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Abstract. The anti-explosion ability of ship grillage structure is an important index to evaluate
the vitality of ships. Its model test is a low-cost and effective method to evaluate the vitality of
ships and guide the design of ship anti impact structures. In view of the nonlinear and non-
stationary process of underwater explosion damage to ship grillage, this paper breaks through
the nonlinear effect of transient explosion impact that is not considered in the traditional scale
model design, focuses on the one-dimensional nonlinear impact response of ship grillage
structure, and carries out the characterization study of the similarity between model experiments
and real ships. Considering that the vertical motion of the prototype and the model grillage
structure in the model test obey the random walking model, the vertical impact response of the
deck grillage is characterized as one-dimensional nonlinear non-stationary Brownian motion,
which is described by Hurst index. Based on the classical similarity law, the similarity
transformation relationship between the range R and the mean square deviation S is derived,
and the Hurst index of the model and the prototype meets the equal relationship; Take a section
of grillage structure on a real ship and conduct prototype, 1/2, 1/3, 1/4 and 1/5 one-dimensional
nonlinear explosion impact scale simulation tests respectively. The numerical response results
show obvious nonlinear characteristics, and the Hurst index of displacement, velocity and
acceleration response of the model within the pulse width range is less than 5% compared with
the prototype. According to the scale invariance of fractional Brownian motion, the similarity
conversion relationship of multiple parameters (displacement, velocity, acceleration and mean
square response) is obtained. With the mean square response as the characteristic parameter,
the response value of the prototype is converted through this relationship, and compared with
the model simulation results, the multi parameter response error under each scale ratio is less
than 20%. It provides theoretical and technical support for conducting similar experiments on
nonlinear response of underwater explosion shock of ships.

1 INTRODUCTION

As competition for naval equipment intensifies among countries, nations around the world
are striving to develop advanced underwater weapons with high speed, large capacity, and
precision guidance, which pose a great threat to the vitality and combat effectiveness of ships.
Conducting theoretical and experimental research on the destruction mechanism and impact
response of ship structures and scaled models under different underwater explosion loads is
critical for improving the anti-explosion and anti-impact performance of ships. Based on
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experimental data, designing ship structures with targeted approaches is an important means to
comprehensively enhance the protection and weapon systems of ships, providing guarantees
for the strategic position of China's navy in safeguarding its maritime interests in the future.

Conducting full-scale ship tests is expensive and time-consuming. Therefore, in
experimental design, small-scale model experiments are used to predict the impact response of
full-scale structures, reducing economic costs, shortening experimental cycles, simplifying
experimental environments, etc. The similarity method is widely used in the field of impact
dynamics. Underwater explosion shock waves have high peak values and short pulse widths[1-
3], which can cause serious damage to ship structures. How to use the similarity method to
accurately predict the dynamic response of structures under the action of underwater explosion
shock waves has always been a hot topic of concern for scholars around the world[4-6].

Researchers have conducted a significant amount of research on the similarity problem in
the field of underwater explosion shock response. Cheng Suqiu et al.[7] used dimensional
analysis to derive an empirical formula for underwater explosions that is similar to Cole's law,
and ultimately verified the accuracy of this similarity rule through preliminary experiments.
Zheng Changyun et al.[8], Zhang Quan[9], Han Lu[10], Cao Yu[11]and others have also used
numerical simulation methods (including similarity theory analysis, © theorem derivation, etc.)
to verify that the shock response characteristics of the prototype and model structures when
subjected to underwater explosions are basically the same for different target objectives. The
aforementioned scholars only considered linear features, and few scholars considered nonlinear
features. Wang Peng[12] believed that there are theoretical defects in classical similarity theory
in the nonlinear field, and considered nonlinear similarity when deducing the similarity
relationship between the prototype and model. Pei et al.[13] considered nonlinear factors such
as the slender ratio of plate-to-plate and the flexibility coefficient of reinforced ribs, and verified
that the response of the model in both linear and nonlinear stages can be effectively equivalent
to the prototype. Cheng Ruiqi et al.[14] proposed a similarity conversion method between the
model and the prototype based on the shear nonlinear feature parameters of the plate-frame and
verified the effectiveness of this shear nonlinear similarity method. Wu Youjun et al.[15]
conducted an equivalent scaling of a double-shell cabin section, considering non-linear factors
such as the material's ultimate strength. Through numerical simulations and experiments, they
verified that the midship bending moment limit of the model can be converted to the actual ship
cabin section.

Hurst exponent is an important parameter for describing the nonlinear characteristics of time
series, and has been widely used in fields such as nonlinear behavior and nonlinear self-
similarity. Scarlat et al.[16] studied the nonlinear similarity law and explored the nonlinear self-
similarity characteristics of daily exchange rate time series based on the Hurst exponent.
Similarly, Hu et al.[17] introduced the concept of fractals and studied the dynamics and
behavior of nonlinear financial time series in the Russian market based on the Hurst exponent.
Liu Y, Liu XL, Huang XM, etc.[18-20] studied the nonlinear similarity rule based on the Hurst
exponent in the areas of energy consumption, artificial DNA sequences, mathematical
Fibonacci sequences, etc., which laid a foundation for using the Hurst exponent in the study of
nonlinear shock response similarity rules. When the ship structure is subjected to underwater
explosion shock load, the shock wave and the ship structure interact with each other, and the
ship structure receives a huge shock load in a very short period of time, which is a complex
nonlinear dynamic response process and belongs to a strong nonlinear problem. Currently,
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when considering underwater explosion model testing, the design is mainly based on the
similarity criteria derived from dimensional analysis, but the influence of nonlinear factors is
not considered in this process. With the development of the discipline, in order to further
understand the underwater explosion process, it is necessary to analyze the nonlinear problems
in it and also to find a method for converting model results into prototype results considering
nonlinear factors in the design process of model testing. In this paper, taking the response of
ship plate-frame structures under underwater explosion load as the research object, the
nonlinear shock response similarity rules are derived, summarized and induced, and a similarity
conversion rule applicable to explosion shock nonlinear systems is proposed.

2 HURST INDEX FOR SIMILAR SYSTEMS

2.1 Nonlinear characteristics of plate frame structure response under explosion load

Under the impact load of underwater explosion, the ship impact environment has the
characteristics of nonlinear transient motion response, and the non-stationary random
characteristics are very obvious[14]. Harold Edwin Hurst (H. E. Hurst), a famous hydrologist,
proposed a new statistical parameter, the Hurst exponent, when studying the nonlinear random
fluctuation laws of water level. The value of the Hurst exponent corresponds to the correlation
of the time-domain trend, and this exponent can characterize one-dimensional nonlinear non-
stationary Brownian motion, that is, the vertical impact response of the deck frame[21-26]. As
the value of H approaches 0.5, the sequence is a standard random walk sequence, and events
are completely independent, indicating that past increments and future increments are
uncorrelated, i.e., the nonlinearity of the system[27]. Therefore, the Hurst exponent can be used
to characterize the nonlinear characteristics of the one-dimensional impact response of the
elastic deformation of the plate-frame structure.

2.2 Hearst index theory derivation of similar systems

For a model, if the scaling ratio is #="L, where land L are the dimensions of any
corresponding structures of the model and prototype, respectively, then all parameters of the
model and prototype satisfy the classical similarity law, as shown in Equation (1):

Xmax =ﬂ'xmax
Xmin :lx
X(t) =X (T,)

(x)=2(X;) L

f=1F
A

t=AT

min

In the equation: Xiax and Xmex represent the maximum displacement responses of the model

and the prototype, respectively; Xuin and Xmin represent the minimum displacement responses

of the model and the prototype, respectively; X(Ti), X(ti),<xi>,<xi> F, P T andt represent
the corresponding vertical response, average response, sampling frequency, and sampling time
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of the model and the prototype at a certain moment.

For both the model and the prototype, there is an initial moment t=T =0 Then, the range
and mean square deviation of the model and the prototype satisfy the following similarity
conversion relationship:

R= Xmax _Xmin

1
_E[Xmax_xmin] (2)
_1p

A

3 ) 12
> [i’lx(t)—/”t*(xn)} } 3

In the equation, R represents the range of the prototype; S represents the mean square
deviation of the prototype; R represents the range of the model; S represents the mean square
deviation of the model; 7 represents the total duration of the action.

Substituting equations (2) and (3) into the Hurst empirical formula, we get:
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In the formula, H and H represent the Hurst exponent of the prototype and model,

respectively.
From equation (5), it can be inferred that in a similar system, the Hurst exponent of both the

model and prototype must remain equal, that is H = H .

That is:

2.3 Hurst exponential verification based on complete geometric similarity model

To verify the theoretical derivation of the equation above, a scaled-down simulation
experiment was conducted on a section of a deck frame taken from a certain ship. The ship deck
frame model is shown in Figure 1, with dimensions of 18m*17.4m*0.02m (corresponding to
the size of a cargo hold on the actual ship). Reinforcement ribs are arranged along both the
horizontal and vertical directions of the deck frame, with T-shaped sections[28-31].
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Figure 1: Hull frame model

To perform the calculations, the dimensions of the deck frame, reinforcement rib dimensions,
explosive charge radius, stand-off distance, and simulation time were scaled down according to
the scaling ratio A (dimensionless scaling relationship is described in [32]). Table 1 shows the
details of five different conditions. According to the classification of underwater explosion
types mentioned in literature [9], all conditions set in this experiment are classified as far-field
explosions, which means that the deck frame structure only needs to withstand the shock wave
load. The simulation experiment was carried out based on Abaqus finite element simulation
software. The mesh was divided into a total of 9,264 nodes and 9,640 elements for the ship's
deck frame model, with the mesh distribution shown in Figure 1. To ensure that the calculation
results are not affected by the number of meshes, the number of meshes was kept consistent for
each scaling ratio. Similarly, the water domain (medium for transmitting impact load) was set
up with a total of 97,794 nodes and 552,113 elements. The water domain was assumed to be a
semi-spherical solid with a diameter of 90m. The center of the upper surface of the water
domain was set as the origin with the z-axis pointing vertically upwards and away from the
upper surface of the water domain. The explosive charge was set at the corresponding position
on the positive z-axis. The water domain structure is shown in Figure 2.

Table 1: Hull plate frame scaling simulation test conditions

Equivalent Detonation

Model Side length/m  Plate thickness/m Stiffener size weight/kg distance/m Calculation time/s
0.012x0.05
Prototype 18*17.4 0.02 Wiozs 500 30 1

0.06 x0.025

A=112 9*8.7 0.01 m 62.5 15 0.5

A=113 6*5.8 0.0067 % 185 10 0.33
0.03x0.0125

A=1/4 4.5*4.35 0.005 m 7.8125 7.5 0.25
0.0024 x0.01

A=15 36348 0.004 Wﬁo.os 4 6 0.2
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Figure 2: Page layout
The material properties of the deck frame structure and water domain are set as shown in
Table 2.

Table 2: Material properties

Component Parameter Numerical value
Buckling modulus (N/m3 2.14X10°
Water area
Density (kg / m?) 1025
Young's modulus (Pa) 2.1x10%
Plate-frame construction ——
(Steel) Poisson's ratio 0.3
Density (kg / m?) 7850

The calculation time for the prototype condition is set to 1 second, with a sampling frequency
of 100 kHz, resulting in a total of 1,000,000 data points in the response curve. To ensure that
the number of sampled data points is consistent and eliminate the influence of the difference in
the number of sampled data points on the Hurst exponent, the sampling frequency for the
condition with a scaling ratio of 1/2 is adjusted to 200 kHz, resulting in 1,000,000 data points
as well. The sampling frequency is also adjusted for other scaling ratio conditions to ensure that
there are 1,000,000 data points within the calculation time period[33-36]. The shock wave load
from underwater explosions exhibits strong nonlinearity within the pulse width[37-40].
Therefore, the Hurst exponent of displacement, velocity, and acceleration during the shock
wave pulse width was calculated for each scaling ratio condition. Table 3 shows the pulse width
of the shock wave for the prototype and each scaling ratio condition (extracted result in the z
direction from the origin), as well as the results of the Hurst exponent calculation. The changes
in displacement, velocity, and acceleration values for each model during the shock wave pulse

width are shown in Figure 3.
Table 3: Statistics of Hurst exponents for similar models at different scales

) Shock wave pulse Displacement Speed Acceleration
Scaling width : : : : - -
ratio Hurstindex  Error with ~ Hurstindex  Errorwith ~ Hurstindex  Error with
Cus) value prototype value prototype value prototype
Prototype 24 0.698786 — 0.711439 — 0.626169 —
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A=1/2 12 0.689262 -1.36% 0.74665 4.95% 0.615858 -1.65%
A=1/3 8 0.692606 -0.88% 0.70909 -0.33% 0.635037 1.42%
A=1/4 6 0.68715 -1.67% 0.707745 -0.52% 0.65439 4.51%
A=1/5 4.8 0.696839 -0.28% 0.714675 0.45% 0.648963 3.64%

From the table, it can be seen that in the conditions designed based on complete geometric
similarity models, the Hurst exponent errors of displacement, velocity, and acceleration
response for the model and prototype are all less than 5%, which can be considered
approximately equal. Therefore, for similar systems, the Hurst exponent of the shock response
of the model and prototype is approximately equal, and the Hurst exponent is around 0.7,
indicating non-linear characteristics, with more obvious non-linear features in acceleration. The
displacement, velocity, and acceleration results over the entire calculation period are shown in
Figure 4.
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Figure 3: Calculation result curve of different scaling ratio within the impact pulse width
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Figure 4: Calculation result curve of different scaling ratio within the impact pulse width

3 NONLINEAR MOTION SIMILARITY TRANSFORMATION BASED ON HURST
INDEX

3.1 Derivation of nonlinear motion similar transformation

If only the vertical impact response of the ship's deck frame is considered, the ship's impact
environment can be simplified as a non-linear and non-stationary Brownian motion[41]. This

means that the prototype deck frame structure's vertical motion is represented by X (t), and the

model deck frame structure's vertical motion is represented by x(t), both following a random

walk model. If the prototype and model fully satisfy geometric similarity, under the condition
that the explosion distance and charge quantity satisfy traditional similarity, the working
conditions meet the conditions of similar excitation load and similar boundary conditions (This
means that the boundary motion conditions are similar and the displacement and velocity satisfy
the similarity law.) Therefore, we should have:

x(t)=AX(T) (6)
Assuming x, = x(t,), X, = X (T;)(i=0,1,2,...,N), we can obtain from equation(6):
X, = AX; ()

Equation (7) is derived from the motion similarity law based on geometric similarity, i.e.,
scaling ratio. However, in practical engineering, due to the nonlinear characteristics of the
dynamic response of the plate frame, the excitation load and boundary conditions of the
prototype and model of a certain position show uncertainty. Therefore, for the complex plate-
frame structure of a ship, the motion similarity between equations (6) and (7) is difficult to
guarantee consistency.

According to the scale invariance (self-similarity) of fractional Brownian motion[42], we
can obtain:

Yi = A" X (8)
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t=A"T ©)
The mean square response <X2> of the model motion is:

7 (10)

In the formula, p(X)=p(x,7,), Y isthe step size of the model's random walk, 7, is the time
used for N steps and assumed to be constant. When z, takes a certain value, the corresponding

mean square response of the prototype <Y 2> is:

<Y2>=Tyzp(y)dy=T(z“x;p(,wx),wdx (11)

In the derivation of the above equation, the self-similarity of fractional Brownian motion is
used.

p(2"x)=2"p(x) (12)

We can obtain from equation (11):

SOy =2 i) (13)

Comparing equations (7) and (13), we can notice that in the classical similarity law, Yy =4X,
while in the fractional Brownian motion similarity law, y ~ , /<Y2>, X~ /<X 2> , y=A"x there

are significant differences between the two. Substituting A =1/L into both similarity laws,
for the classical similarity law:

27

For the fractional Brownian motion similarity law:
() =2 ) =(£] i)
AT L

Taking the derivative of the discrete displacement response with respect to time, we obtain:

(15)

10
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(B G0 @)

dt  d(A"T) dT

In the formula, U is the velocity response of the model, V is the velocity response of the
prototype; similarly:

1 17)

a=F
In the formula, ais the acceleration response of the model, and A is the acceleration
response of the prototype.

3.2 Transformation of displacement response

The nonlinear motion similarity transformation relationship derived in this section is verified
by using the similar model conditions discussed in the previous section. The central measuring
point of the structure is selected, and the mean square response of the displacement is calculated
as shown in Figure 5. The statistical results of the mean square displacement response of both
the prototype and the model are shown in Table 4. From Figure 6 and Table 4, it can be seen
that the use of fractional Brownian motion similarity law has a good similarity transformation
for mean square response of displacement. The error between the prototype and model is less
than 10% when the last data point of the mean square response of the impulse load in the
prototype and model is used for calculation.
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(a) Model and Prototype Raw Data (b) Model and prototype converted data
Figure 5: Calculation result curves of different scales of hull plate frame after similar treatment

To ensure the correspondence of time between the model and prototype, and to exclude the
influence of excessively small mean square response values, we take the last data point of the

mean square response of the prototype and model to calculate the error between them.
Table 4: Prototype and Model Displacement Mean Square Response Results Statistics

40000 60000

Scale ratio Prototype mm Theo;)rtlr?;rﬁlo\ézg:ues ZI/ A The troa}ntsrl:grr;ngge\llalues Error%
A=1/2 0.005618 0.004540 1.612458 0.005386 -4.32%
A=1/3 0.005618 0.002596 2.155164 0.005207 -7.90%
A=1/4 0.005618 0.002112 2.59242 0.006175 9.02%
A=1/5 0.005618 0.001817 3.069514 0.006191 9.26%

11
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3.3 Transformation of Velocity and Acceleration Response

According to the similarity formula mentioned earlier, it can be seen that the velocity of the
scaled model is equal to the velocity of the prototype. The statistical results of mean square
response of velocity and acceleration of the prototype and model are shown in Tables 5 and 6,

respectively.
Table 5: Prototype and Model velocity Mean Square Response Results Statistics

Scale ratio Prototype mm/s Model Error %
A=1/2 67.46801 67.46801 -2.31%
A=1/3 67.46801 65.90623 -7.10%
A=1/4 67.46801 62.68012 -12.41%
A=1/5 67.46801 59.09498 -14.14%

Table 6: Prototype and Model Acceleration Mean Square Response Results Statistics
The original values The transformed

Scale ratio Prototype mm/s? of the model A values of the model Error %
A=1/2 516015.6 864604.3 0.652542 564190.6 9.34%
A=1/3 516015.6 1158146 0.494582 572798.3 11.00%
A=1/4 516015.6 1455217 0.403662 587415.6 13.84%
A=1/5 516015.6 1715446 0.35188 603631.1 16.98%

According to Table 6, the error of mean square response of velocity between prototype and
model is less than 15%. From Table 6, it can be seen that the use of fractional Brownian motion
similarity law has a very good similarity transformation for mean square response of
acceleration when the scale ratio is 1/2. The error between the prototype and model is less than
10%, and under other scale ratios, the error exceeds 10% but is still less than 20%. Comparing
the mean square response errors of each parameter, it can be seen that as the scale ratio increases,
the error also increases accordingly. This is because in the similarity transformation, the
approximate relationship ignores some factors between the prototype and the model, and the
larger the difference in size between the prototype and the model, the more distorted the
approximate relationship becomes, which is also in line with the general rules of similarity
model experiments. Through the analysis of this nonlinear similarity transformation law, it can
be known that when designing model tests, setting the scale ratio within 1/5 can achieve
relatively good similarity transformation results.

4 SUMMARY

4.1 Main headings

In order to solve the problem that the nonlinear characteristics of the response of the plat
frame structure were not considered in the design of ship structural damage model test under
traditional explosion load, a similar transformation relationship between the model and
prototype was established by means of nonlinear non-stationary Brownian motion analysis
combined with Hurst index. Based on Hearst's empirical formula, the equality relationship
between the model and the original Hearst exponent is verified, and the transformation
relationship of y,=4"x is obtained according to the scale invariance (self-similarity) of
fractional Brownian motion. The simulation and prediction test of shrinkage of a real ship under
waterline frame was carried out. The results show that the Hurst index of displacement, velocity
and acceleration of the similar model under different shrinkage scales is about 0.7, and the error

12
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of the Hurst index of each parameter response between the model and prototype is less than 5%.
According to the conversion relationship between the prototype and the model displacement
mean square response results, the mean square response values of the model results after
conversion to the prototype are obtained, and the errors between the prototype and the model
are less than 10%. Meanwhile, the mean square response error of prototype and model velocity
is less than 15%, and the mean square response error of prototype and model acceleration is
less than 20%.

PROJECT SUPPORT

Project support: National Natural Science Foundation of China: 12172100;

Harbin Engineering University Doctoral Research and Innovation Fund: 3072022G1P0701;
Construction Fund for Discipline Majors in the School of Mechanical and Electrical
Engineering, Harbin Engineering University: XK20700210

REFERENCES

[1] CASABURO A, PETRONE G, FRANCO F, et al. A review of similitude methods for structural engineering
[J]. Applied Mechanics Reviews, 2019, 71(3): 030802. DOI: 10.1115/1.4043787.

[2] COUTINHO C P, BAPTISTA A J, RODRIGUES J D. Reduced scale models based on similitude theory: a
review up to 2015 [J]. Engineering Structures, 2016, 119: 81-94. DOI: 10.1016/j.engstruct.2016.04.016.

[3] JONES N. Structural impact [M]. 2nd ed. New York: Cambridge University Press, 2011.

[4] Yang Junjie. Similarity Theory and Structural Model Test [M]. Wuhan University of Technology Press, 2005.

[5] Mou lJinlei, Zhu Xi, Zhang Zhenhua, et al. Experimental Study on Deformation and Cracking of Reinforced
Plates under Underwater Explosion Load [J]. Journal of Vibration and Shock, 2008 (01): 57-60.

[6] Hung C F, Hsu P Y, Hwang J J. Elastic shock response of an air-backed plate to underwater explosion[J].
International Journal of Impact Engineering, 2005, 31(2): 151-168.

[7] Cheng Sugiu, Ning Yongcheng, Zhang Chen, et al. Application of similarity Theory in underwater explosion
model test [J]. Ship Science and Technology, 2008(03): 95-100.

[8] Zheng Changyun, Zhao Pengyuan. Important application value of similarity theory in shock wave load of
underwater explosion [J]. Value Engineering, 2012, 31(25): 295-296.

[9] Zhang Quan. Research on Damage Similarity of Stiffened Plate under Underwater Explosion Load [D].
Wuhan University of Technology, 2020.

[10] Han Lu. Study on Impact Dynamics Model of a Large Marine Gas Turbine Support Structure [D]. Shenyang
University of Technology, 2019.

[11] Cao Yu. Study on Similarity of Underwater Explosion Impact Environment [D]. Harbin Engineering
University, 2007.

[12] Wang Peng. Nonlinear Similar Design of High Slenderness Ratio Truss Boom [D]. Dalian University of
Technology, 2016.

[13] Pei Z, Wu W, Wu H. Ultimate strength research on river-sea-going ship with large hatch opening[J].
International Society of Offshore and Polar Engineers, 2014.

[14] Cheng Ruigi, Zhu Siyu, Deng Hui, et al. Study on nonlinear similarity Method of Ultimate strength Model
Test [J]. Journal of Wuhan University of Technology (Transportation Science and Engineering), 2020,
44(01): 195-200.

[15] Wu Youjun, Wan Qi, Guo lJianjie, et al. Experimental study on ultimate strength of double hull cabin model
[J]. Journal of Wuhan University of Technology (Transportation Science and Engineering), 2018, 42(06):

13



Jiugiang Wang, Dongyan Shi, Xiongliang Yao and Zhikai Wang

[16]

[17]

(18]

[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]

[27]
(28]
[29]

[30]

[31]

[32]

[33]

[34]

1019-1023.

Scarlat El, Stan C, Cristescu CP. Self-similar characteristics of the currency exchange rate in an economy
in transition[J]. PHYSICA A-STATISTICAL MECHANICS AND ITS APPLICATIONS, 2007, 1(379):
188-198.

Laktyunkin A, Potapov A A. The Hurst Exponent Application in the Fractal Analysis of the Russian Stock
Market[M]. 2019.

Liu Y, Tang J, Wang J, et al. Fractional analytics hidden in complex industrial time series data: a case study
on supermarket energy use[C]// 2019 1st International Conference on Industrial Artificial Intelligence (1Al).
IEEE, 2019.

Liu X L, Liang L W, Xu H, et al. Correlation property and electronic transfer property of Cantor-styled
artificial DNA sequence[J]. Acta Physica Sinica, 2011, 60(7):1729-1736.

Changsha, Changsha, China. The statistical properties and electronic transfer coefficients of Fibonacci
sequence[J]. Acta Physica Sinica -Chinese Edition-, 2010, 59(6):4202-4210.

Cao W, Hao Z, Zhang Z. Optimal Strong Convergence of Finite Element Methods for One-Dimensional
Stochastic Elliptic Equations with Fractional Noise[J]. Journal of Scientific Computing, 2022, 91(1).
Raeiy M B. Modeling the Effect of Privatization on Behavior of Hurst Exponent Using Stochastic
Catastrophe Theory[J]. International Journal of Modern Physics C, 2010, 21(5):583-592.

Yirong H, Yi L. A new combined approach on Hurst exponent estimate and its applications in realized
volatility[J]. Physica A: Statistical Mechanics and its Applications, 2017: S0378437117311524.

Hinojosa M, Morales E I, Mohamed N. Self-Affine Analysis of Fractures Surfaces of an Aluminum Alloy
Using Fractographic Techniques[J]. Materials Science Forum, 2007, 560:91-96.

Junsong, Liang, Dakai, et al. Impact localization for composite plate based on detrended fluctuation analysis
and centroid localization algorithm using FBG sensors.

Lyapunova E A, Petrova A N, Brodova | G, et al. Morphology of multiscale defect structures and plastic
strain localization during impact perforation of A6061 alloy targets[J]. Technical Physics Letters, 2012,
38(1):6-8.

Yu Qiong, Tian Xian. Nonlinear time series Prediction Algorithm based on combinatorial model [J].
Computer Engineering and Science,2021,43(10):1817-1825. (in Chinese)

Rizov V. Local crushing of HCP100 structural foam due to low-velocity impact[J]. Marine Structures, 2008,
21(1):47-58.

Zo A, Emm B, Unger R S, et al. Enhancing the Structural Competency of Nurses Through Standardized
Patient Simulation. 2022.

Marcolino A, Porto W F, Allan S Pires, et al. Structural impact analysis of missense SNPs present in the
uroguanylin gene by long-term molecular dynamics simulations[J]. Journal of Theoretical Biology, 2016,
410:9-17.

Aghl P P, Naito C J, Riggs H R. Effect of nonstructural mass on debris impact demands: Experimental and
simulation studies[J]. Engineering Structures, 2015, 88(apr.1):163-175.

Liu Wentao, Yao Xiongliang, Li Shuai, Zhang Aman. Experimental Principle and Numerical Study on
Shrinkage Ratio of Centrifuge Underwater Explosion [J]. Explosion and Shock Waves,2016,36(06):789-
796.

Luo G M, LinY H. STUDY ON STRUCTURAL ADHESIVE APPLIED TO THE BULKHEAD JOINTS
SUBJECTED TO NON-CONTACT UNDERWATER EXPLOSION[J]. Journal of Marine Science and
Technology, 2018, 26(3):421-430.

Hsu C Y, Liang C C, Nguyen A T, et al. A numerical study on the underwater explosion bubble pulsation
and the collapse process[J]. Ocean Engineering, 2014, 81(may 1):29-38.

14



Jiugiang Wang, Dongyan Shi, Xiongliang Yao and Zhikai Wang

[35]

[36]

[37]
[38]
[39]
[40]

[41]

[42]

Liu W T, Ming F R, Zhang A M, et al. Continuous simulation of the whole process of underwater explosion
based on Eulerian finite element approach[J]. Applied Ocean Research, 2018, 80:125-135.

Zhang A M, Ren S, Qing L I, et al. 3D numerical simulation on fluid-structure interaction of structure
subjected to underwater explosion with cavitation[J]. Applied Mathematics and Mechanics (English
version), 2012.

Zhao, Xiaohua, Wang, et al. Effects of close proximity underwater explosion on the nonlinear dynamic
response of concrete gravity dams with orifices[J]. Engineering Failure Analysis, 2018.

Pan X, Wang G, Lu W, et al. The effects of initial stresses on nonlinear dynamic response of high arch dams
subjected to far-field underwater explosion[J]. Engineering Structures, 2022, 256:114040-.

Lin S, Wang J, Liu L, et al. Research on damage effect of underwater multipoint synchronous explosion
shock waves on air-backed clamped circular plate[J]. Ocean engineering, 2021(240-Nov.15).

Zhao X, Wang G, Lu W, et al. Effects of close proximity underwater explosion on the nonlinear dynamic
response of concrete gravity dams with orifices[J]. Engineering Failure Analysis, 2018, 92:566-586.

Miao, Qiao, Xiuying, et al. Shear thickening effect of the suspensions of silica nanoparticles in PEG with
different particle size, concentration, and shear[J]. COLLOID AND POLYMER SCIENCE, 2018,
296(7):1119-1126.

Lin Xianwei, Qin Xuezhi, Shang Qin. Research on fuzzy pricing of European options under mixed fractional
Brownian motion [J]. Operations Research and Management,202,31(07):173-178.

15



