical basis for

performance control of the seismic simulation shaking table.

The research work in this paper is based on closed-loop system
and single-degree-of-freedom structure. The subsequent research
may consider verifying the applicability of the proposed LSTM
neural network identification to open-loop system and multi-
degree-of-freedom structure, and further improve the efficiency and
accuracy of system identification by combining with other intelligent
control algorithms.
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Pervious concrete exhibits different freeze—thaw performance compared to
conventional concrete owing to its unique porous structure. Therefore, studying
its mechanical and durability properties under freeze—thaw conditions has
become a pressing issue. A numerical model of pervious concrete was created
using the discrete element method based on actual aggregates to evaluate
the impact of freeze—thaw cycles (FTCs) on the mechanical properties of
pervious concrete. Pore water in the microstructure of pervious concrete was
defined using PFC3D software through simulation of the freezing and expansion
processes of the pore water, while applying freeze—thaw loading. This study
employs the parallel bond model in PFC3D software to account for adhesion
between the material particles. The linear ontological relationship of the parallel
bond model was modified to a linear curvilinear relationship. The FTCs resulted
in strength loss reductions of 0.62%, 2.17%, 4.06%, and 5.87% for corresponding
mass losses of 0.66%, 0.89%, 1.21%, and 6.66% compared to the control.
The models were monitored for fracture location and uniaxial compressive
damage using PFC3D software, and the attenuation constant of the freeze—thaw
resistance of pervious concrete was examined with respect to varying porosity
and initial uniaxial compressive strength (UCS). The results indicate that the
decay constant increases with increasing porosity and modulus of elasticity
while decreasing with increasing values of the initial UCS.

discrete element method, PFC3D, parallel bond model, freeze—thaw cycles, reality
modeling

1 Introduction

The urban “heat island effect” has intensified in recent years, resulting in the
development of the concept of a “sponge city” A sponge city refers to one that can absorb,
store, seep, and purify water when it rains, thereby reducing the need to “release” and
consume that water [1]. Pervious pavements are an important part of a sponge city; pervious
concrete pavements have high porosity, can effectively alleviate the urban heat island effect,
and reduce the risk of urban flooding [2]. Pervious concrete contains very little or no fine-
aggregate sand, which endows it with a unique porous structure [3]. The porosity of pervious
concrete makes it particularly vulnerable to deterioration from freeze-thaw cycle (FTC)
loading, which can shorten its overall lifespan [4, 5]. Therefore, evaluation of the mechanical
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properties and durability of pervious concrete under a freeze-thaw
environment is a key problem that needs to be solved at present.

The primary reason for deterioration of the durability of
pervious concrete is the leakage of calcium ions during cement
hydration; this phenomenon can be successfully inhibited by
metakaolin and silica fume [6]. Furthermore, the inclusion of fly
ash (FA), rice husk ash, and granulated blast furnace slag can
result in more extensive micropore filling [7-10]. This has an
important reinforcing effect on the interfacial transition zone and
can effectively improve the freeze-thaw cyclic loading resistance
of pervious concrete [11-14]. Anderson and Dewoolkar [15]
discovered that FA is an effective filler in pervious concrete, but
the short curing period may result in insufficient hydration of FA,
making pervious concrete with FA more susceptible to deterioration
in early freeze-thaw environments. Chindaprasirt et al. [16] found
that 10% rice husk ash was effective in increasing the strength of
pervious concrete. Cement alone is not as effective as a polymeric
cementitious system comprising cement and mineral admixtures.

Some scholars have investigated the effects of cementitious
materials containing air-entraining agents (AEAs) on the resilience
of pervious concrete to freeze-thaw cycling. Zhong and Wille
[5] investigated the effects of the cementitious material type,
pore system characteristics, and fiber-reinforcing materials on the
freeze-thaw durability of pervious concrete and demonstrated
that ultrahigh-strength cementitious materials can greatly enhance
such durability. Santos et al. [17] showed that internal blending of
appropriate amounts of silane emulsion in cementitious materials
enhanced the ability of the concrete containing recycled aggregates
to withstand ion penetration, carbonation, and capillary water
absorption. Ebrahimi etal. [18] summarized three methods for
enhancing the freeze-thaw resistance of concrete, which involved
employing AEAs to mitigate the pore water pressure, incorporating
fibers or nanotubes to inhibit crack formation, and preparing
monolithic waterproof concrete with internal water-repellent agents
to minimize water absorption. Vancura et al. [19] and Chen et al.
[20-22] found that AEAs are the most commonly used method of
introducing air bubbles to improve freeze-thaw durability in plain
concrete and that pervious concrete without entrapped air is more
susceptible to freeze-thaw damage in cold regions.

Using the normal test procedures meant for conventional
concrete owing to the lack of a defined test technique for the
freeze-thaw durability of pervious concrete showed that adding 7%
sand to coarse aggregates greatly increased the ability of pervious
concrete to withstand FTCs. Lund etal. [23] reported that the
effects of AEAs on the frost resistance of pervious concrete are
mainly through improvement of the workability of the pervious
concrete mixture, making it more compact and thereby enhancing
the frost resistance rather than by reducing the pore spacing. Yang
etal. [14] concluded that AEAs enhance the frost resistance of
pervious concrete primarily by boosting its structural strength.

Ethylene vinyl acetate (EVA) emulsion enhances the interfacial
bond strength of pervious concrete, while polypropylene (PP) fibers
increase the tensile strength, leading to improved frost resistance
compared to laboratory-prepared specimens. Giustozzi [24]
conducted experiments on the frost resistance of pervious concrete
using four different polymer modifiers: cationic styrene-butadiene
rubber (SBR) emulsion, polyvinyl acetate (PVAC) emulsion, EVA
powder, and anionic SBR emulsion. Their study revealed that these
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polymer modifiers substantially improved the performances of
pervious concrete, especially enhancing its frost resistance, while
maintaining permeability. Among these, the PVAC emulsion had
the most pronounced enhancement effect on the performance of
pervious concrete.

Salt corrosion caused by the FTCs has a universal and direct
negative impact on the longevity of pervious concrete. Extensive
use of deicing salts and seawater erosion in the coastal areas
often accelerates the deterioration rate of pervious concrete, which
seriously restricts its promotion and use in cold areas. Feng et al.
[25] studied the effects of three different deicing agents on silicate-
cement-based pervious concrete using the saturation and drainage
methods to illustrate the extent of damage caused; accordingly,
the three agents produced effects in the following order: calcium
chloride > sodium chloride > magnesium acetate. Sahdeo et al. [26]
demonstrated the methods by which the sulfate corrosion resistance,
flexural strength, and compressive strength of pervious concrete can
be successfully increased through the addition of a tiny quantity of
fine sand. Saboo et al. [12] investigated the use of NaCl solution as a
freeze-thaw medium to simulate freeze-thaw tests in a deicing salt
environment; after 15 FTCs, the concrete specimens showed more
than 5% loss of quality, and after 50 FTCs, the concrete specimens
showed more than 40% loss of quality. Tsang etal. [27] studied
the FTC test results of pervious concrete using calcium chloride
solution, urea solution, NaCl solution, magnesium chloride solution,
and water as the freeze-thaw media; they found that for a given
concentration, NaCl and calcium chloride solutions produced the
most serious freeze-thaw damages to pervious concrete. After 50
FTCs, there was a 5% loss of specimen mass, which increased to
more than 20% loss of mass after 100 FTCs. Nassiri et al. [28]
studied the method by which cured carbon-fiber composite material
(CCFCM) affected pervious concrete and discovered that CCFCM
greatly increases the ability of pervious concrete to withstand
frost. Zou et al. [29] discovered that the use of silanized recycled
aggregates would be both environment- and user-friendly; this
material creates a hydrophobic silica film on the aggregate surface
to inhibit water accumulation, resulting in a compact structure at
the aggregate interface through increased C-S-H gel formation and
thereby enhancing the frost resistance.

Very few studies are available on the long-term (56 d, 90 d, etc.)
performances of modified pervious concretes, and most of these
studies concentrate on the early (usually 28 d) performance of the
material. Meanwhile, very few studies have been conducted on the
fine-scale cracking of pervious concrete following FTCs; indoor tests
have only been used to examine the mechanical characteristics and
freeze-thaw mechanism, which are insufficient to fully account for
the fine-scale structure of pervious concrete following freeze—thaw
cycling [30, 31]. In particular, water in the internal pores and
micropores of the concrete condenses into ice as the temperature
decreases below freezing, expands by roughly 8%, and creates
shear strain between the aggregate particles. However, the high
permeability of pervious concrete prevents saturation with water so
that some of the water pressure is relieved following FTCs. Even
when the pervious concrete is not saturated with water, mechanical
degradation has been shown to occur [32, 33].

Numerical simulations can be used to explore the mechanical
properties of pervious concrete and analyze its behaviors from a fine-
scale perspective. By considering pervious concrete as a granular
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cemented material, we can accurately represent it using the particle
flow method, which is a discrete element technique mostly utilized
to examine the fine-grained mechanical characteristics of bulk
media [34]. Ng and Dai [35] examined the effects of freeze-thaw
damage of water ice pressure on the internal microstructure of
a cement material and replicated the expansion of cracks in the
cement material under a freeze-thaw environment. Zhao et al. [36]
simulated the FTC of pervious concrete using discrete parts, created
an elastic-plastic parallel-bonded contact model, and analyzed how
varying porosity and the initial uniaxial compressive strength (UCS)
affect the freeze-thaw decay constants. Xiang et al. [37] used the
discrete element method (DEM) to model pervious concrete and
accurately simulate the changes in its compression modulus and
strength during FTCs. Wu et al. [38] applied a new loading method
to obtain the freezing force during FTCs; accordingly, a near-field
kinetic model was introduced to compare the damage patterns of
experimentally captured cement paste samples.

By taking into account the porosity of the concrete, a randomly
distributed predamage was added to imitate the freeze-thaw damage
in real macroscopic concrete. To examine the damage of pervious
concrete under uniaxial compression, Xie et al. [33] used the DEM
and found that the simulation results closely matched the actual
data. Xu et al. [39] examined the impacts of aggregate reinforcement
on paste migration and pore structure modification by creating a
three-dimensional model of recycled aggregate pervious concrete
using DEM. Huang et al. [40] concluded that the plasticity near the
pore region expands with increasing pressure during freezing; upon
thawing, elastic deformation is recovered, yet significant residual
deformation persists, resulting in an elastoplastic theoretical model.
AlShareedah and Nassiri [32] predicted the hydraulic characteristics
of pervious concrete using pore-scale finite volume modeling
with the DEM.

Pervious concrete freeze-thaw tests use both rapid and slow
freeze-thaw methods. Moradllo et al. [41] used the slow freeze-thaw
method to obtain the relationship between the critical pore spacing
coeflicient and different cooling rates (2, 4, and 6°C/h); they found
that a faster cooling rate resulted in a smaller critical pore spacing
coefficient. Hosseinzadeh et al. [42] utilized the slow freeze-thaw
method and observed notable distinctions in the performances of
paste and mortar, with mortar surpassing pastes. Taheri et al. [43]
found that for similar fiber compositions, pervious concrete was able
to resist 320-360 cycles when subjected to the rapid freeze-thaw
method (Standard ASTMC666-0317); however, it could resist only
50-60 cycles when the slow freeze-thaw test (24 h for each cycle)
was applied, indicating that the standard freeze-thaw test has
slow deterioration even though the rates of freezing and thawing
are higher.

Thus, the present study uses simulations and tests to examine
the small damage characteristics and fundamental mechanical
properties of pervious concrete under repeated FTCs. Based on the
analysis of the compressive, flexural, and permeability coefficient
data, the ideal mix ratio of pervious concrete was established, and the
FTC test was carried out based on the ideal mix ratio. Using actual
aggregates, a numerical model of pervious concrete was established
for different FTCs using the discrete element software PFC3D. To
determine the changes to the mechanical characteristics of the
numerical model of pervious concrete, various fine-scale parameters
of the model were calibrated. By comparing and analyzing the
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results from numerical simulations and tests, the numerical model
was validated to ascertain the law governing the fine damage
characteristics of pervious concrete.

2 Preparation and tests
2.1 Materials

2.1.1 Gelling material

This study utilized PO 42.5 ordinary Portland cement (OPC)
from Tongli Cement Co., Ltd.; FA produced by Henan Yixiang New
Material Co., Ltd.; granulated ground blast furnace slag (GGBES)
from Henan Yixiang New Material Co., Ltd.; dispersible emulsion
powder (DEP) from Shijiazhuang Chuansheng Building Materials
Technology Co., Ltd.; and water reducing agent (WRA) from Hunan
Zhongyan Building Materials Technology Co., Ltd. Table 1 displays
the chemical compositions of the DEP, FA, GGBEFS, and OPC.

2.1.2 Aggregates

In the tests, the natural coarse aggregate (NCA) was composed
of 5-10-mm aggregate particles. The NCA was cleaned with tap
water prior to usage to remove any muck and was allowed to dry
naturally. Table 2 presents the physical attributes of the aggregates.

2.1.3 Test water

Water supplied by the city of Xinyang was used for the
preparation, curing, and post-testing of the pervious concrete
samples in this study.

2.2 Orthogonal experimental design

2.2.1 Orthogonal test method

In compliance with the guidelines of the Technical Specification
for Pervious Cement Concrete Pavement [44], the water-cement
ratio (WCR) was designed as per the volumetric method, and the
target porosity was adjusted to 15%. By adopting the orthogonal
experimental design, samples from the entire test system can be
screened more precisely, swiftly, and economically. This method
considers various factors and levels to achieve the best results and
reflect the actual conditions more accurately.

2.2.2 Orthogonal test grouping

In this study, five different factors were established, including
WCR, DEP, WRA, FA, and GGBEFS, and four different levels were
considered in each group for the orthogonal tests that were then
analyzed using analysis of variance to find the optimal fit ratio
between the factors. The level factor and orthogonal tables are shown
in Tables 3, 4.

2.3 Mixing ratio design

When designing the mix ratio for pervious concrete, the effects
of the admixture amount, WCR, and molding technique on water
permeability performance should be taken into account. Enhancing
the resistance of pervious concrete to frost while preserving its
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TABLE 1 Chemical composition chart.

Compositions ’ SiO, Al,O4 Fe,O3 CaO MgO K>,O PR Others
OPC 2221 497 294 60.22 1.24 272 0.56 5.14
FA 59.41 19.51 7.72 471 1.72 1.72 0.27 5.71
GGBFS 36.52 12.87 0.72 40.75 9.72 027 0.18 033
DEP 1.06 2.76 1.74 1.03 1.67 157 89.42 3.57

TABLE 2 Physical characteristics of natural coarse aggregate (NCA).

Name Aggregate size Bulk density Apparent density Crushing Water

(mm) (kg/m?>) (kg/m?>) Value (%) Absorption (%)

NCA 5-10 1,441 2,680 13.9 1.15

TABLE 3 Table of experimental factor levels L16 4°.

Level factors WCR(A) DEP%(B) WRA%(C) FA%(C) GGBFS%(E)
1 0.25 (A1) 0 (B1) 0(C1) 0(D1) 0(E1)
2 0.28 (A2) 4(B2) 0.1(C2) 10 (D2) 5 (E2)
3 0.30 (A3) 8 (B3) 0.2(C3) 20 (D3) 10 (E3)
4 0.32 (A4) 10 (B4) 0.3(C4) 30 (D4) 15 (E4)

strength is also a crucial consideration. The performance indexes  concrete was loaded into the mold three times through three layers
of pervious concrete measured in this test and the specifications of =~ of manual pile insertion and pounding, followed by compaction and
the specimens required are shown in Table 5. Series 1 was prepared  leveling. The initial hydration has a major impact on the improved
according to CJJ/T135-2009 [44], and the quantity of material used  properties of pervious concrete because its WCR is typically low.
in each group is displayed in Table 6. Therefore, the surfaces of the specimens were covered with
The optimum compressive strength, effective porosity, and water ~ a film as soon as the pervious concrete was loaded into the
permeability were determined through the orthogonal test. Series  molds to maintain the moisture content without affecting the initial
2 was then prepared according to the optimum ratios. Series 2 isa  hydration. Thereafter, the specimens were maintained in a room for
column specimen with dimensions of 100 mm (length) x 100 mm g full day at a temperature of 15°C + 5°C and relative humidity of
(width) x 300 mm (height) and is used to analyze the post-freezing  over 60%. Then, the molds were dismantled. Lastly, the samples were
and thawing strength losses of pervious concrete along with the  cured for 28 d in a typical constant-temperature curing chamber

change trends in the stress-strain curve. The precise mixing ratio  maintained at 15°C + 2°C and a relative humidity above 90%.
design for the Series 1 test phase is displayed in Table 6. The overall

degree of variation for this investigation was determined through 16 .
2.4.2 Compressive strength test

According to the standard GB/T50081-2019 [45], the samples
measuring 100 mm x 100 mm x 100 mm underwent cubic

sets of orthogonal tests.

compressive testing, whereas the samples measuring 100 mm x
2.4 Test methods pressiv & W i §

100 mm x 300 mm were subjected to prismatic uniaxial compressive

. . testing at varyi :
2.4.1 Sample preparation and maintenance cTing At varying ages

The test employed the cement-packed stone method of
mixing. Figure 1 depicts the specimen production process. The — 2.4.3 Flexural strength test
precise mixing procedure was as follows: the mixer was filled with According to the standard GB/T50081-2019 [45], the pervious
coarse aggregate and 50% water for 1 min, followed by the addition ~ concrete specimens cured for 28 d were subjected to a prismatic
of cementitious materials for another minute; lastly, the remaining  flexural test. The prismatic specimens had dimensions of 100 mm
50% water was added and mixed for another minute. The pervious  x 100 mm x 400 mm.
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TABLE 4 Table of experimental factor levels L16 4°.

10.3389/fphy.2024.1466191

Sample WCR(A) ’ DEP(B) WRA(C) ’ FA(D) GGBFS(E)
PC-M1 Al Bl Cl D1 El
PC-M2 Al B2 C2 D2 E2
PC-M3 Al B3 C3 D3 E3
PC-M4 Al B4 C4 D4 E4
PC-M5 A2 Bl C2 D3 E4
PC-M6 A2 B2 C1 D4 E3
PC-M7 A2 B3 C4 D1 E2
PC-M8 A2 B4 C3 D2 El
PC-M9 A3 Bl C3 D4 E2
PC-M10 A3 B2 C4 D3 El
PC-M11 A3 B3 C1 D2 E4

PC-M12 A3 B4 C2 D1 E3
PC-M13 A4 B1 C4 D2 E3
PC-M14 A4 B2 C3 D1 E4
PC-M15 A4 B3 C2 D4 El
PC-M16 A4 B4 C1 D3 E2
TABLE 5 Performance indicators and corresponding test piece size and quantity table.
Performance Test piece ‘ Specimen size Number

28-d compressive strength Cubic 100 mm x 100 mm x 100 mm 3

28-d prismatic uniaxial compressive strength Prism 100 mm x 100 mm x 300 mm 3

28-d flexural strength Prism 100 mm x 100 mm x 400 mm 3

Effective porosity Cubic 100 mm x 100 mm x 100 mm 3

Permeability Cubic 100 mm x 100 mm x 100 mm 3

2.4.4 Water permeability test

The permeability coefficient was determined based on Darcy’s
law in combination with the constant head permeameter method on
a cubic specimen of size 100 mm x 100 mm x 100 mm according to
the following Equation 1 from [46]:

_L.,Q
K= XA~t (1)

L
H
where K is the permeability coefficient (mm/s) of the specimen;
Q is the quantity of water that seeps out of the model in t seconds
(mm?®); L is the sample height (mm); H is the cross-sectional area of
the specimen (mm?); ¢ is the penetration time (s).

Frontiers in Physics

2.4.5 Effective porosity test

The effective porosity was computed using the formula
below with a cubic specimen of size 100 mm X 100 mm
x 100 mm ASTM
standard [47]:

in accordance with Equation 2 the

[y MM
P_<1 V-pw> @

where P is the specimen porosity; m, is the model weight (g) after
drying; m, is the model weight (g); V is the sample volume cm’; p,,
is the density of water (g/cm?).
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TABLE 6 Actual amounts of materials used in each group (kg).

10.3389/fphy.2024.1466191

Sample Concrete Water DEP WRA FA GGBFS
PC-M1 9.78 245 0.00 0.00 0.00 0.00
PC-M2 7.92 245 0.39 0.01 0.98 0.49
PC-M3 6.05 245 0.78 0.02 1.96 0.98
PC-M4 437 245 0.98 0.03 2.94 1.47
PC-M5 6.03 2.60 0.00 0.01 1.86 1.39
PC-M6 521 2.60 037 0.00 2.79 0.93
PC-M7 8.06 2.60 0.74 0.03 0.00 0.46
PC-M8 7.42 2.60 0.93 0.02 0.93 0.00
PC-M9 5.86 272 0.00 0.02 272 0.45
PC-M10 6.85 272 0.72 0.03 1.81 0.00
PC-MI11 6.06 272 072 0.00 091 1.36
PC-M12 7.23 272 091 0.01 0.00 091
PC-M13 6.99 2.81 0.00 0.03 0.88 0.88
PC-M14 7.09 2.81 035 0.02 0.00 1.32
PC-M15 5.43 2.81 0.70 0.01 2.63 0.00
PC-M16 5.70 2.81 0.88 0.00 1.75 0.44
rid e .
Agregate 50% Water / 50%Water

Mix well 60 s

\
N\
Se

Mix well 60 s

oo

N,

DEP

FIGURE 1

Preparation process for pervious concrete.
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TABLE 7 Aggregate shape percentages.

Angular aggregate

Aggregate size

10.3389/fphy.2024.1466191

Elongated aggregate

5~ 10 mm 53.1%

Flat aggregate

32.3% 14.6%

FIGURE 2

(B)

(A) Spherical model (aggregates in blue, water in yellow). (B) Numerical modeling of pervious concrete after conversion of spherical particles to real
aggregates. (C) Water in contact with water. (D) Aggregate in contact with aggregate. (E) Aggregate in contact with water.

(E)

2.4.6 Freeze—thaw durability test

The FTC test conforms to the standard GB/T50082-2009 [48].
After 28 d of conventional curing, the specimens were removed from
the curing room and immersed in water at 10°C + 2°C for 4 d.
After 28 d of aging, the specimens underwent rapid FTC testing
(HDKOY/F). The specimens each had a size of 100 mm x 100 mm x
300 mm, with three specimens in each group and 25 FTCs in each
test. When the relative dynamic modulus of elasticity of a specimen
decreases to 60% or the rate of loss of mass exceeds 5% or the rate of
loss of strength exceeds 25%, the FTCs are stopped.

2.5 Model building

2.5.1 Realistic aggregate specimen modeling

Freeze-thaw modeling was developed using the PFC3D
software. The real aggregates used in this study were sieved to
determine the shapes. Based on the size of the aggregates used
in the test, the aggregate model was set to resemble the shape of the
real aggregate. The real aggregates were then classified into three
types as angular, flat, and elongated aggregates. Table 7 displays the
sieved results for each of these aggregate types.

Frontiers in Physics

929

A mold with a height of 300 mm, length of 100 mm, and width
of 100 mm was constructed in PFC3D; then, aggregate and water
particles were generated with a total porosity of 15%, the water
particles in the total porosity were equal to 15%, and the aggregate
particles had radii in the range of 2.5-5 mm. The radii of the water
particles are in the range of 1.25-2.5 mm. A 3D laser scanner
was used to obtain accurate external profile information from the
aggregates, save this information as an STL file, and then import it
into PFC3D. The corresponding aggregate model was reconstructed
in PFC3D, and the rock particles were finally replaced with the actual
external profiles of the aggregates. In this manner, the numerical
model of pervious concrete was transformed from the sphere model
to clump model, as shown in Figure 2.

Because of its high permeability, pervious concrete cannot be
saturated with water in practical applications. However, mechanical
deterioration occurs under repeated FTCs even if the pervious
concrete is not wetted with water. Tests conducted indoors have
revealed that during FTCs, the water particles expand along a
few internally linked pores. Consequently, the force between the
agglomerates is reduced, and the mechanical characteristics are
damaged to a greater extent by the closed and microscopic pores
than by the connected pores.
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FIGURE 4

Pore water particle state changes.
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FIGURE 3
(A) Schematic diagram of the parallel bond method and its (B) intensity envelope.
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2.5.2 Internal contact modeling

This (1)
aggregate particles (aggregate—aggregate contact), (2) contact
between water particles, and (3) contact between water and

model entails contact between neighboring

aggregate particles.

Using the parallel bond model (PBM), the internal contacts in
pervious concrete were examined. The schematic representation of
the PBM principle is displayed in Figure 3A.

When the particles are bonded, the linear and parallel bond
elements cooperate to resist forces and moments. In contrast, when
the bond is broken in the non-bonded state, only the linear element
is active, which reduces the PBM to a linear model. The strength
envelope of the PBM is depicted in Figure 3B, and the stress
expressions (Equations 3, 4) as follows [49]:

T M, ||R

G-ty ﬁ” R 3)
A 1
7l _[IR

L "
A ]
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where: F, is the normal parallel bond force; F; is the tangential
parallel bond force; M, and M, are the rotational and bending
moments of the contact plane, respectively; R is the radius of the
particle; A is the cross-sectional area; E is the moment contribution
coefficient; T and J are the moment of inertia and polar moment
= 0,

of inertia, respectively. When o tensile damage occurs and

> 7,

tensile cracks are produced; when 7 shear damage occurs and

shear cracks are produced.

2.5.3 FTC simulation

The pore water in the recurring water-ice phase change
process that causes volume variations is often responsible for the
freeze-thaw damage to pervious concrete. In the frozen state, the
water becomes ice with volume expansion, resulting in a certain
freezing pressure that squeezes the surrounding aggregate particles
to cause interparticle cementation fracture. In the melted state, the
ice becomes water and is reabsorbed into the pore space for the next
freezing step. This cycling process was implemented through time
step integration, with unity time step. The changes in the pore water
particle states are shown in Figure 4.
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TABLE 8 Compressive and flexural strength results.

WCR DEP GGBFS Compressive strength Flexural strength
(MPa) (MPa)

PC-M1 Al Bl C1 D1 E1l 13.61 2.3

PC-M2 Al B2 Cc2 D2 E2 15.50 24

PC-M3 Al B3 C3 D3 E3 19.22 2.6

PC-M4 Al B4 C4 D4 E4 16.91 2.5

PC-M5 A2 B1 C2 D3 E4 18.32 2.6

PC-M6 A2 B2 C1 D4 E3 18.60 2.6

PC-M7 A2 B3 C4 D1 E2 27.32 32

PC-M8 A2 B4 C3 D2 El 21.57 2.8

PC-M9 A3 Bl C3 D4 E2 27.07 32

PC-M10 A3 B2 C4 D3 E1l 20.72 2.7

PC-M11 A3 B3 Cl D2 E4 16.94 23

PC-M12 A3 B4 C2 D1 E3 21.89 2.8

PC-M13 A4 Bl C4 D2 E3 26.70 3.1

PC-M14 A4 B2 C3 D1 E4 18.83 24

PC-M15 A4 B3 C2 D4 El 15.10 2.1

PC-M16 A4 B4 Cl D3 E2 17.82 23

TABLE 9 Analysis of extreme differences in compressive strength. TABLE 10 Analysis of extreme differences in flexural strength.

E 16.700 20.668 17.240 20.660 18.248 E 2.475 2.800 2375 2.675 2.475
fz 21.448 18.663 18.198 20.678 22.178 fz 2.800 2.550 2.500 2.675 2.800
E 21.905 21.040 21.568 25.910 21.498 E 2.750 2.550 2.750 3.050 2.775
E 19.863 22.545 22910 19.668 17.993 E 2.475 2.600 2.875 2.600 2.450
R 5.205 2.378 5.670 1.7675 4.185 R 0.325 0.250 0.500 0.125 0.350

The mechanical properties of pervious concrete diminish as a . . .
(2) Pervious concrete internal pore moisture seepage was not

result of permanent freezing and thawing damage that develops considered during the freeze—thaw process.
(3) Through temperature changes (warming or cooling), the pore

water particles reach the target temperatures consistently. The

inside the material after several FTCs. A water-ice particle phase-
transition-coupled expansion method based on the particle discrete

element is proposed from the above analysis of the freeze-thaw o e . .
d ¢ - te. Usine th ticle fl dure. th initial volume V|, of individual pore water particles during an

amage o perv1(.)us concrete. Smg ¢ particie fow Proce ure, the FTC can be calculated using the following Equation 5:
freeze-thaw cycling process of pervious concrete was simulated, and

the following assumptions were made:

(1) Pervious concrete specimens were simplified to consist of V. = 47r 3 5)
natural coarse aggregate and pore water particles. 073700
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TABLE 11 Permeability and porosity results.

10.3389/fphy.2024.1466191

Sample WCR DEP GGBFS Effective porosity Permeability
(%) (mm/s)
PC-M1 Al Bl Cl D1 El 27.98 7.903
PC-M2 Al B2 2 D2 E2 29.64 5.653
PC-M3 Al B3 C3 D3 E3 14.40 3.154
PC-M4 Al B4 C4 D4 E4 25.74 6.847
PC-M5 A2 B1 2 D3 E4 23.62 7.425
PC-M6 A2 B2 Cl D4 E3 18.98 3.245
PC-M7 A2 B3 C4 D1 E2 11.50 3316
PC-M8 A2 B4 C3 D2 El 15.28 4,537
PC-M9 A3 Bl C3 D4 E2 14.08 4.481
PC-M10 A3 B2 C4 D3 El 20.86 5.395
PC-M11 A3 B3 Cl D2 E4 22.33 5.923
PC-M12 A3 B4 2 D1 E3 14.35 4.358
PC-M13 A4 Bl C4 D2 E3 16.97 5.208
PC-M14 A4 B2 C3 D1 E4 21.54 2,932
PC-M15 A4 B3 2 D4 El 20.50 4.031
PC-M16 Ad B4 Cl D3 E2 18.90 3.222
TABLE 12 Analysis of extreme differences in porosity. TABLE 13 Analysis of extreme differences in permeability coefficients.
Number WCR DEP WRA FA ‘ GGBFS Number WCR ‘ DEP WRA FA GGBFS
K, 24.44 20.66 22.05 18.84 21.16 K, 5.889 6.255 5.073 4.627 5.467
K, 18.35 22.76 22.53 21.05 18.53 K 4.631 4.306 5.367 5.330 4.168
K 17.90 17.18 16.33 19.45 16.17 K 4.039 4.106 3.776 4.799 3.991
K, 17.48 18.57 18.77 19.83 23.31 K, 3.848 4.741 5192 4.651 5.782
R 0.0710 0.0557 0.0572 0.0221 0.0713 R 2.041 2.149 1.591 0.703 1.791
where r,, is the initial radius of the water particle, and the volume V, w =t P 1+v,+2 (1+2v,)n @)
v— 0
of individual pore water particles after phase-change freezing can be E, 2(1-n)
calculated using the following Equation 6: 0.029
. . Pi= T ama any, - Lozo ®)
Vp= 3”("0 +u,)’ =V +AVy, (6) En  20-n) E;

Here, AVW=4ﬂ(rguv+r0uv+ 3%43) is the volume change of
the pore water particles after freezing; u, is the radius expansion
of the pore water particles and is calculated using the following
formulas 7, 8 from [46, 50]:
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where 7 is the porosity and p; is the pore ice pressure; the modulus of
elasticity and Poisson’s ratio of the pore ice are represented by E,,, v,,,
and E,, v;, respectively.

The following expression (Equation 9) can be used to

determine the volume change relationship with the unfrozen water
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content during freezing and thawing of the individual pore water
particles:

Vo+AVy (1-w T<0°C

V= 0 W( u) ( 9)

v, T>0°C
where V is the volume of pore water particles at any temperature;
w,, is the unfrozen water content that can be calculated using the
following Equation 10:

1- [1 +0‘139(ﬁ)51n<%w)] (1-e0282T) (AT >0)
w, =
1 (AT <0)
(10)

where AT = T, -T,T,, is the freezing point of free-body
water accumulation at atmospheric pressure, which is typically
equal to 273.15K; T is the current value of the temperature
measurement.

Based on the numerical computations, the pore water particles
in the specimen reach the desired temperature when the designated
temperature is attained by either warming or cooling. As a result,
once the FTCs achieve the desired temperature, the temperature
is no longer maintained constant. Thus, the relationship of
temperature change with time is expressed by the following
cosine function (Equation 11):

t

T:zocos(%) (11)
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3 Results and analyses
3.1 Compressive and flexural strengths

The compressive and flexural strengths of the pervious concrete
specimens were measured using a universal testing machine (WAW-
3000). For each group of tests, three specimens measuring 100 mm
x 100 mm x 100 mm were used to determine the compressive
strength, and three specimens measuring 100 mm x 100 mm X
400 mm were used to determine the flexural strength. The average
value of the test was used as the result, and when the maximum
and minimum values exceeded 15% of the median value, the
test data were considered invalid. Table 8 shows the compressive
and flexural strength results of the pervious concrete samples.
The fundamental mechanical characteristics of pervious concrete
can be measured using key indices, such as the compressive and
flexural strengths. As shown in Table 8, the pervious concrete
specimens exhibit significant variations in both compressive and
flexural strengths when subjected to various influences. The
maximum compressive strength among the tested pervious concrete
specimens is 27.32 MPa, while the minimum compressive strength
is 13.61 MPa. Similarly, the maximum flexural strength is 3.2 MPa
and minimum flexural strength is 2.1 MPa.

To determine the key factors influencing the compressive and
flexural strengths, an analysis using the extreme variance method is
necessary. The extreme variance analysis results for the compressive
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FIGURE 6
Rigid cluster model of aggregates transformed into the flexible cluster

model: (A) conversion of single rigid rock particles to flexible rock
particles; (B) conversion of rigid numerical model to flexible
numerical model.

TABLE 14 Analysis of extreme differences in permeability coefficients.

Parallel bond model (PBM) A-A W-W W-A
Elastic modulus (GPa) 4.2 4.2 3.0
Plastic modulus (GPa) 3.36 — —
Tensile strength (MPa) — 50 50
Cohesion (MPa) 14.5 20 20
Density (kg/m®) 2,680 1,000
Friction coeflicient 0.70 0.01

strength are detailed in Table 9, while the results for the flexural
strength are presented in Table 10.

As illustrated in Table 9, the factors influencing the compressive
strength of pervious concrete in descending order of impact are the
WRA dosage, WCR, GGBFS dosage, DEP dosage, and FA dosage.
In the absence of other factors or properties, the key conditions for
achieving the highest compressive strength in pervious concrete are
a WCR of 0.3, DEP dosage of 8%, WRA dosage of 0.3%, FA dosage
of 10%, and GGBFS dosage of 5%.

As illustrated in Table 10, the factors influencing the flexural
strength of pervious concrete in descending order of impact are
WRA dosage, WCR, GGBFS dosage, DEP dosage, and FA dosage.
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The optimum flexural strength of pervious concrete can be achieved
under the following conditions: WCR of 0.28, DEP dosage of 0%,
WRA dosage of 0.3%, FA dosage of 20%, and GGBFS dosage of 5%.

3.2 Effective porosity and permeability

The water permeability coefficient of pervious concrete was
calculated using the constant head technique, whereas the effective
porosity was determined using the mass approach. To ensure
accuracy, three specimens measuring 100 mm x 100 mm x 100 mm
each were assessed for each group. The average of the test results was
then used as the final data for each group. The measurement results
of the effective porosity and water permeability coefficient are shown
in Table 11.

As seen from Table 11, various factors have different degrees
of influence on the effective porosity and permeability coeflicient;
the effective porosities of most of the specimens meet the
designed porosity of 15%, while the permeability coefficients meet
the specification of 0.5 mm/s. The pervious concrete specimens
exhibited a minimum of 11.5% effective porosity and maximum
of 29.64%; similarly, the permeability coefficient ranged from
2.932mm/s to 7.903 mm/s. To ascertain the principal elements
impacting the permeability coefficient and effective porosity of
pervious concrete, an analysis was conducted using the extreme
variance method. Tables 12, 13 display the results of the extreme
variance analysis for effective porosity and permeability coefficient,
respectively.

As illustrated in Table 12, the factors influencing the effective
porosity of pervious concrete in descending order of impact are
GGBFS dosage, WCR, WRA dosage, DEP dosage, and FA dosage.
In the absence of other factors or properties, the optimal conditions
for minimizing the effective porosity of pervious concrete are a WCR
of 0.25, DEP dosage of 4%, WRA dosage of 0%, FA dosage of 10%,
and GGBFS dosage of 15%.

As illustrated in Table 13, the factors influencing the
permeability coefficient of pervious concrete in descending order
of impact are DEP dosage, WCR, GGBFS dosage, WRA dosage,
and FA dosage. The optimal conditions for achieving the best
permeability coefficient for pervious concrete are a WCR of 0.25,
DEP dosage of 0%, WRA dosage of 0.1%, FA dosage of 10%, and
GGBFS dosage of 10%.

3.3 Freeze—thaw durability

Series 2 samples (100 mm x 100 mm x 300 mm) were prepared
using the best resultant preferred proportion (PC-M7) and were
subjected to freeze-thaw durability tests. Figures 5A, B, C illustrate
the mass and strength losses following 28 d of freeze-thaw damage
maintenance. There were no visible damages to the appearance of the
pervious concrete samples after 25 FTCs, suggesting that the impact
of 25 FTCs was not substantial. The strength and mass losses of the
Series 2 samples after 100 FT'Cs were lower than those of the control
pervious concrete samples (without cementitious materials).
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4 Discrete element simulation
4.1 Validation and calibration of parameters

4.1.1 Calibration of parameters

Damage to pervious concrete is caused by a combination of the
cement paste bond location between the aggregates and damage to
the aggregates themselves. To replicate the actual damages to the
specimens, the non-flexible clusters must be converted to flexible
clusters to realize the actual fracture of the aggregates. The average
radius of the discrete metaparticles generated in the ball generation
command was controlled using the FISH language. To achieve
a compromise between computational efficiency and accuracy,
discrete unit particles with an average radius of 1.0 mm were used
instead of rigid aggregate clusters in the aggregate DEM developed
in this study. Figure 6 shows the generated flexible cluster model.

To reduce the complexity of parameter calibrations, the
particle and parallel bond moduli as well as the particle and
parallel bond stiffness ratios are usually considered equal.
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In addition, the actual freeze-thaw damage occurs between
aggregate skeletons, so it is necessary to set the strength
values of water-water interparticle bonding and aggregate-water
interparticle bonding large enough to avoid affecting the
results. Along with the indoor test results, the trial-and-error
method was used to calibrate the fine-scale parameters, and the
model fine-scale parameters were finally obtained as shown in
Table 14 [36].

4.1.2 Fine-scale parameter validation

The experimental and numerical simulation results of pervious
concrete samples for different numbers of FTCs are displayed
in Figure 7. The dashed line in Figure 7 indicates that the UCS
and modulus of elasticity of pervious concrete are negatively
correlated with the number of FTCs. The stress-strain curves
from the simulations and tests are essentially similar, as seen
in Figure 8, suggesting that the numerical model is a superior
representation of the fundamental mechanical characteristics of
pervious concrete.
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4.2 Numerical simulations

4.2.1 Effects of FTCs on pervious concrete

The volume changes of individual water particles were calibrated
during the FTC, and the changes in the volume of water particles
with temperature after 60 FTCs are plotted in Figure 9; it can be
seen that the amount of changes in the volume of the water particles

Frontiers in Physics

after freezing and thawing are relatively small during the early stages,
whereas these change are more obvious in the middle and later stages
of freezing and thawing.

The internal pore water in the frozen state undergoes volume
expansion, resulting in a freezing pressure due to pore expansion.
With each FTC, the pore volume increases, allowing more
water to enter during the next freeze. As a result, the volume
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expansion of pore water increases again, leading to the formation
of microcracks. Figure 10 shows the distribution of microcracks
in the internal contact fracture after every 25 FTCs, and it can
be seen that microcracks are generated from the surface toward
the interior.

Figure 11 shows that after 25, 50, 75, and 100 FTCs, more
number of tensile microcracks are produced than shear microcracks,
indicating that tensile microcracks are dominant during the freezing
and thawing cycles. With the freezing and thawing cycle, the
tensile microcracks gradually develop and increase in all directions
mainly due to the decrease in temperature, whereby the pore
water particles become ice particles and expand, causing extrusion
of the surrounding rock particles. This is mainly attributable
to the volume expansion of the pore water particle phase into
ice particles with decrease in temperature, which results in
extrusion of the surrounding rock particle skeleton. In terms of the
shear microcracks, more disorder is observed while the numbers
produced in the prefreezing and thawing stages are small; the
development in the later stage is then relatively faster, indicating that
deterioration due to damage of the specimen is more significant in
the later stages of freezing and thawing.
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Supplementary Figure SI shows the distribution of cracks as
well as damage to the aggregates and bond point after uniaxial
compressive test of the specimens under different numbers of
FTCs. From Figure 10, it can be seen that the FTCs induced
cracks around the model and that the number of cracks in the
permeable concrete increased abruptly with increasing numbers of
FTCs, resulting in a decrease of the UCS. With increasing stress,
the cracks were gradually and mostly concentrated around the
freeze-thaw cracks, eventually forming the damage pattern shown
in Supplementary Figure S1.The model reflects the residual strains
generated and captures the cumulative damage of the pervious
concrete samples below the cracks through observation of the crack
formation process. The modulus of elasticity of pervious concrete
decreases as the number of FTCs increases, as shown in Figure 7B.
The experimental and simulated strain energies are computed by
Equation 12 and the stress-strain curves shown in Figure 8.

U= [ ade (12)
where U is the strain energy density; o is the stress; ¢ is the strain.

Based on the stress—strain data of the specimens for different
numbers of FTCs, as shown in Figure 8A, the strain energies were
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calculated (Supplementary Figure S2). In the absence of FTCs, the
strain energy was measured as 70.66 kJ/m>. With increasing cycle
counts, this energy reduces to 67.21 kJ/m? for 25 cycles, 22.64 kJ/m*
for 50 cycles, 12.46 k]/m3 for 75 cycles, and 11.25 kJ/m® for 100
cycles, marking reductions of 6.30%, 67.96%, 82.37%, and 84.10%,
respectively, compared to the absence of FT'Cs. As a result, the strain
energies of the specimens and number of FTCs have an inverse
relationship consistent with the patterns seen in UCS and changes
in modulus of elasticity with increasing numbers of FTCs.

4.2.2 Impact of porosity on pervious concrete
under FTC regulation

Four samples with different porosity levels (10%, 15%,
20%, and 25%) were tested through FTCs to examine the
effects of porosity on pervious concrete while maintaining all
other microscopic parameters constant. The results showed that
samples with higher porosities were more prone to rupture,
as shown in Supplementary Figure S3. This indicates that porosity
has a direct effect on the mechanical properties of pervious concrete
in the presence of FTCs. The axial compressive strength of pervious
concrete after 50 FTCs showed that the modulus of elasticity and
UCS are closely correlated with porosity. The initial UCS and
modulus of elasticity are maximal at 29.86 MPa and 11.21 GPa,
respectively, for pervious concrete with 10% porosity. As the porosity
increased from 10% to 25%, the UCS and elastic modulus decreased
gradually.

Supplementary Figure S4 illustrates the manner in which
porosity directly affects the decay constants for the modulus of
elasticity and UCS, indicating that porosity directly affects the
performance of pervious concrete following repeated FTCs. For
instance, after 50 FTCs, the UCS of pervious concrete with 10%
porosity was 27.68 MPa; after 50 FTCs, the UCS dropped by 4.12%
from the starting value. Following 50 FTCs, the loss rate of the
UCS increased with porosity, reaching 7.16%, 12.46%, and 16.35%.
The starting UCS, modulus of elasticity, decay constant, and FTC
fluctuation pattern for the simulations are in agreement with the
experimental findings. The is mainly because large pores are the
weak points of stress transfer in pervious concrete, and higher
porosity means that the stress concentration is more visible. The
integrity of the specimens was severely damaged as a result of more
water being pumped into the pores following the FTCs.

5 Conclusion

The present study involved various formulations of pervious
concrete, with differences in the amounts of DEP, WRA, FA, and
GGBFS used, for assessing the effects of FTCs and measuring the
compressive strengths of the samples following a standard 28-day
curing period. Next, using PFC3D as the evaluation framework,
an actual aggregate model of pervious concrete was created. The
damage caused by repeated FTCs to pervious concrete as well as the
correlations among initial UCS, porosity, and decay constant were
examined using a PBM. The following are the primary conclusions
of this study:

(1) Compared to the control group, the addition of 8% DEP, 0.2%
WRA, 10% FA, and 5% GGBEFS to pervious concrete based on a
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WCR 0f 0.28 resulted in strength losses of 0.62%, 2.17%, 4.06%,
and 5.87% after 25, 50, 75, and 100 FTCs as well as mass losses
0f 0.66%, 0.89%, 1.21%, and 6.66%, respectively.

(2) Using PFC3D software, models of pervious concrete were
created based on actual aggregates, and the accuracies of
these PBM-based models were confirmed by contrasting
the outcomes of numerical simulations with experimental
data. The mechanical parameters of pervious concrete were
numerically calculated after 25 FTCs through uniaxial
compressive tests, and the findings showed good agreement
with the experimental data. These results provide reference
values for practical applications.

(3) By monitoring the locations of cracks and compression failures
in the broken samples and by creating a complete record of the
damage process, the simulation results of the gradual damage
process of pervious concrete were obtained, providing effective
and feasible technical references for actual conditions.

(4) Using various porosity and starting UCS values for pervious
concrete, the impact on the decay constant was examined.
The modulus of elasticity and decay constant of UCS were
directly correlated with porosity, suggesting that the FTCs had
greater impacts on pervious concrete with higher porosities.
Conversely, the initial UCS and its decay constant are inversely
related. As a result, the decay constants of UCS and elastic
moduli of pervious concrete can be easily calculated following
an arbitrary number of FTCs by considering the initial values.
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This paper presents a novel approach for simulating acoustic-shell interaction,
specifically focusing on seabed reflection effects. The interaction between
acoustic waves and shell vibration is crucial in various engineering applications,
particularly in underwater acoustics and ocean engineering. The study employs
the finite element method (FEM) with Kirchhoff-Love shell elements to
numerically analyze thin-shell vibrations. The boundary element method (BEM)
is applied to simulate exterior acoustic fields and seabed reflections, using
half-space fundamental solutions. The FEM and BEM are coupled to model
the interaction between acoustic waves and shell vibration. Furthermore, the
FEM-BEM approach is implemented within an isogeometric analysis (IGA)
framework, where the basis functions used for geometric modeling also
discretize the physical fields. This ensures geometric exactness, eliminates
meshing, and enables the use of Kirchhoff-Love shell theory with high-order
continuous fields. The coupled FEM-BEM system is accelerated using the fast
multipole method (FMM), which reduces computational time and memory
storage. Numerical examples demonstrate the effectiveness and efficiency of
the proposed algorithm in simulating acoustic-shell interaction with seabed
reflection.

KEYWORDS

FEM, BEM, seabed reflection, shell vibration, acoustics

1 Introduction

The management of noise has consistently been a focal point within the field of marine
engineering [1, 2]. In the realm of structural design aimed at mitigating noise emissions and
reflections from marine structures, numerical simulation is of paramount importance |3,
4]. While the Finite Element Method (FEM) is highly adaptable for structural dynamics, its
application in exterior acoustic scenarios is challenging [5-8]. This is because FEM requires
the discretization of a vast finite region from an unbounded domain and necessitates the
imposition of artificial boundary conditions using specialized techniques, which can be
complex and may compromise the accuracy of the simulation. In contrast, the Boundary
Element Method (BEM) is often favored for external acoustic issues as it necessitates the
discretization of only the structural surfaces, which are the boundaries of the infinite
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acoustic domain, and inherently satisfies the boundary conditions at
infinity [9-12].

Thin-shell structures submerged in water exhibit characteristics
through the interplay between structural vibrations and acoustic
phenomena, as referenced in various studies [13-17]. Essentially,
when an acoustic wave propagates through a fluid, it has the capacity
to induce vibrations in surrounding structures. These structural
vibrations subsequently generate additional acoustic waves that
radiate back into the fluid [18, 19]. A practical method for
modeling the interaction between acoustics and shells is through
the integration of FEM and BEM. This approach leverages the
individual strengths of FEM and BEM in the realms of exterior
acoustics, which deals with unbounded domains, and structural
dynamics, respectively [20-22]. The coupling of FEM and BEM was
pioneered by Everstine and Henderson for the analysis of acoustic-
shell interactions [23]. Subsequent developments have expanded its
application to encompass shape sensitivity analysis [24], structural
optimization [25], and uncertainty quantification [26].

In numerous real-world situations, the reflection of sound
waves by the seabed can exert a substantial impact on acoustic
fields, particularly in the shallow-water offshore areas [27-30]. This
phenomenon is known as the half-space or plane symmetrical
acoustic issue [31, 32]. To address this challenge, a variety of
boundary element methods that utilize mirroring techniques have
been put forward by researchers such as [33, 34], and [35]. However,
these methods presuppose that the acoustic waves are scattered
by rigid bodies and do not account for the interaction between
acoustics and structural elements.

Based on the authors’ comprehensive understanding, no
existing studies have yet addressed the simulation of acoustic-
shell interactions in the context of seabed reflections. This research
aims to bridge this gap in the literature. Pioneering an approach,
this study couples BEM with half-space fundamental solutions
to FEM to assess acoustic-shell interactions, thereby enabling the
inclusion of seabed reflection effects. Furthermore, to enhance the
computational efficiency of the BEM with half-space fundamental
solutions and to minimize its memory usage, we have developed fast
multipole expansions for this method.

The layout of the paper is as follows: Section 2 details the
coupling scheme of FEM and BEM for simulating acoustic-shell
interactions that consider seabed reflections. Section 3 elaborates
on the implementation of fast multipole methods to expedite
the acoustic simulation process. Section 4 presents a range of
numerical examples to illustrate the approach. Finally, Section 5
concludes the paper.

2 Acoustic interaction with shells and
seabed reflections

2.1 Defining the problem

Figure 1 depicts a system involving the interaction between
acoustic and structural components. An elastic thin-shell occupies
the region Q, which is encompassed by an infinite fluid domain Q.
The interface where the fluid and the structure meet is denoted by
I, defined as the intersection of Qs and Q. The space within the
shell is occupied by air, forming the domain Q,,. Given the significant
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FIGURE 1

System for acoustic-structural interaction. The unit normal vector of
the shell structure is denoted as ri, while that of the fluid is /i;. A
dashed line indicates the mid-surface of the shell structure. The
pressure load from the sound field is ?p, and the external mechanical
load is f,.

difference in density between the air and the structural material, it is
reasonable to disregard the influence of air pressure on the structural
vibrations.

The mechanical response of the thin-shell is defined by the
Kirchhoff-Love shell theory, as detailed in references [36, 37].
Meanwhile, the acoustic fields within the fluid domain are regulated
by the Helmholtz equation, which is discussed in [38-41]. The
thin-shell structure is actuated by a time-varying force with an
angular frequency of w. Consequently, the equations governing
the acoustic-structural interaction system are presented as
Equations 1-4.

Voo (x)+w’pu(x)=0 xe€Q (1)
Vpx)+Kp(x)=0 xeQ; ®)
o(®) n,(®)-px)n;(x)=0 xely 3)
—iou(x) np(0) =vi(x) xeTly (4)

Equations 1, 2 serve as the foundational equations that shape
the configuration of acoustic fields. Equations 3, 4 delineate the
conditions for continuous displacement and balanced forces at
the interfaces where the fluid and structure interact. The symbol
V denotes the Laplacian operator, ¢ signifies the stress tensor, u
represents the displacement vector, p, is the density of the shell, p(x)
denotes the acoustic pressure, n, is the outward normal vector to
the shell surfaces, n ¢ is the inward normal vector to the structural
surface, i is the imaginary unit with i= V=1, v" is the normal
velocity of the fluid, and k, defined as w/c, represents the wave
number, with ¢ being the speed of sound propagation within
the fluid domain.
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once
FIGURE 2

Method for generating Catmull-Clark Subdivision Surfaces. The black points represent the control points prior to subdivision, while the red points
indicate the positions after subdivision has been applied. (A) Initial control mesh. (B) One level refined mesh.

2.2 Geometric modeling employing
Catmull-Clark subdivision surfaces

The choice of a discretization approach or the selection of
basis functions is crucial in numerical simulations. Typically,
in traditional FEM and BEM, polynomial functions are the
preferred choice for basis functions. In this study, we integrate
FEM and BEM within the framework of isogeometric analysis
(IGA), as referenced in [42-46]. This integration leverages
the same basis functions used for geometric modeling to
discretize the physical fields. This approach not only preserves
the geometric precision but also eliminates the need for mesh
generation. Most significantly, it facilitates the construction
of high-order continuous fields, which is essential for the
application of the Kirchhoff-Love shell theory, as further
elaborated in [47].

Non-Uniform Rational B-splines (NURBS), as discussed
in [48- 52], are a prevalent choice for geometric construction
in Computer-Aided Design (CAD), with polygonal meshes
subsequently derived for numerical analysis. In this research,
we embrace the principles of isogeometric analysis, utilizing
identical basis functions for both geometric modeling and
numerical simulation. We opt for Catmull-Clark subdivision
surfaces over NURBS for CAD model construction, as they ensure
watertight geometries with support for arbitrary topologies, as
described in [53].

Constructing geometry with Catmull-Clark subdivision
surfaces begins with the establishment of a control mesh,
which is made up of quadrilateral elements. The vertices of
this mesh are known as control points. Following the initial
setup, the control mesh undergoes subdivision, during which
new control points are introduced and the positions of the
existing ones are adjusted, as shown in Figure 2. This process
of subdivision can be repeated iteratively, adhering to a set of
subdivision rules that progress from level k to level k+1, as
illustrated in Figure 3. However, since continuous subdivision
is not feasible, practical implementations of limit subdivision
surfaces are assessed through the use of spline basis functions for
parameterization.

Subdivision surfaces excel in their capacity to manage singular
points while ensuring controlled curvature at these locations.

Frontiers in Physics

Figure 4A illustrates a regularly colored subdivision surface element,
where each vertex within the element has a valence of 4, signifying
the lack of extraordinary vertices within the element. A patch is
delineated as a collection of all elements that share vertices with
a particular target element. A regular patch is composed of nine
elements featuring sixteen vertices. The element highlighted in
Figure 4B contains an extraordinary vertex, which adds complexity
to surface evaluation as it disrupts the tensor-product property.
It should be noted that the initial grid might include irregular
elements with multiple extraordinary vertices, but after subdivision,
each resulting sub-element will contain at most one exceptional
vertex. The evaluation of a surface point with parametric coordinates
(& 1) is conducted through a linear combination of control points
and 2x+8 basis functions, characterized by a valence of «,
as shown in Equation 5.

2Kk+7

x(&n) = ) Ny(EnP, )
=0

in which x represents the Cartesian coordinates of the point, N,
refers to the basis functions, P, signifies the control points, and x
indicates the valence of the vertex.

2.3 Analysis of thin-shell vibrations
employing IGAFEM

As previously stated, subdivision surfaces are employed for both
crafting geometric models and discretizing the physical fields. The
collective elements establish the boundary T, which is delineated by
Equation 6.

=z

r=|Jr, (6)

e

]
—_

in which N, denotes the overall count of elements, with element T,
signifying the e-th element. Consequently, the displacement can be
articulated as follows by leveraging the basis functions associated
with the Catmull-Clark subdivision, as shown in Equation 7.

2Kk+7

=) N(&nu 7)
=0
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FIGURE 3

Algorithm pertaining to the topology of Catmull-Clark subdivision surfaces.

FIGURE 4

Patches associated with elements in a Catmull-Clark subdivision surface. (A) For a regular element. (B) For an irregular element.

Prir Puas  Pauus  Poen

in which @, denotes the nodal parameter associated with the
¢-th control point, employed for discretizing the displacements.
Combining all the individual element matrices results in the
subsequent Equation 8.

Aa=f (8)

in which @ represents the vector of displacements at all vertices,
and f signifies the load vector. Furthermore, the matrix A can be

Frontiers in Physics

formulated as Equation 9.

NE Ne
A=K-o’M, K=[JK, M=[Jm° 9)
e=1 e=1

in which K signifies the global stiffness matrix of the structure, while
M represents the global mass matrix. The element stiffness matrix is
denoted by K° and the element mass matrix by M®. It should be noted
that the load vector f is the sum of two components, f; and f,, where
f; corresponds to the external mechanical load, and f,, corresponds
to the load due to acoustic pressure.
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2.4 Analysis of acoustic phenomena
employing IGABEM

Within the three-dimensional domain Q ¢ R* bounded by T,
the propagation of acoustic waves is governed by the Helmholtz
equation. This equation can be transformed into boundary integral
equations. To address the issue of irregular frequencies or spurious
modes in exterior acoustic scenarios, we employ the Burton-Miller
formulation, which is a linear combination of the conventional
boundary integral equation (CBIE) and its derivatives [54-57], as
shown in Equation 10.

G (x,y)

C0p () +aC(x)q(x) =LG(X,y)q(y) dr+ (xL

_Jacmw

r ong(y)

_‘XJ' *G(x,y)
ron(x)ons(y)

p(y)dl

P(y) AT+ Py ()
(10)

in which x and y correspond to the source and field points,
respectively. The term C(x) represents the discontinuity across the
boundary, which takes a value of % for smooth surfaces. The coupling
parameter « is given by i when k> 1, and a =i in other cases.

ap(y)

angy)
pmc< x)

The quantity g(y) = denotes the flux of sound pressure. The

term p, (x) = p,, (%) + - encompasses both the incident wave’s
sound pressure and its normal derivative at point x, with p,_ (x)
being the incident wave’s sound pressure at that location. The
functions G(x,y) and its normal derivative for three-dimensional
full-space acoustics are specified as Equations 11, 12.
ikr
Gxy) =

(11)

aG(X>Y) eikr . Br
Y e ik 2
oy T e 12

in which r=|x-y|. The fundamental solution for half-space

problems is represented by G (x y), as shown in Equation 13.
G" (xy) = G(xy) +BG(x"y) (13)

in which x* denotes the reflection of point x across the infinite plane
I, and f3 signifies the reflection coefficient. The coeflicient 8 equals
one for a rigid boundary and -1 for a soft boundary. By replacing
G(x,y) with G (x,y), Equation 10 is converted into Equation 14.

oG* (x,y)
r a"f (x)

C(x)p (x) +aC(x)g(x) :LG* (x,y)q(y)dl' + ocJ’ q(y)dr

B J 9G” (x,y)
r ong(y)

B J *G* (x,y)
rong(x)dns(y)

p(y)dr
p(y)dr+p; (x)  (14)

"
9Pin(X)

anﬂx)
G™(x,y) is shown in Equations 15-17.

in which ﬁ:nc(x) = p;c(x) + , and the partial derivative of

0G™ (x,y) elkr . or ek’ . or*

ASC) R W L A S-S R o g/

e Py T e
(1)
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9G" (x,y) elkr ) or etkr’ . or*
o -k - 1k
w5 P e T e ®
(16)

on f(x)

’*G* (xy) ek |: 5
Gy ke kP
T @@ e |C R

or Jar

Ek'. 2k 12(%\2
+ﬁ4ﬂ(r*)3 [(3 =k )a”f(y) on(x)

+(1 - ikr*) m, (x) m; (y)] (17)

o Jr
anf (y) 8nf (x)

+ (1= ikr)n; (x) n; (y)

In this approach, the physical field is discretized using the basis
functions of the subdivision surface that are employed in the
geometric construction, as displayed in Equation 18.

2K+7
pe= ) N(Emp;
=0
2K+7
9=y N(Ema (18)
=0

in which p, represents the acoustic pressure at the point (&,7)
within the element T';; g, signifies the normal flux associated with p,.
Additionally, p; refers to the £-th nodal variable associated with the
sound pressure, while g, represents the normal flux corresponding
to p;. By inserting Equation 18 into Equation 14 and applying these
equations at a discrete set of collocation points x;
be derived.

»» Equation 19 can

e (5 Em)

R dG* (x;, e
Cl)r(x)rec(s)als)+) ¥ | M o

*G* (x],y(f,q))

+ N, (& y) —————— 2 drp®

“Zlezoj S e

e 2Kk+7

=3 3 | MeEme (xy@n)drg;

e=1 ¢=0 e
N, 2x+7 . aG* " (E)

+OCZ J Ne(f’ )Mdré’ pmc( ) (19)
e=1 ¢=0 e anf(xj)

in which the subscript j indicates the index of the collocation
point. These collocation points are determined by projecting the
control points onto the surface. Equation 19 can be expressed in
matrix-vector form as Equation 20.

Hp = G4 +p, (20)

in whichn H and G are the matrices of coeflicients, while p and q
are the column vectors that compile the nodal parameters related to
the acoustic pressure and its flux, respectively. p; signifies the nodal
pressure vector attributed to the incident wave. It is crucial to address
the singular integrals present in Equation 10. Numerous methods
have been proposed to handle these singular integrals within BEM,
as cited in [58-61]. This research adopts the singularity subtraction
technique introduced by Guiggiani, recognized for its precision and
efficiency, as detailed in [62].

2.5 Integration of IGAFEM and IGABEM

Equations 8, 20, originating from the structure (using FEM) and
the acoustic (using BEM) respectively, are tightly interlinked and
cannot be resolved in isolation. They are interconnected through the
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boundary conditions outlined in Equations 3, 4. The sound pressure
within the fluid domain can be perceived as a force exerted on the
shell surface. Consequently, the nodal force vector f, due to the
acoustic load can be formulated as Equation 21.

f,=h,0p (21)
in which © is defined as the integral over the boundary I' of the
product of the transpose of the subdivision basis functions™ global
vector N, and N, itself, multiplied by dT. The vector N, denotes the
global vector of subdivision basis functions, and fi represents the
matrix of normal vectors, which is given by Equation 22.

mye e
My e
VAL
=10 Mypey . (22)
0 Y
0 Nyp-e3

in which ey, e,, e; denote the three unit normal vectors. By applying
Equation 21, we can derive a new expression for the global nodal
force vector, which is presented in Equation 23.

f= Csfﬁ+fs (23)

in which C,; = #,0.

Next, we will investigate the relationship between the velocities
on the shell's mid-surface and the sound pressure. The vector
v}'ﬁ represents the nodal parameters related to the fluid’s normal
velocity component, while the vector v/ signifies the nodal variables
associated with the normal velocity component of the structure.
Assuming no energy dissipation occurs at the interface between the
fluid and structural domains, we get Equation 24.

v? -vi=0 (24)

in which v{ =iwCi, and Cf, = ﬁ}. Subsequently, the vector q,
encompassing the nodal parameters related to the acoustic flux, can
be formulated as Equation 25.
~_Op_ _
4=5" = —1wpfv;3 = wzprfsu (25)
in which p represents the fluid’s density.
By inserting Equation 25 into Equation 20, we obtain the

following coupled system of equations for the acoustics, as shown
in Equation 26.

Hp = GwzprfSﬁ +p (26)

Incorporating Equation 23 into Equation 8 yields the following
coupled system of equations for structural dynamics shown in
Equation 27.

Ati=Cp+f, (27)

By integrating Equation 27 into Equation 26, the indeterminate

displacement @ is eliminated, leading to a boundary element
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g —
VT

Real domain

FIGURE 5
Nodes at the boundary and the points for multipole expansion in the

half-space Fast Multipole Method (FMM).

FIGURE 6
System for acoustic-structural interaction involving elastic
spherical shells.

formulation that is linked with the finite element equation, as shown
in Equation 28.

[H-GY]p=Gq,+p; (28)

in which Y denotes the global admittance matrix, and q, accounts
for the influence of sound speeds originating from the structural
domain. These are given by Equation 29.

Y =w’pCrATCy

g, = wzprfsA"lf (29)

S

3 Enhancing computation speed with
the fast multipole method

The Fast Multipole Method (FMM) is a highly efficient
algorithm designed to accelerate the computation of long-range
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FIGURE 7
The numerical results of the sphere model are verified in the

convergence of three mesh node numbers.

interactions in N-body problems. Introduced by [63], FMM reduces
the computational complexity from O(N?) to O(N) or O(N log N),
depending on the implementation. This significant improvement
is achieved through hierarchical space decomposition and the use
of multipole and local expansions, which approximate interactions
between distant clusters of particles. The fundamental solution for
the full-space, as introduced in Equation 11, is expanded into the
following series shown in Equation 30.

G(x,y):ﬁz Y @n+ DI (koy)O) (k,ox)  (30)

n=0m=-n

in which O serves as a local expansion point in proximity to
¥, as shown in Figure 5. The terms I and O] are defined as
Equations 31, 32.

17 (k,a) = j, (kr) Y}/ (6,4) (1)

o7 (k,a) = 1)) (kn) Y (6,¢) (32)

The terms I, represent the complex conjugates of I". The
functions j, and hfql) correspond to the n-th order spherical Bessel
and Hankel functions of the first kind, respectively, as detailed
in [64]. The spherical harmonics are denoted by Y}', which
are given by Equation 33.

Y™ (6,4) = c"P™ (cos 0) e (33)

(n—m)!

in which ¢ = and P}’ refers to the associated Legendre

(n+m)!
functions.

To derive a Fast Multipole Method (FMM) scheme tailored for
a half-space acoustic problem, we modify the fundamental solution
for the half-space into the following form in Equation 34.

G*(x,y) =G(xy)+pG(xy") (34)

Subsequently, the boundary integral for the j-th element in
Equation 28 can be re-expressed as Equations 35, 36.

¢= L G(x,y) + fG(x,¥)1q(y) dT (y) (35)

J

hti=J r [aG(X’Y) pZEY D () (36)

on(y) ong(y)

Consequently, employing Equation 13, we can express the boundary
integrals over a boundary element I; that is situated at a distance
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from the source point x in the following manner in Equations 37,
38.

., 00 n
F=L3 Y @nr 1 My (koy) 0y (av
n=0m=-n

+ M (k,oTy;)o;" (k,0"%)] (37)

Wi = %{i Zn: @n+1) My (k,o_’yj)O:,” (k,0%)
n=0m=-n

+ M} (k. 0%y} ) O} (k,07%)] (38)

in which Y denotes a field point on Fj; M:,”(k,o_'yj) and M;"(k,o_’yj)
are the multipole moments of the low-frequency FMM techniques
in the real domain, respectively, and are defined as Equations 39, 40.

M; (kay,) = | T (koy)amdrey) (9)

J

a7 (1)

. T@)P (y)dr'(y) (40)

; (kay;) - |
By replacing o and y; with Qnd y;in Equatio_nf 39, 40, we obtain
the expressions for Mf(k,o*y}f) and Mnm(k,o*y;) as presented in
Equations 37, 38, respectively. To determine the moments of the
leaf cell, we aggregate the multipole moments from N; boundary
elements in the vicinity of point o, as shown in Equations 41-44.

N,
M} (k,0) = ) My (k,oY)) (41)
j=1
T
M (k,0") = Y My (k0%y}) (42)
j=1
]N,
M) (k,0) = Y M (k.oY)) (43)
j=1
N
M (k,0") = ) M (k0%y}) (44)
j=1

When |o,x| > |o,y] and |o"x| > |0’ y"|, the low-frequency Fast
Multipole Method (FMM) facilitates the relocation of the moment
center from o and o* to o; and o using the M2M (moments to
moments) translation formula, which is expressed as Equations 45,
46.

My (ko)=Y > ) (2m+1)

;=0 my=—n; [eJ

-1"MWw,

1,11,

3L (ko) (45)

M:xn(k’oik):z Z 2(2”1"'1)

=0 m=-n; leJ

-1"MWw,

1,11,

XL (kofot)  (46)

in which W,

o, mm, 1 18 €xpressed in Equation 47.

ny 1 n on 1
0 0 m m; —m-m

(47)

-
Wiy = 2L+ DI <0
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Sound pressure at computational points on circles with a 2-m radius across various frequencies. (A) 100 Hz. (B) 200 Hz.
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FIGURE 9

Sound pressure and displacement distributions on the surface of a spherical shell: the first three columns depict the three components of
displacement, while the fourth column shows the sound pressure. (A) 100 Hz, displacement x. (B) 100 Hz, displacement y. (C) 100 Hz, displacement z.
(D) 100 Hz, sound pressure. (E) 200 Hz, displacement x. (F) 200 Hz, displacement y. (G) 200 Hz, displacement z. (H) 200 Hz, sound pressure.
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The symbol | ~ | represents the Wigner 3j symbol, and the set J

is defined as Equation 48.

Il e Z,n+n, — Leven,

J(n,ny,m, = 48
(ot ;) {max{|m+m1|,|n—n1|}SlSn+n1} (48)

Taking into account the influence of the infinite/symmetry
plane, we can formulate the M2L (moments to local expansion
coeflicients) translation formula as shown in Equations 49, 50.

L:ln (k,Xl) = Z Z Z (2111 + 1)(71)m1 Wn,nl,m,ml,l

n=0my=-n;leJ
x [0 (k,01%;) M, (k,0,) + PO, (k,0:%;) M, (k,07)]
(49)
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I:;n (k,Xl) = Z Z Z (27’11 + 1) (_l)mIWn,nl,m,ml,l

ny=0my=—-nyleJ

x [0 (k,01%;) M) (k,0,) + PO, ™ (k,01%;) M, (k,07)]
(50)
Following that, the L2L (local expansion to local

expansion) translation formula can be employed to shift the
center of the local expansion from x; to Xx,, as shown in
Equations 51, 52.

0 n
qu (k>X2) = z Z z (an + 1) (_l)ml Wn,nl,—m,ml,l

nm=0m;=—n; leJ

xI"" (k,%%5) Ly, (o) (51)
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FIGURE 10
Sound pressure of the sphere model across various frequencies with

B =0, incremented by a frequency step of 1 Hz. (A) g = O, real part. (B)
B =0, imaginary part. (C) g = 0, sound pressure.

" (k,x,) = Z Z D@+ D)D) W,

n=0m;=—n, leJ

I (5% L (k,x,) (52)

For the set of N; boundary elements that are close to o but far from
the source points x, the sums Z ' hY or Z ' &’ canbe expressed using
the local expansion coefﬁc1ents shown in Equation 53.

N

ik
Zf‘r

j=1
-k

within the low-frequency FMM. To refine the Burton-Miller
formulation, which is a linear combination of the Conventional

Q2n+ 1)L (k, xz)I (k,x,x7) (53)

—n

ﬁM:

4>|»

ek ng

}5(2n+1)i7(hx9if(ki;ﬁ) (54)

Boundary Integral Equation (CBIE) and its normal derivative, we
simply introduce adjustments to Equations 53, 54, as shown in
Equations 55, 56.

oL, (k%%)

N; ., 00 n
i ik m 7 —
];gu,_[mﬂzoz Z @n+ 1)L (kxy) x | T, (kX)) + pwres

(55)
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FIGURE 11
Sound pressure of the sphere model across various frequencies with
B=0,B=-1 and B =1, incremented by a frequency step of 1 Hz. (A)
Real part. (B) Imaginary part. (C) Sound pressure.

Ny ik o n
ZhIJ:E; Z @n+ 1)L (kxy) x | I, (k55%;) +

oL, (k%%)
on(x)

(56)

The implementation process involves the following key steps:

1. Hierarchical Tree Construction: The computational domain

is partitioned into a hierarchical octree structure, with
each node representing a subdomain. Boundary elements
are assigned to the appropriate nodes based on their
spatial location.

2. Multipole Expansion Calculation: For each leaf node,

multipole moments are computed using the source terms
within the node. These moments encapsulate the collective
influence of sources on distant targets.

3. M2M Translations: Multipole expansions from child nodes are

aggregated and translated to their parent nodes, propagating
the influence up the hierarchical tree.

4. M2L Translations: At each interaction list, multipole

expansions from distant nodes are translated into local
expansions at the target nodes. This step leverages the
translation operators to approximate interactions efficiently.

5. L2L Translations: Local expansions are propagated

down the tree to account for interactions within
localized regions.
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Sound pressure in terms of frequencies with different distances from the seabed for the sphere model. (A) p = -1. (B) 8 = 1.

FIGURE 13
Acoustic-structural interaction system for the fish model.
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FIGURE 14
The numerical results of the fish model are verified in the convergence

of two mesh node numbers.

6. Evaluation of Local Expansions: The final local expansions
are evaluated at the target points, providing the approximate
contributions from distant sources.

4 Numerical illustrations

In this segment, the primary objective of the elastic spherical
shell model is to verify the accuracy of the numerical model by
comparing the analytical and numerical solutions. The fish model,
with its relatively complex geometry, represents the structural
features of real underwater organisms or submersibles. It is intended
to demonstrate the applicability and effectiveness of the proposed
method in solving underwater acoustic scattering problems. The
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computations are executed using Fortran 90 on a desktop computer
with 128 GB of RAM and an Intel (R) Core (TM) i7-7700 CPU.

4.1 Acoustic scattering by an elastic
spherical shell

This section examines the acoustic field scattered by a spherical
shell structure when subjected to incident plane waves, taking into
account the reflections from the seabed, as depicted in Figure 6. In
the diagram, the center of the sphere is at the origin; A represents
the seabed surface; 7 is the distance from the origin to the seabed
surface; f, is the incident plane wave; Q % signifies the infinite fluid
domain. The seabed reflection coefficient is denoted by 3, where f§ =
-1 corresponds to a soft seabed and =1 corresponds to a rigid
seabed.The incident plane waves, which have an amplitude of I,
travel along the positive x-axis. Using Catmull-Clark subdivision
surfaces, three elastic spherical shells with 3,458, 4,800, and
9,408 mesh points were constructed. Figure 7 presents the variation
curves of sound pressure with frequency for the spherical models at
3,458, 4,800, and 9,408 mesh points, respectively. The computation
times for a single frequency were 33s, 56, and 85s for each
model. It can be observed from the figure that the differences in the
sound pressure curves across the three mesh densities are minimal;
however, the computation times differ significantly. Therefore, this
study adopts the spherical model with fewer mesh points to balance
computational efficiency and accuracy.When analyzing the acoustic
scattering of the sphere model, we found that the computation time
for the traditional Catmull-Clark subdivision surfaces coupled with
the FEM-BEM method was 428 s, whereas the computation time
for the Catmull-Clark subdivision surfaces accelerated by FMM and
coupled with the FEM-BEM method was only 33 s, demonstrating
that the computational efficiency of FMM is significantly higher than
that of traditional algorithms.

The sound pressure values at the computed points on the
circle for incident wave frequencies of 100 Hz and 200 Hz are
depicted in Figure 8, where the circle represents the projection of the
sphere model, with a radius of 2 m, onto the yoz plane. As observed
in the figure, at a frequency of 200 Hz, the sound pressure curve
exhibits more pronounced fluctuations, indicating that the larger
the external sound wave impacting the sphere model, the greater
the magnitude of sound pressure variation. When f8 = 0, the sound
pressure curves from numerical and analytical solutions align,
confirming the validity and reliability of the algorithm presented in
this study. For = 0,1, -1, the numerical solutions vary significantly,
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Sound pressure and displacement distributions on the surface of a fish model: the first three columns depict the three components of displacement,
while the fourth column shows the sound pressure. (A) 1000 Hz, displacement x. (B) 1000 Hz, displacement y. (C) 1000 Hz, displacement z. (D)
1000 Hz,sound pressure. (E) 2000 Hz, displacement x. (F) 2000 Hz, displacement y. (G) 2000 Hz, displacement z. (H) 2000 Hz, sound pressure. (1)
3000 Hz, displacement x. (J) 3000 Hz, displacement y. (K) 3000 Hz, displacement z. (L) 3000 Hz, sound pressure.

demonstrating the importance of considering the seabed reflection
effects and highlighting the significance of the seabed’s nature.
Figure 9 illustrates the displacement and sound pressure
distributions on the sphere model when it is positioned 5 m above
the seabed. The first three columns represent the displacement
components in the x, y, and z axes, respectively, while the last
column indicates the sound pressure. As observed in the figure,
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the sound pressure pattern exhibits symmetry along the x-axis,
and the displacement components also mirror this symmetry.
The displacement in the x-direction is the most significant,
whereas the y-direction shows the least. The sound pressure on
the sphere’s surface diminishes as we move in the negative x-
axis direction, whereas the x-direction displacement component
increases progressively.
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FIGURE 16

Sound pressure in terms of frequencies with different seabed
reflection coefficient for the fish model: frequency steps of 10 Hz. (A)
Real part. (B) Imaginary part. (C) Sound pressure.

Figure 10 displays the sound pressure of the sphere model across
various frequencies with f3 = 0. Figures 10A-C depict the real part,
imaginary part, and magnitude of the sound pressure, respectively.
From the figure, it can be seen that when the frequency is within the
range of [0.140]Hz, the analytical solution and numerical solution
of the sound pressure on the surface of the sphere model match
very well, and the sound pressure changes are very small. When the
frequency is within the range of [160,200] Hz, the numerical solution
still matches well with the analytical solution, but the sound pressure
begins to change dramatically. This phenomenon further validates
the reliability of the algorithm presented in this paper and shows
that sound scattering is frequency-dependent.

Figure 11 shows the sound pressure of the sphere model at
different frequencies when 8 = 0, = — 1,and § = 1. From the figure,
it can be seen that the sound pressure curves for f =0, f = -1, and
B =1 are distinct, indicating that the impact of seabed reflection on
the structural acoustic coupling system response in shallow water
environments cannot be ignored. It is noteworthy that the sound
pressure curves for f=1 and 8= —1 are roughly distributed on
either side of the sound pressure curve for = 0, and the two curves
are essentially symmetric about the sound pressure curve for =
0. This phenomenon indicates that the effects of rigid and flexible
seabeds on sound waves are opposite.

Figure 12 illustrates the sound pressure of the sphere model at
various distances from the seabed, where 7 denotes the distance
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from the model’s center to the seabed. It can be observed from the
figure that when the frequency is less than 60Hz, the sound pressure
curves for different 7 are very close to each other; when the frequency
exceeds 60Hz, the differences between the sound pressure curves for
different 7 gradually increase. This phenomenon confirms that the
effect of ground reflection is frequency-dependent.

4.2 Acoustic scattering by a fish model

This section analyzes the acoustic field scattering by a fish
model under the action of incident plane waves, taking into account
the reflection effects of the seabed, as shown in Figure 13. This
subsection calculates the sound pressure and displacement under
incident plane waves at different frequencies. The incident plane
waves propagate along the positive x-axis with a unit amplitude and
are scattered by the underwater model.

Using Catmull-Clark subdivision surfaces, two fish models with
54,216 and 222 mesh points were constructed. Figure 14 illustrates
the sound pressure curves as a function of frequency for the
fish models with 54,216 and 222 mesh points, respectively. The
computation times for a single frequency were 483 s and 1,016 s for
each model. As shown in the figure, the differences in the sound
pressure curves between the two mesh densities are minor, with only
slight fluctuations that are acceptable considering the significant
disparity in computation times. Therefore, this study selects the fish
model with 54,216 mesh points to optimize computational efficiency
while maintaining acceptable accuracy.

When analyzing the acoustic scattering of the fish model,
we found that the computation time for the traditional Catmull-
Clark subdivision surfaces coupled with the FEM-BEM method
was 5,143 s, whereas the computation time for the Catmull-Clark
subdivision surfaces accelerated by FMM and coupled with the
FEM-BEM method was only 483 s.

Figure 15 shows the distribution of displacement and sound
pressure for the fish model at a distance of 0.5 m from the seabed.
As shown in the figure, the sound pressure and displacement
distributions are symmetric along the x-axis. The magnitude order of
the various displacement components of the fish model at different
frequencies is not the same. For instance, at a frequency of 1,000 Hz,
the displacement component in the x-direction is the largest, and
the displacement component in the z-direction is the smallest; at
a frequency of 3,000 Hz, the displacement component in the z-
direction is the largest, and the displacement component in the
y-direction is the smallest.

Figure 16 displays the sound pressure of the fish model at
different frequencies for f =0, f = -1, and f = 1, with a frequency
range of [03,000]Hz and a frequency step of 10 Hz. As shown in the
figure, the sound pressure on the surface of the fish model varies with
B. When the frequency is within the range of [0.600]Hz, the sound
pressure curves for =0, f= -1, and =1 match very closely.
However, when the frequency exceeds 600Hz, differences begin to
emerge among them. This phenomenon once again confirms that
the seabed reflection effect is frequency-dependent, not only for
spherical models but also for complex models, and it also validates
the necessity of considering the seabed reflection effect.

Figure 17 illustrates the sound pressure of the fish model at
various distances from the seabed. It can be observed from the
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FIGURE 17
Sound pressure in terms of frequencies with different distances from the seabed for the fish model. (A) f = 1. (B) f = 1.

figure that as the distance from the seabed increases, the sound
pressure curve gradually aligns with the sound pressure curve for § =
0. This phenomenon indicates that in shallow sea areas, the seabed
reflection effect must be taken into account, while in deep sea areas,
the seabed reflection effect can be selectively considered based on
needs. This phenomenon is related to the nature of the seabed.

5 Conclusion

This paper presents a novel algorithm for analyzing the interaction
between sound wave propagation and the vibration of underwater
thin-shell structures, taking into account the effects of seabed
reflection. We couple FEM with BEM to solve for shell vibrations
and sound wave propagation in an infinite domain. To consider the
effects of seabed reflection, the BEM employs a half-space fundamental
solution approach. Within the isogeometric framework, geometric
modeling is conducted using Catmull-Clark subdivision surfaces,
and the same basis functions used for geometric modeling are
applied to discretize the physical fields of the coupled FEM/BEM
system. The use of isogeometric analysis maintains geometric accuracy,
reduces meshing efforts, and produces high-order continuous fields,
enabling the application of Kirchhoff-Love shell theory. Additionally,
FMM is formulated to accelerate vibro-acoustic simulations. The
precision of this algorithm is demonstrated through numerical
examples.This study also has certain limitations. The current model’s
assumption of linear elastic material properties, while suitable for
small deformations and stresses, does not capture nonlinear behaviors
under extreme conditions. The absence of fluid-structure interactions
(FSI) in the present model may overlook critical phenomena such
as damping and dynamic loading from fluid flows. Furthermore, the
simplified treatment of seabed topographies with predefined reflection
coefficients  limits the model’s applicability to real-world scenarios.In
the future, incorporating nonlinear material models, fluid-structure
interaction modeling, and the uncertainty of seabed reflection
coefficients into the model will ensure that the proposed algorithm
not only maintains high computational efficiency but also delivers
accurate and reliable results in complex vibration-acoustic analyses.
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Early warning system earthquake alerts exploit the time delay that the surface
waves have in reference to the P waves and estimate the magnitude based
on the interpretation of the specific parameters of the P waves. One of the
most commonly used parameters for estimating the moment magnitude of
an earthquake is the characteristic period measured in the first 3 s after the
appearance of the P wave. The classic method determines the characteristic
period in the time domain by using the velocity and displacement waves of the
acquired samples. In this paper, we present a new method for estimating the
characteristic period through its corresponding frequency. This method includes
zero padding of the P-wave sequence, conversion of the extended sequence
from the time domain to the frequency domain, identification of local frequency
maxima, and calculation of the weighted average of the frequency based on
the identified maxima. Tests conducted on synthetic signals, as well as standard
deviation evaluation tests for simultaneous recordings at several seismic stations,
revealed better performance than the classic method in terms of noise immunity
and number of false alarms.

KEYWORDS

earthquake, P wave, characteristic period, frequency domain, zero padding

1 Introduction

The intense ground motions caused by an earthquake pose a major hazard to
the population living near the epicenter and can cause substantial damage to roads,
buildings, and other infrastructure. Among natural disasters, earthquakes account for
approximately one-fifth of economic losses and are responsible for approximately 20,000
deaths per year. A destructive earthquake cannot be predicted accurately at the moment
or place of its occurrence. However, earthquake early warning systems (EEWS) can
provide an estimation of the approaching event. EEWS can trigger anticipative alarms
because the onset of an earthquake is achieved by non-destructive primary P waves
and continues with destructive surface waves. P waves have a higher travel speed;
they will reach the destination first and can be a source of information regarding the
destructive waves that will reach the destination later. Moreover, P-wave-based EEWS
can work in tandem with seismicity indicator-based systems that make use of the
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Gutenberg-Richter law to increase the probability of detection of
major earthquakes [1-3].

After several decades of development, EEWS are currently
operational and provide alerts to populations (Japan [4, 5], Taiwan
[6, 7], Mexico [8], and South Korea [9]), institutions, or limited
users (India [10], Romania [11], Turkey [12], and the West Coast
of the United States [13]), or are under development or testing (Italy
[14], Chile, Costa Rica, EI Salvador, Nicaragua, Switzerland, Israel,
Beijing, and the Fujian region of China) [15].

The main component of an EEW system is the algorithm
that estimates the magnitude of an earthquake. The assessment is
performed using the velocity and displacement waveforms and must
contain as much of the low-frequency component of the frequency
spectrum as possible to avoid magnitude saturation [16].

Among the first P-wave parameters used for magnitude
estimation is the predominant period, defined as the period
corresponding to the maximum amplitude in the frequency
spectrum of displacement [17, 18]. An approach to the predominant
period based on the velocity wave known as the tp method
is presented in [19]. Because this method contains numerous
limitations related to the sampling frequency and signal processing,
an improved version was proposed in [20], where the predominant
period is continuously calculated, and its maximum value (tp
max) can be determined. Another magnitude estimation parameter
is the characteristic period tc. This refers to both velocity and
displacement waves, which are much more stable than tp max [21].
In current studies, the characteristic period is the most commonly
used parameter for magnitude estimation with regard to the peak of
the displacement wave (Pd) [22, 23] or alongside other geophysical
parameters as input data for neural networks [24, 25].

However, the characteristic period of a specific earthquake,
computed from different recording stations, exhibits large dispersion
in terms of standard deviation due to local conditions, noise, and
artifacts and thus may trigger false alarms or mute real ones. In order
to evaluate the characteristic period of the P wave, we propose a new
method based on the accurate determination of local maxima within
the displacement wave’s frequency spectrum. Its performance is
evaluated using both synthesized and recorded waveforms, yielding
better results than the standard approaches.

2 Methods

To define the characteristic period [21], the vertical components
of the ground displacement wave u(t) and velocity i (t) were used,
with the ratio r being

ty
KGCE
o 8
J u?(t)dt
0
where the integration is over the time interval (0, t,) after the onset
of the P wave. In most of the existing EEWS, ¢, is set to 3 s, and
any straightforward implementation of Equation 1 belongs to the
time domain methods used to evaluate the characteristic period.
They have been adopted by the scientific community as a benchmark
and as a standard specification in most of the existing EEWS [22,
26]. Using Parseval’s theorem, according to which the energy of
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an aperiodic signal or the power of a periodic signal in the time
domain is equal to the energy or power in the frequency domain, the
results of Equation 2 are obtained and further exploited to develop
frequency-domain methods.

4n2J°°f2|a(f)|2df
re 0 a4, 2)
jo R

where f is the frequency, 4(f) is the frequency spectrum of the
displacement wave u(t), and {f*) is the average of f> weighted by
4(f)|, hereafter denoted by f?

The characteristic period is defined according to Equation 3:

ro L _ 2
c \/f—3 \/;

Although the characteristic period of the P wave is calculated

3)

based on the ratio , as can be seen in Equation 3, the characteristic
period can also be expressed based on the frequency spectrum of the
displacement. More precisely, the squared characteristic frequency is
the average of the squared frequencies weighted by the square of the
amplitudes in the frequency spectrum.

MRS B

2, 42 2
AT +AS+--+ A5

fe )
where A, ... A, are the amplitudes of the spectral components, and
fi--..f, are the frequencies of the spectral components. These values
of the spectral components are obtained by applying a fast Fourier
transform (FFT) to the displacement sequence in the time domain.
There are many reported results in using FFT to differentiate seismic
signals from ambient signals or those produced by explosions
because the generated spectra can be distinguished [27, 28], but
to date, no straightforward implementation of Equation 4 in EEWS
makes use of the tc parameter.

Furthermore, the proposed development implies a better
localization of the local maxima points in the discrete-time Fourier
transform (DTFT)-associated function and thus minimizes the
picket fence effect [29].

Three methods for increasing frequency resolution were
considered: zero padding [30], FFT interpolation [31], and
windowing [32]. Due to the specific nature of the seismic signals,
a short analysis qualifies the zero-padding technique as the best
candidate because:

- interpolation techniques are inefficient when the analyzed
signal is a multi-frequency one, with massive overlap of
adjacent energy bands;

- except for a rectangular window that is similar in the frequency
domain with zero padding, the remaining windowing
techniques reduce the signal’s amplitude toward the edges,
and thus, the first points in the earthquake spectrum (the ones
with the most important information) are affected;

- there are no computational or timing constraints that
could impact the practical deployment of the zero-padding
technique because the FFT algorithm is highly efficient, and
the time required to calculate frequency spectrum, even with
sequences of zeros ten times larger than signal length, is of the
order of milliseconds.
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Attainment of the characteristic period of the seismic P-wave estimation in the frequency domain: (A) Display a recorded seismic waveform; (B) Extract
the first 3 s of the signal; (C) Pad the sequence with zeros; (D) Apply FFT; (E) Identify the local maxima.
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For the presented method, zero padding is the solution used
to reduce the distance between bins in frequency by increasing the
sequence of the investigated signal by adding zeros to its end before
the FFT is applied. The extension of the seismic signal with null
samples will not negatively influence the application of the method
because it is only desired to obtain a specific length of the signal.
Studies prove that this is a viable alternative method that improves
the readability of the signal frequency [33, 34]. The increased
length of the signal has the consequence of decreasing the width
between consecutive spectral lines, resulting in a finer frequency
resolution.

After applying zero padding, the local maxima in the frequency
spectrum are identified, and the characteristic frequency is
evaluated as

2
c

_ AL fr+ A fr+ .+ AL fr

2, 42 2
A1+A2+...+Ak

(5)

where k, A;, and f; are the number of identified maxima, the
amplitude, and the frequency, respectively.

Structurally, as can be seen in Figure 1, the method of
calculating the characteristic period in the frequency spectrum
includes the following steps: from the earthquake displacement
waveform (a), the first 3s of the signal are extracted (b),
the retrieved sequence is padded with zeros (c), and FFT is
applied to obtain the frequency spectrum (d). At the level of
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the frequency spectrum, the local maxima (e) are identified,
through which the weighted average of the characteristic frequency
is calculated (Equation5), and implicitly, its inverse is also
calculated.

To test the proposed method, a comparative study was
carried out between the classic method, from the time domain
that uses the ratio between speed and displacement (M1), the
method from the frequency domain based on Equation4 to
calculate the characteristic frequency (M2), and the proposed
method (M3) based on Equation 5. The test signals used to
calculate the characteristic frequency and characteristic period
were synthesized by summing sinusoidal signals with imposed
frequencies and amplitudes. The reference frequency against
which the absolute error was calculated was obtained using
the signal synthesis values (the amplitudes and frequencies
of the sinusoidal signals were summed to obtain the test
signals). The framework of signal acquisition is similar to the
physical one used in the acquisition of seismic signals: sampling
frequency, 200 Hz; acquisition time, 3 s; total number of acquired
points, 600.

3 Results

A method for calculating the characteristic period of the
P wave of earthquakes based on the frequency spectrum

frontiersin.org
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Absolute error graph of the three compared methods, in frequency-domain
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(left) and time-domain (right) calculations, for a singular spectrum signal.

of the displacement wave was developed. Three types of
validation tests were carried out: one with signals containing
a single spectral component (a pure sinusoidal signal), one
with signals with two spectral components, and one with
three with different frequency and
amplitude values.

spectral components

3.1 Testing using a signal with a single
spectral component

A set of sinusoidal signals of 3 units amplitude was used, for
which the frequency was varied between 0.3 Hz and 20 Hz, the
range covering the area of interest for EEW systems (Figure 2).
The variation step is 0.1 Hz. For each signal, the characteristic
frequency and the characteristic period were calculated by three
methods (time-domain classic method MI, frequency-domain
method M2, and proposed method M3), and the absolute errors
compared to the reference were determined. The column of
graphs on the left in Figure2 shows the absolute errors for
the characteristic frequency, and the column on the right shows
the results for the characteristic period for the three methods
M1, M2, and M3.

It can be observed that for all methods, the errors increase with
a decrease in the frequency and implicitly with an increase in the
period. The M2 method presents almost twice as many absolute
errors as the classical method M1, whereas the proposed method M3
presents errors reduced to at least one-third of the number presented
by the classical method.

Frontiers in Physics

3.2 Testing using a signal having two
spectral components

A set of synthetic signals from a sinusoidal signal of 8 units
amplitude and 0.9 Hz frequency was used, as was a sinusoidal
signal of 3 units amplitude, for which the frequency was varied
between 0.3 and 20 Hz (Figure 3). For each signal, the characteristic
frequency and the characteristic period were determined by the
three methods, and the absolute errors were then compared to
the reference (parameters imposed on the signal synthesis) and
plotted in Figure 3. Within this test for all methods, the errors
increase with decreasing frequency and increasing period. The M2
method presents almost twice as many errors as the classical method
M1, whereas the errors of the proposed method M3 were reduced to
at least one-third of the number presented by the classical method.

3.3 Testing using a signal having three
spectral components

A set of synthetic signals from a sinusoidal signal of 8
units amplitude and 0.9 Hz frequency, a sinusoidal signal of
2.7 units amplitude and 1.3 Hz frequency, and a sinusoidal
signal of 3 units amplitude, for which the frequency was
varied between 0.3 and 20 Hz, was used (Figure 4). Similarly,
the frequencies and characteristic periods were calculated
using the three methods. Comparing the absolute errors from
Figures 3, 4 in the corresponding domain, it is found that
there is no change in the ratio between the errors of the three

frontiersin.org
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(left) and time-domain (right) calculations, for a multicomponent signal

methods with an increase in the number of harmonics. This
asserts that the proposed method leads to a reduced standard
deviation compared to the classical method, as well as for
multicomponent waveforms.

3.4 Performance under noisy conditions

accurate data are essential for
understanding the behavior of structures under stress or seismic

In seismic monitoring,

activity. Noise can interfere with measurements, leading to false
readings or missed events. A high signal-to-noise ratio (SNR)
ensures that seismic signals and vibrations are captured clearly,
providing reliable data for analysis.

o An SNR below 10 dB indicates poor signal quality, requiring
significant noise reduction.

o An SNRbetween 10 dB and 20 dB is useable but may need some
filtering.

o An SNR above 20 dB ensures reliable data with minimal noise
interference.

A sinusoidal signal of 3V amplitude was used for the
comparative evaluation of methods M1 and M3 in the presence of
noise, over which an additional white noise of 1V amplitude was
added, as represented in Figure 5. For this case, the signal/noise
ratio is 9.5 dB.

FFT performs averaging operations in calculation by its nature.
Moreover, the proposed method M3 uses only the distinct peaks

Frontiers in Physics

obtained after zero padding. Considering the fact that the time-
domain energy of the noise is distributed in frequency over the entire
spectrum, M3 obtains superior results to the M1 method in the
presence of high noise. The results of applying FFT on the signal with
noise after zero padding are represented in Figure 6.

Figure 7 presents a comparative analysis of the absolute error
in determining the T, parameter for a sinusoidal signal frequency
variation of up to 20 Hz.

3.5 Standard deviation evaluation

A comparison was made between the classical method and the
proposed method, subjected to the dispersion of the values of the
characteristic period of an earthquake when several stations that
simultaneously record an event are considered. Thus, the average
value of the characteristic period and the standard deviation were
calculated for a given earthquake characterized by the seismic waves
recorded at N different stations. This reasoning was applied to the
vertical waves of ten earthquakes that occurred in 2021, 2022, and
2023, with the main parameters listed in Table 1, whose records at
200 Hz were taken from the ESM Database [35].

D
farthest station from which the recording of the considered

max Tepresents the distance between the epicenter and the

earthquake was used. N is the number of stations from which records
of a certain earthquake were taken. The average characteristic period
was calculated as shown in Equation 6:

_ lev"ci
T, = T (6)
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Absolute error graph of the three compared methods, in frequency-domain (left) and time-domain (right) calculations, for a multicomponent signal
with three spectra.
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Absolute error comparison for M1 and M3 applied on a signal with a
frequency up to 20 Hz.

The results in Table 1 show that using the proposed method (M3)
leads to a smaller dispersion for each earthquake than the classic
method (M1).

Accuracy of EEWS alerts. It is not yet possible to absolutely

1 and rapidly determine the final effects of an earthquake rupture
' w1 197 based on the data recorded at the beginning of the earthquake.
Hence, EEWS seldom provide false alarms or miss alerts [36]. A
FIGURE 6 false alarm arises when parameter estimation exceeds the alert
Applying FFT to a signal with noise after zero padding. threshold, although the ground movement after the completed

rupture does not reach the evaluated effect. Similarly, a missed
alert arises when parameter estimation does not reach the alert

signal
amplitudue

Amplitude [cm)
~
o
T

The standard deviation was determined using Equation 7: threshold, although the ground movement after the completed
N 5 rupture exceeds the evaluated effect [37]. Even if it is considered

s(r,) = Zl ) . o that EEWS can perfectly determine the average value of ground

¢ N-1 motion, the accuracy of EEWS is determined by the variation
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TABLE 1 Standard deviation of the seismic characteristic period calculated with the time-domain method (M1) and the proposed method (M3).

Date_event Magnitude =~ Dmax [km] No. of Classic method (M1) Proposed method (M3)
[mw] stations (N)

Mean [s] Standard Mean [s] Standard

T deviation T deviation

isl s(z,) is] s(r)
2023.06.21_0000149 41 113 7 031 +0.13 0.28 +0.11
2023.06.06_0000145 47 293 13 0.63 +0.28 0.52 +0.15
2023.02.14_0000139 55 269 24 0.98 +0.31 L1l +0.22
2021.08.01_0000049 5.7 260 22 1.14 +0.82 113 +0.43
2022.11.23_0000008 6.1 315 30 1.05 +0.94 121 +0.48
2023.02.20_0000197 63 335 34 1.30 +0.95 1.28 +0.39
2023.02.06_0000011 6.7 430 40 145 +0.45 1.52 +0.42
2020.10.30_0000082 7.0 450 40 215 +0.50 2.08 +0.49
2023.02.06_0000222 7.5 480 40 3.42 +0.43 3.55 +0.46
2023.02.06_0000008 7.8 620 40 427 +1.24 436 +1.22

threshold

threshold

=l

FIGURE 8

Cause-effect relationship between EEW false alarms, threshold values, and standard deviations.

mean |

from the average value of the ground motion metrics that the
EEW system uses to evaluate ground motion [38]. Under these
conditions, if two methods for evaluating ground motion metrics
are considered to have the same mean value for an earthquake but
different standard deviations s; and s,, as shown in Figure 8, the
number of false alarms, given by the area of the shaded surface,
is higher for the higher standard deviation. It results in one of the
major advantages of using the proposed method (M3) instead of the
classic one (M1).

4 Discussion

The proposed method was tested to determine the characteristic
period by calculating the characteristic frequency from the
frequency spectrum of the signal. Testing was carried out in two
ways: by simulation and by calculation of real P-wave signals
obtained from earthquake recordings.
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4.1 Testing the method by simulation

Synthesized signals with precisely known frequency/periods
were used for testing. For these signals, the frequency/period was
calculated using the classical method M1 from the time domain,
which uses the ratio between speed and displacement; the method
M2 based on Equation 4, which is derived directly from the
classical method by correspondence in frequency; and the proposed
method, M3.

Method M1 provides results in terms of time, and M2 and M3
provide results in terms of frequency. To make comparisons from
the point of view of absolute errors both as characteristic period
and characteristic frequency, the characteristic period obtained
by M1 was converted into characteristic frequency, and the
characteristic frequencies obtained by M2 and M3 were converted
into characteristic periods.

Tests were carried out with pure sinusoidal signals and with
sinusoidal signals with harmonics, and graphs of the absolute
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errors obtained for the three methods were plotted. The following
observations were made:

« Switching to the frequency domain (M2) did not provide better
results than the classical method.

o The application of the M3 method leads to a reduction in
the relative errors for all test variants with synthesized signals,
regardless of the number or frequency values of the harmonics.

o Because P-wave sequences are limited to 3's, signals with
frequencies below 0.3 Hz or periods of more than 3s will
contain less than one period of the useful signal.

Thus, for all methods, the errors increase at low frequencies and
implicitly at long periods and represent the area where saturation
occurs for large earthquakes.

4.2 Testing the method with real P waves

Because this work refers to a method of estimating the
characteristic period of the P wave of earthquakes, testing with
real P waves was carried out only for the purpose of estimating
the period and validating the simulation testing. Forecasting the
magnitude based on the P wave is dependent on the soil structure
in the direction of earthquake propagation from the epicenter to the
seismic station where the wave is recorded, which is geophysically
dependent. For the test, 290 seismic recordings from 10 different
earthquakes recorded at different stations were used. For each
recording, the characteristic period was determined using M1 and
M3. The periods were grouped by the ten earthquake events, and
the average value and standard deviation were calculated for each
event. As shown in Table 1, the standard deviation calculated for
the proposed method has lower values than the classical method
of up to 6.3 Mw, corresponding to a characteristic period of 1.30s,
with no other specific conditions where the performance differs.
For earthquakes above this value, no improvements were observed
compared to the classical method.

EEW systems use a threshold for both the characteristic
period and maximum amplitude. For the characteristic period, the
threshold was set to 1 s. The alarm is sent if the threshold imposed
for the characteristic period is exceeded, along with the threshold
for the maximum amplitude. Given that the EEW alarm is triggered
for a threshold of 1s corresponding to 5.5-5.7 Mw, which is the
interval in which the proposed method provides a better standard
deviation, we consider that this method can be used to increase the
EEW performance.

5 Conclusion

Most earthquake early warning systems are used to predict
the event magnitude and the peak ground acceleration parameters
attained from the initial P waves recorded at close seismic stations.
Commonly, the peak amplitudes of displacement, along with the
characteristic period and integral of the squared velocity, are used
in specific algorithms to compute the level of danger and the
necessity for EEWS to trigger an emergency alarm. Estimating
the characteristic period tc involves inputs such as velocity and
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acceleration from multiple P waves that are similarly recorded at
several seismic stations. As Tc increases with the magnitude of
an earthquake and is independent of the distance between the
earthquake epicenter and an observation station up to a few hundred
kilometers away, it is a key factor in EWS regional seismic prediction.
The proposed method for calculating the characteristic period
of the seismic P wave in the frequency domain has a lower standard
deviation than the classical method. Tests carried out using synthetic
signals, with a single tone or with harmonic content, reveal that the
determination errors of the characteristic period are smaller when
using this method. Statistical tests to evaluate the standard deviation,
in which earthquake records from several stations were interpreted,
also revealed the superior behavior of the proposed method up to
6.3 Mw, with direct consequences in reducing the number of false
alarms. Thus, it is suited for EEWS systems that use the tc parameter
in alarm decision algorithms. In this context, we consider that this
method can be used with good results in magnitude prediction
applications based on the characteristic period of the initial wave.
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This study proposes a novel approach utilizing Conditional Generative
Adversarial Networks (CGANs) to accelerate wideband acoustic state analysis,
addressing the computational challenges in traditional Boundary Element
Method (BEM) approaches. Traditional BEM-based acoustic analysis requires
repeated computation of frequency-dependent system matrices across multiple
frequencies, leading to significant computational costs. The asymmetry and
full-rank nature of the BEM coefficient matrices further increase computational
demands, particularly in large-scale problems. To overcome these challenges,
this paper introduces a CGAN-based modeling framework that significantly
reduces computation time while maintaining high predictive accuracy. The
framework demonstrates exceptional adaptability when handling datasets with
varying characteristics, effectively capturing underlying patterns within the data.
Numerical experiments validate the effectiveness of the proposed method,
highlighting its advantages in both accuracy and computational efficiency.
This CGAN-based approach provides a promising alternative for efficient
wideband acoustic analysis, significantly reducing computation time while
ensuring accuracy.

boundary element method, CGAN, sound barrier, acoustic scattering, machine learning

1 Introduction

In the field of acoustics, the simulation and analysis of sound wave propagation through
complex structures [1, 2] are of paramount importance. Frequency sweep calculations [3]
are crucial for understanding the behavior of sound waves across a range of frequencies,
which is essential for designing effective acoustic barriers and noise reduction devices.
Traditional computational methods typically employ the Finite Element Method (FEM)
[4-6] or the Boundary Element Method (BEM) [7-10]. Among these, BEM [11]is widely
recognized for its superior accuracy and simplicity in mesh generation [12-14], making
it a preferred method for addressing acoustic problems. Its natural compliance with the
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Sommerfeld radiation condition at infinity further solidifies its
utility in external acoustic analyses [15], [9].

Conventional sound pressure calculations are typically
optimized for specific frequencies, limiting their application across
broader frequency ranges. To address this limitation, broadband
analysis [16] has been introduced, enabling the computation of
results over a wider frequency spectrum. However, in broadband
analysis [17-19], the frequency band is divided into segments,
necessitating the recalculation of the coefficient matrix and
boundary element system [20, 21], equations for each frequency.
This process imposes a significant computational burden. Recent
advancements in computational power and data-driven methods
have spurred the development of neural networks [22-25],
presenting promising opportunities for accelerating complex
acoustic analyses. For example, [26] proposed a noise prediction
model for wing structures, while [27] utilized Deep Neural Networks
(DNN) to expedite uncertainty quantification in vibro-acoustic
coupling analysis. These studies underscore the potential of neural
networks in acoustic modeling and analysis.

This paper introduces an efficient method for accelerating
frequency sweep calculations in broadband acoustics using
Conditional Generative Adversarial Networks (CGANs) [28].
By employing CGANs, the computational overhead inherent in
broadband analysis is significantly reduced. Generative Adversarial
Networks (GANs) [29-32], initially proposed as a framework for
training generative models, offer several advantages: eliminating
the need for Markov chains, relying solely on backpropagation
for gradient computation, avoiding inference during learning,
and easily integrating various factors and interactions. However,
a major limitation of GANGs is their inability to control the modes of
generated data in an unconditional model.

In contrast, Conditional Generative Adversarial Networks
(CGANs) incorporate a conditioning variable, enabling control
over the generative process and constraining outputs to a user-
defined distribution. This enhancement improves model stability.
The adversarial training mechanism in CGANs not only ensures
accurate and realistic data generation but also uncovers the underlying
relationships within the data [33-36]. These capabilities make CGANs
particularly suitable for acoustic scattering problems characterized
by complex distribution features. This study focuses on integrating
CGANSs with traditional numerical methods to predict the acoustic
scattering characteristics of barriers, thereby reducing computational
complexity, accelerating computations, and establishing new surrogate
models for acoustic scattering analysis [37, 38].

Neural network-based prediction methods are widely adopted
across various fields due to their dynamic capabilities [39-42]. These
methods leverage learning algorithms that achieve high prediction
accuracy by iterative training on simulated sound pressure and
sensitivity data. A key advantage of this approach is its ability to
construct highly nonlinear models [43-45], making it particularly
effective for complex noise analysis. Additionally, these methods
reduce computational workloads, provide high-precision predictions,
and meet the demands of rapid analysis in engineering applications. As
technology continues to advance, neural network-based methods have
evolved rapidly, finding applications across numerous disciplines.

Significant research progress in machine learning-driven sound
pressure [46] prediction has been made in recent years, both
domestically and internationally. Applications such as robotic fish,
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noise barrier models, and submarines demonstrate the engineering
relevance of these advancements. In 2023, [47] applied deep
neural networks and Catmull-Clark subdivision surfaces [48, 49]
to perform vibro-acoustic analysis on various geometric models,
achieving sound pressure responses across multiple parameters and
dimensions. That same year, [50] used Loop subdivision surfaces to
model the robotic fish “Manta” and predicted the effects of geometric
and material parameters on sound pressure.

To improve the efficiency of broadband optimization and apply
CGANS to 2D acoustic problems, this paper presents the following
contributions:

e Development of a CGAN-based network for predicting data,
such as sound pressure.

e Validation of the CGAN network’s performance through an
infinitely long rigid model and an acoustic barrier model.

The structure of this paper is as follows: Section 2 outlines the
boundary element integral equations, while Section 3 details the
theory of CGAN networks and their loss functions. Section 4.1
validates the accuracy and efficiency of CGAN predictions using the
infinitely long rigid cylinder model, and Section 4.2 demonstrates
the feasibility of CGAN networks as surrogate models for acoustic
scattering analysis through an acoustic barrier model.

2 Acoustic boundary element method

Consider the Helmholtz equation for a 2D acoustic problem,

given as Equation 1.
Vzp(x)+k2p(x):0,Ver (1)

The Helmholtz half-space problem can be represented by
the following BIE and normal derivative boundary integral
equation (HBIE).

CEp () + LHx,y)p(y) ds(y) = LG(x,w 9 AS () +py ()

@
and
apinc (X)
Coam+ [ Hoypmdsm = [ Kayawdsm+ T3
®

where y signifies the field point, x denotes the source point, and q is
the normal derivative of the sound pressure p: g(x) = dp(x)/on(x).
When x is located on a border that is smooth S, C(x)=1/2.
Acoustic pressure incident at position x is given by p, (x). Green’s
function G(x,y) and its derivative in Equation 2 and Equation 3 are
presented as follows

Gxy) = in]“ (k)

= G0 = 57

Koy = G = o 515

Hxy) = azz(%;?y) = jl—er‘l”(kr) (%) (y) = %H?)(k’) aj(rx) ana(ry)

(4)

frontiersin.org


https://doi.org/10.3389/fphy.2025.1539545
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Hu et al.

where the nth order first kind Hankel function is indicated by
H;l), k denotes by the wave number, i= V-1, n; is the Cartesian
component of n(x) or n(y) and the distance between the field and
source locations is represented by the formula r = [x —y|.

For exterior acoustic problems, using either Equation2 or
Equation 3 alone can lead to non-uniqueness of the solution at certain
imaginary frequencies. According to the Burton-Miller idea, a linear
combination of Equation2 and Equation 3 can effectively resolve this
issue. The Burton-Miller formulation is expressed as follows

Cx) [p(x) +ag(x)] + L [F(xy) +aH (x,y)]p(y)dS(y)

Pinc (%)
* on(x)

in which « represents the coupling parameter: defined as a =i/k

- js (GG y) +aK (%) 4(y) dS(y) +py. () + (5)

where k > 1 and & = i in other cases.

By discretizing the structural boundary into several elements
using constant elements and introducing the coefficient matrix,
Equation 5 can be reformulated as follows

Hp - Gq = p}* (6)

where H and G € CVV (N indicates the number of degrees of
freedom.) are the coeflicient matrices. They are asymmetric, fully
populated, and frequency-related. The column vectors p and q,
respectively, represent the sound pressure and the acoustic flux
at the collocation locations. pi™ is the vector of the incident
wave. To determine the sound pressure values at the boundary
surface nodes, Equation 6 needs to be solved. Subsequently, the
sound pressure can be computed at any point within the acoustic
domain by using Equation 5 with « = 0 and C(x) = 1.

Its sound pressure, Py can be written as follows if the
computation takes into account the external acoustic field.

~[Hp-Ga|+p* 7)

where the matrices H; and Gy as well as the vector p}”“ are similar
to those in Equation 6, except that the source point x is outside the

structure domain.

2.1 BEM formulas for shape sensitivity
analysis of acoustics

To derive the general formula for acoustic sensitivity
by the direct differentiation method, we first
differentiate Equation 5 to obtain.

analysis

CO0lp(+aq () + [ [Foxy) +atixy)]p () ds(y)
o] 1y +ati eyl ds
+| 1Py +atiylp (5
- [ 6oy + syl g asey)
+| Gy +ak@ylggasy

] 166y +akGeplg(as(y)

apinc (X)
o—

on(x) ®

+pinc (X) +
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The basic solution and its derivatives are determined by
the coordinates of the field and source points. Therefore, under
continuous shape modification, their values might be impacted by
a change in a form design variable. In general, the sensitivities of the
coordinates can be used to express G, F K, H,p and g.

Gy = -SHY (k)
Fxy) =~ 210 (k) [(YLW o (y)]
B HD oy )
K(x,y) = —%H(ll) (kr) [M +11; (X)]
‘ B D oy ) ©)

By = S 1D () [, 09, () 41,0 ()]

K .
l—H(Sl) (kr) irn; x) 7 (y)

r

1k

H“) (kr) (%) [, (y) + 7 ()]

lk H(l) (kr)rmy (y) [i'ln«(x) + 11 (X)]

21 n; x) 7 (y)
—%Hgl) R

where Equations 10, 11 express the details of Equations 9.
p=r;(¥,-%) (10)

(= %) my (y) _ )

iy (y) + 1y (y) = +111(y) (11)

where () indicates differentiation concerning the design variables.
Once the form design variable has fully parameterized the border of
the studied domain, X; and ¥; will be assessed. 77,(y) and dS(y) can be
written as Equations 12, 13

A1 (y) = =¥, (¥) + ;015 (¥) 1 (¥) 11 (y) (12)
and
dS(y) = [ = 91, (W m; (0] dS(y) (13)

where the partial derivatives concerning the coordinate component
are indicated by an index following a comma, such as Vim = E)yj /0Y,,,-
The following matrix-form linear algebraic equations are
obtained by discretizing Equation 8 using the constant boundary
element and gathering the equations for each collocation point.

HP+HP_Gq_Gq:pinc (14)

where H and G € CVV (The number of degrees of freedom
is indicated by N.) are the coefficient matrices. They are fully
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populated, asymmetric, and dependent on frequency. The column
vectors p and q represent the sensitivity of the acoustic flux and the
sound pressure, respectively. p,, . represents the sensitivity vector of
incident waves.

To determine all the unknown boundary state values for the
analysis of shape sensitivity, solve Equation 6 and use all the values
at the boundaries and known boundary sensitivity values to solve
Equation 14. By Equation 8, the value for any point x in the problem
domain can be computed with a = 0 and C(x) = 1. In the end, the
sensitivities of the objective function presented at certain computing
points in the fluid domain concerning shape design variables could
be calculated.

Since the Hankel function in Equation 4 and its derivative
in Equation9 depend on the wave number k, Equation 6,
Equation 7 and Equation 14 are all dependent on frequency. The
computation of the system equation and coefficient matrix of
the BEM for 2D acoustic state and sensitivity analysis at each
discrete frequency point within a frequency band is necessary,
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which results in a significant computational cost for tackling
multifrequency problems.

3 Theory of conditional generative
adversarial networks

3.1 Generate adversarial neural networks

The innovation of Generative Adversarial Networks (GANs)
lies in their combination of deep learning and probability theory.
They are made up of two rival neural networks that are capable
of autonomous learning and are intended to use unsupervised
learning to replicate the distribution of actual data [51, 52]. The
generator and discriminator engage in an iterative training process
that resembles a game, where the generator aims to produce data that
closely resembles real data, while the discriminator continuously
improves its ability to distinguish between real and generated data.
Together, they form the fundamental architecture of GANs. The
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TABLE 1 Parameters used in the simulations.

Parameter Symbol ’ Value Unit
The density of the air medium Py 1.21 kg/m?
The speed of the sound Cair 343 m/s
The step size of frequency fep 1.0 Hz

goal is to make the generated data as similar as possible to the
characteristics of the actual data [53]. The generator aims to create
data that closely resembles real data to deceive the discriminator,
while the discriminator’s role is to distinguish between real data

Frontiers in Physics

and the fake data produced by the generator. As they strive
toward achieving a Nash equilibrium in game theory-where the
produced data is indistinguishable from actual data-both networks
are always learning and improving. Figure 1 displays the GAN’s
process flowchart.

The generator takes random noise as input and generates
samples resembling the distribution of real data [54]. The
discriminator receives either real data or fake data produced by
the generator. When the input is real data, the discriminator
outputs 1; when the input is generated data, it outputs 0. Both
the discriminator’s and the generator’s capabilities are continually
enhanced by iterative training, leading to a balanced state where
the discriminator is unable to discriminate between the two input
data categories. This indicates that the generator has successfully
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simulated the distribution of real data. The loss value of a
GAN is closely tied to the loss values of both the generator
and the discriminator, and its loss function can be expressed
as Equation 15.

minmax V(D,G) = Ey.p,, (o [l0g D]+ E._p o llog (1 - D(G(@)] (15)

In this context, Py,,(-) and P,(-) represent the distributions of the
sample data and noise data, respectively. However, GANS still have
a number of difficulties, though, such as non-synchronous training
between the discriminator and generator, poor data accuracy,
high sample variability, and trouble reaching a level of stability.
The CGAN architecture is used in this study to overcome these
constraints. A thorough overview of CGAN will be given in the
sections that follow.
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3.2 Conditional generation adversarial
neural network

By adding conditional information, the Conditional Generative
Adversarial Network (CGAN) [55] improves on the classic GAN
architecture and successfully convertsit from an unsupervised learning
model to a model with supervised learning. CGAN constrains the data
production process by adding conditional variables, which allows for
the targeted and accurate generation of desired outputs. The CGAN’s
design is quite similar to that of a typical GAN, as seen in Figure 2,
but it incorporates extra conditional variables in the discriminator
and generator. Because of this improvement, CGAN can function as
a supervised, regulated network model.

In Equation 16, the CGAN’s goal function is shown, where
conditional probability is introduced to form a constrained
maximization-minimization function.

mci;n max V(D,G) =E,p,  (x)[log D(xIY)] +E__p ) [log (1 - D(G(zly)))]
(16)

After incorporating conditional variables, the discriminator
and generator in CGAN are tasked with two key responsibilities:
the discriminator must distinguish between real and generated
data under specified conditions, while the generator aims to
produce data that aligns with the real data distribution under those
same conditions. Random noise and the associated conditional
information are inputs to the generative model, generating
samples that mimic the distribution of real data. Conversely, the
discriminator receives real data, conditional information, and the
generated sample G(y, z) as input, outputting either 0 or 1 to classify
the input as real or generated. Fundamentally, the discriminator
functions as a binary classification model. This structured approach
effectively addresses the limitations of GANS.

During the adversarial optimization process, the generator and
discriminator continuously refine their performance, ultimately
achieving a state of equilibrium where the discriminator can no
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TABLE 2 CGAN's network architecture and training parameter configurations.

Network Hidden layers Loss function Activation function Optimizer Learning rate
Generator 4 MSE Sigmoid Adam 0.0005
Discriminator 4 MSE Sigmoid Adam 0.0005

TABLE 3 Development environment.

Operating system Framework Language
Windows 11 TensorFlow 2.6.0 Python 3.7 16 GB NVIDIA GeForce GTX 1650
0.8 0.9
A Analytical A Analytical
0.7 * DBEM ﬁ‘xﬁﬂﬁ 0.8 * DBEM st
CGAN s CGAN w
0.6 o = 0.7 .
= Z =
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Test Frequency[Hz] Test Frequency[Hz]|
(a) (b)
FIGURE 9
Comparison of CGAN Prediction Results Under Unknown Conditions (Training set:361, Test set: 40): (a) Sound Pressure; (b) Sensitivity.

longer differentiate between real and generated data. The training
process for CGAN alternates between updating the generator
and the discriminator, linking the overall loss function to the
individual loss functions of both components. This relationship is
represented in Equation 17:

L(G,D)=E,p,, (xy log D(x )] + E}',Py(y),Z,Pz(Z) [log(1-D(G(y,2),y))]
17)

In this context, x represents the real data, y denotes the
conditional information, and P, (x,y) indicates the distribution of
the input data. The functions D(:) and G(-) represent the outputs
of the discriminator D and the generator G, respectively, while z
denotes the random noise. The loss functions for D and G can be
expressed as Equation 18 and Equation 19:

Lp = =By, o0 108 DY) = Bz 1y (2 [log (1-D(G(2,),)]
(18)
Lg=E.p yp (o 10g(1=D(G(2.),)] (19)

It is important to note that, due to its generative nature,
CGAN has the ability to produce a wide range of data. This
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generated data also contributes to the training process of the
network, which significantly reduces the amount of data required
for modeling. As a result, the CGAN network is well-suited to
address the issues examined in this paper. Compared to other
neural networks, CGAN can be applied to small-scale data problems.
However, the training time is slightly longer than that of other
neural network models.

4 Numerical example

This section presents two computational examples to evaluate
the performance of the proposed algorithm. The acoustic scattering
data were generated using numerical simulations implemented in
the Fortran 90 programming language. The dataset was subsequently
divided into training and testing sets for the CGAN. Figure 3
illustrates the training process of the entire CGAN network,
which can be systematically divided into two primary stages. All
computations were conducted on a laptop equipped with 16 GB
of RAM and an Intel(R) Core(TM) i5-9300H Central Processing
Unit (CPU).
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FIGURE 10
Comparison Between CGAN and DBEM(Training set:361, Test set: 40): (a) Sound Pressure; (b) Sensitivity.

TABLE 4 Comparison of DBEM and CGAN results across different Frequencies (Sound pressure).

Frequency Sound Sound Pressure with Error with (%) Computation Time (s)
Pressure with Analytical
DBEM | CGAN DBEM CGAN DBEM CGAN
300 0.63559 | 0.63565 0.63556 0.005 0.015
320 065251 | 0.65258 0.65247 0.006 0.018
340 067979 | 0.68011 0.67982 0.003 0.042
360 0.69433 | 0.69438 0.69429 0.006 0.013
380 071508 | 0.71504 0.71485 0.032 0.026
1.3589(Prediction)
400 073545 | 073516 0.73541 0.005 0.034 189.2725 o
227.003 (Training)
420 0.74895 | 0.74889 0.74896 0.001 0.009
440 076985 | 0.76987 0.76975 0.013 0.016
460 078442 | 0.78451 0.78512 0.089 0.077
480 079936 | 0.79917 0.80024 0.11 0.133
500 081642 | 081523 0.81628 0.017 0.129

4.1 Infinite-length rigid cylinder model

The acoustic scattering from a cylinder can be simplified to
a two-dimensional problem by assuming that a plane wave beam
strikes an infinitely rigid cylinder (see Figure 4). The plane wave
propagates along the positive x-axis. The cylinder is centered at
(0 m, 0 m) with a radius of 1 m, and its circumference is discretized
using 720 constant boundary elements. Additionally, the coordinates
of the calculation points are (10 m, 0 m) (see Figure 4). Other
parameters for the numerical simulation are provided in Table 1. The
problem of acoustic scattering by an infinitely rigid cylinder has the
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analytical solution, which is represented as Equation 20.

p(r,0)=- is i" Wl (krO) —kroJui (kro)

: H (kr) cos (n6) (20)
n=0 1 "lHiul) (kro)—kroHSL (kr,) o

In the above equation, ¢, =1 for n =0, and ¢, = 2 otherwise,
where ¢, represents the Neumann symbols. The expansion consists
of 50 terms, and at the detection point, 8=0. To assess the
accuracy of the proposed method, the relative error between the
traditional Boundary Element Method (DBEM) and the analytical
solution, and that between the CGAN-predicted results and the
analytical solution, have been calculated. The relative error is
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TABLE 5 Comparison of DBEM and CGAN results across different Frequencies (Sensitivity).

Frequency  Sensitivity with ‘ Sensitivity with Analytical Error with (%) Computation Time (s)
DBEM CGAN ‘ DBEM CGAN DBEM CGAN
300 0.54974 0.54967 0.54973 0.001 0.011
320 0.57099 0.57094 0.57098 0.001 0.007
340 0.59166 059161 0.59165 0.002 0.006
360 0.61179 0.61164 0.61178 0.002 0.022
380 0.63110 0.63101 0.63092 0.003 0.012
1.5467(Prediction)
400 0.65007 0.65011 0.65005 0.003 0.008 378.1168 .
215.483 (Training)
420 0.66843 0.66839 0.66841 0.004 0.002
440 0.68628 0.68644 0.68625 0.004 0.027
460 0.70379 0.70379 0.70375 0.006 0.006
480 0.72075 0.72078 0.72070 0.007 0.010
500 0.73655 0.73601 0.73651 0.006 0.069
YA
N
0.27m
Incident wave Inspection point
> (12m,2m)
> 3.27m 3m
>
)
o (3,0) (3.3,0) X
FIGURE 11
The design domain of the semi-curved sound barrier model.

determined using Equation 21:

|Xoutput ~ “analytical |

Relative Error = x 100% (21)

|Xanulytical|

Here, X

outpu

. represents the results obtained from DBEM-
CGAN, and X,,,,1y1ica represents the results of the analytical solution.
Before training the neural network, data preprocessing is essential.
First, a portion of the dataset is randomly selected as the test
set to evaluate the model post-training. Additionally, to enhance
training efficiency and prediction accuracy by addressing the
scale differences among features, data standardization is a critical

Frontiers in Physics

step. Standardization not only improves the model’s adaptability

across different datasets but also increases its sensitivity to feature

variations, thereby improving its generalization capability. The

standardization process can be implemented using Equation 22:
X=X,

x = ——mn_ (22)

Xmax ~ ¥min

In this context, x’ represents the value of a single data point,
Xpin 1S the minimum value in the corresponding column, and

Xmax 1S the maximum value in that column. After standardization,

min

all features in the dataset are rescaled to a uniform range,
ensuring that differences in feature magnitudes do not affect model
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training and prediction. The standardized dataset is then divided
into two subsets: the training set, used to train the model, and
the test set, employed to evaluate its performance. Following
evaluation, the predicted outputs are post-processed as described
in Equation 23.

xX=x- (xmax - xmin) + Xmin (23)

Based on the acquired dataset (sound pressure and sensitivity
from 100Hz to 500 Hz), the data is input into the CGAN model
for training. Figures 5, 6 present a simplified diagram of the CGAN
structure, illustrating the discriminator’s and generator’s training
procedure. Z, and Z, represent the random noise inputs to the
generator, and y denotes the label information corresponding to
the frequency information of the real data. The generated data x,;
symbolizes the sensitivity and sound pressure at the observing point.
In the discriminator, x, represents the real data, y represents the label
information of the generated data corresponding to its frequency
information, and d represents the discrimination result, stating if
the data is fake or true.
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For the tasks of sound pressure and sensitivity prediction,
these can be considered a regression problem. Thus, the mean
squared error (MSE) function is employed as the loss function,
as shown in Equation 24. Since the discriminator operates as a
binary classifier, the Sigmoid function is used as the activation
function. To ensure balanced performance between the generator
and discriminator, the same activation function is applied to both.
Additionally, the parameter dimensions are kept within a compact
range to enhance the model’s efficiency.

Figure 7 illustrates the variation in the generator’s training
loss under different learning rates and optimizers, while Figure 8
demonstrates the impact of the number of hidden layers on the
training loss.

MSE = % Z Gi-2)? (24)
=1

As the learning rate decreases, the model loss decreases.
When the learning rates are set to 0.005 and 0.0005, the losses
are similar, but the model accuracy is higher at a learning rate
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TABLE 6 CGAN testing input parameters and results.

10.3389/fphy.2025.1539545

Sound pressure ’ CGAN Relative error (%) Sensitivity ’ CGAN Relative error (%)
1.178 1.180 0.19 0.294 0.295 0.36
1.164 1.165 0.04 0.159 0.161 1.33
1.171 1.172 0.04 0.045 0.043 3.08
1.176 1.177 0.03 0.346 0.352 1.60
1.179 1.179 0.03 0.192 0.188 2.55
1.176 1.176 0.02 0.251 0.255 1.51
1.151 1.149 0.20 0.761 0.743 2.52
1.075 1.073 0.21 0.840 0.862 2.50
1.077 1.076 0.09 0.565 0.578 2.36
1.087 1.087 0.03 0.361 0.372 2.90
1.093 1.092 0.12 0.377 0.391 3.62
1.099 1.098 0.09 0.443 0.453 2.03
1.241 1.241 0.00 0.467 0.482 3.03
1.245 1.245 0.01 0.499 0.511 2.25
1.338 1.338 0.01 0.548 0.556 1.53
2.50% 0.30%
[ Acoustic Barrier [ Acoustic Barrier
2.00% I Infinitely Long Rigid Cylinder 0.25%1{ HEE Infinitely Long Rigid Cylinder
g 1.50% g 020%
2o1s%
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Test Frequency[Hz] Test Frequency[Hz]
(a) (d)
FIGURE 14
The relative errors between DBEM and CGAN under different models: (a) Sound pressure; (b) Sensitivity.

of 0.0005. Furthermore, when comparing different activation
functions, Adam significantly outperforms SGD. The effect
of varying the number of hidden layers was tested, and by
comparing the loss to actual results, it was determined that a
configuration with four hidden layers yields the best performance.
Finally, Table 2 displays the CGAN model’s network framework
configuration, with the detailed configuration parameters provided
in Table 3.
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To evaluate the predictive accuracy of the CGAN network,
the classical infinite-length rigid cylinder model was selected as
the benchmark. By splitting the data, a portion is selected as
the test set, while the remaining data is used as the training set
for training. The total number of sound pressure and sensitivity
data is 401, with 10% of the dataset (i.e., 40 data points) selected
as the test set, and the remaining data used as the training
set. Figure 9a presents the sound pressure prediction results on
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TABLE 7 Development environment.

Variables RMSE MAE R?
Sound Pressure 0.00146 0.000891 0.998
Sensitivity 0.00926 0.00688 0.997

the test dataset, while Figure 9b provides a comparative analysis
of sensitivity predictions on the test dataset. In this context,
Unknown Conditions refers to the test set, as the data patterns
in the test set are unknown to the trained model. The results
demonstrate that the CGAN model consistently achieves a high
level of agreement with analytical solutions in both sound pressure
predictions and sensitivity analyses. This indicates that the CGAN
model effectively captures the underlying patterns within the data,
even under unknown operating conditions, showcasing exceptional
predictive accuracy and reliability. In addition, the sound pressure
sensitivities were calculated using both the DBEM method and
the CGAN model, with the results compared to the analytical
solution, as shown in Figure 10. The figure clearly demonstrates
that the CGAN model significantly outperforms the DBEM method
in terms of accuracy, producing predictions that exhibit neither
oscillatory behavior nor spurious frequency points. Furthermore,
the CGAN model offers a substantial advantage in computational
efficiency over the DBEM method. A detailed comparison of
the results and corresponding computation times is provided in
Tables 4, 5.

The data in the table indicate that DBEM and CGAN exhibit
similar error performance. While DBEM demonstrates a slight edge
in accuracy, CGAN significantly surpasses DBEM in computational
time, achieving a notable reduction in the time required. This
underscores the clear superiority of CGAN in computational
efficiency. Thus, despite the minimal difference in error, CGAN
offers a substantial advantage in time efficiency, making it the
preferred choice for applications where computational speed is
paramount.

4.2 Sound barrier model

As urbanization accelerates and the use of transportation
vehicles becomes more widespread, traffic noise has become an
increasingly severe issue, causing numerous inconveniences and
hazards to peoplea€™s daily lives and work. Consequently, mitigating
the harm caused by traffic noise is essential. Sound barriers
are widely used in acoustic and noise control engineering as
structures or devices designed to block or reduce the transmission
of sound waves.

To evaluate the effectiveness of sound barriers, the accuracy
and efficiency of the CGAN model were first validated using
the infinitely long rigid cylinder model. In this section, a more
complex noise barrier model is considered to comprehensively
assess the CGAN modela€™s performance in terms of both
precision and computational efficiency. The sound pressure and
related data are generated from a plane wave incident parallel
to the x-axis, which is scattered by the sound barrier. The
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sound barrier model is discretized into 1,118 elements, and the
sound pressure at the point (12m, 2m) is calculated using
the DBEM. From the obtained sound pressure and sensitivity
data, the frequency range of 1004€”500 Hz is selected as the
training dataset for the CGAN model. The sound barrier model is
illustrated in Figure 11.

The data processing method and the relative error calculation
are consistent with those used in the infinitely long rigid cylinder
model. The prediction results on the predefined test set are shown
in Figure 12. As illustrated in the figure, the sound pressure
and sensitivity predicted by the CGAN model exhibit the high
degrees of consistency with the actual data, demonstrating excellent
agreement. These findings highlight the generalization capability of
the CGAN model when applied to unseen datasets. Furthermore,
a comparative analysis between DBEM and CGAN was conducted
within the frequency range of 2004€7400 Hz, with the results
presented in Figure 13.

Table 6 presents the relative errors for several test points.
It can be observed that all relative errors fall within a narrow
range, with the maximum error not exceeding 3.62%. Unlike
the infinite-length rigid cylinder model, the sound barrier model
lacks analytical solutions and features more complex geometrical
configurations. As a result, both DBEM and CGAN exhibit certain
deviations. Nevertheless, the overall error remains within a small
range, further validating the CGAN model’s ability to accurately
learn patterns embedded in the data and deliver high-precision
predictions.

In particular, the CGAN model demonstrates exceptional
consistency and accuracy in sound pressure predictions. Figure 14
illustrates the relative error between the predicted values of
the CGAN model and the calculated values of DBEM under
different
although the data is inherently more complex and exhibits

model configurations. For sensitivity predictions,
slightly higher errors compared to sound pressure, the CGAN
model still maintains remarkably high prediction accuracy. This
highlights the modela€™s capability to handle diverse data types
while demonstrating robust performance and reliability. The
regression model evaluation metrics were calculated using the
specified formula, and the detailed statistical results are presented
in Table 7.

Overall, these results comprehensively highlight the CGAN
model’s outstanding capabilities and exceptional performance in
sound barrier data prediction, reaffirming its effectiveness in
addressing complex computational challenges. In the face of more
complex models in the future, DBEM will require more time. The
accuracy of the CGAN model has been demonstrated through the
numerical example. Therefore, when calculating other models, it
is sufficient to use the DBEM method to compute a portion of
the data, and the remaining data can be generated using CGAN,
which significantly reduces the computation time compared to the
DBEM method.

5 Conclusion

This paper proposes a method to enhance computational

efficiency by utilizing the CGAN network for the
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rapid and accurate prediction of sound pressure and

sensitivity:

1. The integration of the Boundary Element Method (BEM) with
CGAN is investigated to evaluate the applicability of CGAN in
solving such problems.

2. The predictive model developed through CGAN demonstrates
asignificant reduction in computation time, thereby improving
the efficiency of sound scattering analysis.

3. Adjustments to specific parameters and structures of CGAN
have proven effective in addressing the regression challenges
were encountered in this study.

Future research will aim to extend the application of CGAN to
the structural optimization of sound barriers.
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Introduction: Elastic wave propagation in fluid-saturated porous media is of
great significance in various fields. Based on the soil mechanics model of a two-
phase medium, the reflection problem of an obliquely incident plane P;-wave
at the free surface is systematically explored, which aims to reveal the physical
mechanism of wave propagation in saturated semi-infinite space.

Methods: The dispersion characteristic equations of body waves are obtained
by using the Helmholtz decomposition method. The theoretical formulas
of reflection coefficients and surface displacements are derived and verified
for correctness by simplifying. Finally, numerical investigations are carried
out on the variations of the displacement reflection coefficients and surface
displacements with the incident angle for different boundary conditions, wave
frequencies f, porosities n, Poisson’s ratios v, and modulus ratios E,,/u.

Results: It is shown that the surface response of half-space is somewhat affected
by the boundary conditions while little influenced by the wave frequency. It is
also found that the effects of material properties on the surface response cannot
be ignored.

Discussion: These conclusions provide a theoretical basis for wave survey
technology of seismic engineering and site seismic response analysis.

saturated two-phase medium, model of soil mechanics, dispersion equation, boundary
conditions, reflection coefficients, surface displacement

1 Introduction

Elastic wave propagation in fluid-saturated porous media has been studied for
many years. It is of theoretical and practical significance in various fields such as
soil dynamics, geotechnical engineering, earthquake engineering, geophysics, acoustics,
petroleum engineering, etc. The reflection of elastic waves in saturated two-phase media
is one of the important branches. Due to the existence of pore water in the soil skeleton,
the mechanical properties of two-phase media become very complex, which results in the
problem of wave propagation being much more complicated than that of a single-phase
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medium [1, 2]. Therefore, when the seismic wave propagates to the
free surface of two-phase media, it will show complex reflection
characteristics.

It is well known that Biot first predicted the existence of three
body waves in a two-phase medium, namely, the fast P,-wave, the
slow P,-wave, and the S-wave. The three body waves are dispersed
and attenuated, the speed and attenuation of which are related
to the frequency and the properties of saturated soil materials
[3, 4]. All these laid the foundation for the theoretical study of wave
propagation in a fluid-saturated porous medium. After that, many
scholars studied the various aspects of wave propagation in such
medium. The P,-wave with strong dispersion and high attenuation
characteristics was successively confirmed through experiments by
Plona and Berryman in 1980 [5, 6]. Following the Biot model,
different two-phase medium models, including the Zienkiewicz
model [7, 8], the Men Fu-lu model [9-11], the model of soil
mechanics [12], and the theory of mixture [13], were proposed
by different researchers. Chen and Liao [14] compared the first
four models in detail and pointed out the essential differences
between them. They also theoretically explained that the soil
mechanics model is a special case of the Biot model, which has
the advantage of a clear physical meaning of modeling parameters.
At the same time, more and more scholars used the Biot model
to study the reflection of elastic waves at the boundary of the
fluid-saturated medium. For example, Deresiewicz [15] deduced
theoretical formulas for the reflection coefficient of plane waves
incident on a free interface of a non-dissipative liquid-filled porous
solid. Deresiewicz and Rice [16] derived analytical formulas for
the reflection coefficients and reflection angles of body waves (P, -
, P,-, and SV-waves) incident upon a free interface because of
the dissipation. Xu etal. [17] presented analytical expressions of
reflection coefficients when P, -wave incident obliquely at four kinds
of plane interfaces of saturated soil (i.e., free drainable/undrainable
boundary, fixed drainable/undrainable boundary) and analyzed the
effect of incident frequency, incident angle, and interface conditions
on reflection coefficients. Lin et al. [18-20] investigated the dynamic
response (e.g., surface displacement, surface strain, rocking strains,
and energy partitions) of a half-space saturated with inviscid fluid
subjected to obliquely incident P,- or SV-wave in the case of free
draining boundary, and he also adopted the linear porosity-modulus
relation. Unlike Lin et al. [20], Rjoub [21, 22] presented the dynamic
response (same as Lin et al., but without surface displacement) of
a half-space saturated with viscous fluid, considering the oblique
incidence of P, - and SV-waves. Tajuddin and Hussaini [23] studied
the reflection of body waves at free permeable and impermeable
boundaries and rigid permeable and impermeable boundaries. Xia
etal. [24] developed the secular equation of the Rayleigh surface
wave and discussed its dispersion characteristic in a poroelastic half-
space. You [25] discussed the free-surface motion caused by incident
P,- or SV- wave in drained or undrained boundary conditions
based on the exact dynamic-stiffness matrix of half-space. Nie
and Xu [26] deduced the wave field solutions by using the Wave
Based Method and the boundary conditions (i.e., permeable and
impermeable conditions) of saturated half-space when incident P-
and SV-waves, and they also showed the effects of permeability
coeflicient, angle, and frequency on them. Yang [27] introduced
the concept of homogeneous pore fluid into Biot’s theory to
analyze the saturation effects of subsoil on ground motions when
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an inclined SV-wave incident on the free surface of a partially
saturated half-space. Later, based on governing equations of a three-
phase medium, Chen [28] explained that a special wave mode
conversion occurred when the fast P,-wave incident at a certain
angle on the nearly saturated soil. Zhou [29] investigated the
dynamic response of P;- and SV- waves incident at the interface
of partially saturated soil and discussed the effects of boundary
conditions, water saturation, frequency, Poisson’s ratio, and modulus
ratio (i.e., shear modulus of soil frame to bulk modulus of fluid)
on it. Xue etal. [30] explored the phenomenon of wave mode
conversion for a P -wave incident on the surface of a partially
saturated half-space, and the critical saturation degree and angle of
wave mode conversion were found for a specific nearly saturated
soil. Afterward, wave propagation in the semi-infinite space was
further enriched to the reflection and refraction of waves at different
interfaces [31-37] and extended to wave propagation in the distinct
media [38-43].

Since Chinese scholar Men proposed the soil mechanics model,
quite a few researchers have also used it to study the wave
propagation characteristics in a two-phase medium from theoretical
[44-50] and practical views [51-54]. Among them, it is worth
mentioning that Chen and Men [52] and Cui [51] presented a new
method to understand the mechanism of soil liquefaction. Chen [44]
and Chen et al. [45] analyzed the near-field wave motions combing
the transmitting boundary. Recently, Xiao etal. [49] investigated
the propagation and attenuation characteristics of Rayleigh waves
in ocean sites. A preliminary analysis of the wave propagation
characteristics in the infinite saturated medium based on the model
of soil mechanics has been conducted by Zhang etal. [50]. The
results showed that the frequency and soil properties may have
a significant influence on the velocity and attenuation coefficient
of the three body waves. For this reason, these parameters are
bound to affect the reflection of each wave incident upon a free
plane boundary.

Among the existing literature, the velocity of plane P,-wave is
the fastest, and the attenuation of it is slow in the saturated infinite
space. Therefore, it is of great interest to study the propagation
characteristic of P,-wave under different boundary conditions in
a fluid-saturated half-space. However, it is rare to use the model
of soil mechanics to study the propagation of elastic waves in
the semi-infinite field. As mentioned above, the model of soil
mechanics is introduced to discuss the reflection of P,-wave on
the free surface of saturated two-phase media in this paper. By
Fortran software, numerical analysis is conducted to study the effects
of boundary drainage, wave frequency, porosity, Poisson’s ratio,
and modulus ratio on the displacement reflection coefficients and
surface displacements.

2 The propagation theory of elastic
wave based on the model of soil
mechanics

2.1 The equations of motion
The model of soil

medium in  which the
be ideal, the

fluid-saturated
assumed to

mechanics for a
liquid phase is
solid phase is

isotropic  elastic, and
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the compression modulus of solid particles in point

contact tends to infinity, can be expressed as [12, 44, 49, 50].

pbu+ (A +u)V(V-u)+ (1= n)Vp,+ [BI(U —ur) = pyit
nVp;—[BI(U ~i) = p,U 1)
(1—n)v.u+nv-U—Eipf:o

Where, A (=V?) is the Laplace operator in the Cartesian
Coordinate, V is the Hamiltonian operator. u, #, and i denote
the solid phase’s displacement, velocity, and acceleration vector,
respectively. U, U and U represent the absolute displacement,
velocity, and acceleration vector of the liquid phase separately. A
and y are the classical Lame constants, which are functions of the
Poisson’s ratio v and the elastic modulus of the solid phase E, A
= Ev/((1+v)(1-2v)) and 4 = E/2(1 +v). n is the porosity. p, and
p, are defined to describe the solid and liquid density per unit
n)p, and p, = np_, p, and p,, are the
solid and fluid mass densities separately. p s the true pore pressure.

volume, in which p; = (1-

E,, refers to the bulk modulus of liquid. k (=K/p,,g) is the dynamic
permeability coefficient of the solid skeleton, in which K (m/s) is
the permeability coefficient that satisfies Darcy’s law, and g is the
gravitation acceleration. [B] represents the dissipation coefficient,
which is a third-order diagonal matrix. [B] = diag(bx, b, bz), and b,
=b,=b,= n?/k in the isotropic medium.

2.2 Solutions of the equations

Considering Helmholtzs resolution, we introduce scalar
potential functions (¢, ¢,,) and vector potential functions (v,
y,,) to describe the displacements of solid- and liquid-phase, which
can be written as follows [11, 50, 55].

{u:VqSS+V><1pS

@)
U=V, +Vxy,

Insertion of Equation2 in Equation1 yields the wave
equation expressed by potential function, as can be shown in the
following form [50].

pl(ﬁs_(A+2M)A¢s :pf_P2¢w

plﬁ’s _MAVIS = _Pziilw
np;—[Bl(¢,, ~ ;) ~p,$, =0 3)
p217,w+ B](‘/’w_wS) =0

(1-n)A, +nA¢, — E—”wpf: 0

The in-plane wave problem in a fluid-saturated medium is a P-
SV wave problem in the xoz plane. Assuming the displacements u
and U are independent of the coordinate y. The scalar potential
functions ¢ = ¢s(x, z,t), and ¢, = (/)w(x, z,t) in the xoz plane.
The vector potential functions v, =(0, v, (x,2,1),0), and vy, =(0,
v,,(%,2,1),0). The components of solid-phase displacement (u,, u,)
U,, U,) can be
written in the form of potential functions, as shown in Equations 4a,

and the components of liquid-phase displacement (
4b; [1, 20]. The potential function expressions of normal stress

(0,,) and shear stress (0,,) are written in Equation 4c by the
plane strain character. From the fifth of Equation 3, the potential
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function expression of pore fluid pressure (p;) can be given by
the third of Equation 4c.

¢, Y,
U,=—-—
* ox 0z
99, v, =
"7 5 T ox
99, 9y,
*Tox 0z
L o “
2= az ox
0%, 9y,
_ 2 S 2
—( )V¢+2/4< 37 aaZ>+EWV</>W
9° 9° 9°
O'XZ _ 2‘11 ¢s + l//s _ & (4:(:)
0x0z x> 9z

Assuming the plane harmonic wave solutions of the potential
functions in the following forms [11].

(/5 —A ei(wt—kp~r)

s s

¢ - A ei(wt—kp-r)
w w

v.=B ei(wt—ks-r) ®)
s s

v :Bwei(a)t—ks~r)
w

Where, A and A, are the potential function amplitudes of solid-
and liquid-phases for P-wave, respectively. B and B,, represent the
potential function amplitudes of solid- and liquid-phases for S-wave
separately. kp and kg denote the propagation directions of P- and S-
waves (wave vector). kp and kg are the values of vectors (kp and k),
with kp and kg representing the wave numbers of P- and S-waves,
respectively. r denotes the position vector. i = V1. w is the circular
frequency of a wave.

Substituting Equation 5 into Equation 3, we can obtain the
dispersion equations of P- and S-waves.

(A+2u)nE, (kp) _{(sz nEy (l—n)zE >

P1P2 w Py )

ib <)L u+ 2 )}(kp> +1- <— L)oo
WP1Ps h w P P

(i_ﬁ><_3> +1_@<l+l>:o (6b)
Wp1py  Pr/\ @ WA\PL Py

It can be seen from Equations 6a, 6b that the velocities and

attenuation coefficients for two kinds of compressional waves (P, -
and P,- waves) and one shear wave (S- wave) in an unbounded
saturated medium are calculated. All three body waves are dispersed
and attenuated, which are related to the properties of medium and
wave frequency.

3 Reflection of P,-wave in a
semi-infinite saturated medium

The obliquely incident P,-wave at the free surface of a semi-
infinite saturated medium is a free field problem and also an
important part of the site response analysis. In this case, the stresses
on the free surface are zero. The upper medium is air without
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Ground surface(z=0)

Two-phase medium(z>0)

P-wave

FIGURE 1
Fluid-saturated half-space subjected to an incident P;-wave.

density, and the lower medium is saturated soil. We now introduce
a rectangular coordinate system, with x as the horizontal axis and
z as the vertical axis. The z-axis points downward vertically, which
is directed into the interior of the two-phase medium. The half-
space is bounded by a horizontal plane (z = 0). The plane P,-wave
with angular frequency w is incident from the bottom to the free
surface at an angle 0;p. Then the reflected P,-, P,-, and SV-waves
are generated in the saturated medium (i.e., z > 0), whose angles of
reflection are Oy, Oy,, and Oyg. All the reflected waves travel at the
incident wave frequency (w). The geometry considered in this paper
is shown in Figure 1.
According to Snell’s law, the relations between the angles of the
reflected and incident waves are given by [55, 56].
Ve Ve Ve Vs @)

sinfp sinfp, sinfp, sin Ogg

Where, Vp,, Vp,, and Vg are the wave velocities. As
is shown in Equation 7, the reflection angles of each reflected wave
can be determined when the wave velocity and incident angle are
known. Moreover, the reflection angle (6g;) of the P, wave is the
same as its incident angle (6;p).

3.1 Potential functions of elastic wave

In the two-phase medium (i.e., the half-space z > 0), the incident
P,-wave gives rise to reflected waves of all three types, ie., P;-,
P,-, and SV- waves. The expressions for solid- and liquid-phases
potential functions of P-wave (¢, ¢,) and SV-wave (v, v, ) are
shown in Equation 8;[27]. The plane harmonic solutions of potential
functions for different waves are shown in Equations 9a-9d; [27].

_ 4l 4R, R
b= b + b+ b

1 R R
(pw = (ibwl + ¢w1 + ¢w2

- (8)
Y=V
{ 1 = Ay exp [i(wt— kpx+ kIlzZ)] (92)
oL, =Al exp [i(wt— ky X+ kllzz)]
R N
¢R = AR exp [i(wt— kY x— klfzz)]
ool tesll
¢§vz = A&Z exp [i(wt— kl;Xx - szzz)]
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{ YR =Bl exp [i(wt— kgox = kfzz)]] (9d)

YR = BR exp [i(wt— KR x— kgxz)

Where, ¢§1 ((/)fvl) is a potential function in the solid (liquid)
of incident P -wave. Al and Al are the amplitudes of the
corresponding potential functions. Similarly, ¢5, ¢%, and y&
are the solid-phase potential functions of the reflected P,-, P,-
, and SV-waves, respectively. Afl, A?z and B§ correspond to
the solid-phase potential amplitudes. ¢8, ¢%, and y~ denote
the liquid-phase potential functions of the reflected P,-, P,-
, and SV-waves, separately. AR, AR and BY are the liquid-
phase potential amplitudes. kI1 , and kI1 , Tepresent the components
of the incident P -wave vector in the x and z directions. k%,
and kY are the components of the reflected P,-wave vector in
the x and z directions. Similarly, k5, ki, k& and kg are the
components of the reflected P,- and SV- wave vectors of the
corresponding directions.

Following the geometric relationship of wave vectors, it can
be seen that the wave vectors and their components of all
waves satisfy the equalities Equation 10. Moreover, by Snell’s
law, the x-components of the wave numbers for the incident
and reflected waves are the same, as shown in Equation 11;

(55, 56].

(K)+ (k)" = (k)
KR )+ (KR)? = (kR)
( 1llx)z-'—( 11:)2_( ;)2 (10)
(K5 + (k%) = (k)
(k)" + (k2)* = (k1)
ki =kl = kg =k 11

From Equations 6a, 6b, the relations between the various
amplitudes in Equations 9 can be obtained as follows.

T

s =M _ B=LR  (12a)
R 0]
5, < A (A2 2B, ) (K - pyo? (12b)
2 A?Z p2w2 —Ew(k2R)2
B u(kR) - p?
o= B_E B Pz“’2 2

Where, §,, §,, and J, are the amplitude ratios of potentials
related to liquid and solid phases for P,-, P,-, and SV-waves,
respectively.

3.2 Boundary conditions and solutions

3.2.1 Boundary conditions of the free surface
When P,-wave is obliquely incident on the free surface of
the saturated medium, the boundary conditions can be completely
permeable or impermeable, i.e., (a) Open-pore boundary and (b)
Sealed-pore boundary [15, 57]. In case (a), the pore fluid can flow
freely, so the normal and shear stresses of the soil skeleton and
the pore pressure are zeros. Under condition (b), the pore fluid is
enclosed in a porous medium, so the normal and shear stresses
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of the soil skeleton and the displacement of solid related to liquid
are zeros. Then, the drained and undrained conditions can be

{ Tjjzo+ =0
Pfo=or =0
{ Ojjle=0+ =0

Ugjz=gr = Uplgr =0

In which the subscripts (i, j = x, z) represent the components

expressed as [17].

(13a)

(13b)

in both x and z directions. oy,

a saturated two-phase medium. Ppa=or 18 the pore pressure of

o+ denotes the total stress of

the boundary.

On inserting Equations 4a-4c, together with Equation 12a,
12b, 12¢, into Equations 13a, 13b, and taking account of
Equation 10 and Equation 11, we find the analytical formulas of
amplitude ratios under permeable and impermeable boundaries,
ie., A§1/A£1’ A?Z/Ail, and BE/AL. The formulas in the form of the
matrix are through

[SP—SV]f{Afl’Ag’Bg}T = {F}4) (142)
[Sp-sv] f{Ai{l’AEZ’BE}T = {F'a}, (14b)

Where, the superscript - denotes the impermeable boundary.
{F} and {1_3} are the matrixes related to the incident P,-wave.

[Sp_sv] I and [Epfsv] pare the 3-order matrixes corresponding to the

reflected waves. The elements of {F}, {1_3}, [Sp-sv] > and [EP_SV] are
given in the Appendix.

3.2.2 Surface response of saturated half-space
Without loss of generality, we assume the potential function
amplitude of the incident wave equals unity, ie., Al = 1 [1].
Substituting Equations 11, 12a-c into Equations 14a, b, we can
obtain the potential function amplitudes of the reflected waves AR,
A%,
and SV-waves). Then inserting A

and B? (i.e., the amplitude reflection coefficients of P,-, P,-,
R

s1?
the solid-phase displacement reflection coefficients of each reflected

Afz, and B? into Equation 4a,

wave are given through the expressions

R R
RG =A4g
R
RR = 22 4R
s2 kll s2 (15)

kR
R _ % pr
R = _IBS
1
Where, Rfl,
reflection coefficients of P,-, P,-, and SV-waves in the solid phase,

RY,and RY are employed to denote the displacement

respectively.

Insertion of Equations 8, 9 in Equation 4a yields the surface
displacement components (e.g., the horizontal and vertical
displacements u, and u,) of the solid phase corresponding
to the sum of one incident and three reflected waves may
be written

1x" sl 1x"7sl 2x°7s2
_ 11 4l R 4R R 4R R pR
u, =~k Aq + ki Ag +kyAg + ko B

277782 sxs

{ux =k AL + IR AR £ iR AR (R BR 16)

1z°7s1
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4 Degenerate validation of solutions
4.1 Validation of degenerate formulas

Let the liquid density p,, = 0, and the bulk modulus of liquid E,,
= 0. Then, the solution in this paper can degenerate into the case of
a P-wave incident on the free interface of a single-phase medium.
Now, the potential amplitude ratios of the liquid-solid phase in the
two-phase medium 6§, = 0, §, = 0, and &, = 0. And the wave vector
of the reflected P,-wave is the same as that of the P,-wave, i..,
klf = kZR, klfz = kgz. When the two-phase medium is reduced to a

single-phase medium, the velocity of P-wave V;, = /(A +2u)/p,,
the velocity of SV-wave Vg = 4/u/p,, which can be derived from
the dispersion Equations 6a, 6b. The potential amplitude of the
reflected P-wave AY = AN + AX,. Accordingly, Equation 14a, 14b can
be simplified as

2
(G 200" (b ) kit <o
S

Equation 17 is further simplified to obtain a new expression,

17)

which is the same as the Equations of a single-phase medium in
Stein and Wysession [56]. It can be seen that the reflection of the P-
wave on the free surface of a single-phase medium is a special case
in this paper.

4.2 Validation of numerical analysis

To further verify the correctness of the formulas for reflection
coeflicient and surface displacement, Equation 17 is compared with
the curve of P-wave incident on the free surface of a single-phase
medium in Pujol [55]. The parameters for single-phase media are
taken from Pujol [55], namely, Vp/Vy = 1.732 and v = 0.25. The
variations of amplitude ratios and surface displacements with the
incident angle are shown in Figure 2 when the P-wave is incident
on the interface. It is noted that the displacement components
u, and u, in Figure2b are normalized by a factor k), which
represents the displacement intensity of the incident P-wave. If not
specified, the surface displacements in the following figures are
all normalized.

It can be seen from Figure 2 that the calculated results of
Equation 17 are consistent with those of Pujol [55]. This is
sufficient to demonstrate the correctness of the formula derived
in this paper.

5 Numerical analysis

In this section, we use the formulas derived above to
compute the displacement reflection coeflicients and surface
displacements when the plane P,-wave is incident obliquely on
the free boundary of a fluid-saturated half-space. Numerical
examples are conducted in Fortran to explore the influence
of boundary conditions, wave frequency, and characteristics of
saturated soil materials (the porosity n, the Poisson’s ratio v,
the fluid bulk modulus to the stiffness of soil E,/u) on the
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FIGURE 2
Surface response versus P-wave incident angle for an elastic half-space

surface response of saturated half-space. Some soil parameters
of the two-phase medium used in the calculation are taken
from Ref. [21] and listed as follows: p, = 2650 kg.m, p,, =
1000 kg.m, E,, = 2.0 x 10°Pa, and k = 1.0 x 107 m®.s/kg. The
other soil parameters, i.e., the porosity n, the Poisson’s ratio v,
and the modulus ratio E,/u, will be given in the analysis of each
section below.

Figure 3 through Figure7 present the variations of the
displacement reflection coeflicients and surface displacements as
described in Equations 15, 16 with incident angles under different
conditions, i.e., boundary conditions, wave frequencies, porosities,
Poisson’s, and modulus ratios. It can be seen that the displacement
reflection coefficients and surface displacements vary smoothly
with the incident angle of the P,-wave. The displacement reflection
coefficient of the P,-wave is one order of magnitude smaller than
those of the other reflected waves (P,;- and SV-waves). When the
P,-wave is at normal or grazing incidence, i.e., the incident angle
equals zero or 90° only the incident wave is reflected, and the
reflected P,- and SV-waves vanish. At this time, the displacement
reflection coefficient of the reflected P,-wave is —1.0, of which
the phase is opposite to that of the incident P,-wave. This is
consistent with the reflection characteristics of compressive P-
wave on the surface of an elastic medium [56]. Furthermore,
when the incident P -wave strikes the interface perpendicularly,
the surface displacements u, = 0, u, = —2.0. When the incident
angle is 90°, the surface displacements u, = 0.0, u, = 0.0, which
implies that the reflected P,-wave annihilates the incident P;-wave
at the free surface. And the phase difference between u, and u, is
180° [51]. This holds for a single-phase medium as well [55]. In
addition, with increasing incident angle, the vertical displacement
u, decreases, while the horizontal displacement u, increases
before reaching its peak value (near 0;p = 60°) and has a reverse
tendency thereafter.

5.1 Influence of boundary conditions

When P,-wave propagates in a saturated half-space, specific
solutions can be obtained using appropriate boundary conditions.
The single control variable method is introduced to analyze the
influence of boundary drainage on the surface response of half space.
The values of the physical parameters of the saturated poroelastic
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half-space are selected from Section 5, and the other parameters
are as follows: n = 0.1, v = 0.2, and E,/u = 0.1. The frequency
of incident wave f = 100 Hz. The curves in Figure 3 represent the
displacement reflection coefficients and surface displacements with
distinct boundaries.

It can be seen from Figure 3a that the displacement reflection
coefficient of P -wave decreases with an increase in the incident
angle before reaching its minimum value near 65°under different
conditions. Moreover, when the incident angle 6} is greater than
36°, the displacement reflection coefficient under the impermeable
interface is more than that of the permeable interface. Figure 3b
shows that the displacement reflection coefficient of the P,-wave
is much less than those of other reflected P,- and SV-waves, and
the coefficient under a permeable interface is greater than that
under an impermeable boundary. From Figure 3c, for the reflected
SV-wave, the displacement reflection coefficient increases with a
rise in the incident angle before attaining its maximum value near
45°. Also, the displacement reflection coefficient at an impermeable
interface is more than that at a permeable interface if the 0
is within the range of 16°-90°. Given Figure 3d, u, reaches its
peak value at approximately 60°, while u, reaches its peak value
at 0° and the peak value of u, is larger than that of u,. If 0
< 30° the vertical and horizontal displacements (e.g., u, and u,)
under two boundary conditions are the same. However, if 6;p
> 30° both displacements u, and u, (absolute values) increase
slightly under the impervious interface. Accordingly, the boundary
conditions have a certain effect on the surface response of half-
space, and this effect manifests a considerable dependence on the
incident angle.

5.2 Influence of wave frequency

As analyzed in Refs. [2, 50], all three body waves are dispersive
and attenuated, and the velocities and attenuation are frequency-
dependent. To illustrate the effects of wave frequency on the
reflection, four different values of wave frequency are considered
in this paper, ie., f = 1, 10, 100, and 1000 Hz. The four typical
frequencies are within the common frequency range used in
engineering and experimental testing [58]. The soil parameters
remain invariable, as described in Section 5.1. The boundary is
completely permeable. Figure 4 shows the variations of displacement
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coefficient of P,-wave decreases as the frequency is reduced.
This result matches the case of Rjoub [21]. So, the frequency

coefficients and surface displacements with the incident angle for
different frequencies.
It is clear from Figure4 that the surface response is not is assumed to be 100 Hz when analyzing the effect of soil

sensitive to wave frequency. However, the displacement reflection =~ parameters on surface response next.
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5.3 Influence of porosity

Since porosity mainly affects the loose degree of soil, it is
instructive to investigate the effect of porosity on the displacement
reflection coefficients and surface displacements. Except for the
porosity, the soil parameters remain invariable, as described in
Section 5.1. The frequency of the incident plane P,-wave is also
taken to be 100 Hz. The boundary is completely permeable. The
variations with the incident angle of displacement coefficients and
surface displacements are shown in Figure 5 in the case that the
porosity n = 0.1, 0.2, 0.3, and 0.4, respectively.

It is shown in Figure 5a that the variations of displacement
reflection coefficient for reflected P,-wave with porosity are very
complex. When the porosity #n = 0.3 and 0.4, a special wave mode
conversion occurs, namely, only P,-and SV- waves are reflected,
and the reflected P,-wave is not generated. Under the case that n
= 0.3, the displacement reflection coefficient of P,-wave exhibits
zero values at incident angles of 60° and 77°. The angles for
incidence corresponding to wave mode conversion are 57°and 79°
with the instance that n = 0.4. If the porosity n = 0.1 and 0.2,
this phenomenon disappears. Moreover, the displacement reflection
coeflicient for P, -wave decreases with the increase of porosity when
the incident angles 6;p < 57°0r 0;p > 79°. From Figures 5b, ¢, the
displacement reflection coefficient for SV-wave (P,-wave) increases
(decreases) with the increase in porosity, and that for P,-wave is
the smallest of all three reflected waves as described in Section 5.1.
It is noticed from Figure 5d that the horizontal displacement u,
increases with a rise in porosity. However, the porosity considered
in this study has little impact on vertical displacement u,. The effect
of porosity on the surface response depends on the incident angle to
alarge extent.
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5.4 Influence of Poisson’s ratio

The Poisson’s ratio mainly affects Lame constants (A and u),
which reflect the consolidation status of the soil. To investigate the
effects of Poisson’s ratio on the displacement reflection coefficients
and surface displacements, the soil parameters remain constants as
described in Section 5.1, except for Poisson’s ratio. The frequency of
the incident plane P, -wave f = 100 Hz. The boundary is completely
permeable. Figure 6 shows the effects of Poissons ratio on the
displacement reflection coefficients and surface displacements. In
calculations, the Poisson’s ratio (v) is taken to be 0.1, 0.2, 0.3, and 0.4.

It can be found from Figures 6a—c that the displacement
reflection coefficient of P -wave increases with the increasing
Poisson’s ratio at the same incident angle, while those of P,- and
SV-waves diminish with a rise of Poisson’s ratio. For all three
reflected waves, the amplitude of variation is related to the incident
angle. As observed in Figure 6d, the horizontal displacement

u, (the vertical displacement u,) decreases (increases) with the

X
rise of Poissons ratio. When the Poissons ratio increases, the
variation range of horizontal displacement is larger than that of
vertical displacement, and the variation range depends on the

incident angle.

5.5 Influence of modulus ratio

The modulus ratio mainly affects the stiffness of the soil layer
in the saturated half-space. The larger the modulus ratio is, the
softer the soil layer is. For this reason, there is a need to study
the effects of the modulus ratio on the displacement reflection
coeflicients and surface displacements. Except for the modulus
ratio, the soil parameters are taken according to Section 5.1. The
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frequency f of the incident plane P,-wave is taken as 100 Hz.
The boundary is completely permeable. The modulus ratio E,,/u =

0.1, 1.0, 10, and 100. Figure 7 depicts

the displacement reflection

coeflicients and surface displacements as a function of incident angle
for the above four values of modulus ratio.
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It can be revealed from Figure 7 that the displacement reflection
coeflicients and surface displacements vary with the modulus ratio.

As can be seen from Figures 7a-c, the displacement reflection

coeflicient of P,-wave (P,- or SV-wave) increases (decreases) with

the increasing modulus ratio at the same incident angle. The
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variation amplitude is related to the incident angle. Moreover,
when the modulus ratio E, /u = 100, the displacement reflection
coefficient of P,-wave increases towards —1.0, and that of
SV-wave reduces to nearly 0, indicating that soft soil mainly
transmits compression waves. All in all, the effect of incident
angle on the reflection coefficients of P, and SV waves
diminishes with the increase of the modulus ratio. Figure 7d
shows us that the horizontal displacement u, decreases with
a rise in modulus ratio, while the vertical displacement u,
is less affected. For E,/u = 100, the peak displacement u,
decreases to 0.063. The extent of influence is decided by the
incident angle.

6 Conclusion

Based on the soil mechanics model in a fluid-saturated
medium, the dispersion equation of elastic waves is established.
When the P,-wave travels toward the free ground of a two-
phase medium, the theoretical formulas of displacement reflection
coeflicient and surface displacement for all reflected waves are also
obtained by combining the boundary conditions. Thereafter, the
analytical expressions mentioned above degenerate to the reflection
problem of a single-phase half-space to verify correctness. At last,
when the boundary conditions, wave frequency, porosity, Poisson’s
ratio, and modulus ratio are taken to be different values, the
variation of the surface response of saturated half-space with the
incident angle of P -wave is numerically analyzed. In light of the
previous discussion, some main conclusions can be summarized
as follows.

(1) The
displacement are angle-dependent. When the incident angle

displacement reflection coefficient and surface
01p equals 0°or 90°, only reflected P, -wave occurs.

(2) The boundary conditions have a certain effect on the surface
response of half-space. The surface displacements in the
impermeable interface are slightly larger than those in the
permeable interface, and the magnitude of the increase is
related to the incident angle.

(3) For all frequencies being considered, its influence on surface
response is insignificant.

(4) The effect of material properties (i.e., porosity, Poisson’s ratio,
and modulus ratio) on the surface response is discussed
in detail. The wave mode conversion will occur when the
porosity n = 0.3, 0.4. The displacement component u,
(u,) decreases (increases) with a rise in Poisson’s ratio.
The effect of the modulus ratio can not be ignored. The
impacts of all soil parameters strongly depend on the
incident angle.

In addition, the conclusions drawn in this paper not only
theoretically reveal that more attention should be paid to the
influence exerted by the incident angle of elastic waves in soil
dynamics research but also have practical engineering significance
for the commonly used seismic reflection wave method and
well-logging data processing in the field of engineering seismic
exploration.
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Appendix

Letq, = 177” +6,andg, = 177" + 9,, then the elements of {F}, {I_?},
Sp_ ,and S, are shown as follows.
p-svly P-sV | ¢
1. The amplitude coefficients of the incident P, -wave

1B = {-(0+ q,B,) (k) - 20(kL ), 201 KL —q,E (K1)’

{F} = {-00+ g, (k) = 20(KL, )", 20kl KL, (1= 8K

2. The amplitude coefficients of all the reflected waves
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dyy dyp dys dyy dyp d
[SP—SV]f =|dy dyp s [SP-SV]f =|dy dy dy s
dy dy  ds dy  dy  dsy
2 2 2 2
dyy = (A +q,E,)(k) +2u(k,) " diy = A+ ,B,) (K5) + 2u(KE. )",
diz = 2yk§k§z;

dy = znukllxkllz’ dy = Zﬂkgxkgz’dﬁ = #((kgc)z - (kfz)z)

dy = ‘11Ew(k11)2’d32 = QzEw(sz)zrdss =0;

dyy = (1-8)K, dyy = (1-8)kR ,dy3 = (1 - 8)KR.
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Nomenclature

Symbols:

E, bulk modulus of pore water (unit: Pa)

K permeability coefficient (unit: m/s)

k dynamic permeability coefficient (unit: m®.s/kg)
n porosity

v Poisson’s ratio

Ay Lame’s constants of solid phase (unit: Pa)

E elastic modulus of the solid phase (unit: Pa)

P pore fluid mass density (unit: Kg/m®)
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solid mass density (unit: Kg/m®)
total density (unit: Kg/m?)

true pore pressure (unit: Pa)
angular frequency

displacement, velocity, and acceleration vectors of the solid

phase (unit: m, m/s, m/s?)

displacement, velocity, and acceleration vectors of fluid phase

(unit: m, m/s, m/s?)
potential functions associated with solid phase

potential functions associated with pore fluid.
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The accurate identification of mining tremors and earthquakes is important for
establishing a comprehensive mining tremor catalog that can aid in providing
regulatory oversight for mining activities. Moreover, using a catalog purely
consisting of earthquakes allows for more advanced seismological studies,
such as active fault delineation, strong earthquake prediction, and stress field
calculations, to be conducted. We focus on the spectral characteristics of
mining tremors and earthquakes. By identifying short-period surface waves
in the given data and utilizing an improved complete ensemble empirical
mode decomposition method with adaptive noise (CEEMDAN) in combination
with long short-term memory (LSTM) networks, we conduct a discriminative
analysis of seismic events in Liaoning, China, and Japan. After completing basic
preprocessing steps for both mining tremors and earthquakes, CEEMDAN is
used to decompose the data into different intrinsic mode functions (IMFs).
The variance contribution rates of the IMFs are extracted as features, which
distinctly identify the short-period surface wave components of mining tremors.
These features are subsequently input into an LSTM model for classification
training, resulting in an accurate classification model. The results demonstrate
that CEEMDAN-LSTM effectively addresses the noise and short-period surface
wave aliasing issues encountered within the modes, yielding significantly
enhanced classification accuracy. The classification success rate has been
significantly improved to 96.5%. Additionally, this study explores the advantages
and limitations of various classification features and models, providing effective
technical support and new perspectives for the automatic identification of
seismic events in the future. This research provides not only an understanding of
the characteristics of mining tremors and earthquakes but also a scientific basis
for earthquake early warning and disaster prevention. This study suggests that
future research can further optimize the model in terms of speed and apply the
model to classify more nonnatural seismic events.

KEYWORDS

mining tremor, complete ensemble empirical mode decomposition with adaptive noise,
earthquake early warning, long short-term memory, wave identification
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1 Introduction

Mining tremors refer to earthquakes caused by geological
structural changes resulting from mining activities such as blasting
and collapses in mines. Mining tremors typically occur in and
around mining areas, especially during large-scale underground
mining operations. On the one hand, using a pure earthquake
catalog can facilitate in-depth seismological research, such as active
fault delineation, strong earthquake prediction, and stress field
calculations. On the other hand, owing to the potential threat of
mining tremors to miner safety and the surrounding environment,
a comprehensive catalog of mining tremors and other nonnatural
seismic events also benefits regulatory activities in the mining sector.
According to the current theories for identifying earthquakes and
mining tremors, earthquakes are primarily tectonic earthquakes that
occur when stress concentrations exceed the elastic limits of rocks,
causing rock fractures and displacements, with the initial P-wave
moving upward within a certain azimuth range and downward in
other azimuths. In contrast, the seismic sources of most mining
tremors mainly impose tension on external media, generating
expansive waves, which are characterized by downward vertical
initial P-waves [1]. There are many differences in geophysics
between natural earthquakes and mining tremors collapses. Natural
earthquakes are caused by crustal plate movements and other
factors. Their seismic wave spectra are wide, with well-developed
surface waves. The hypocenters are deep, and the seismic source
mechanisms are related to plate interactions. The seismic activity has
periodicity, and the changes in the geophysical field cover a wide
range. In contrast, mine-induced seismic collapses are triggered
by the failure and collapse of rock masses caused by mining
activities. Their seismic wave spectra are narrow with prominent
high frequencies, and the hypocenters are shallow. The seismic
source mechanisms are related to the changes in stress of the goaf
and rock masses. Their seismic activities are related to the mining
process, and the changes in the geophysical field are concentrated in
the local area of the mining area, with a relatively small range and
amplitude [1].

Shaet al. [2] classified earthquakes and mining tremors based on
time-domain features such as the direction of the initial P-wave, the
development trends of surface waves, and the P/S wave amplitude
ratio. Feng etal. [1] classified earthquakes based on the direction
of the initial P-wave and amplitude attenuation. Dong etal. [3]
effectively distinguished mining explosions and microseismic events
by selecting the energy, seismic moment, ratio of the longitudinal
and transverse wave energies, corner frequency, and static stress
drop as stable discrimination indicators. Zheng et al. [4] conducted
a time-frequency analysis on mining tremor waveforms via the
S-transform. These multiparameter combined analysis methods
provide different research approaches and techniques for classifying
earthquakes and mining tremors. However, these characteristic
parameters are artificially designed through specific methods,
and their definitions are relatively cumbersome, requiring various
postprocessing methods, making rapid differentiation through
computer programs impossible and indicating that signals cannot

Abbreviations: (CEEMDAN), complete ensemble empirical mode

decomposition with adaptive noise; (LSTM), long short-term memory.
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be automatically distinguished as earthquakes or mining tremors
[5]. Therefore, more scholars have adopted short-period surface
wave classification for earthquakes and mining tremors. Xuesong
etal. [6] proposed that short-period surface waves are distinct
features for distinguishing mining tremors from earthquakes. Bi
etal. [7] used the Hilbert-Huang transform (HHT) to extract the
maximum amplitude corresponding to the mode component period
and the average cepstral value as effective features for distinguishing
earthquakes and mining explosions, and Jinlong et al. [8] used the
HHT in combination with ensemble empirical mode decomposition
(EEMD) to extract surface waves and classify mining tremors and
earthquakes in the Hegang region, reaching an accuracy rate of over
90%. However, the mode mixing problem encountered when EEMD
is used for processing has not been effectively solved. When facing
seismic and mining tremor waveforms in different regions, the
frequency ranges of short-period surface waves and environmental
noise partially overlap, leading to difficulty in terms of effectively
separating surface waves during the decomposition process with
EEMD, resulting in poorer classification effectiveness.

With the advancement of computer technology, artificial
intelligence has been increasingly incorporated into earthquake
event identification research. Ming et al. [9] applied convolutional
neural networks (CNNs) to automatically classify and identify
the aftershock waveforms of the Wenchuan earthquake in the
Beijing-Tianjin-Hebei metropolitan region, achieving training
and detection accuracies exceeding 95%. Mousavi etal. [10]
implemented a precise method for extracting earthquake P-
wave and S-wave phases via the earthquake transformer (EQ
transformer). Zhu etal. [11] successively used support vector
machines (SVMs) and deep CNNs (DCNNG) to accurately estimate
earthquake magnitudes [12], Liu etal. [13] used a generative
adversarial network (GAN) to classify microseismic events and
noise, and Zhou etal. [14] used a CNN model (SW-CNN) to
process waveforms from 2 s before to 5s after the corresponding
P-waves arrive to classify earthquakes, explosions, and mining
tremors. Chen etal. [15] combined the K-means algorithm and
a CNN to classify earthquake waveforms and demonstrated that
the K-CNN model could accurately classify earthquake waveforms
by analyzing synthetic microseismic data with different noise levels
and microseismic field data applications. Abdalzaher etal. [16]
developed a machine learning framework integrating XGBoost
and other classifiers to discriminate between tectonic earthquakes
and quarry blasts, achieving a classification accuracy of 97.21%
based on spatio-magnitude features. In a subsequent study [17],
the authors introduced the 2S1C1S model for real-time seismic
intensity estimation using single-component seismogram data
from the initial 2-s post-P-wave window, demonstrating 99.05%
accuracy. Their most recent work [18] employed an optimized
quadratic discriminant analysis (QDA) model to distinguish small-
magnitude earthquakes (M < 3) from quarry blasts using eight
waveform-derived features, yielding 99.4% classification accuracy.
These methodologies demonstrate substantial improvements over
conventional discriminative approaches, with performance metrics
(RZ, F1-score, MCC) indicating robust generalization capabilities
and practical utility for seismic hazard mitigation. Zhang et al. [19]
employed EEMD and a CNN to classify earthquake signals,
achieving classification results as high as 93.85%. The above studies
have proven that the use of artificial intelligence methods for
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earthquake identification and detection can yield significantly
improved efficiency.

In terms of microseismic event identification, Fan et al. [20]
used wavelet scattering decomposition to identify microseismic
signals in coal mines and noise. Chen etal. [21] proposed
an improved method for identifying microseismic mine events
through a combination of wavelet decomposition and an extreme
learning machine (ELM), successfully distinguishing microseismic
mine events from noise with a success rate of 91.1%. Qin etal.
[22]used modal decomposition and deep learning methods to
predict the evolution trends of microseismic events, demonstrating
good predictive and generalization performance. Gu etal. [23]
employed backpropagation (BP) networks to classify five types of
microseismic signals acquired from rockburst mines, achieving a
classification model accuracy rate of 88.3%. Li [24] proposed a
method for extracting features and classifying microseismic mine
signals on the basis of local mean decomposition (LMD) and pattern
recognition, attaining a classification accuracy rate of 93.0%. These
studies have validated the excellence of deep learning in terms
of identifying seismic events and noise, highlighting the notion
that starting the microseismic event identification process from
the frequency domain can be a more efficient strategy. However,
the current focus in microseismic event identification research
mainly involves classifying noise and mining tremors, with fewer
classification methods developed for distinguishing earthquakes
from mining tremors.

Therefore, this study selects many records of mining tremors and
seismic events to explore a more efficient short-period surface wave
classification method and integrates it with artificial intelligence,
proposing the complete ensemble empirical mode decomposition
with adaptive noise-long short-term memory (CEEMDAN-LSTM)
method. First, on the basis of the developmental characteristics of
short-period surface waves, an improved version of the CEEMDAN
method [25] is used to decompose the input data to obtain a series
of intrinsic mode functions (IMFs), and the variance contribution
rate of each IMF is extracted. By inputting the variance contribution
rates into an LSTM network [26] for training, a corresponding
classification model is obtained. Additionally, compared with
directly inputting waveform data into traditional neural networks
after analyzing the features extracted by CEEMDAN, this model
is validated to have superior classification capabilities. Compared
with traditional EEMD, the CEEMDAN-LSTM model solves the
modal aliasing problem faced when utilizing low-frequency data and
can accurately classify earthquakes and mining tremors, providing
strong technical support for seismological research and practical
applications.

2 Data

The observational data used in this study are obtained from
stations in Liaoning Province, and some seismic data are obtained
from Japan. The employed mining tremor data are all selected
from Liaoning Province between 2013 and 2023, totaling 14,577
records with a magnitude range of 2-4, different epicentral distances,
and source depths ranging from 4 to 50 km. The earthquake data
were acquired from Liaoning Province between 2020 and 2023 and
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include 13,548 records. Additionally, data acquired from the K-
NET of Japan between 2022 and 2023 are selected after performing
screening, totaling 5,329 records with a magnitude range of 3-8,
epicentral distances from 0 to 200 km, and source depths ranging
from 4 to 120 km. The data from Liaoning are velocity records with
a sampling frequency of 100 Hz, whereas the data from Japan are
acceleration records with the same sampling frequency.

Before conducting data processing, the following steps are
implemented for preprocessing [1]: baseline correction [2]; 0.3-Hz
Butterworth high-pass filtering [3]; converting acceleration records
into velocity records via integration [4]; extracting P-wave arrival
times via the STA/LTA method [27] and selecting data from 1 s
before to 100 s after a P-wave arrives as analysis samples; and [5]
normalizing all the data to the same scale. Figure 1 illustrates the
technical roadmap of this paper.

After the above processing steps, this study selects a total of 262
mining tremors, comprising 7,012 records, and 508 earthquakes,
forming 8,610 records, including 3,281 from Liaoning and 5,329
from Japan. The earthquake epicenter distribution is shown in
Figure 2. Figure 3 shows the station map, where the ratio of the
training set to the test set is 8:2. These data are selected to ensure
independence, with data concerning the same earthquake event
obtained from different stations not simultaneously included in
the test and training sets. Initially, earthquake event classification
is performed on the test and training sets, followed by reading
data from each station into the dataset. Figures 4a—c illustrates
the epicentral distance distribution. In theory, the main goal of
this study is to identify the components of short-period surface
waves in waveform data, as their degree of attenuation during
propagation is smaller than that of high-frequency waves. Therefore,
the impact of attenuation on the ability to distinguish earthquakes
from mining tremors is relatively minor. Figures4d,e displays
the magnitude distribution of the data. In contrast, the source
mechanism of earthquakes is relatively complex, consisting of
several small fractures that form the source, each with a certain
process, and occur at greater depths.

3 Materials and methods

The research approach of this article is as follows. First,
CEEMDAN is used to decompose the signals of earthquakes and
mining tremors, the variance contribution rates of the decomposed
IMFs are calculated, and then the features of each IMF are input into
LSTM for learning and obtaining classification results.

3.1 Complete ensemble empirical mode
decomposition with adaptive noise

For analyzing the spectral characteristics of a signal, the
traditional fast Fourier transform (FFT) method is widely used.
However, during the process of transferring a signal from the
time domain to the frequency domain, temporal information is
lost, making it impossible to accurately determine the appearance
and disappearance moments of frequencies. To address this
limitation, time-frequency analysis techniques, which can effectively
track the spectrum changes over time, have been developed.
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Common time-frequency analysis methods include the short-
time Fourier transform (STFT), the Gabor transform, and the
Wigner-Ville distribution, among others. Although these methods
can theoretically handle nonlinear and nonstationary signals,
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limitations remain in practical applications. In contrast with
the aforementioned traditional methods, the HHT completely
eliminates the dependencies on linearity and stationarity, making it
especially suitable for analyzing nonlinear and nonstationary signals
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such as seismic waves. EEMD is an improved version of empirical
mode decomposition (EMD) and is used to decompose nonlinear
and nonstationary signals. EEMD enables the decomposition of a
signal based on the given data themselves rather than predefined
base functions. However, it still faces challenges such as mode
mixing and incomplete mode decomposition. To address this issue,
EEMD introduces a strategy of adding white noise at different
time scales to compensate for potential frequency band losses.
Nonetheless, in practical applications, especially when addressing
signals with similar frequencies, mode mixing is still common.

To further improve upon EEMD, CEEMDAN was proposed.
It is an advanced signal processing technique that is aimed at
decomposing complex signals into simpler components known as
IMFs. CEEMDAN inherits the basic principles of EMD and its
EEMD variant and has been improved to overcome the mode mixing
problem, providing a more robust decomposition method. Through
this method, each step in the signal decomposition process becomes
more precise, effectively reducing the degree of mode mixing and
enhancing the reliability of the conducted analysis. The principle of
this approach is as follows.

Given an original signal x(f), N white noise sequences, {wi(t)}z )
are added to generate N new signal sequences, as in Equation 1:

X0 =x() +w(D),i=1,2,..,N 1)

For each noisy signal x;(t), the following steps are performed to
extract the corresponding IMFs. First, all local maxima and minima
are found, the local maxima are used to interpolate and form the
upper envelope e, (), and the local minima are used to interpolate
and form the lower envelope ¢, (). The means of the upper and
lower envelopes are calculated to obtain m(t), as in Equation 2:

B 1w (t) +e,,(1)
S

The mean envelope is subtracted from the signal to extract a
detail d(t), as in Equation 3:

m(t) (2)

d(t) = x(t) — m(t) (3)

If d(t) satisfies the conditions of an IMF it is taken as an IMF;
otherwise, d(f) is used to replace x(f), and the sifting process is
repeated. After each IMF is extracted, the added noise level is
adaptively adjusted based on the characteristics of the residual signal
(the signal remaining after the IMFs are removed). This process is
repeated on the residual signal using the adjusted noise levels to
extract subsequent IMFs. For each IME the ensemble average is
calculated from all iterations; i.e., the corresponding IMFs obtained
from all noise-added versions of the original signal are averaged.
This step can eliminate the added noise, leaving a more accurate
representation of the intrinsic oscillatory mode. This process is
repeated until the residual signal becomes a monotonic function,
and no more IMFs can be extracted. The final set of IMFs and
the residual represent the complete decomposition result of the
original signal. Variance is defined as the mean of the squares minus
the square of the mean, reflecting the proportion of signal energy
contained in each mode. The variance contribution rate of each
mode a;, [28] is given by Equation 4:

%2_ X 2
= k( ( k) ( 4)

Yo (®-®))
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In this equation, k is the k-th mode, N is the total number of
modes, and x;. is the amplitude of the seismic wave for the k-th mode.

3.2 Construction of the LSTM model

3.2.1 Overview of the LSTM model

Long short-term memory (LSTM), a specialized architecture
of artificial neural networks (ANNs), addresses the limitations of
traditional recurrent neural networks (RNNs) in handling long-
range temporal dependencies by incorporating a memory cell
regulated by three adaptive gates (input, forgetting, output). This
innovation mitigates gradient vanishing/exploding issues inherent
in standard RNNs, enabling precise control over information
retention and forgetting [26]. Compared to feedforward neural
networks (FNNs), LSTM’s temporal memory mechanism and
dynamic gating allow adaptive sequential processing critical for
seismic signal analysis [29]. Recent studies demonstrate its efficacy
in early earthquake warning systems, underground mining tremor
classification, and real-time anomaly detection in sensor networks
[30], highlighting its stability optimization and context-aware
capabilities in geophysical applications. In a classic LSTM model, the
update equations at step ¢ are as follows (Equations 5-10):

iy=o(Wx,+ Uh,_ +b;) (5)
fi=0(Wex,+ U, +b) (6)
0,=a(W,x,+Uyh,_, +b,) (7)

¢ =tanh(W.x, + U.h,_;) (8)

&= 1,0¢,+i,0G 9)
h, = 0,0tanh(c,) (10)

In this equation, 7, is obtained through a linear transformation
of the input x, and the previous hidden layer output #,_,, followed
by an activation function o. The result of the input gate i, is a vector
where each element is a real number between 0 and 1, which is used
to control the amount of information flowing through the gate for
each dimension. The matrices W; and U, and the vector b; are the
parameters of the input gate, which are learned during training. The
forgetting gate f.and the output gate o, are computed similarly, each
with its own parameters W, U and b. Unlike traditional RNNs, in
LSTM, the transition from the state of the previous memory cell ¢,_,
to the current state c, is not solely determined by the state calculated
from the activation function but also jointly controlled by the input
gate and the forgetting gate.

In a trained network, LSTM has the ability to handle sequential
data through its gating mechanism, thus achieving long-term
memory functionality. Specifically, when the input sequence lacks
critical information, the forgetting gate value of the LSTM model
approaches 1, and the input gate value approaches 0, allowing past
memories to be retained. Conversely, when important information
appears in the input sequence, the input gate value increases
to nearly one to store this information in the internal memory
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cell. Furthermore, when the important information in the input
sequence indicates that the prior memory is no longer relevant, the
input gate value increases to nearly 1, whereas the forgetting gate
value decreases to nearly 0. This mechanism clears old memories
and stores new key information. Figure 5 shows the structure of
an LSTM unit.

3.2.2 Model architecture

In this study, we design a neural network architecture consisting
of multiple layers specifically for handling binary classification
problems. The input layer of the network receives sequential data
with 11 time steps. This is followed by two LSTM layers, each
containing 32 LSTM units, which can capture the long-term
dependencies in time series. To reduce overfitting, three dropout
layers are incorporated into the network, with dropout rates of 40%
for the first two layers and an increased dropout rate of 40% for the
final layer before the output layer. Additionally, the network includes
a fully connected layer with 32 neurons, utilizing the rectified
linear unit (ReLU) activation function to enhance the nonlinear
expression capabilities of the model and applying L2 regularization
to further mitigate the risk of overfitting. The final output
layer is a fully connected layer that uses the sigmoid activation
function to output probabilities for the two classes. The model
was trained using the Adam optimizer and binary cross-entropy
loss—specifically designed for binary classification tasks where
outputs are probabilities between 0 and 1. A training-validation
split of 8:2 was applied to ensure robust generalization to unseen
data. The initial learning rate was set to 0.05—a value commonly
adopted in deep learning practice [31]—and dynamically adjusted
using a step scheduler that reduces the learning rate by a factor
of 10 every 10 epochs. This strategy was implemented to balance
rapid convergence during early training and parameter refinement
in later stages, as supported by studies on optimization stability [32].
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Using TensorFlow distributed training, LSTM model parameters are
stored in fragments and multi-node parallel processing is used to
reduce scaling effect when processing large-scale data This network
architecture not only adapts to complex binary classification tasks
but also effectively balances the learning ability and generalizability
of the model.

4 Results

4.1 Decomposition results produced by
CEEMDAN for earthquakes and mining
tremors

In this study, both mining tremors and earthquake signals
are decomposed into 11 IMFs, with these components arranged
in frequency order from high to low across different time scales.
Specifically, IMF1 represents the component with the highest
frequency and the shortest wavelength. As the decomposition
process progresses, the frequency decreases, and the wavelength
increases for each subsequent IMF component until the final
residual component is reached. For mining tremors, short-period
surface wave components can typically be identified in the
fourth or fifth IMF component, whereas these components are
absent from the IMFs of earthquakes, highlighting a significant
distinction between mining tremors and earthquakes. By selecting
two typical records of mining tremors and earthquakes, the
variance contribution rates of different IMF components are
calculated after using CEEMDAN for decomposition purposes and
presented as histograms. Figures 6a,b visually display the prominent
IMF components and their growth trends for mining tremors
and earthquakes, respectively. Additionally, Figure 6¢, d show the
average variance contribution rates of all mining tremor and
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earthquake records processed by CEEMDAN, respectively. The
analysis results indicate that the energy is primarily concentrated
in the initial IMFs for both mining tremors and earthquakes.
However, for mining tremors, a significant variance contribution
rate increase occurs around the fourth IMF component due
to the presence of short-period surface waves, indicating a
higher amplitude and suggesting that surface waves encompass
a major portion of the signal energy. Figures 7, 8 illustrate the
decomposed results obtained for mining tremor and earthquake
signals, with part (a) representing the components of each IMF
for which the presence and separation of surface waves can be
observed, while part (b) displays the Fourier spectral analysis
corresponding to each component, highlighting the dominant
frequency distribution of each IMF component. The waveform
characteristics of mining tremors and earthquakes exhibit noticeable
differences in their time-frequency features. The frequency values
of mining tremors are typically concentrated in the low-frequency
range, indicating a shallow seismic source with developed surface
waves and high energy in the low-frequency band. In contrast,
the frequency values of earthquakes are distributed more widely in
the time-frequency plot, with longer durations and slower decay
processes. This distinction reflects the complexity of the seismic
source mechanism for earthquakes, which comprises multiple small
ruptures, each with a certain duration process, originating from
deeper sources where seismic waves propagate through dense,
hard rock formations, resulting in lower energy losses and higher-
frequency components, leading to longer-lasting waveforms in
the records.

4.2 Comparison between the EEMD and
CEEMDAN methods

Compared with the other methods, CEEMDAN has the
following advantages. First, it is more effective at reducing the
degree of mode mixing, providing clearer and more accurate
mode decomposition results. Second, by adaptively adjusting
the level of noise added, CEEMDAN not only reduces its
computational complexity but also improves its decomposition
efficiency. Moreover, CEEMDAN better controls the impact of
noise during the decomposition process, effectively reducing the
false modes introduced by noise. Finally, the adaptive noise
addition strategy of CEEMDAN provides greater flexibility and
adaptability for handling different types of signals. Figures 9, 10
show that EEMD performs poorly in terms of data mode separation
when the white noise level is low, typically only decomposing 1-
2 IMFs and struggling to accurately identify surface waves. In
contrast, even at low noise levels, CEEMDAN can clearly identify
surface waves in the fifth IMF. When the white noise level is
too high, the EEMD method is affected by the introduction of
too many false modes due to noise, which impacts its ability to
effectively calculate variance contribution rates. Additionally, owing
to the inconsistent surface wave frequencies contained in seismic
waveforms derived from different regions, the ability of EEMD
to separate modes when handling data acquired from different
regions varies, resulting in ineffective surface wave identification
capabilities. In comparison, CEEMDAN, through its improved noise
management scheme and adaptive algorithm, exhibits superior
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mode separation capabilities when handling a large amount of data
obtained from different regions, demonstrating greater generality
and adaptability.

4.3 LSTM results analysis

LSTM evaluates the input data via the following metrics:
accuracy, which is the proportion of correctly predicted samples
out of the total number of samples; the number of true positives
(TP), which is the number of positive cases correctly predicted as
positive; the number of true negatives (TN), which is the number of
negative cases correctly predicted as negative; the number of false
positives (FP), which is the number of negative cases incorrectly
predicted as positive; and the number of false negatives (FN),
which is the number of positive cases incorrectly predicted as
negative, as Equation 11.

TP+ TN
A = 11
U = TP TN+ FP+FN an

Loss: This is the difference between the values predicted by
a model and the true values, which is usually represented as a
numerical value. For this study, the binary cross-entropy loss is used.
N is the number of samples. y, is the true label of sample i. y, is the
predicted probability of sample 7, as Equation 12.

N
Loss ==Y [ log(7) + (1-y)log(1-7)] (1)
i=1

Precision: This is the proportion of correctly predicted positive
samples out of all samples predicted as positive by the model. It is a
metric that measures the accuracy of a model in terms of predicting
positive cases, as Equation 13.

TP
TP+ FP

Recall: This is the proportion of correctly predicted positive
samples out of all actual positive samples. It measures the ability of

Precision = (13)

a model to capture positive cases, as Equation 14.

TP
R = 14
ecall = 75T FN (14)

F1 Score: This is the harmonic mean of precision and recall,
which is used to measure the balance between the precision
and recall of a model. A higher F1 score indicates better model
performance, as Equation 15.

Fl=2x Prec%s%on x Recall (15)
Precision + Recall

After calculating the variance contribution rates of the IMFs
decomposed by CEEMDAN, they are input into a three-layer LSTM
model. The analysis results are shown in Table 1.

During training, the following parameters are selected. The
batch size is 12, representing the number of data instances contained
in each training batch; the number of epochs is 300, indicating
the number of complete passes made by the training data through
the neural network; and early stopping is implemented to halt the
training process when the performance attained on the validation
set does not improve in consecutive epochs or begins to decline.
The accuracy function and loss function results are shown in
Figures 11, 12. (A) shows the ROC curve, and (B) shows the
confusion matrix.
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(a) Histogram of the variance contribution rates for mining tremors. (b) Histogram of the variance contribution rates for earthquakes. (c) Histogram of
the average variance contribution rates for mining tremors. (d) Histogram of the average variance contribution rates for earthquakes.

4.4 Comparisons conducted under
different data and different models

4.4.1 Comparison among the variance
contribution rate inputs of different models

To compare the efficiency of LSTM in terms of classifying
earthquakes and mining tremors via variance contribution rates, this
study selectsa CNN,ViT 2D model and an SVM as baseline methods.
The variance contribution rates obtained from the CEEMDAN
decomposition process are input into the CNN and SVM for
comparison purposes. The ViT-2D (Vision Transformer) model is
mainly composed of three parts: patch + position + cls embedding
layer, Transformer encoder layer and MLP classification layer, full
connection layer [-1,16,128], discard layer and Transformer layer [-
1,16,128]. 17,128], identity mapping layer [-1, 128], normalization
layer [-1, 128], full connection layer [-1,2]. A CNN is a deep
learning algorithm that consists of convolutional layers, pooling
layers, fully connected layers, etc., effectively extracting features
from data; CNNs are widely used in image recognition and video
analysis tasks. An SVM is a supervised learning model used for
data classification and regression analysis. It distinguishes different
data points by finding an optimal hyperplane. An SVM uses kernel
techniques to handle linearly inseparable data and can maintain
high accuracy in situations with small samples. The CNN utilizes
a two-layer network + a fully connected layer, with 16, 32, and 64
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neurons, a convolution kernel size of (2.1), a rate dropout set to 0.5,
and an ReLU activation function. The SVM penalty parameter C
is set to 0.5, and the employed kernel function is the polynomial
kernel. As shown in Table 2 (validation set), LSTM has a significant
advantage in terms of handling these data.

After 500 experiments, the 95% confidence interval of the
model is (0.9583, 0.9717). Assuming the null hypothesis H: the
true accuracy rate of this study 7=0.9 (here, 0.9 is referred to
the literature of Shen Jie [30]), and the alternative hypothesis H;:
the true accuracy rate of this study 7 # 0.9. For a two-sided test,
when the significance level & = 0.05, the critical value z = 1.96. Since
the calculated z = 6.84 > 1.96, we reject the null hypothesis H, and
conclude that there is a significant difference between the accuracy
rate of this study and the assumed benchmark accuracy rate of
0.9. That is to say, the accuracy rate of this study is statistically
significantly higher than 0.9.

4.4.2 Comparison among LSTM and CNN models
with different parameter inputs

To verify the superior identification capability of CEEMDAN,
different data for identifying mining tremors are input into LSTM for
identification purposes, including [1] waveform data from 1 s before
and 3 s after the arrival time of a P-wave [2]; waveform data from 1 s
before and 14 s after the arrival time of the P-wave [3]; the variance
contribution rates of the IMFs decomposed via EEMD; and [4] the
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(a) Various IMF components of mining tremors and (b) their corresponding Fourier spectra.

dominant frequency. The model selection process is similar to that

described above, with accuracy serving as the comparison indicator.

The results, as shown in Table 3, indicate that the success rate
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achieved via CEEMDAN with LSTM is the highest. The accuracy
rate of this study was 96.5%, which was higher than the accuracy rate

of 91% for classification of natural earthquake and mine earthquake
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based on ViT 2D model by Shen Jie [33]. Figure 13 shows the
classification accuracy of different models with different inputs.
From this, it can be clearly seen that ViT-2D can achieve an effect of
91.2% on the data from —1-3 s. However, this is based on the premise
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of more complete preprocessing of the data and the removal of noise.
This step requires a large amount of manual intervention to remove
the unavailable data. On the other hand, for the data screened
by CEEMDAN features, since it acts on the short-period surface
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results produced with the noise level controlled at 0.5.

100 100 100
(@) (b) ()
BN BN BN
L 80 3 80 L 80
o o o
5 5 5
5 60 5 60 5 60
] 2 2
£ £ £
8 40 S 40 8 40
Q [ Q
[v] O [v]
g g g
= 20 = 20 = 20
s s s
0 0 0
12 3 456 7 8 910 123 45678 910 12 3 45678910
IMF component IMF component IMF component
FIGURE 9

Mining tremors. (@) CEEMDAN decomposition diagram. (b) EEMD decomposition results produced with the noise level controlled at 0.01. (c) EEMD
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Earthquakes. (a) CEEMDAN decomposition diagram. (b) EEMD results produced with the noise level controlled at 0.01. (c) EEMD results produced with

TABLE 1 Results obtained on the training and validation sets with LSTM.

Metrics Training set Validation set
Accuracy 96.1% 96.5%

Loss 13.1% 11.0%

Precision 96.1% 98.2%

Recall 97.1% 99.3%

F1 Score 97.1% N/A

waves for identifying mining tremors, after actual measurement,
only simple preprocessing such as baseline calibration and filtering
of the original data is needed to complete the identification of mining
tremors, and it can also actively remove the unavailable data. In
this regard, LSTM has more advantages. The reason is that LSTM
has better advantages in exploring the general temporal sequence

Frontiers in Physics

problems (that is, there is a causal relationship in the development
of the sequence), and the variance contribution rates of IMFs are
sequences with distinct causal relationships between the preceding
and the following. The CEEMDAN-LSTM method has a better
prospect for real-time monitoring and classification.

5 Conclusion and discussion
5.1 Conclusion

This study selected recorded data from different mining tremors
and earthquakes that occurred in the Liaoning region and applied
the CEEMDAN-LSTM method to classify these events, achieving
a high success rate. The following conclusions were drawn from
the research.

Previous studies have provided numerous criteria for
distinguishing between mining tremors and earthquakes, including
the initial directions of P-waves and the dominant frequency.

Utilizing only the initial direction of a P-wave as a discriminant
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(a) Represents the training accuracy function; (b) Rep-resents the training loss function; (c) Represents the Matthews Correlation Coefficient.
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TABLE 2 Comparative results of the four tested models.

Metrics SVM ‘ CNN LSTM ViT-2D
Accuracy 91.3% 93.2% 96.5% 94.2%
Precision 94.7% 95.1% 98.1% 96.7%
Recall 93.1% 95.2% 99.1% 97.1%
Loss 19.7% 17.5% 10.9% 15.1%

indicator makes it difficult to eliminate noise interference in data
with high noise levels; similarly, the dominant frequency overlaps
with the frequencies of noise when processing data derived from
various regions, making it difficult to address the noise interference
issue. The method of identifying short-period surface waves
through CEEMDAN not only resolves the issue of ambiguous
identification criteria but also overcomes the difficulties caused
by overlapping noise and surface wave frequencies, significantly
improving the success rate achieved when classifying earthquakes
and mining tremors.
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Mining tremor records are relatively rare, and previous studies
have focused mostly on analyzing single events. When addressing
a large amount of general, extensive data, the frequency range of
surface waves induced by mining tremors significantly fluctuates and
overlaps with the frequency range of noise. When the EEMD method is
used, effectively separating mining tremor surface waves from noise is
difficult. In comparison, the CEEMDAN method can more effectively
remove noise and accurately identify surface wave frequencies.

5.2 Discussion and future work

This study demonstrates the efficacy of the CEEMDAN-
LSTM model in discriminating mining tremors from tectonic
earthquakes. To advance this framework, several avenues merit
further investigation. First, enhancing computational efficiency of
CEEMDAN decomposition requires integrating advanced spline
interpolation techniques and parallelized GPU acceleration via
CUDA/OpenCL frameworks, as validated in XGBoost-based
seismic classification [16]. This optimization would expedite the
extraction of intrinsic mode functions (IMFs), reducing latency
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TABLE 3 Comparison among the results produced with different inputs.
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Three-layer CNN

1 Second Before and 3 Seconds After a P-Wave 56.7% 58.1% — 91.2%
1 Second Before and 14 Seconds After a P-Wave 69.1% 61.7% — 85.1%
Variance Contribution Rate of EEMD 74.3% 76.7% 73.1% 79.3%
Excellence Frequency 78.15% 78.1% 84.3% 85.1%
Variance Contribution Rate of CEEMDAN 93.2% 96.5% 91.3% 94.2%
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FIGURE 13
shows the classification accuracy of different models with different inputs.

in real-time applications. Second, expanding the dataset scope
to include multi-source seismic records would improve model
generalization, aligning with recent efforts in hybrid data fusion
for earthquake early warning [17].

For feature engineering, integrating machine learning
algorithms—such as support vector machines (SVM) or random
forest (RF)—to exploit CEEMDAN-derived frequency components
can enhance discriminative power.
traditional variance contribution rates with time-frequency metrics

(Teager energy operator, wavelet packet entropy) and domain-

Specifically, combining

specific indices (P/S amplitude ratios) would enable multi-scale
analysis, as demonstrated in hybrid models for microseismic
event classification [23]. Additionally, applying adaptive noise
reduction techniques (Wiener filtering, wavelet thresholding)
during CEEMDAN decomposition could mitigate artifacts from
low signal-to-noise ratio (SNR) datasets, improving the fidelity of
reconstructed waveforms.

To address scalability challenges, distributed GPU computing
frameworks should be adopted to parallelize LSTM training,
enabling linear scaling with dataset size. This approach mirrors
successful implementations in large-scale seismic intensity
estimation [18]. Furthermore, exploring lightweight LSTM variants
(e.g., bidirectional LSTM with attention mechanisms) could balance
temporal modeling capabilities and computational efficiency, as

previously shown in rockburst-prone mine monitoring [23].

Frontiers in Physics

Data availability statement

The Japanese waveform data can be downloaded from http://
NIED K-NET, KiK-net,
Research Institute for Earth Science and Disaster Resilience, doi:
10.17598/NIED.0004. Requests to access the mining seismic data of
Liaoning province should be directed to the corresponding author.

www.kyoshin.bosai.go.jp/. National

Author contributions

CW: Data curation, Writing - original draft. XZ: Formal
analysis, Funding acquisition, Writing - review and editing. WG:
Formal Analysis, Project administration, Writing — original draft.
FW: Data curation, Writing - original draft. JL: Conceptualization,
Data curation, Methodology, Writing - review and editing.
Methodology,
Visualization, Writing - review and editing.

ZY: Formal Analysis, Software, Supervision,

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. This research
was financially supported by the Taishan Industrial Experts

frontiersin.org


https://doi.org/10.3389/fphy.2025.1510629
http://www.kyoshin.bosai.go.jp/
http://www.kyoshin.bosai.go.jp/
https://doi.org/10.17598/NIED.0004
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Wang et al.

Program (NO.tscx202408130), Shandong Energy Group (NO.
SNKJ2023A18-R02).

Conflict of interest

Authors CW, XZ, WG and FW were employed by Yankuang
Energy Group Company Limited.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The authors declare that this study received funding from
Shandong Energy Group. The funder had the following involvement
in the study: data collection and analysis, decision to publish,
preparation of the manuscript.

References

1. Feng W, Zhen L, Bing L, et al. Characteristics analysis of mining tremors, blasts and
(natural) seismic events in Zoucheng area. Seismol Geomagn Obs Res (2013) 34:82-6.
doi:10.3969/j.issn.1003-3246.2013.01/02.016

2. Sha L, Jiansi Y, Baofeng T, et al. Study on the identification of blasts, mine
collapses, and earthquakes in the Capital Region. Acta Seismol Sin (2012) 34:202-14.
d0i:10.3969/j.issn.0253-3782.2012.02.007

3. Dong LJ, Wesseloo ], Potvin Y, Li XB. Discriminant models of blasts and
seismic events in mine seismology. Int ] Rock Mech Min Sci (2016) 86:282-91.
doi:10.1016/j.ijrmms.2016.04.021

4. Jianchang Z, Changpeng X, Jinhua Z, et al. Time—frequency analysis of seismic
waveforms in mining areas based on S-transform. Seismol Geomagn Obs Res (2014)
35:8-14. doi:10.3969/].issn.1003-3246.2014.05/06.002

5. Zhang J, Jiang R, Li B, Xu N. An automatic recognition method of microseismic
signals based on EEMD-SVD and ELM. Comput Geosci (2019) 133:104318.
doi:10.1016/j.cageo.2019.104318

6. Xuesong H, Shiyu L, Ping S, et al. Identification of earthquakes and mining
tremors using wavelet packets. China Earthq (2006) 22:425-34. d0i:10.3969/j.issn.1001-
4683.2006.04.010

7. Bi MX, Huang HM, Bian YJ, Zhou HJ, Chen YY, Zhao J. Study on
seismic signal features extraction based on EMD. Prog Geophys (2012) 27:1890-6.
doi:10.6038/j.issn.1004-2903.2012.05.008

8. Jinlong C, Shujie L, Donghui G, et al. Spectral characteristics analysis of mining
tremors and earthquakes recorded by Hegang Seismic Array. Seismol Geomagn Obs Res
(2020) 41:15-26.

9. Ming Z, Shi C, Dave Y. Waveform classification and seismic recognition
by convolution neural network. Acta Geophys Sin (2019) 62:374-82.
doi:10.6038/cjg2019M0151

10. Mousavi SM, Ellsworth WL, Zhu W, Chuang LY, Beroza GC. Earthquake
transformer-an attentive deep-learning model for simultaneous earthquake detection
and phase picking. Nat Commun (2020) 11:3952. doi:10.1038/s41467-020-17591-w

11. Zhu J, Li S, Song J, Wang Y. Magnitude estimation for earthquake early
warning using a deep convolutional neural network. Front Earth Sci (2021) 9:9.
doi:10.3389/feart.2021.653226

12. Zhu J, Li S, Song J. Magnitude estimation for earthquake early warning with
multiple parameter inputs and a support vector machine. Seismol Res Lett (2021)
93:126-36. doi:10.1785/0220210144

13. Liu H, Li S, Song J. Discrimination between earthquake P waves and
microtremors via a generative adversarial network. Bull Seismol Soc Am (2022)
112:669-79. doi:10.1785/0120210231

14. Zhou Z, Binhua L, Xing J, et al. Study on intelligent recognition of seismic
waveforms based on convolutional neural networks. World Earthq Eng (2023)
39:148-57. doi:10.19994/j.cnki. WEE.2023.0038

15. Chen Y, Zhang G, Bai M, Zu S, Guan Z, Zhang M. Automatic waveform
classification and arrival picking based on convolutional neural network. Earth Space
Sci (2019) 6:1244-61. doi:10.1029/2018EA000466

16. Abdalzaher MS, Krichen M, Fouda MM. Enhancing earthquakes and quarry
blasts discrimination using machine learning based on three seismic parameters. Ain
Shams Eng ] (2024) 15:102925. doi:10.1016/j.asej.2024.102925

Frontiers in Physics

10.3389/fphy.2025.1510629

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All  claims
of the authors and do not necessarily represent those of
their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be

expressed in this article are solely those

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

17. Abdalzaher MS, Soliman MS, Krichen M, Alamro MA, Fouda MM. Employing
machine learning for seismic intensity estimation using a single station for earthquake
early warning. Remote Sens (2024) 16(12):2159. doi:10.3390/rs16122159

18. Abdalzaher MS, Moustafa SSR, Farid W, Salim MM. Enhancing analyst decisions
for seismic source discrimination with an optimized learning model. Geoenvironmental
Disasters (2024) 11:23. doi:10.1186/s40677-024-00284-7

19. Zhang G, Lin C, Chen Y. Convolutional neural networks for microseismic
waveform classification and arrival picking. Geophysics (2020) 85:227-40.
doi:10.1190/ge02019-0267.1

20. Fan X, ChengJ, Wang Y, Li S, Duan J, Wang P. Intelligent recognition of coal mine
microseismic signal based on wavelet scattering decomposition transform. ] China Coal
Soc (2022) 47:2722-31. doi:10.13225/j.cnki.jccs.2021.1382

21. Chen Z, Ding L, Luo H A method for identifying microseismic events in
mines based on improved wavelet decomposition and ELM. ] China Coal Soc (2020)
45:637-48. doi:10.13225/j.cnki.jccs.2020.0373

22. Qin C, Zhao W, Jia H, Gao W, Chen Y, Yu W, et al. Microseismic time series
prediction method in coal mines based on modal decomposition and deep learning.
J China Coal Soc (2024). 1-16. doi:10.13225/j.cnki.jccs.2023.1151

23. GuX, Zhang C, Guo W, et al. Research on the characteristics and identification of
typical microseismic signals in rockburst-prone mines. ] China Coal Soc (2024) 1-19.
doi:10.13225/j.cnki.jecs.2023.1237

24. Li W. Peature extraction and classification method of mine microseismic
signals based on LMD and pattern recognition. ] China Coal Soc (2017) 42:1156-64.
doi:10.13225/j.cnki.jccs.2016.0888

25. Wu Z, Huang N. Ensemble empirical mode decomposition: a noise-
assisted data analysis method. Adv Adapt Data Anal (2009) 01(1):1-41.
doi:10.1142/S1793536909000047

26. Hochreiter S, Schmidhuber J. Long short-term memory. Neural Comput (1997)
9:1735-80. doi:10.1162/nec0.1997.9.8.1735

27. Allen RV. Automatic earthquake recognition and timing from single traces. Bull
Seismol Soc Am (1978) 68:1521-32. doi:10.1785/bssa0680051521

28. Shi R, Yang Z. Feature extraction of multi-rope friction hoist load
information based on improved EMD, ]. China Coal Soc (2014) 39:782-8.
doi:10.13225/j.cnki.jccs.2013.1502

29. Bilal MA, Ji Y, Wang Y, Akhter MP, Yaqub M. An early warning system for
earthquake prediction from seismic data using batch normalized graph convolutional
neural network with attention mechanism (BNGCNNATT). Sensors (Basel) (2022)
22:6482. d0i:10.3390/522176482

30. Zhang X, Zhang M, Tian X. Real-time earthquake early warning with deep
learning: application to the 2016 M 6.0 central Apennines, Italy earthquake. Geophys
Res Lett (2021) 48:e2020GL089394. doi:10.1029/2020GL089394

31. Kingma DP, Ba JL. Adam: a method for stochastic optimization. arXiv preprint
arXiv:1412.6980. (2015)

32. Loshchilov I, Hutter E SGDW: stochastic gradient descent with warm restarts. In:
International conference on learning representations (2016).

33. Shen J. Classification of natural
on deep learning [D]. Inst Eng Mech China Earthquake Adm
doi:10.13197/j.eeed.2024.0502

and unnatural earthquakes based
(2024).

frontiersin.org


https://doi.org/10.3389/fphy.2025.1510629
https://doi.org/10.3969/j.issn.1003-3246.2013.01/02.016
https://doi.org/10.3969/j.issn.0253-3782.2012.02.007
https://doi.org/10.1016/j.ijrmms.2016.04.021
https://doi.org/10.3969/j.issn.1003-3246.2014.05/06.002
https://doi.org/10.1016/j.cageo.2019.104318
https://doi.org/10.3969/j.issn.1001-4683.2006.04.010
https://doi.org/10.3969/j.issn.1001-4683.2006.04.010
https://doi.org/10.6038/j.issn.1004-2903.2012.05.008
https://doi.org/10.6038/cjg2019M0151
https://doi.org/10.1038/s41467-020-17591-w
https://doi.org/10.3389/feart.2021.653226
https://doi.org/10.1785/0220210144
https://doi.org/10.1785/0120210231
https://doi.org/10.19994/j.cnki.WEE.2023.0038
https://doi.org/10.1029/2018EA000466
https://doi.org/10.1016/j.asej.2024.102925
https://doi.org/10.3390/rs16122159
https://doi.org/10.1186/s40677-024-00284-7
https://doi.org/10.1190/geo2019-0267.1
https://doi.org/10.13225/j.cnki.jccs.2021.1382
https://doi.org/10.13225/j.cnki.jccs.2020.0373
https://doi.org/10.13225/j.cnki.jccs.2023.1151
https://doi.org/10.13225/j.cnki.jccs.2023.1237
https://doi.org/10.13225/j.cnki.jccs.2016.0888
https://doi.org/10.1142/S1793536909000047
https://doi.org/10.1162/neco.1997.9.8.1735
https://doi.org/10.1785/bssa0680051521
https://doi.org/10.13225/j.cnki.jccs.2013.1502
https://doi.org/10.3390/s22176482
https://doi.org/10.1029/2020GL089394
https://doi.org/10.13197/j.eeed.2024.0502
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Frontiers In
Physics

Investigates complex questions in physics to
understand the nature of the physical world

Addresses the biggest questions in physics,
from macro to micro, and from theoretical to
experimental and applied physics.

Discover the latest
Research Topics & trontiers

Frontiers in

Physics

Frontiers

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

+41(0)21 510 17 00
frontiersin.org/about/contact

& frontiers | Research Topics



https://www.frontiersin.org/journals/physics/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT
	Wave propagation in complex environments, volume II

	Table of contents

	Research on the prediction method of wing structure noise based on the combination of conditional generative adversarial ne ...
	1 Introduction
	2 Conditional generation adversarial neural network theory
	2.1 Generate adversarial neural networks
	2.2 Conditional generation adversarial neural network

	3 Acoustic boundary element method
	4 Numerical examples
	4.1 The wing structural vibration and noise prediction model based on BEM-CGAN
	4.2 Interference noise prediction model for wing vortex with CAA-CGAN
	4.3 Regarding the prediction of the velocity profile of a propeller wake

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Acoustic analysis of a three-dimensional cylindrical shell model under electromagnetic vibration
	1 Introduction
	2 Analytical solution of sound pressure in a cylindrical shell model for external acoustic analysis
	3 Numerical analysis of sound pressure in three-dimensional external acoustic analysis
	4 Numerical example
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Design and thermal performance analysis of self-insulation concrete compound blocks

	A reduced-order boundary element method for two-dimensional acoustic scattering

	Torsional vibration of a static drill-rooted nodular pile embedded in elastic media

	Double array system identification research based on LSTM neural network

	Study on the performance of pervious concrete under freeze–thaw cycle based on PFC3D

	Acoustic interaction of submerged thin-shell structures considering seabed reflection effects 
	Frequency domain estimation method of the characteristic period of the P wave of earthquakes

	Research on noise prediction methods for sound barriers based on the integration of conditional generative adversarial networks and numerical methods

	Reflection of P1-wave incident obliquely at the free surface of a fluid-saturated half-space: a comprehensive study via the model of soil mechanics

	Accurate earthquake and mining tremor identification via a CEEMDAN-LSTM framework

	Back Cover



