
Edited by

Advances in Marine 
Engineering 
Geological Environment and Hazards 

Xiaolei Liu, Thorsten Stoesser and Xingsen Guo

Printed Edition of the Special Issue Published in 
 Journal of Marine Science and Engineering

www.mdpi.com/journal/jmse



Advances in Marine Engineering:
Geological Environment and Hazards





Advances in Marine Engineering:
Geological Environment and Hazards

Editors

Xiaolei Liu

Thorsten Stoesser

Xingsen Guo

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Xiaolei Liu

Ocean University of China

China

Thorsten Stoesser

University College London

UK

Xingsen Guo

University College London

UK

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Journal of Marine Science and Engineering (ISSN 2077-1312) (available at: https://www.mdpi.com/

journal/jmse/special issues/Geological Environment).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-7056-3 (Hbk)

ISBN 978-3-0365-7057-0 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Xingsen Guo, Xiaolei Liu and Thorsten Stoesser

Advances in Marine Engineering: Geological Environment and Hazards
Reprinted from: J. Mar. Sci. Eng. 2023, 11, 475, doi:10.3390/jmse11030475 . . . . . . . . . . . . . . 1

Zhigang Shan, Hao Wu, Weida Ni, Miaojun Sun, Kuanjun Wang, Liuyuan Zhao, et al. 
Recent Technological and Methodological Advances for the Investigation of 
Submarine Landslides
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1728, doi:10.3390/jmse10111728 . . . . . . . . . . . . . 7

Chenguang Liu, Qingxian Zhao, Zhen Liu, Yanhong Lian, Yanliang Pei, Baohua Liu, et al.

Development and Testing of a High-Resolution Three-Dimensional Seismic Detection System
for Gas Hydrate
Reprinted from: J. Mar. Sci. Eng. 2023, 11, 20, doi:10.3390/jmse11010020 . . . . . . . . . . . . . . 23

Qingfeng Hua, Guanbao Li, Qingjie Zhou, Shujiang Li, Tengfei Xu, Baohua Liu 
and Hongxia Chen

Sediment Waves on the Western Slope of the Chukchi Rise (Arctic Ocean) and Their 
Implications for the Paleoenvironment
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1586, doi:10.3390/jmse10111586 . . . . . . . . . . . . . 37

Li Pang, Chong Jiang and Lujie Chen

Nonlinear Predictive Framework of the Undrained Clay Slope Effect on the Initial Stiffness of
p-y Curves of Laterally Loaded Piles by FEM
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1684, doi:10.3390/jmse10111684 . . . . . . . . . . . . . 49

Yujing Jiang, Meng Li, Hengjie Luan, Yichen Shi, Sunhao Zhang, Peng Yan and Baocheng Li

Discrete Element Simulation of the Macro-Meso Mechanical Behaviors of Gas-Hydrate-Bearing
Sediments under Dynamic Loading
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1042, doi:10.3390/jmse10081042 . . . . . . . . . . . . . 73

Qizhi Chen, Luju Liang, Baoping Zou, Changjie Xu, Bowen Kong and Jingyuan Ma

Analytical Solutions of Steady a Seepage Field for Deep-Buried Tunnel with Grouting Ring
Considering Anisotropic Flow
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1861, doi:10.3390/jmse10121861 . . . . . . . . . . . . . 97

Mujun Chen, Xiangmei Meng, Guangming Kan, Jingqiang Wang, Guanbao Li, 
Baohua Liu, et al.

Predicting the Sound Speed of Seafloor Sediments in the East China Sea Based on an 
XGBoost Algorithm
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1366, doi:10.3390/jmse10101366 . . . . . . . . . . . . . 115

Chenzhe Li, Tengfei Fu, Yushan Fu, Zhenyan Wang, Bin Li, Chen Qi, et al.

Origin and Implications of Pollution in Coastal Groundwater of the Guangdong Province
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1394, doi:10.3390/jmse10101394 . . . . . . . . . . . . . 131

Ziyu Wang and Lei Zhang

Experimental Study on Dynamic Parameters of Calcareous Sand Subgrade under Long-Term
Cyclic Loading
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1806, doi:10.3390/ jmse10121806 . . . . . . . . . . . . . 151

v



Zhongde Gu, Xingsen Guo, Houbin Jiao, Yonggang Jia and Tingkai Nian

Effect of Low Temperature on the Undrained Shear Strength of Deep-Sea Clay by Mini-Ball
Penetration Tests
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1424, doi:10.3390/jmse10101424 . . . . . . . . . . . . . 167

Jingqiang Wang, Zhengyu Hou, Guanbao Li, Guangming Kan, Baohua Liu, 
Xiangmei Meng, et al.

High-Frequency Dependence of Acoustic Properties of Three Typical Sediments in the South 
China Sea
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1295, doi:10.3390/ jmse10091295 . . . . . . . . . . . . . 183

Ying Yang, Hailei Kou, Zhenghui Li, Yonggang Jia and Chaoqi Zhu

Normalized Stress–Strain Behavior of Deep-Sea Soft Soils in the Northern South China Sea
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1142, doi:10.3390/jmse10081142 . . . . . . . . . . . . . 195

Peng Yu, Jie Dong, Haisong Liu, Rui Xu, Rujie Wang, Meijun Xu and Hongjun Liu

Analysis of Cyclic Shear Stress–Displacement Mechanical Properties of Silt–Steel Interface in
the Yellow River Delta
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1704, doi:10.3390/jmse10111704 . . . . . . . . . . . . . 211

Weiqi Fu, Wei Wei, Hao Wang, Bingxiang Huang and Zhiyuan Wang

Study on the Rheology of CO2 Hydrate Slurry by Using the Capillary Method
Reprinted from: J. Mar. Sci. Eng. 2022, 10, 1224, doi:10.3390/jmse10091224 . . . . . . . . . . . . . 229

vi



About the Editors

Xiaolei Liu

He works as a professor and doctoral supervisor in Ocean University of China (OUC). He is the

director of the institute of marine engineering geology and the environment at OUC, and the deputy

director of Shandong Provincial Key Laboratory of Marine Environment and Geological Engineering.

Also, he is the chairman of Committee on Marine Geo-disaster and Geo-environment (TC-4) in

International Consortium on Geo-disaster Reduction (ICGdR). His research interests are focused on

marine engineering geological environment and related disasters. He has obtained the first prize of

Hainan Province Science and Technology Progress Award, the first prize of Science and Technology

Award for Higher Education Institutions of Shandong Province and the first prize of Technological

Invention Award by China Association of Oceanic Engineering. Besides, he was awarded the

Outstanding Young Scientist Award of ICGdR and the 3rd Gu Dezhen Young Engineering Geologist

Technology Award of the Engineering Geology Professional Committee of the Geological Society

of China. He has undertaken more than 10 national scientific research projects and published more

than 100 academic papers, including more than 50 SCI papers in mainstream journals within the

international marine engineering geology field such as Engineering Geology, Marine Geology, Ocean

Engineering, etc. At the same time, he has published 3 monographs and authorized more than 40

invention patents (including 5 international patents).

Thorsten Stoesser

The Leader of the Fluid Mechanics Research Group in the Department of Civil, Environmental

and Geomatic Engineering at the University College London. His research interest is in developing

advanced Computational Fluid Dynamics (CFD) tools and their application to solve environmental

fluid mechanics problems. Thorsten has published over 100 peer-reviewed journal papers on

developing, testing and applying advanced CFD methods to predict the hydrodynamics and

transport processes in rivers, estuaries and coastal waters, fluid-structure interaction of marine

turbines, and the nearfield dynamics of jets and plumes. For his research Prof. Stoesser received

twice the American Society of Civil Engineers (ASCE) Karl Emil Hilgard Hydraulic Prize (2012 and

2016), in 2015 he won the International Association of Hydro-environmental Research (IAHR) Harold

Shoemaker Award and in 2016 he won the Institution of Civil Engineers’ George Stephenson medal.

He has received over £5M in funding from industry, government institutions and research councils

including the DFG (Germany), NSF (USA) and EPSRC (UK).

Xingsen Guo

A Research Fellow in the Department of Civil, Environmental and Geomatic Engineering at

University College London (UCL) and a member of the Fluid Mechanics Research Group at UCL

since 2020. His research mainly concerns marine engineering geology (e.g., surficial sediment and

hydrodynamic environment) and geotechnical engineering (e.g., pipeline and pile), marine geological

hazards (e.g., seabed stability and submarine landslide), and computational fluid dynamics into

turbidity currents and plumes. He obtained his PhD at the Dalian University of Technology (DUT)

for his work on the Susceptibility of Submarine Seismic Landslide and Landslide-pipeline Interaction

in 2021. Xingsen has published over 40 peer-reviewed journal papers. For his research, Dr. Guo

was honored with the Excellent Doctoral Dissertation Award of the International Consortium on

Geo-disaster Reduction (ICGdR) in 2022, the Excellent Doctoral Dissertation Award of the Chinese

vii



Society for Rock Mechanics & Engineering (CSRME) in 2021, the Liaoning Province Excellent

Doctoral Dissertation Award in 2023, the DUT Excellent Doctoral Dissertation Award in 2022, the

BGA (British Geotechnical Association) Fund Award in 2022, and the Liu Huixian Earthquake

Engineering Scholarship Award awarded by the Huixian Earthquake Engineering Foundation

(China) and the US-China Earthquake Engineering Foundation (USA) in 2020.

viii



Citation: Guo, X.; Liu, X.; Stoesser, T.

Advances in Marine Engineering:

Geological Environment and

Hazards. J. Mar. Sci. Eng. 2023, 11,

475. https://doi.org/10.3390/

jmse11030475

Received: 25 January 2023

Revised: 13 February 2023

Accepted: 20 February 2023

Published: 22 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Editorial

Advances in Marine Engineering: Geological Environment
and Hazards

Xingsen Guo 1,2, Xiaolei Liu 1,3,* and Thorsten Stoesser 2

1 Shandong Provincial Key Laboratory of Marine Environment and Geological Engineering,
Ocean University of China, Qingdao 266100, China

2 Department of Civil, Environmental, Geomatic Engineering, University College London,
London WC1E 6BT, UK

3 Laboratory for Marine Geology, Qingdao National Laboratory for Marine Science and Technology,
Qingdao 266061, China

* Correspondence: xiaolei@ouc.edu.cn

1. Introduction

With the continuous advancement of coastal, offshore, and deep-sea engineering
construction (e.g., marine oil, gas, and mineral resource development, offshore wind
power projects), associated studies on marine geological environments and hazards have
also advanced in parallel. This Special Issue (SI) was organized by Prof. Xiaolei Liu
from the Ocean University of China, Prof. Thorsten Stoesser from University College
London, and Dr. Xingsen Guo from University College London to document research
advances in specific topics of marine engineering. The objective of this SI “Advances
in Marine Engineering: Geological Environment and Hazards” is to collect high-quality
papers in this field, including marine geological environments, marine geological hazards,
marine engineering geology, marine hydrodynamics, marine fluid mechanics, and marine
geotechnical engineering.

The SI includes 1 review paper [1] and 13 research papers [2–14] that cover different
aspects related to the subject. A total of 95 scholars from universities, research institutions,
and industries have contributed to this SI. The high-quality papers collected in this SI
involve many classic and innovative methodologies in this research field, including, but
not limited to, analytical and statistical analyses, numerical simulations, laboratory testing,
and marine surveys. Specifically, some researchers carried out in situ marine surveys
and monitoring [2,3], some implemented discrete element and finite element numerical
simulations [4–6], some conducted indoor unit tests [7–12], some developed laboratory
model tests [13,14], and others applied analytical and statistical methods [1,6–8]. These
papers represent the state-of-the-art in the latest research concepts, advanced methods,
and data that will contribute greatly to the development of the field of marine geological
environments and hazards. The highlights of each paper in this SI are synthesized in the
following section.

2. Papers Details

Shan et al. [1] systematically reviewed the past literature related to submarine land-
slides and proposed three stages of submarine landslide disaster evolution, namely, the
submarine slope instability evolution stage, the large deformation landslide movement
stage, and the stage of submarine landslide deposition. Based on these, they revealed the
conversion mechanism of the submarine landslide disaster chain from the perspectives of
in situ investigation techniques, physical simulation methods, and numerical simulation
methods, respectively. Their study provides a useful reference for future research in the
field of submarine landslides.

Liu et al. [2] developed a high-resolution three-dimensional seismic detection system
for detecting gas hydrates. This system consists of a 50 kJ ultrahigh-energy plasma source,
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two high-resolution digital seismic streamers with a group interval of 3.125 m, and a seismic
acquisition system, which can detect anomalies such as bottom simulating reflection, the
blanking zone, velocity anomaly, and the polarity reversal of gas hydrates. Their acquisition
tests carried out in the northeastern part of the South China Sea show that the system
has obvious advantages in terms of the frequency band range and minimum acquisition
binning, which can provide technical support for highly targeted gas hydrate exploration
and development and a fine description of the ore bodies.

Hua et al. [3] found a sediment wave field on the western slope of the Chukchi Rise
in the Arctic Ocean using multibeam bathymetric data and high-resolution shallow sub-
bottom profiles acquired during China’s 10th Arctic Scientific Expedition Cruise in 2019.
They conclude that these sediment waves are formed by contour currents and result from
the interaction between continental slope bottom currents and the seabed; the sediment
waves are still active, and their formation seems to date back to the Middle Pleistocene;
and the sediment waves are formed by a bottom current, which may be genetically re-
lated to the Arctic Circumpolar Boundary Current flowing through the study area, aiding
our understanding of the characteristics of the bottom current, thereby providing useful
information on the Arctic Ocean environment.

Pang et al. [4] proposed nonlinear prediction methods for the slope effect on the initial
stiffness of p-y curves of the undrained laterally loaded pile. They analyzed the slope effect
on the initial stiffness of a laterally loaded pile based on the pile–slope position relationship,
conducted a series of finite-element analysis simulations to calculate the slope effect, and
calibrated parameters in the models using the results of the finite-element analysis. The
results show that the methods they proposed are in a reasonable range and can predict
more cases.

Jiang et al. [5] studied the mechanical properties of natural gas hydrate sediments
under dynamic loading. They carried out triaxial compression tests on the discrete element
specimens of hydrate sediments under static loading by using a particle flow code, verified
the numerical method by some comparison, and determined the reasonable simulation pa-
rameters. Subsequently, multiple triaxial compression tests on hydrate sediment specimens
under cyclic loading with different frequencies and amplitudes were carried out, revealing
the influence of dynamic loading on their macro–meso mechanical properties. The results
of their study are useful for the understanding of the dynamics of hydrate sediments and
the prevention and control of submarine geohazards.

Chen et al. [6] derived the analytical solutions of a steady seepage field for a deep-
buried tunnel with grouting ring considering anisotropic flow, and the analytical solutions
are validated by numerical simulations. Subsequently, they carried out parameter analysis
and the results show that (1) the seepage field of surrounding rocks around the deeply
buried circular tunnel is no longer uniformly distributed and presented an elliptical distri-
bution, (2) the difference between the permeability coefficient of the lining structure and
the surrounding rock is small, (3) the change in the permeability coefficient of the lining
structure has a significant influence on the hydraulic head, and (4) the size of the grouting
ring has a more significant influence on the grouting effect.

Chen et al. [7] used the extreme gradient boosting (XGBoost) algorithm to predict
the sound speed of the seafloor sediments based on the acoustic and physical data of
the typical seafloor sediment samples from the East China Sea. They conducted the
super parameter selection and contribution of the characteristic factors and established an
XGBoost model based on five physical parameters. Moreover, they compared the machine
learning prediction method with the traditional prediction method, demonstrated that the
XGBoost prediction method for the sound speed of seafloor sediments was superior to
the traditional single- and two-parameter regressional equation prediction methods in the
study area, and provided the accuracy, R2, mean absolute error, and mean absolute percent
error under the optimal model.

Li et al. [8] proposed a novel approach to hydrochemical analysis combined with the
health risk model and the water quality index to explain the hydrochemistry characteristics
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and risks to human health of groundwater in the Guangdong coastal areas, and determined
the average concentration of the total dissolved solids, the quality of water, the dominant
hydrochemical types, and the main influencing factor of the hydrochemical composition.
Using principal component analysis, they found that seawater intrusion and anthropogenic
inputs also have an effect on the water quality. They evaluated the drinking quality of the
water in the Guangdong coastal cities, and the result shows that most of the groundwater
samples were acceptable for drinking except for samples of Maoming, Zhanjiang, and
Shantou, and also found that children in the study area are at more danger to health risks
than adults.

Wang and Zhang [9] used a dynamic triaxial apparatus to conduct long-term drainage
cyclic loading tests for the unsaturated calcareous sand subgrade, and studied the cu-
mulative strain development law of calcareous sand under different confining pressures,
dynamic stress amplitudes, consolidation stress ratios, subgrade soil compactness, load
frequencies, and moisture contents. They proposed a prediction formula combined with a
hyperbolic model for the permanent deformation of calcareous sand under aircraft loading,
providing a theoretical basis for the construction of a calcareous sand subgrade in the
Nanhai island and reef project.

Gu et al. [10] investigated the low-temperature effect on the undrained shear strength
of undisturbed marine clay samples from the South China Sea using a full-flow penetrome-
ter. They found that the undrained shear strength at an in situ temperature (4 ◦C) is bigger
than at room temperature (20 ◦C), which is valuable for offshore geotechnical engineers. In
addition, they explained the effect of a low temperature on the undrained shear strength
of marine clay samples under the framework of microscopic soil mechanics, which also
provides a good insight for explaining some phenomena that microscopically changes the
effect of the macroscopic physical and mechanical properties of marine sediments.

Wang et al. [11] investigated the acoustic properties of three fine-grained sediment
types in the high-frequency range of 27–247 kHz in the South China Sea and established the
relationship between the sound speed and attenuation dispersion of fine-grained sediment.
Their study showed that the sound speed dispersion is a positive linear relation at the
measured frequency range, and the attenuation follows nonlinear frequency dependence. In
addition, they demonstrated that the Biot–Stoll model has a good applicability to different
types of sediments in a high-frequency range.

Yang et al. [12] investigated the physical and mechanical properties of samples taken
from the Shenhu sea area in the South China Sea (SCS), particularly normalized stress–
strain behavior and microstructural and mineralogical characterization, using a series of
basic geotechnical tests, triaxial compression tests, scanning electron microscopy (SEM),
and X-ray diffraction (XRD). They discussed the factors and conditions for normalizing the
stress–strain relationship in soft soil based on the hyperbolic equation of the stress–strain
relationship proposed by Konder, applied the normalization factors to the consolidation
undrained test of soft soil in the SCS, and established normalized models to predict the
stress–strain relationship.

Yu et al. [13] investigated the cyclic shear stress–strain mechanical properties of the
silt–steel interface in the Yellow River Delta, China. Their study carried out the constant
normal load cyclic shear test (CNL) with a large interface shear apparatus and focused on
the effects of normal stress, shear amplitude, roughness, and water content on the profiles
of the shear–strain relationship and volumetric deformation characteristics. Based on the
modified hyperbolic model, they also built a mathematical model that can describe the
stress–strain relationship of the silt–steel interface in the Yellow River Delta.

Fu et al. [14] developed a novel experiment flow loop and presented the rheological
experiments of CO2 hydrate slurries. Their experiments verified that CO2 hydrate slurry
is a power-law fluid that exhibits a strong shear-thickening behavior and revealed the
effects of a hydrate concentration and shear rate on the rheological properties of CO2
hydrate slurry. By correlating with the experimental data, they developed a new Herschel–
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Bulkley-type model to describe the rheological properties of CO2 hydrate slurry with a
high accuracy.
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Abstract: Submarine landslides have attracted widespread attention, with the continuous develop-
ment of ocean engineering. Due to the recent developments of in-situ investigation and modelling
techniques of submarine landslides, significant improvements were achieved in the evolution studies
on submarine landslides. The general characteristics of typical submarine landslides in the world are
analyzed. Based on this, three stages of submarine landslide disaster evolution are proposed, namely,
the submarine slope instability evolution stage, the large deformation landslide movement stage,
and the stage of submarine landslide deposition. Given these three stages, the evolution process of
submarine landslide disaster is revealed from the perspectives of in-situ investigation techniques,
physical simulation, and numerical simulation methods, respectively. For long-term investigation
of submarine landslides, an in-situ monitoring system with long-term service and multi-parameter
collaborative observation deserves to be developed. The mechanism of submarine landslide evolu-
tion and the early warning factors need to be further studied by physical modelling experiments.
The whole process of the numerical simulation of submarine landslides, from seabed instability to
large deformation sliding to the impact on marine structures, and economizing the computational
costs of models by advanced techniques such as parallel processing and GPU-accelerators, are the
key development directions in numerical simulation. The current research deficiencies and future
development directions in the subject of submarine landslides are proposed to provide a useful
reference for the prediction and early warning of submarine landslide disasters.

Keywords: submarine landslide; in-situ investigation; physical modelling; numerical simulation

1. Introduction

Submarine landslides are gravity-driven mass movements that occur in a variety of
underwater slope environments around the world [1]. Thousands of cubic kilometers of
sediment can be involved in submarine landslides, many times larger than land-based
landslides [1,2]. A submarine landslide and its sediment density flow are thus important
process for moving sediment from the continental slope to the deep ocean. Submarine
landslides can damage important marine infrastructure such as telecommunication cables
and gas and oil production equipment, and generate destructive tsunamis, with great harm
to people’s safety and economic development [3]. In 1929, for example, the Grand Banks
submarine landslide in Canada reached a maximum velocity of 20 m/s and slipped for
approximately 850 km, damaging 12 submarine pipelines between North America and
Europe [4]. In 2006, 2009, and 2010, submarine landslides destroyed the underwater cables
in the Luzon Strait multiple times, disrupting communications between Southeast Asian
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countries and China for up to 12 h [5]. In 2004, a tsunami induced by a submarine landslide
and earthquake occurred in Sumatra, Indonesia, which killed more than 200,000 people [6].

As coastal populations and development continue to grow, and as subsea energy and
communication transfer become more common, submarine landslides have become an
increasingly important research subject over the past decades. At present, many scholars
have summarized the research on submarine landslides, which are listed in Table 1. Locat
and Lee [7] summarized the causes, classification, characterization, geotechnical investiga-
tion methods, and mechanics of submarine landslides. Harbitz et al. [8] discussed the effect
of submarine landslide volume, initial acceleration, maximum velocity, and possible retro-
gressive behavior on the characteristics of the tsunamis induced by submarine landslides.
De Mol et al. [9] reviewed the relationship between cold-water coral bank development and
submarine landslides. Zhu et al. [10] summarized the classification of submarine landslide
types. Yavari-Ramshe and Ataie-Ashtiani [11] reviewed numerical studies on submarine
landslide-generated waves and proposed further attention aspects for numerical meth-
ods. Jia et al. [12] introduced the characteristics and triggering mechanism of submarine
landslides, and briefly described the typical cases of the in-situ investigation of submarine
landslides and the progress of in-situ observation methods, and analyzed the advantages
and limitations of various methods. Huhn et al. [13] provided a short review of submarine
landslide studies, with some emphasis on the emerging needs in future landslide research,
including the geohazard potential and long-term monitoring of submarine landslides. Nian
et al. [14] summarized the current research deficiencies and future development directions
of the chain disasters of submarine landslides and emphasized the importance of numerical
simulation in the study of the evolution mechanism of submarine landslides.

Table 1. Summary of existing reviews regarding submarine landslides in recent years.

References Research Content Key Conclusions Highlights of the Review

Locat and Lee [7]

Summarized the causes,
classification, characterization,
geotechnical investigation methods,
and mechanics of
submarine landslides.

A major challenge is the integration
of submarine landslide movement
mechanics in an appropriate
evaluation of the hazard.

A comprehensive review
of submarine landslides.

Harbitz et al. [8]
Analyzed the mechanisms of
tsunami generation by
submarine landslides.

Submarine landslide volume, initial
acceleration, maximum velocity,
and possible retrogressive behavior
are important to the characteristics
of the resulting tsunami.

The focus is on tsunamis
induced by submarine
landslides.

De Mol et al. [9]
Analyzed the relation between
cold-water coral bank development
and submarine landslides.

No general and direct relationship
exists between submarine
landslides and cold-water
coral banks

This paper focuses on the
trigger factors of
submarine landslides.

Zhu et al. [10] Summarized the classification of
submarine landslide types

The classifications of submarine
landslides are becoming more and
more deep, detailed,
and generalized.

This paper focuses on the
classification of submarine
landslide types.

Yavari-Ramshe and
Ataie-Ashtiani [11]

Reviewed numerical studies
on submarine
landslide-generated waves.

The conceptual, mathematical, and
numerical structures of submarine
landslide-generated waves are
comprehensive analyses.

The focus is on the
numerical methods for
simulation the tsunamis
induced by
submarine landslides.

Jia et al. [12] Reviewed the in-situ observation
methods of submarine landslides.

The research on in-situ testing
method of submarine landslide is
still in its early stage and needs to
be further studied.

This paper focuses on field
investigation and in-situ
observation methods for
submarine landslides.

Huhn et al. [13]
Reviewed triggering mechanisms,
monitoring methods, and hazards
and risks of submarine landslides.

In-depth study of submarine
landslides requires more
interdisciplinary approaches.

This paper’s emphasis is
on the emerging needs in
future landslide research.

Nian et al. [14] Reviewed the advances in the chain
disasters of submarine landslides.

The physical and numerical
simulation techniques of submarine
landslide movement evolution still
need further study.

This paper focuses on the
simulation methods of
chain disasters of
submarine landslides.
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In recent years, the studies of submarine landslides have become a hot spot with the
continuous development of ocean engineering, such as safe the exploitation of offshore oil
and gas resources and safe construction of offshore wind power projects. However, there is
a lack of systematic reviews of in-situ investigation techniques, physical simulation, and
numerical simulation methods of submarine landslides. The present review of submarine
landslides mainly focuses on analyzing the trigger factors, characteristics, and mechanisms
of submarine landslides from field investigations. However, there are few reviews on
the comprehensive analysis of submarine landslide evolution from the perspective of
research methodology. In view of this, we present the technological and methodological
advances that have occurred in submarine landslide research in recent years. On the basis
of previous studies, this paper summarizes the research status of the evolution process
of submarine landslides and its disaster effect from three different perspectives: in-situ
investigation methods, physical experiment methods, and numerical simulation methods.
Meanwhile, the current research deficiencies and future development directions on the
subject of submarine landslides are proposed to provide a useful reference for the prediction
and early warning of submarine landslide disasters.

2. Characteristics of Submarine Landslides

2.1. General Characteristics

There are submarine landslides on virtually all ocean slopes throughout the world [15],
such as the Norwegian sea, the Mediterranean sea, the Gulf sea, the Japan sea, and the
South China sea. There is a wide variety of locations where submarine landslides can
occur, from passive to active continental margins, river-fed pro-deltas, submarine fans, on
volcanic island flanks, and glaciated areas and sediment-starved margins (as shown in
Figure 1). Submarine landslides may cover more than 10,000 km2 of seafloor and involve
more than 1 million cubic meters of sediment. Examples of extremely large and well-known
slides include the Storegga Slide [16], the Trænadjupet Slide [17], the Hinlopen Slide [18],
and the Sahara Slide Complex [19].

 

Figure 1. Regional distribution of main areas for submarine landslides. Modified from [15].
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Turbidity currents derived from submarine landslides can travel even further distances,
and their deposits can cover large areas within ocean basins. Consequently, submarine
landslides are capable of moving hundreds of kilometers downslope. Even more curiously,
submarine landslides may occur on slopes as low as 1◦, which on land are almost always
stable [13]. The U.S. Atlantic continental slope shows examples of submarine landslides
with increasing slope angles; as shown in Figure 2a, more than 50% of submarine landslides
have slope angles of less than 4◦.

Figure 2. Characteristics of submarine landslides. (a) Slope angles of submarine landslides; (b) Trigger
factors of submarine landslides.

According to the statistics and inducing mechanism analysis of 1065 submarine
landslide cases worldwide, the trigger factors of submarine landslides can be classified
into 15 factors (as shown in Figure 2b). The trigger factors include anthropic (AN),
differential compaction (DC), diapirism (DI), earthquake (EQ), erosion (ER), fluid flow
(FF), gas (GA), gas hydrates (GH), high sedimentation rates (HS), pore pressure (PP),
steepening (ST), sea level (SL), tectonic steepening (TS), volcano development (VD),
volcano uplift (VU). Among the above trigger factors, EQ, HS, and DI are the most
common triggers for submarine landslides, accounting for 33.5%, 17.6%, and 12.1%, of
the total, respectively.

2.2. Submarine Landslide Classification

Submarine landslides have been classified by many researchers, with many fruit-
ful achievements. The various types of submarine landslides that can be involved are
summarized by Locat and Lee [7]. They [7] classified the submarine landslides into five
categories, including slides, topples, spreads, falls, and flows. Weimert et al. [20] used
mass transport complexes (MTCs) to describe the deep-water sediment transport mech-
anism. Moscardelli and Wood [21] classified MTCs into plate transport complex and
turbidity current, and further divided MTCs into slip, slump, and debris flow. Generally,
submarine landslides evolve in three stages, as shown in Figure 3. In the initial stages of a
submarine landslide (Phase 1), the submarine slope is unstable, the seabed collapses, and
the landslide slumps and slides. In the middle stage of a submarine landslide (Phase 2),
due to complex water–soil exchanges and long-distance migration, landslides gradu-
ally evolve into homogeneous debris flows. In the later stage of a submarine landslide
(Phase 3), the water content of the landslide continues to increase. Debris flows and
mudflows become turbidity currents and, eventually, heavy water flows as a result of the
increased water content.
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Figure 3. Overview of the stages in the evolution of a submarine landslide. Modified from [13,22].

3. Recent Advances in Submarine Landslide In-Situ Investigations

Compared with conventional land engineering monitoring, marine engineering geo-
logical environment monitoring has its unique features, mainly in that the seabed is covered
by seawater, which cannot be directly observed, and that it can only be conducted through
indirect technical means, which increases the difficulty of research. The dynamic action
of seawater is continuous and strong, and the strong action of waves, currents, tides and
storm surges brings about various engineering geological problems. The weak sediment
makes sampling and observation difficult. Therefore, the offshore engineering geological
survey is highly dependent on marine geophysical exploration methods, especially the
combination of multiple detection techniques. The submarine landslide in-situ investiga-
tion methods include geotechnical monitoring, repeated seafloor surveys, water column
imaging, acoustic doppler current profilers (ADCP), mobile sensors, sub-surface timelapse,
seismological networks, cabled systems, etc. (as shown in Figure 4).

 
Figure 4. Conventional and emerging geophysical tools for submarine landslide in-situ investigations.
Modified from [23].
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The deformation monitoring of the sloping seabed is the most direct indicator to reflect
the seabed instability. On the one hand, it can provide a reliable basis for the study of
the early instability process of landslides (such as sliding velocity, sliding mode, sliding
distance, etc.). On the other hand, it can provide an effective early warning for seabed
instability caused by offshore oil and gas exploitation. Therefore, geotechnical engineering
monitoring of offshore sites is becoming more and more common, such as using in-situ
pressure gauges and inclinometers to understand in-situ-specific slope stability issues [23].
In addition, multi-session seafloor surveys using high-resolution multibeam systems reveal
the magnitude and frequency of seafloor landslides in multiple systems around the world,
such as in deep-water (200–300 m) submarine canyons [23–26], at active pro-deltas [27,28],
in areas with shallow water, and in large displacement conditions [29].

In addition to using the above-mentioned equipment to measure changes in seabed
topography, instruments such as ocean bottom seismometers (OBS) can also be used for
monitoring, providing information on the timing and nature of slope failure. Mayotte
Island, north of the Mozambique Channel, and the Indian Ocean, OBS, were used to
monitor the submarine earthquakes [30]. The attenuation of the light waves and electro-
magnetic waves is serious, and the propagation distance is very limited. Therefore, it is
difficult to meet the needs of ocean exploration. In contrast, the propagation performance
of sound waves in water is much higher. The acoustic detection equipment developed
based on marine acoustic technology has become the “ear” of human beings to detect
the underwater world and has become the mainstream of marine detection equipment.
For example, multiple moored hydrophones were tried to monitor earthquakes, volcanic
activities, various types of tremors, signals related to lava extrusion, and landslides on
the seafloor [31]. Shore-based monitoring can provide insight into submarine landslide
activity as well. For example, Lin et al. [32] used terrestrial broadband seismic networks
to detect offshore landslides in the Kaoping Canyon, offshore Taiwan.

Other major recent advances have been made by the direct measurement of turbidity
currents [33,34]. However, monitoring turbidity flows remains somewhat challenging to
date because of the logistical challenges of deploying instruments on the deep seafloor, the
fact that flows may occur infrequently, and the powerful nature of flows that can damage
instruments used for measurements. These challenges mean that turbidity currents have
only been measured in a few relatively shallow waters (<2 km) in the world.

Designing a stable monitoring platform and improving the anti-interference ability
of sensors will be the problems to solve in the next step of the turbidity flow monitoring
of deeper sea areas [35]. However, monitoring large submarine landslides can be more
challenging than monitoring turbidity currents because it is not clear where the next land-
slide will occur, and some landslides have recurrence intervals (>100–1000 s years) [23],
which are difficult for most study projects (<5 years). Therefore, even though submarine
landslide investigations still face many problems, such as environments and remote set-
tings, positioning accuracy, data resolution, communications, frequency and accuracy of
measurement equipment, and measurement equipment recyclability, the most difficult
problem to solve is knowing where the next submarine landslide will occur.

4. Recent Advances in Physical Simulation Methods of Submarine Landslides

Submarine landslides occur in complex geological environments. It is almost impos-
sible to capture the whole process of slope failure, slide, slump, debris flow, turbidity
current, and the accompanying redeposition of the turbidity current through in-situ investi-
gation. Therefore, laboratory-scale physical simulation experiments are used to discover
characteristic physical phenomena and provide valuable experimental data for numeri-
cal simulations [36,37].

Flume experiments were conducted to determine the force exerted by a clay-rich
submarine landslide on two pipelines by Zakeri et al. [38]. Their experimental results led
them to propose a method to estimate drag forces normally directed at a pipeline axis. In
order to investigate mudflow flow-front structures, Haza et al. [39] prepared mud models
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derived from mixtures of 10–35% kaolin and water. Yamada et al. [40] performed a series of
sandbox experiments to investigate the mechanical processes involved in the development
of submarine landslides. Two types of submarine landslide failure modes were classified
in their study, namely, small but frequent slides, and large but less frequent failures of the
entire slope. Wang et al. [41] developed a system for simulating a submarine landslide and
the relative motion between the submarine landslide and undersea cable. The main part
of the test device is a ring water tank made of iron and steel material. The outer diameter
of the water tank is 0.9 m, the inner diameter is 0.6 m, and the width is 0.4 m. The impact
of the mixture of sediment and water on the cable during the rotation of the tank can
be observed through the front transparent plexiglass. Based on the rotating flume test,
Deng et al. [42] reproduced the low friction angle motion of underwater debris flow and
further analysis revealed that the hydrodynamic pressure generated by the submarine
sliding mass impacting the seabed may be the reason for the low friction angle motion of
the submarine sliding mass. Based on physical simulations, Liu et al. [43] evaluated the
stability of a hydrated seabed and discussed how different geological conditions affect
it. By applying pressurized gas to the low-permeability silt layer, they simulated the
excess pore pressure caused by the decomposition of hydrate and the physical appearance
process of the overlying seabed damage. A study by Wang et al. [44] investigates the
impact of submarine telecommunications cables shifting on the seabed. To investigate
submarine slope failure caused by overpressure fluid due to gas hydrate dissociation,
Nian et al. [45] designed a laboratory-scale device, as shown in Figure 5a. The influences of
the thickness of the clay layer and sand layer, undrained strength of clay and injection rate
on the submarine landslide failure models are discussed in their study. Based on this, the
method of calculating the safety factor of submarine slopes under hydrate decomposition
conditions was established, as shown in Figure 5b. Fan et al. [46] designed a flume testing
system to simulate the mass transfer process at soil–water interfaces during submarine
landslide motions at different velocities. The results show that soil–water interface mass
transfer is primarily dependent on soil properties (shear strength, apparent viscosity) and
velocity. The influence of sand/clay content on the depositional mechanism of submarine
debris flows was investigated by Liu et al. [47] using a submersed flume model. According
to the results, swirled-wedge front heads generate high-viscosity slurry flows with greater
aspect ratios and rotation radii.

Figure 5. Investigation of submarine landslide induced by hydrate dissociation. (a) Schematic
diagram of the experimental device; (b) Mode of submarine landslide induced by hydrate dissociation.
Modified from [45].
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The above experiments were carried out under conventional gravity conditions. The
model is often a reduced-scale version of the prototype; as a result, the experimental model
has some scaling effects and cannot reflect the real stress environment of the research ob-
ject [48,49]. As centrifuge models and prototypes have equal stresses, centrifuge modeling
is useful for gravitational effects and large-scale modeling in geotechnical materials [50,51].
Boylan et al. [52] carried out geotechnical centrifuge experiments to investigate submarine
landslide runout. For observing submarine landslide movement in geotechnical centrifuge
model experiments, Gaudin et al. [53] developed a wireless high-speed data-acquisition sys-
tem. Zakeri et al. [54] investigated the impact forces of submarine landslides on pipelines
with uniform velocities by carrying out centrifuge experiments with a centrifugal force of
30 times the Earth’s gravity. Zhang et al. [55] conducted a series of centrifuge experiments
to study the evolution of submarine landslides induced by hydrate dissociation. Through
their centrifuge experiments, the expansion of cracks, settling zone and the slippage be-
tween the over layer and hydrate layer were observed, and the mechanism of submarine
landslides induced by hydrate dissociation was revealed. Zhang et al. [56] analyzed the
triggering mechanism of submarine landslides using centrifuge modeling experiments.
They proposed two mechanisms: accumulation of high pore pressure and associated tensile
failure and fracturing in clay and associated shear failure. Zhang et al. [57] developed a
newly static liquefaction-triggering actuator to be used in enhanced gravity conditions
in a geotechnical centrifuge, investigating the tilting rate effects on submarine landslide
processes at various slope steepening rates. They found that as a result of local shear defor-
mations, pore pressure builds up, causing submarine slope instabilities to occur. Among
the most important issues in submarine landslide investigation is scaling for the centrifuge
modeling of static liquefaction initiation and propagation. Zhang et al. [58] discussed
this issue and suggested that an N0.5-fluid should be applied for simulating the onset
of static liquefaction of underwater slopes triggered by monotonic loads and that a pore
fluid, with a viscosity N times that of water, is required to simulate flow-slide dynamic
behavior in a centrifuge, where N is the geometrical scaling factor in centrifuge modelling.
Takahashi et al. [59] examined the submarine landslide of sand and silty sand induced
by earthquake and liquefaction. They concluded that the debris induced by submarine
landslides flowed not with a simple shear but as a clod of soil similar to a fluid, which
encouraged high-speed flow.

There has been no model experiment able to simulate and clarify the conditions
required for submarine landslides, their gravity flow transition, and sedimentation. Further
large-scale flume experiments or drum centrifugal model experiments for simulating
submarine landslides are very necessary.

5. Recent Advances in Numerical Simulation Methods of Submarine Landslides

In recent years, numerical simulation methods of submarine landslides have made
many advances in the stability analysis of submarine slopes, based on random-field, large-
deformation finite-element modelling techniques in submarine landslides, fluid–solid
coupling analysis, and marine disaster analysis induced by submarine landslides. Figure 6
shows the current numerical simulation methods for the investigation of the submarine
landslide disaster chain.

The uncertainty in input values, such as seismic parameters, soil properties, and
hydraulic conditions, may make traditional deterministic methods unreliable for assessing
submarine slope stability. Therefore, the enhanced Newmark method [60], Gaussian process
regression [61], the Monte Carlo simulation [62] were used to analyze the submarine slope
stability. According to Zhu et al. [63], a 3D stochastic finite element model was developed
to study the random wave-induced response in a spatially heterogeneous seabed. Based on
linear wave theory and Biot’s theory, Zhu et al. [64] analyzed the response of the poroelastic
sloping seabed by considering changes in wave length and height when propagated from
relatively shallower to deep sea conditions. The above research is mainly aimed at analyzing
the stability of submarine slope rather than the evolution process after instability. Dey
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et al. [65] presented a large-deformation finite-element (LDFE) modelling technique, which
incorporated a strain-softening model for the undrained shear strength of marine clay, to
model submarine landslides. This technique simulates the development of plastic shear
bands and their propagation with displacements of soil mass. Zhang et al. [66] simulated
the complete evolution of a submarine landslide from shear band initiation, propagation,
and slab failure, and the arrest of shear band propagation is observed through LDFE
modelling. To overcome the large computational costs of the LDFE modelling technique,
Buss et al. [67] established the energy-balance kinematic method of plasticity theory.

 
Figure 6. Current numerical simulation methods for investigation of submarine landslide disaster chain.

Although the LDFE modelling technique can simulate the large deformation of a
submarine landslide, it cannot reflect the motion-evolution process of a submarine land-
slide [68]. Some numerical studies have focused mainly on replicating run-out charac-
teristics, such as travel distance and velocity. For example, Gauer et al. [69] used the
Bingham model to reproduce one of the world’s largest well-known submarine landslides,
the Storegga slide. Dong et al. [70] investigated a real case history of a submarine landslide,
reproducing the runout of the slides from steep slopes to moderate bases, by using the
material point method (MPM). Dong et al. [71] enhanced the conventional depth-averaged
method (DAM) algorithm, which is specialized for no-slip bases, to reproduce the phe-
nomenon of block sliding on frictional bases. They assessed the feasibility of the DAM
for slides with different sliding modes in terms of runout distances and morphologies.
Zhang and Randolph [72] simulated submarine landslides using the smoothed-particle
hydrodynamics (SPH) method. Jiang et al. [73] simulated a submarine landslide induced
by seismic loading in a methane hydrate-rich zone using coupled computational fluid dy-
namics (CFD) and the discrete element method (DEM). However, the study only simulated
the trigger initiation phase of the submarine landslide. However, almost all the above
numerical methods need input information regarding the initial velocity and volume of
the failed submarine landslide mass. To overcome this problem, Zhang and Puzrin [74]
established a numerical scheme in consideration of the drag force from the ambient wa-
ter for time-efficient modelling of the entire submarine landslide evolution, covering the
pre-failure shear band propagation, slab failure, and post-failure dynamics.

As one of the most destructive marine geological disasters, a submarine landslide often
causes the destruction of underwater infrastructures and even catastrophic tsunamis. In
recent years, the numerical simulation of submarine landslide impact on underwater pipe
and cable systems has achieved rich research results. Dong et al. [75] employed the material
point method (MPM) with an enhanced contact algorithm to simulate the submarine
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landslide impact of a fixed partially embedded pipeline for the first time. Zhang et al. [76]
investigated the impact forces exerted by a submarine landslide on laid-on or suspended
pipelines at various impact angles θ, based on the Herschel–Bulkley model, using the CFD
approach. Nian et al. [77] considered the effect of the low-temperature environment of the
seabed on the behavior of marine clay and then investigated the impact of the marine clay
on suspended pipelines. According to their findings, 26.0% and 70.3% more force is applied
to pipelines at 0.5 ◦C than at 22 ◦C when a mudflow impacts them. Li et al. [78] analyzed
the interaction between monopile and submarine landslides at different flow heights using
a three-dimensional biphasic numerical model. Two modes of interactional forces acting on
the monopile (namely, interaction) force with peak value and interaction force without peak
value were proposed by their study. Fan et al. [79] designed pipelines with a streamlined
contour and investigated the interaction between submarine landslides and streamlined
pipelines. Compared with a conventional circular pipeline, streamlined pipelines can
reduce the lift and drag force of landslide–pipeline interaction with a maximum lessening
percentage of 40% and 66%, respectively. Dutta and Hawlader [80] simulated the lateral
penetration of a pipe in a clay block by a CFD approach by incorporating strain-rate and
strain-softening dependent models for the undrained shear strength of clay sediment. Guo
et al. systematically studied the impact of submarine landslides on pipelines, including the
effect of opening and wall boundaries on CFD modeling [81], the effect of pipeline surface
roughness on the interaction between pipelines and submarine mudflows [82–84], the
instantaneous impact of submarine slumps with the shear rate effect on fixed suspended
pipelines [85], and the influence of pipeline suspension height on the impact force of
submarine landslides on pipelines [86,87]. Tsunamis induced by submarine landslides
are also among the marine hazards that have stimulated the attention and concern of
researchers during the past decades. However, related research mainly focuses on the
evolution of tsunamis, and the simulation of submarine landslides is often simplified. More
than 85% of numerical models apply depth-averaged equations to predict the submarine
flow behavior through its motion [11]. The influence of more submarine landslide models
on surges deserves further study.

6. Discussions on Future Research Directions

The evolution process of submarine landslides has achieved many results. From
the perspectives of in-situ investigation techniques, physical simulation, and numerical
simulation methods, future research directions of submarine landslides are proposed.
Figure 7 summarizes the main points, and the details are discussed in this section.

Due to the uncertainty of the occurrence time of submarine landslides and the high
cost of underwater monitoring, the current research on the movement process of subma-
rine landslide is still focused on the tracking of the movement traces and accumulation
characteristics after submarine landslides using geophysical exploration technology, while
the real-time monitoring of the movement evolution process of submarine landslides is
still blank. Therefore, it is urgent to develop an in-situ monitoring system for submarine
landslides with long-term service and multi-parameter collaborative observation, so as to
realize the long-term observation of various indicators of seabed sediments. In particu-
lar, the technique of space-sky-earth-sea can be used to establish a regional network for
submarine landslide monitoring and early warning [88]. In addition, advanced methods
such as machine learning and big data fusion technology can be fully utilized to conduct
an in-depth analysis of the acquired multi-source heterogeneous data [89], which provides
technical support for monitoring the kinematic and morphological characteristics of sub-
marine landslides as well as accurate prediction and early warning. As the results obtained
by geophysical methods are often multi-solution, while using various acoustic detection
methods to identify the geological hazards, the methods of high-quality geological sam-
pling and drilling should be combined to achieve the purpose of correctly identifying the
submarine landslide hazards. The comprehensive analysis of geophysical survey data and
soil drilling data can greatly enhance the accuracy of engineering geological evaluation.
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Under ideal conditions, geophysical survey data can provide the extension and thickness
of the sedimentary layer, and borehole sampling can provide the physical and mechanical
properties of the sediment.

•

•

•

•

•

Figure 7. Future research directions of submarine landslides.

The small-scale flume test is a common method to simulate the evolution of submarine
landslides. Although it can simulate the motion of submarine landslides, it is limited by
the test situation and cannot reproduce long-distance motion-evolution scenarios, which
is far from the real submarine landslide motion. Compared with the flume test, the drum
centrifugal test and the rotating water tank test can eliminate the limitations of the test
situation and can be used as an important means to study the evolution process of large-
scale submarine landslides [90]. However, the water–soil coupling mechanism in the
evolution of submarine landslide movement is extremely complex and changeable [91],
and the current test method has not quantified the deformation and rupture behavior of the
landslide mass caused by the intrusion of environmental water. It is suggested to develop
soil–water interface monitoring technology to achieve a quantitative analysis of material
exchange and front-end hydroplaning at the water–soil interface during the evolution of
submarine landslides. In addition, in view of the lack of in-situ monitoring technology for
submarine landslides, it is recommended to reveal the early warning factors of disasters in
the evolution of submarine landslides through experiments, such as vibration response,
soil pore pressure, and ocean water turbidity.

In terms of numerical simulation methods, the computational fluid dynamics method
can be used to simulate large-scale submarine landslide motions. However, this method
regards the landslide motion as a single fluid state motion, and it is difficult to con-
sider the microscopic evolution in the process of submarine landslide motion [14,92].
Compared with the CFD method, LDFE, MPM, SPH, and other methods that consider
the soil mechanical properties of a submarine landslide, can reproduce the evolution
process of a submarine slope from instability to progressive sliding failure [93]. How-
ever, the methods are mainly used in the early instability deformation simulation of
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small-scale submarine landslides due to their high calculation cost. It is worth noting
that the above numerical methods are mainly employed in the motion simulation of
submarine landslides at the macro level, and they ignore the deformation characteristics
of particles inside a submarine landslide mass at the micro level. Therefore, in future
numerical simulation research, the macro–micro interconnection effect in the evolution
process of submarine landslide motion should be considered, and multi-scale coupled
numerical calculation methods, such as CFD-DEM, should be developed to realize the
fine simulation of the evolution process of submarine landslide motion. Meanwhile, in
order to improve the computational efficiency of multi-scale coupling algorithms, parallel
computing architecture or GPU acceleration techniques can be employed to solve this
large-scale computational problem [94].

7. Conclusions

We present the technological and methodological advances that have occurred in
submarine landslide research in recent years. The following conclusions could be drawn
from this study:

According to the in-situ investigation, more than 50% of submarine landslides have
slope angles of less than 4◦. Earthquakes, high sedimentation rates, and diapirism are the
most common triggers for submarine landslides, accounting for 33.5%, 17.6%, and 12.1%,
of the total, respectively.

It is urgent to develop an in-situ monitoring system and integrated space-sky-earth-sea
technique for submarine landslides, with long-term service and multi-parameter collabora-
tive observation, so as to realize the long-term observation of various indicators of seabed
sediments. High-quality geological sampling and drilling should be developed to achieve
the purpose of correctly identifying the submarine landslide hazards.

The mechanism of submarine landslide evolution, especially in the water–soil cou-
pling mechanism, needs to be further studied by physical modelling experiments. We
recommend revealing the early warning factors of disasters in the evolution of subma-
rine landslides, such as vibration response, soil pore pressure, and ocean water turbid-
ity, through experiments.

Multi-scale coupled numerical calculation methods should be integrated with parallel
computing architecture or GPU acceleration techniques to realize the fine simulation of the
whole evolution process of a submarine landslide motion.
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Abstract: As a novel type of mineral resource, gas hydrate has received a considerable amount of
attention worldwide. This seismic detection method can detect abnormal phenomena such as the
BSR, blank zones, velocity anomalies and polarity inversion of gas hydrate and become an important
method of gas hydrate detection. The occurrence area of gas hydrate in the South China Sea is usually
buried deep beneath the seabed. The current method cannot meet the needs of the shape and structure
detection of gas hydrate deposits. With the support of the National Key R&D Program of China,
some key technologies have led to developmental breakthroughs, such as ultra-high-energy plasma
sources, small-group-interval high-resolution seismic streamers, and distributed three-dimensional
seismic acquisition. The seismic profile obtained north of the South China Sea shows that the stratum
penetration depth reaches nearly 1000 m at a depth of 1500 m, and the vertical resolution is better
than 1.5 m. This system can serve the needs of high-resolution exploration of gas hydrate resources.

Keywords: gas hydrate; high-resolution seismic; ultra-high-energy plasma source

1. Introduction

Gas hydrate is considered as a strategic alternative energy source for sustainable
human development for the 21st century. At present, more than 30 countries and regions
are engaging in the research, investigation and exploration of gas hydrate. More than
230 sites globally have been found recovered or inferred to contain gas hydrates, and 97%
of them are distributed in the continental margin of the oceans, with only a few distributed
in the continental permafrost regions (Figure 1).

It is difficult to quantify the number of gas hydrate reservoirs in permafrost sediments
via conventional seismic techniques due to the almost identical acoustic properties of hy-
drates and ice. A coupled geophysical–geothermal scheme is developed to predict hydrate
saturation in gas-hydrate-bearing permafrost sediments by utilizing their geophysical and
geothermal responses [1,2].

On the other hand, owing to its advantages of high efficiency and high precision, marine
seismic exploration technology is commonly used in the field of gas hydrate exploration and
has great application potential. The United States first discovered the phenomenon of bottom
simulating reflection (BSR) through seismic investigation at the Black Submarine Platform
in the Gulf of Mexico. Subsequent ocean drilling confirmed the presence of submarine gas
hydrate in this area and proved that the seismic investigation method is an effective means
to determine the existence of gas hydrate [3–7]. Since then, Canada, Japan, Germany, India,
Belgium, Russia and other countries have successively carried out investigations of and
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research on gas hydrate on the continental margin of Cascadia, Nankai Trough of Japan, the
continental margin of India, the Black Sea, Lake Baikal, the Caspian Sea and various other
places. Without exception, seismic investigation methods were used in these works, and
remarkable results were subsequently obtained [3–24].

Figure 1. Global map of recovered and inferred gas hydrates (from the Woods Hole Coastal and
Marine Science Center, 2020).

In the early exploration of gas hydrates, the four major seismic anomalies of gas hy-
drate (i.e., BSR, blank zone, velocity anomaly and polarity reversal) were mainly discovered
through two-dimensional seismic detection [25]. With the deepening of exploration, seismic
technology has been gradually developed to detect the occurrence and internal structure of
gas hydrate ore bodies by 3D exploration to accurately delineate natural gas hydrate ore
bodies, estimate their reserves and optimize drilling targets. Therefore, high-resolution 3D
seismic exploration has become the main technical means of gas hydrate exploration. In
Japan, the Ministry of Finance and the Ministry of Economy, Trade and Industry presided
over the exploration and development of gas hydrate in Japan’s sea areas and conducted
a large number of high-resolution 3D seismic exploration efforts in the Sea of Japan and
Nankai Trough [26–28]. The adopted detection system included a pair of tuned air gun
arrays; the capacity of a single gun array was 1158 in3, and eight 192-channel seismic
streamers were used, with a channel spacing of 12.5 m and a streamer spacing of 100 m. In
2004, the University of Tromsø in Norway, the National Marine Science Center in Southamp-
ton in the UK and Kiel University in Germany jointly developed the P-Cable system [29,30].
In 2008, Bangs et al., (2011) carried out high-resolution 3D seismic data acquisition in the
Gulf of Mexico using the P-Cable system. In total, ten 30-m long seismic streamers were
used for the operation, with a distance of 12.5 m between the streamers, a combination of
two Sercel GI guns as the source, and a total capacity of 150 in3. Singhroha et al., (2016) and
Kunath et al., (2020) applied the P-Cable system to investigate gas hydrate in the Arctic
region and the southwest sea area off Taiwan Island of China. The results show that the
P-Cable system has a good bandwidth (20–300 Hz) and can detect gas hydrate and free gas
through the seismic quality factor Q. [31–33].

Since 1999, China has conducted gas hydrate investigations and research in the Xisha
Trough in the South China Sea and the Dongsha Islands, the Shenhu and Qiongdongnan
areas, and the Okinawa Trough in the East China Sea. Using seismic detection technology,
the China Geological Survey carried out a preliminary experimental investigation of natural
gas hydrate in the Xisha Trough area of the South China Sea, made a breakthrough, and
found the BSR seismic marker of natural gas hydrate in the China Sea. From 2005 to 2009,
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the R/V FENDOUSIHAO carried out numerous multichannel seismic acquisitions in the
northern South China Sea [34–36]. A series of abnormal signs of natural gas hydrate were
found in many regions, which preliminarily confirmed the existence of gas hydrate in
the China Seas. Its resource prospect is promising [25,37–42]. In May 2007, the China
Geological Survey drilled physical samples of natural gas hydrate at three stations in the
Shenhu area of the South China Sea. In 2017 and 2020, China successfully carried out
two rounds of trial production of gas hydrate in the Shenhu area of the South China Sea.

In the early 21st century, China’s gas hydrate seismic survey mainly adopted high-
resolution two-dimensional seismic exploration or quasi-3D seismic exploration collected
by a single-source and single cable or double-source and single cable. The multichannel
seismic system adopted was a single streamer with a trace spacing of 12.5 m and a record
number of 192~240 channels. The excitation source was provided from a gun array com-
posed of BOLT or GI guns, with a peak energy bandwidth between 50–120 Hz, and the
total capacity of the gun array ranged from hundreds to thousands of cubic inches [43–47].

In 2018, the Shanghai Offshore Petroleum Bureau carried out a high-resolution and
high-density 3D seismic survey of three sources and twelve cables in the South China
Sea [48,49]. Adopting 12 seismic cables with a length of 5100 m and a distance of 12.5 m
and a working mode of alternating excitation of three sources, the acquisition binning
reached 6.25 × 12.5 m. Subsequently, the Guangzhou Marine Geological Survey conducted
a successful “rake cable” acquisition test with the R/V HAIYANGDIZHIBAHAO in the
northern waters of the South China Sea in 2020. Using acquisition methods such as
multisource acquisition, the combination of one long cable and multiple short cables, and
continuous recording, the seismic acquisition of a 6.25 × 1.5625 m ultrasmall area with a
100 Hz main frequency has been achieved [50].

Equipment and acquisition parameters are summarized in Table 1 for several 3D
seismic explorations mentioned previously. Without exception, all seismic explorations
used air guns as sources. In this paper, we introduce a new technology for gas hydrate
detection by using ultra-high-energy plasma as the source.

Table 1. Main institutions engaged in the seismic detection of gas hydrate and the technical charac-
teristics of their methods.

Serial
Number

Institution Main Acquisition Parameters Test Area Technical Features

1 Ministry of Economy,
Trade and Industry

Eight multichannel seismic cables
with 192 channels, 12.5 m

group interval
and a total length of 2400 m are used.
The cable distance is 100 m. Two 1158
in3 tuned gun arrays are used to create

the source.

South China Sea
Trough (Otsuka et al.,

2015) [28].

Acquisition binning:
12.5 × 12.5 m

Main frequency is
50 Hz.

2 University of
Tromsø, Norway

The P-Cable 3D seismic detection
system adopts 14 seismic cables with
8 channels each, the group interval

is 3.125 m, the cable spacing is 12.5 m,
and a Mini-GI gun is used as the

seismic source.

Arctic waters
(Singhroha et al., 2016)

[32].

Acquisition binning:
6.25 × 6.25 m

Frequency band range
is 20–300 Hz.

3 Indian Oil and
Gas Board

Five cables of 200 channels are used,
the group interval

is 25 m, the distance between the
cables is 200 m, and 2 skid-type gun

arrays with a total capacity of 2750 in3

are used as the seismic source.

Bay of Bengal
(Mishra et al., 2019)

[23].

Acquisition binning:
12.5 × 50 m.

Main frequency of
approximately 30 Hz.
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Table 1. Cont.

Serial
Number

Institution Main Acquisition Parameters Test Area Technical Features

4 Guangzhou Marine
Geological Survey

The “rake cable” acquisition method
adopts multiple seismic sources, a

combination of a long cable and many
short cables, and

continuous recording.

Northern area of the
South China Sea

(Wen et al., 2020) [50].

Acquisition binning:
6.25 × 1.5625 m

Main frequency of
approximately 100 Hz.

5
Sinopec Shanghai

Offshore Oil and Gas
Branch

Using 12 cables of 408 channels, the
group interval is 12.5 m, and the cable

and cable spacing is 75 m.
Three hypocenters with a capacity of

1160 in3 are used for alternate
excitation, and the distance between

the cables is 25 m.

South China Sea
(Li et al., 2021) [49].

Acquisition binning:
6.25 × 12.5 m

Frequency band range
is 7–118 Hz.

2. Methods

With the support of the National 863 Program, Chinese institutes have successively
carried out research and development of a series of high-resolution multichannel seismic
detection technologies for oil, gas, and gas hydrate detection. Great progress has been made
in the evaluation of plasma sources, digital seismic acquisition streamers and multichannel
seismic data recording systems. Related instruments and equipment have been successfully
developed, and a high-resolution multichannel seismic detection system for shallow strata
in shallow water to deep water has been established [51–57].

The gas hydrate occurrence areas in China are usually in water deeper than 1000 m
and deeply buried below the seafloor [37–40,58]. With the development of more refined
gas hydrate exploration, the existing seismic detection methods and means cannot meet the
needs of the high-resolution exploration of hydrates and fine descriptions of ore bodies. We
developed a set of high-resolution 3D seismic detection equipment, include an ultrahigh-
energy plasma source with two transmitting array, two small-group-interval digital seismic
streamers and 3D seismic acquisition system. The results showed that it can penetrate the
stratum deeper than 500 m with vertical resolutions better than 1.5 m.

2.1. Ultrahigh-Energy Plasma Source

Bubbles generated by a pulsed discharge in water can emit extensive pulsed acoustic
waves, which have applications in oceanic high-resolution seismic exploration. However,
with the increase in discharge energy, a single electrode will produce a bubble effect.
In order to achieve ultra-high-energy discharge, multi-electrode combination is usually
used [59–63].

The ultra-high-energy plasma source system adopts a dual-output structure (Figure 2).
The system includes two energy modules. Each module has a maximum output of 25,000 J,
and bear the same structure. The main circuit adopts the mode of rectification-inverting-
boosting-rectification-storage-discharging. Each module is equipped with a set of pulse
transmission cables and transmitting electrodes, and the two modules communicate with
the source upper controller through optical fibers. The upper controller of the source
controls the start–stop and energy level of each module and controls the trigger output of
each module through the external trigger input.

The source-transmitting array comprises two sets of independent arrays, each of which
has 2080 electrodes. Bipolar electrode discharge technology is adopted to increase the circuit
impedance, which can improve the energy efficiency and effectively reduce the loss of the
transmitting electrode. To ensure that the quantum shocks can maintain a constant distance
during offshore operations, the twin arrays are fixed with a link frame, which can keep
the distance between the two subquakes at 3.2 m during operation; a relative GPS (RGPS)
device and a battery module are installed above the link frame (Figure 3).
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Figure 2. Structure diagram of the ultra-high-energy plasma source.

Figure 3. Plasma source array.

The verified standard hydrophone is used to measure the source wavelet at different
sinking depths and different emission energies and calculate the sound source level of the
source. The results show that under an emission energy of 25,000 J, the sound source level
of the source can reach 240 dB. The frequency is approximately 380 Hz (Figure 4).

2.2. High-Resolution Seismic Streamer

A small-group-interval high-resolution seismic streamer consists of a leading section,
a photoelectric conversion unit, a front elastic section, a data transmission unit, a working
section, a rear elastic section, and a trailing transition section.

The leading section is an armored photoelectric composite cable, which transmits
commands and signals through optical fibers and supplies power to each part of the cable
through electrical wires; the photoelectric conversion unit converts the optical signal com-
mands of the multichannel seismic data acquisition unit into electrical signals and transmits
them to the working section. The collected electrical signals are converted into optical
signals and transmitted to the streamer controller and the multichannel seismic data acqui-
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sition unit; the front elastic section connects the leading section and the working section to
reduce the influence of ship vibration on the working section; the data transmission unit is
located in the elastic section before the connection segment and between two work sections.
The data transmission unit is used to collect the artificial reflection seismic signals collected
in the working section and send them to the photoelectric conversion unit; the working
section consists of multiple sets of hydrophone combinations and digital acquisition units,
each digital acquisition unit controls 4 acquisition channels, and each acquisition channel
consists of 4–6 hydrophones connected in series or in parallel. The digital acquisition unit
digitizes the artificial reflection seismic signal collected by the hydrophone and sends it to
the data transmission unit; the rear elastic section is used to connect the working section
and the tail mark. The function is to reduce the influence of tail mark drag vibration and
noise on the working section; the front end of the tail mark adapter section is connected
with the rear elastic section through a swivel ring, and the rear end is connected with the
tail mark. The swivel ring is used to eliminate the influence of the torque generated by the
tail mark vibration on the working section.

(a) (b)

Figure 4. Results of the source wavelet test. (a) oscillogram of source wavelet; (b) frequency spectrum
of source wavelet.

2.3. Seismic Acquisition System

The seismic acquisition system takes the network switch as the center, including a
multichannel data acquisition unit, streamer controller, acquisition control server, quality
monitoring server, disk array, plotter and client, to achieve the requirements of massive data
transmission, storage, arrangement, real-time monitoring and control, linear hydrophone
array geometry and data acquisition.

3. Data Acquisition and Analysis

In 2020, an acquisition experiment was carried out in the northern South China Sea
using an ultrahigh-energy plasma source, a small-group-interval high-resolution seismic
streamer, and a 3D seismic acquisition system. The test adopted the observation system
of dual-source and dual-cable configuration for acquisition (Figure 5). Two 240-channel
seismic streamers were used, with a cable spacing of 12.8 m at the depth of 5 m. The
two pulse transmitting arrays were alternately excited with 25 kJ of emission energy, the
shot interval was 12.5 m, at the depth was 0.5 m. The acquisition binning is 1.6 × 1.5625 m.
Table 2 summarizes the acquisition parameters of 3D seismic acquisition experiment.
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Figure 5. Design of the high-resolution 3D seismic detection system.

Table 2. Acquisition parameters for high-resolution seismic acquisition experiment.

Group interval 3.125 m Recording Duration 4 s
Cable Spacing 12.8 m Number of Streamer 2

Cable Length 240 channels/per
cable Cable Sinking 5 m

Number of Sources 2 Shot Interval 12.5 m
Source Spacing 3.2 m Source Sinking 0.5 m
Sampling Rate 0.25 ms Source Energy 25,000 J

Acquisition Binning 1.6 × 1.5625 m Trigger Mode Alternating

3.1. Detection Depth Analysis

Figure 6 shows the two-way reflection profile obtained in the shallow water area
studied. The bottom reflection time T1 = 0.2710 s and the deepest stratum reflection time
T2 = 1.55 s are read from Figure 6a. From the velocity map shown in Figure 6b, the seawater
velocity at T1 is approximately 1500 m/s, and the average velocity at T2 is 1550 m/s. When
the seabed depth is 205 m, the stratum penetration depth is approximately 1347 m.

 
(a) 

Figure 6. Cont.
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(b) 

Figure 6. Seismic profiles obtained in shallow water north of the South China Sea. (a) Seismic profile;
(b) Velocity spectrum.

Figure 7 shows the two-way reflection profile obtained in the deep water area stud-
ied. The seabed reflection time T1 = 2.0 s and the deepest stratigraphic reflection time
T2 = 2.950 s are read from Figure 7a. From the velocity map shown in Figure 7b, the seawa-
ter velocity at T1 is approximately 1495 m/s, and the average velocity at T2 is 1666 m/s.
The penetration depth when the bottom depth is 1495 m was calculated to be approximately
962 m.

3.2. Vertical Resolution Analysis

The spectrum scanning analysis was carried out on the seismic profile obtained in the
deep water area of the South China Sea. From the spectrum scanning diagram of a single
shot (Figure 8), there is almost no effective reflection signal at 0–80 Hz, and there are mainly
interference and few reflection signals above 700 Hz. The frequency band of the reflection
signal is 80–700 Hz. From the spectrogram of the reflection profile (Figure 9), it can be seen
that the effective frequency band is 70–650 Hz and that the main frequency is 100–500 Hz.
Taking the center frequency of 300 Hz and the speed of 1600–1800 m/s for calculation, the
highest resolution obtained is 1.3–1.5 m.
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(a) (b)

Figure 7. Seismic profiles obtained in deep water north of the South China Sea (a) Seismic profile;
(b) Velocity spectrum.

Figure 8. Spectrum scanning diagram of a single shot.
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Figure 9. Reflection profile in deep water and spectrum diagram of shallow strata.

4. Results

After years of accumulative technical improvements, a high-precision 3D seismic
detection system for gas hydrate was successfully developed, which includes a 50 kJ
ultrahigh-energy plasma source, two high-resolution digital seismic streamers with a
group interval of 3.125 m, and a seismic acquisition system. The acquisition test carried
out in the northeastern part of the South China Sea shows that this system has obvious
advantages in terms of the frequency band range and the minimum acquisition binning.
The seismic profile obtained at a water depth of 205 m has a stratum penetration depth
approximately 1347 m. The seismic profile obtained at a water depth of 1495 m and has
a stratum penetration depth of approximately 962 m. The main frequency of profile is
100–500 Hz and the vertical resolution is better than 1.5 m. The acquisition binning is
1.6 × 1.5625 m.

5. Discussions

Compared with an air gun source, ultrahigh-energy plasma source can provide higher
dominant frequency and stratigraphic resolution. If discharged with small energy, the
shooting interval of plasma source can measure less than 1 s. Thus, the plasma source
can provide higher folds than the air gun source. Furthermore, this approach can provide
technical support for the highly targeted exploration and development of gas hydrates and
a fine description of ore bodies.
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Abstract: Based on multibeam bathymetric data and high-resolution shallow sub-bottom profiles
acquired during China’s 10th Arctic Scientific Expedition Cruise in 2019, a sediment wave field was
found on the western slope of the Chukchi Rise, in the Arctic Ocean. This sediment wave field
developed on the lower slope with water depths of between 1200 m and 1800 m and stretched 15 km
in the downslope direction. It comprised several parallel sediment waves, with wavelengths ranging
from 700 m to 3400 m and wave heights from 12 m to 70 m. In the vertical direction, well-stratified
deposits, tens of meters thick, were affected by sediment waves, which exhibit asymmetric waveforms
and upslope migration trends. The morphological and seismostratigraphic characteristics of the
sediment waves suggested their genesis as a result of the interaction between the bottom current and
seafloor morphology, which was also supported by hydrographical data adjacent to the sediment
wave field. It was infered that this bottom current was related to the Arctic Circumpolar Boundary
Current, which many researchers suggest flows through the study area.

Keywords: seafloor bedform; multibeam bathymetry; sub-bottom profile; bottom current

1. Introduction

A sediment wave is defined as a large-scale (generally between tens of meters and
a few kilometers long and several meters high), undulating, depositional bedform that
is generated beneath a current flowing at, or close to, the seafloor [1]. The wave-forming
current can either be a contour current or a turbidity current in the deep ocean [1–3].
Sediment wave formation, which often takes hundreds to thousands of years, represents
the long-term response of sedimentation processes to environmental conditions [4], thereby
influencing thick strata below the seabed [5]. As such, sediment waves are often clearly
displayed on the seabed topography and on shallow strata, and they can be effectively
identified using modern technology, such as multibeam bathymetry, sub-bottom profiles,
and side-scan sonar. Based on the features of sediment waves in plain view and of vertical
stacking patterns, in combination with regional settings, the characteristics of the wave-
forming bottom current can be determined [1,6,7] and important information on the modern
and palaeoceanographic environment and dynamic processes can be obtained [3]. Most
sediment waves are found in deep-sea areas in middle and low latitudes [2,3,7], where
research investment is greatest; in higher-latitude sea areas, the sediment waves are mainly
found around Antarctica [8–10]. In recent years, sediment waves have also been found in
some regions around the Arctic, such as the Nordic Seas [11], the Faroe Islands [12,13], off
the coast of Greenland [14], and in the Canadian Basin [15].
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Multibeam bathymetry and sub-bottom profile data obtained from China’s 10th Arctic
Scientific Expedition in 2019 at the protrusion of the western continental slope of the
Chukchi Rise (Figure 1b) revealed a sediment wave field [16]. In the same period, scholars
from Korea also found evidence of the presence of sediment waves in this area [17], but
they did not conduct an in-depth analysis of their characteristics. Considering the unique
position of the Chukchi Borderland in the Arctic flow field [18–20], studying these sediment
waves should aid our understanding of the characteristics of the bottom current, thereby
providing useful information on the Arctic Ocean environment.

Figure 1. Bathymetric chart of the Chukchi Borderland and its neighboring areas (a) and a zoomed-in
image of the study area (within the yellow box in Figure 1a) (b). The inset indicates the location
(black box) of Figure 1a in the Arctic region. Pink dotted lines with arrows represent the speculated
pathway of the Arctic Circumpolar Boundary Current (according to [19,20]). White solid lines mark
the research vessel’s track during China’s 10th Arctic Scientific Expedition in 2019. The blue solid line
indicates the location of Figure 2, and the red shaded area identifies the location of Figure 3a, where
the sediment waves were found. The green star (10M14) and red point (03M03) mark the locations of
the lowered ADCP site and gravity sediment core, respectively, which are mentioned below.

Figure 2. Sub-bottom profile across the western slope of the Chukchi Rise (see Figure 1b for its
location). The vertical axis is the two-way travel time (TWT) in miliseconds, and the depth scale in
meters is estimated at a sound speed of 1500 m/s. The location of Figure 4 is also shown.
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Figure 3. Sediment waves on the multibeam bathymetric map and the locations of the water depth
sections used to measure the wavelengths and the wave heights (a). Water depth changes (solid
lines) along the three sections identified in (a); the dotted lines represent water depths obtained by
polynomial fitting, which indicate the trend of the water depth changes along the continental slope
(b). The real undulations of the sediment waves along the sections, i.e., the differences between water
depths and their fitting values (c).
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Figure 4. Sediment wave field shown on the sub-bottom profile (a) and a zoomed-in image of the
rectangular area (b). The location is shown in Figure 2. The red dashed lines show the connecting
lines of the wave crest for each internal reflector. The vertical axis is the two-way travel time (TWT)
in miliseconds, and the depth scale in meters is estimated at 1500 m/s sound speed.

2. Regional Settings

The study area is located at the junction of the Chukchi Borderland and the Chukchi
Shelf, in the western Arctic Ocean. The Chukchi Borderland is a large underwater platform
extending northward from the Chukchi Shelf into the Amerasian Basin and comprises four
geomorphological units: the Chukchi Rise, the Chukchi Plateau, the Northwind Ridge,
and the Northwind Basin (Figure 1a). The water depth here changes drastically, ranging
from less than 300 m in the Chukchi Rise and the Chukchi Plateau to nearly 3000 m in
the Northwind Basin [21]. The Chukchi Rise is adjacent to two deep-water basins, the
Northwind Basin in the east and the Chukchi Basin in the west, and is connected in the
north to the Chukchi Plateau through a narrow, saddle-shaped underwater depression. The
rise is roughly triangular, but, in the middle, a spur-like protrusion extends westward into
the Chukchi Basin, forming “W”-shaped contour lines on the continental slope between
the Chukchi Rise and the Chukchi Basin (Figure 1b).

The Chukchi Rise developed the Cenozoic strata which is several-hundred-meters-
thick and multiple sets of progradational sequences formed from the Oligocene to the
Pliocene [22,23]. Glacial sedimentation became dominant in this area during some period
of the Quaternary. Many plow marks and mega-scale glacial lineations caused by ice-
grounding developed across the shelf breaks. Multistage glaciogenic debris-flow deposits
formed on the continental slope and the bottom of the slope, buried by tens of meters of
thick hemipelagic deposits [24–29].

The oceanographic environment in the study area is heavily influenced by the anti-
cyclonic Beaufort Gyre circulation at the surface, while Pacific and Atlantic water inputs
contribute to the intermediate and deep-water masses [18–20]. The Atlantic water, which
constitutes the bottom current of the Arctic Circumpolar Boundary Current, may reach
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the Chukchi Borderland after crossing the Mendeleev Ridge and the southern slope of the
Chukchi Basin, extending to 1000 m and below, as proposed by Woodgate et al. [30].

3. Methods

In China’s 10th Arctic Scientific Expedition, the research vessel “Xiangyanghong 01”
was used to conduct geophysical, geological and hydrological surveys on the southwestern
Chukchi Rise and the adjacent Chukchi Basin and Chukchi Shelf (Figure 1a). A hull-
mounted multibeam bathymetry system and a sub-bottom profiling system were used to
obtain more than 700 km of high-resolution data, revealing the seabed topography and
shallow seismostratigraphic structure along the route.

3.1. Multibeam Bathymetry

Seabed topography was measured using a Wärtsilä ELAC SeaBeam 3012 full-ocean-
deep multibeam echo-sounder system. The water depth of the working area ranged from
80 to 2500 m, of which the beam coverage width was approximately 3–3.5 times the water
depth when the water depth was shallower than 1000 m and approximately 3.5–4 times the
water depth when the water depth exceeded 1000 m. During the voyage, an AML Minos se-
ries sound velocity profiler was used to acquire the vertical variation in the seawater sound
velocity. Caris software was used to perform multibeam data processing and corrections
according to the standard workflow, which included parameter correction, navigation data
editing, water-depth point-noise editing, tide level correction, and sound speed correction.
Then, a built-in combined uncertainty and bathymetry estimator (CUBE) multibeam auto-
matic processing tool was used to construct the CUBE surface and multibeam grid data
with a grid spacing of 20 m.

3.2. Sub-Bottom Profiling

A hull-mounted Kongsberg TOPAS PS18 parametric sub-bottom profiler system,
which has a high spatial resolution in water depths between less than 20 m and full
ocean depth, was used for shallow stratum detection. This system transmits frequency
modulation (FM) signals with a frequency band of 2–6 kHz and acquires the returned
signals with a sampling rate of 36 kHz and record length of 800 ms. The seabed was
tracked automatically according to the water depth input from the multibeam system,
and the acquisition delay was adjusted accordingly. Then, the SEGY format record was
processed by TRITON software for filtering, automatic gain, reflection interface tracking,
and digitization. Because of the lack of sound velocity data on the seabed strata in the
study area, a sound velocity of 1500 m/s was used for travel time–depth conversion of
the sub-bottom profile, as proposed previously by other authors [24,28]. The penetration
depth of the sub-bottom profile ranged from 10 to 80 m, depending mainly on the regional
seabed undulation and sediment type. At the top of the Chukchi Rise and the upper part
of the neighboring continental slope, the penetration depth was less than 20 m, while on
the lower continental slope, where the sediment wave field was located, the penetration
depth exceeded 50 m (Figure 2).

3.3. Hydrological Measurement

The hydrographical data (Figure 5) were collected at site 10M14 (171◦57.37′ W, 70◦01.89′ N,
see Figure 1b for location), including lowered acoustic Doppler current profiling (LADCP)
and conductivity–temperature–depth (CTD) measurement. The full-depth current profile
was obtained by Teledyne RDI Workhorse Sentinel self-contained 300 kHz LADCP. The
seawater pressure, in situ temperature, and salinity were measured using a Seabird SBE
911 Plus CTD. The LADCP was bound on the frame of the CTD system, and was lowered
down to a depth near the seabed. The “LDEO Implementation” of the velocity-inversion
method [31] was used for processing the LADCP data, and the CTD time-series data
were included as input parameters; then, the eastward and northward components of the
horizontal velocity of the current could be figured out.
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Figure 5. The vertical profile of sea water velocity measured by LADCP at site 10M14 (see Figure 1b
for its location). The upward and rightward vectors indicate northward and eastward currents,
respectively. The length of each vector gives the magnitude of the current.

4. Results

4.1. Echo Character Type and Distribution along the Slope

In Figure 2, the sub-bottom profiling data show the stratal geometries, internal struc-
ture, stacking patterns, and sequence relationships of the uppermost tens of meters of thick
deposits on the middle–lower slope of the Chukchi Rise within a water depth range of
approximately 700–2000 m. Along this profile, the slope break occurs at a water depth of
approximately 450 m, according to multibeam bathymetry data [16]. Downward from the
slope break, until approximately 900 m depth (TWT 1200 ms), deposits less than 30 m-thick
were captured by a sub-bottom profiler. The acoustically stratified reflection, with strong,
continuous, and subparallel internal reflectors, became increasingly thin toward the slope
break and finally pinched out. Below a 900 m depth, a thicker acoustically stratified re-
flection was shown. The internal reflectors became weaker, and severe undulation was
found at the lower slope. At the bottom of the slope, a transparent reflection was observed.
It wedges into the stratified reflection at the slope and then away from the slope, and its
thickness becomes gradually constant, to approximately 50 m.

4.2. Location, Morphology, and Acoustic Structure of Sediment Waves
4.2.1. Geomorphic Features

The wavy bedforms are located on the middle and lower parts of the continental slope
at a water depth of 1200–1800 m; the largest one occurs at about 1500 m (Figure 3a,b).
The incline of the slope is approximately 1.8–1.9◦. On the bathymetric map, the sediment
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wave field is shown as a series of alternating ridges and gullies, or some locally closed
depressions. In addition, the wave field span exceeds 15 km in range; the single sediment
wave crest forms a linear or crescent shape on the plane, which is generally oblique to
the contour at a small angle (Figure 3a). The wavelength and wave height parameters
of the sediment waves were calculated along three water depth sections, as shown in
Figure 3a. To eliminate the influence of the slope incline, the average water depth along
the continental slope was calculated using a polynomial fitting method and subtracted
from the measured water depth (Figure 3b). The results indicate that the wavelength is
between 700 m and 3400 m, and the wave height is between 12 m and 70 m (Figure 3c);
therefore, it is a so-called large-scale sediment wave [1,7]. The wave in the middle of the
field has the largest wavelength and height in the direction perpendicular to the continental
slope, which gradually decreases toward both sides (Figure 3c). Moreover, the wavelength
and wave height vary along the direction of the sediment wave. The wave crest length
exceeds the beam width of the multibeam echo sounder, which measures about 5 km in the
wave field.

4.2.2. Seismostratigraphic Features

The wavy bedforms correspond to continuous wave-like bending of the well-stratified
seismic reflector below the seabed within the thickness visible in the sub-bottom profile
(Figure 4a). The sedimentary layer affected by these waves maintains the original good
stratification, with moderate–weak internal reflectors and nearly transparent, constant-
thickness layers within them. Most of the reflectors can be continuously traced along
the adjacent waves. The wave shape is laterally variable but mostly shows asymmetrical
waveforms, of which the upslope wing has a larger inclination and thickness than the
downslope wing (Figure 4b). The line connecting the wave crests of each reflection interface
of the waves is slightly inclined downslope, indicating a characteristic of upslope migration
(Figure 4a,b). For the whole wave field, the waveform asymmetry on both sides of the field
is higher than that at the center, whereas the wave height is larger at the center than on
both sides.

4.3. Current Velocity Profile at Site 10M14

Figure 5 shows the horizontal velocity profile observed by the LADCP at 10M14, a
site near the bottom of the continental slope, approximately 15 km away from the wave
field. Strikingly, different current direction was observed in the upper and lower parts of
the seawater. There are westward currents in the upper 800 m, with a maximum velocity
speed of approximately 0.33 m/s, whereas eastward and northeastward currents in the
intermediate (800–1300 m) and deep (1300–2000 m) layers have maximum velocity speeds
of approximately 0.22 and 0.26 m/s, respectively.

5. Discussion

5.1. Sediment Wave Formation

The wavy bedforms observed in the spur-like protrusion of the continental slope
were interpreted as sediment waves, according to its planar and vertical characteristics
in multibeam bathymetry and the sub-bottom profile [1,7]. The more widely distributed
multibeam survey lines revealed that sediment waves spread all over the slope of the
protrusion, and their wave crest lengths mostly exceeded 5 km [17].

Sediment waves can be formed by contour currents flowing laterally along the slope
or turbidity currents flowing down the slope. To distinguish between the sediment waves
formed by these two processes, five criteria, including wave regularity, wave crest align-
ment, sequence thickness, sediment type, and regional setting, were proposed by Wynn
and Stow [1].

In terms of wave regularity, each sediment wave under consideration has an asymmet-
rical waveform, the wave height and length decrease from the middle of the wave field to
both sides, and the waves show a trend of upslope migration, which are all typical features
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of sediment waves due to contour currents. In contrast, the dimensions of sediment waves
with turbidity current origins tend to decrease gradually downward along the slope. In
terms of the wave crest shape and alignment, the crest of the sediment waves in question
is slightly crescent-shaped and aligned obliquely to the contour at a small angle, while
the crest of turbidity current sediment waves is relatively straight in most cases, and the
direction is mostly parallel to the contour. For the sequence thickness, sediment waves
with turbidity current origins generally decrease progressively downslope as they move
from the provenance area, with the reduction range reaching 40–60% [1]. In contrast, the
sequence thickness affected by the sediment wave here is almost unchanged down the
continental slope, showing a key feature of contour current sediment waves.

For the sediment type, although no sediment samples were collected on the sediment
wave field in this cruise, some lithostratigraphic and seismostratigraphic studies in the
Chukchi–East Siberian margin seem to support the idea that the well-stratified deposits
forming sediment waves are mainly composed of fine-grained or sandy mud [17,32–34].
Similar acoustical characteristics to the study area were observed on the Chukchi–East
Siberian margin and the Chukchi Basin [17,24,25,28]. The acoustically stratified reflection
with subparallel internal reflectors might be correlated with the fine-grained–sandy muds
revealed by lithostratigraphic studies [32–34]. The internal weak reflectors were interpreted
as poorly sorted sandy muds with lower concentrations of iceberg-rafted debris, and the
outermost constant thickness layers within internal reflectors were interpreted through fine-
grained muds deposited in a hemipelagic environment [17,24]. The acoustically transparent
reflection at the slope bottom indicates homogeneous sediments without internal bedding,
which was interpreted thanks to the fast sedimentation of glaciogenic debris flow [17,28].

Regarding the regional setting, sediment waves formed by turbidity currents are
mostly located in some confined environments, such as the levees of submarine canyons or
on channel mouths. In contrast, sediment waves formed by contour currents, especially
large-scale sediment waves, mostly develop in the lower part of the unconfined slope, as
revealed by the multibeam bathymetric data discussed here and that of Kim et al. [17].

The above analysis indicates that the sediment waves in the study area may have been
formed by contour currents as a result of the interaction between the seabed and bottom
currents flowing laterally along the continental slope. The hydrological data (Figure 5)
collected at site 10M14 adjacent to the wave field (Figure 1b) also support the contour
current genesis. The strong and stable bottom current at water depths between 1200 m and
1800 m would subsequently contribute to the wavy bottom topography observed in the
study area.

The source and route of this bottom current are still unknown. The LADCP observed
currents in the deep layer are in agreement with the previously identified boundary current
that transports Atlantic waters into the Arctic [35]. According to hydrographical and tracer
studies, Woodgate et al. [20,30,36] proposed that the Atlantic water that constitutes the
bottom current of the Arctic Circumpolar Boundary Current may flow along the southern
slope of the Chukchi Basin after crossing the Mendeleev Ridge and then flow eastward to the
Chukchi Borderland. This point is also supported by numerical simulation results [19,37].
The Arctic Circumpolar Boundary Current is roughly distributed along the continental
slope in the Chukchi Basin, and the center of the current is located between 1000 and 2000 m
in depth [30,36], which is essentially consistent with the depth range of the sediment waves
observed in our study. Therefore, seemingly reasonable inference is that the formation
of these sediment waves is related to the occurrence of the Arctic Circumpolar Boundary
Current. However, this hypothesis is still far from being confirmed, and more hydrological
observations will be necessary.

5.2. Implication for the Palaeoceanographic Environment

Sediment waves are often formed by long-term interactions between the bottom
current and the seabed [4]. Kim et al. [17] interpreted the sediment waves on the slope of
the western spur as “buried”, meaning that they formed before the hemipelagic drape was
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deposited. The sediment waves developed in the study area are obvious on the seabed
topography map and affect the distribution of surficial deposits, which might indicate
that they are still active. A statistical analysis of modern sediment waves reveals that the
two parameters of wavelength and wave height offer a good reflection on the formation
environment of sediment waves [7]. A logarithmic plot of the wavelength versus the wave
height of the sediment waves in the study area (Figure 6) reveals that they belong to the
nominal large-scale sediment waves with mixed relief, corresponding to the unconfined
continental slope environment and fine-grained sediment formed by the weak contour
current with linear stratification [7]. According to the bedform–velocity matrix [6], these
mud waves correspond to a flow rate of approximately 0.1–0.2 m/s, a little lower than the
sea water velocity at site 10M14 within same depth range measured by LADCP (Figure 5).
The reason might be that the wave field is located more than 15 km away from site 10M14,
and that the bottom current velocity is variable laterally.

Figure 6. Logarithmic plot of wavelength versus wave height for the bedforms in Figure 3a. The red
dots represent the waves used for statistics in Figure 3c. The two areas indicating the sediment wave
types were obtained from [7].

Because of the limited penetration of sub-bottom profiling, the maximum strata thick-
ness affected by sediment waves cannot be captured. Within the discernible depth of the
sub-bottom profile, the sedimentary layers show continuous wave-like curvature from
top to bottom, indicating that the bottom currents forming the sediment wave field have
long-term effects on the sedimentary environment of the continental slope. The subparallel
characteristics of internal reflectors also imply that the velocity and direction of the bottom
current have been relatively stable for many years. The thickness of the strata affected
by the sediment wave is over 50 m on the sub-bottom profile (Figure 4). The existing
drilling cores in the adjacent Chukchi Basin (such as core 03M03 [31] in Figure 1b) reveal
that the sedimentation rate is approximately several centimeters per thousand years since
marine oxygen isotope stage 5 (MIS5) [27,29,32,34]. Therefore, we can infer that this set
of sedimentary layers was formed over hundreds of thousands of years, indicating that
sediment wave formation seems to date back to the Middle Pleistocene, when the glaciation
began on the edge of the East Siberian Shelf as proposed by Niessen et al. [24].
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6. Conclusions

A sediment wave field that developed on the western slope of the Chukchi Rise was
identified using high-resolution multibeam bathymetry and shallow sub-bottom profile
data obtained during China’s 10th Arctic Scientific Expedition. By analyzing the planar and
sectional characteristics of the sediment wave field, the following conclusions were drawn:

(1) These sediment waves are formed by contour currents and result from the interaction
between continental slope bottom currents and the seabed;

(2) The sediment waves are still active, and their formation seems to date back to the
Middle Pleistocene;

(3) Sediment waves are formed by a bottom current, which may be genetically related to
the Arctic Circumpolar Boundary Current flowing through the study area.
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Abstract: The hyperbolic p-y curve method is commonly used to design laterally loaded piles, in
which the initial stiffness is one of the two key parameters that need to be determined. In this paper,
the effect of an undrained clay slope on the initial stiffness of p-y curves of laterally loaded piles was
explored, and nonlinear models of the reduction factor (μ) were proposed. A series of finite-element
analyses was performed for different pile–slope geometric relationships according to whether the
slope geometry had influence on pile–soil interaction, in which the geometrical parameters were
varied. Based on simulation results, a semi-empirical method was mainly used to derive nonlinear
formulations for the undrained clay slope effect on the initial stiffness of hyperbolic p-y curves. The
wedge failure theory was also used to analyze the effect of the dimensionless slope height on the
initial stiffness. Comparing with other researchers’ reduction factor models, the results of the present
model are in the reasonable range and can predict more cases. Test cases were used to validate the
proposed model, and the results show that theoretical results are in better agreement with test results
using the present model.

Keywords: laterally loaded piles; initial stiffness; undrained clay slope; nonlinear formulations;
finite-element analysis

1. Introduction

Piles have been widely used in marine geotechnical engineering to support axial and
lateral loads for different structures, such as offshore wind turbines, bridges, and offshore
drilling platforms constructed at or near the slope [1–4]. There are several methods to
analyze the load–displacement characteristics of laterally loaded piles. The p-y curves
method is known to be a relatively accurate and effective method [5,6]. Many investigators
have developed p-y curves for sand [7–9], clay [10–12], and rock masses, [13,14] mainly
based on laboratory tests [15,16], field tests [17], and numerical simulation [18–20]. A pop-
ular hyperbolic p-y curves method is commonly used to predict the load–displacement
characteristics of the soil–pile system under lateral load. There are two key parameters in
p-y curves, which are initial stiffness (Ki) and ultimate resistance of the soil (pu) [13,21,22].
The ultimate resistance of the soil (pu) determines the ultimate state, and the initial stiffness
(Ki) determines the initial state for a pile under lateral load. Accurately calculating pu and
Ki is a crucial step to establish p-y curves, and it is meaningful in the design of laterally
loaded piles.

In clayey soils, the ultimate soil resistance (pu) is found to increase nonlinearly
with depth, and a consensus regarding how this term is evaluated is evident in the
literature [18,23–25]. However, different formulas of the initial stiffness (Ki) have been
proposed based on the results of laboratory tests, in-situ tests, and finite-element methods.
Vesic [26] proposed an elastic solution model which was deduced from the theory of a
beam on an elastic Winkler foundation. Rajashree and Sitharam [5] suggested that the
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value of initial stiffness could be taken as twice that of Vesic’s model to account for real
soil resistance around the circumference of the pile, a suggestion which was widely used
by researchers. Then the model was modified to take into account the effect of diameter
or depth [13,27–29]. These models considered the effect of different soil–pile parameters
and resulted in distinct engineering performances [30]. However, these models just focus
on the case of piles on level ground. When the pile is embedded in or near the slopes, the
initial stiffness is decreased because of the weakening of the soil in front of the pile [22],
which is rather different from that of level ground.

The slope effect on the pile–soil response often refers to the weakening effect of the
slope parameters (e.g., slope angle, slope height, near-slope distance and so on) on the
pile lateral load capacity. Available information concerning the clay slope effect on the
initial stiffness of p-y curves is rather limited and mainly refers to linear analysis. Several
investigations have considered the equivalent problem of initial stiffness of p-y curves for
the case of piles in or near clay slope. Georgiadis and Georgiadis [18] performed a series
of FEA simulations of piles at relatively gentle slopes, and provided a reduction factor (μ)
which represented the linear weakening effect of the slope angle. Then Georgiadis and
Georgiadis [22] provided a smooth transition from a pile at the slope crest to a pile near the
slope crest. However, the equation proved to be relatively accurate only for slope angles
lower than 30◦. Yang et al. [16,31] performed laboratory tests and FEA simulations for a
pile at the slope crest or in the slope. The results indicated that the critical depth (the depth
with the initial stiffness equal to one) increased with the slope angle. A linear model of the
reduction factor (μ) was then provided. Jiang et al. [9] provided an elastic stress solution of
the soil in a slope under the self-weight, which proved to be accurate only for a narrow
range of the slope angle. Considering that the current researches for the undrained clay
slope effect on the initial stiffness are insufficient and have some weaknesses, systematical
and comprehensive studies should be performed to explore the real slope effect on the
initial stiffness of the pile–soil system.

To analyze the undrained clay slope effect on the initial stiffness, this paper established
a series of 3D undrained finite-element models. Different pile–slope position relationships
were considered according to whether the slope geometry had influence on pile–soil
interaction. Based on simulation results, a semi-empirical method was mainly used to
derive nonlinear formulations for the slope effect on the initial stiffness of hyperbolic p-y
curves. The wedge failure theory was used to analyze the effect of the dimensionless slope
height. Then the model performance of the present study was compared with those of other
researchers’ models. Moreover, the pile head load–displacement curves and p-y curves
deduced with the proposed model were validated with other test results. The new model
proved to be more appropriate and reasonable to fit real cases and could predict more cases.

2. Basic Assumptions

Based on the length relationship between the pile length and the slope height, two
cases are considered in this paper: the case of “no slope geometry effect” and the case of
“existence of the slope geometry effect”. The case of “no slope geometry effect” refers to the
slope geometry having no influence on the shape of the affected area with load increase. The
case of “existence of slope geometry effect” refers to the slope geometry having influence on
the shape of the affected area with load increase. The detail of the concept will be discussed
in Section 4.2.1. Based on these two cases, considering the distance between the pile and
slope crest, pile–slope geometry relationships can be divided into five detailed cases, as in
Table 1.
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Table 1. Pile-slope geometry relationships.

Pile-Slope Geometry
Relationships

Variables

(a) Slope Angle θ
(b) Dimensionless Near-Slope

Distance b/D
(c) Dimensionless Pile

Head-Crest Distance h/L

No slope geometry
effect

  

Pile-Slope Geometry
Relationships

Variables

(d) Dimensionless Slope Height hp (e) Pile Location in the Slope lp

Existence of the slope
geometry effect

 

Three parameters are focused on in the “no slope geometry effect” case, which are
slope angle (θ), dimensionless near-slope distance (b/D) and dimensionless pile head-crest
distance (h/L), as seen in Table 1(a–c). Two parameters are focused on in the “existence of
the slope geometry effect” case, which are dimensionless slope height (hp) and pile location
in the slope (lp), as seen in Table 1(d,e).

The basic assumptions in this paper are described as follows:

(1) The slope is stable and flat without a sliding surface, and the pile head is free.
(2) The pile bends because of the pile head lateral load. Based on the discussions on

p-y curves by Reese et al. [21] and Terzaghi [32], the soil resistance is assumed to
be nonlinear with pile displacement. The popular hyperbolic p-y curve method is
adopted to reflect the nonlinear response of laterally loaded piles as the following:

p = y/(y/pu + 1/Ki) (1)

where pu is the ultimate lateral load per unit length, and Ki is the initial stiffness.
(3) The ultimate soil resistance (pu) in front of and behind the pile varies nonlinearly with

depth [18,23–25]. The initial stiffness (Ki) of undrained clayey soil in the level ground
case is independent on depth [26,28,29].

(4) Based on the study of Georgiadis and Georgiadis [18], a reduction factor (μ) is adopted
to reflect the undrained clay slope effect on the initial stiffness:

μ = Kiθ/Ki0 (2)

where Kiθ is the initial stiffness in the slope condition, and Ki0 is the initial stiffness in
the level ground condition. For the convenience of readers, this paper provides the
description of some used symbols, as shown in Table 2.
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(5) Poulos’ relative stiffness (KR) method is used to judge whether a pile is flexible or
rigid, as follows [33]:

KR =
Ep Ip

EsL4

{
> 0.208 Rigid pile
< 0.0025 Flexible pile

(3)

where Ep Ip is the bending stiffness, Es is the soil Young’s modulus, and L is the pile
length. When 0.0025 ≤ KR ≤ 0.208, the pile is not rigid or flexible, which is named
elastic pile.

Table 2. The description of some used symbols.

Symbols Description

Ki Initial stiffness
Ki0 Initial stiffness in the level ground condition
Kiθ Initial stiffness in the slope condition
Kii Initial stiffness at the ground surface
μ Reduction factor
μθ Reduction factor in the “no slope geometry effect” case with varying (θ)
μb/D Reduction factor in the “no slope geometry effect” case with varying (b/D)
μh/D Reduction factor in the “no slope geometry effect” case with varying (h/D)
μhp Reduction factor in the “existence of the slope geometry effect” case with varying

(
hp

)
μlp Reduction factor in the “existence of the slope geometry effect” case with varying

(
lp
)

3. Finite-Element Analysis

The finite-element analysis program ABAQUS was used to perform analyses in which
the geometrical characteristics of the problem (slope angle θ, dimensionless near-slope
distance b/D, dimensionless pile head-crest distance h/L, dimensionless slope height hp,
pile location in slope lp, pile length L) were varied. Material properties were the same
as Georgiadis and Georgiadis’ numerical simulation data [18], as shown in Table 3, and
variable values are shown in Table 4.

Table 3. Soil and pile properties.

Properties Value

Soil
Young’s module Es(MPa) 14

Undrained shear strength cu(kPa) 70
Bulk unit weight γs(kN/m3) 18

Poisson’s ratio νs 0.49
Adhesion factor αs 0.5

Pile
Young’s module Ep(MPa) 2.9 × 104

Bulk unit weight γp(kN/m3) 25
Poisson’s ratio νp 0.1
Pile length L(m) 4, 12, 20

Pile diameter D(m) 1

Table 4. Variables values.

Variables Conditions Values

“no slope geometry effect” case
Slope angle θ L = 4, 12, 20 m; pile at crest 0, 15, 30, 45, 60, 75, 90

Dimensionless near-slope distance b/D L = 20 m; θ = 30◦, 60◦, 90◦ 1, 2, 3, 4, 5, 6
Dimensionless pile head-crest distance h/L L = 4, 12, 20 m; θ = 45◦; pile in slope 0.5, 1, 1.5, 2

“existence of the slope geometry effect” case
Dimensionless slope height hp = h/L L = 4, 12, 20 m; θ = 45◦; pile in slope hp = 0.5, 1, 1.5, 2

Pile location in slope lp = h/L L = 4, 12, 20 m; θ = 45◦; pile in slope lp = 0.25, 0.5, 0.75, 1
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The soil was modeled as a linear elastic–perfectly plastic Tresca material [34–36] with
the undrained Young’s modulus Es = 14 MPa, the undrained shear strength cu = 70 kPa,
Poisson ratio νu = 0.49, and the bulk unit weight γs = 18 kN/m3. Since the loading
was undrained, the limiting pile–soil adhesion τ = αscu, where αs is adhesion factor.
Considering the lower bound of the relationship between αs and cu, αs was calculated to
be 0.5 for the contact between the pile and soil, according to Georgiadis and Georgiadis’
study [18]. The breadth and the bottom depth of the FE model were set to be ten times
and six times the pile diameter, respectively, which is enough to eliminate the boundary
effects [37,38].

All piles were modeled with a diameter (D) of 1 m. The piles were assumed to behave
in a linear elastic manner [18,36], with Young’s modulus Ep = 2.9× 107 kPa, Poisson’s ratio
υ = 0.1, and the bulk unit weight γp = 25 kN/m3. Piles were modeled with lengths of
L = 4 m, 12 m, and 20 m. The relative stiffness (KR) of the three length piles are calculated
in Equation (3) to be 0.3972, 0.0050, and 0.0006, respectively. Thus, the three piles can be
regarded as rigid pile, elastic pile, and flexible pile, respectively.

More than 80 models were established in the present study. A typical 3D finite-
element meshing of the 30◦ slope soil is shown in Figure 1. Eight-node quadrilateral
(C3D8R) interface elements were used for the majority part of both the pile and the soil.
There was more detailed meshing around the pile to allow effective pile–soil separating at
the back of the pile. In this method, the total element number of models was around 8000
to 20,000. Each analysis step was performed referring to the construction process of drilled
piles. The simulation could be divided into five construction parts. First of all, the bottom
boundary of the mesh was fixed in all directions, and other boundaries were fixed only in
the normal direction. Secondly, the geostatic equilibrium of soil domain under self-weight
was considered without the pile. Thirdly, the soil elements located at pile positions were
removed and the pile elements were activated. The normal and tangential contact between
pile and soil were applied. Fourthly, self-weight was applied on the pile through gravity
loading, and the overall model was balanced again. Finally, the lateral load was applied on
the top of the pile and the response of the pile was analyzed. Note that each load increment
was 100 kN for 12 m and 20 m piles and 20 kN for 4 m piles. For the case of θ = 90◦,
all boundary conditions would work at first to balance the crustal stress, and then the
boundary near the pile-placed side would be removed to form a 90◦ slope. It is noted that
large angles like 75◦ and 90◦ are rare in engineering, and are just used to explore the real
slope effect on the initial stiffness in this paper.

 
Figure 1. Typical 3D finite-element meshing in ABAQUS.

Figure 2 shows the comparison between FEA results and the theoretical method of
Georgiadis and Georgiadis [18]. The pile length is 20 m, the slope angles are 15◦, 45◦, and
60◦, and the other parameters are the same as shown in Table 1. The results prove that
the FEA results are within the reasonable range. To derive p-y curves, the curves of shear
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force (Q) versus depth (z) were exported from the nodes of the piles of FEA results. The
Q-z curves were curve-fitted in a relatively accurate method of seven-order polynominal
function. Then the polynominal functions were differentiated to give curves of lateral load
per unit pile length (p) and depth (z) for each pile head lateral load. The obtained p-z curves
were combined with y-z curves to produce p-y curves. Then, the initial slopes of these p-y
curves could be obtained as the initial stiffness (Ki). Then, the reduction factors (μ) could
be obtained using Equation (2). The whole procedure is shown in Appendix B. The total
number of data on the initial stiffness was around 700.

H
0

y0

Figure 2. Comparison of FEA results with the theoretical method of the 20 m length pile and 15◦, 45◦,
and 60◦ slope angles.

Note that the used polynomial method may have resulted in discontinuity at the
ground surface and pile end. Thus, the data on fitting results at ground surface were
invalid and not used in the present study. Moreover, the data of the nodes below the first
turning point were not considered (e.g., as shown in Figure 3a, though the pile length is
20 m, only the data for the depths from 1 m to 7 m are used, because the pile first turns at
around the depth of 8 m).
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Figure 3. Effect of θ on μθ by FEA for (a) L = 20 m; (b) L = 12 m; (c) L = 4 m.

4. Theoretical Analysis for FEA Results

Based on cases with different slope heights, the pile–slope geometry relationships can
be divided into two main cases, as Table 1 shows: (1) the “no slope geometry effect” case
and (2) the “existence of the slope geometry effect” case. The following sub-sections will
discuss the slope effect on the initial stiffness based on these two cases.

4.1. The “No Slope Geometry Effect” Case

In this case, three parameters are focused on, which are slope angle (θ), dimensionless
near-slope distance (b/D), and dimensionless pile head-crest distance (h/L), as seen in
Table 1(a–c). Theoretical analyses about the effect of these parameters are discussed in the
following sub-sections, based on FEA simulation results.

4.1.1. Case 1: Variation of Slope Angle (θ)

In this case, the pile is installed at the crest, as seen in Table 1(a). The reduction factor
(μθ) is calculated as shown in Figure 3. Different from the linear results of Georgiadis and
Georgiadis [18] and Yang et al. [30], the reduction factor (μθ) increases nonlinearly with the
depth in this paper. These nonlinear curves indicate that the value of the initial stiffness
(Kiθ) in slope conditions approaches Ki0 with depth. The empirical exponential equation is
provided as following:

μθ =
Kiθ

Ki0
= cosa θ +

(
1 − e−β(z/D) cos θ

)
(1 − cosa θ) (4)

where α and β are non-dimensional coefficients, which are determined in Section 4.1.2.
Equation (4) shows that the reduction factor (μθ) increases from cosa θ at horizontal ground
(z = 0) and nonlinearly approaches 1 with the depth ( z → ∞ ).

4.1.2. Case 2: Variation of Dimensionless Near-Slope Distance (b/D)

In this case, the pile is installed at a distance (b) from the slope crest, as seen in
Table 1(b). Considering the effect of the near-slope distance, an idealization is illustrated in
Figure 4, where Kii is the value of the initial stiffness at depth z = 0 at horizontal ground.
It provides a smooth translation from a pile at the slope crest to one near the slope. By
replacing depth (z) in Equation (4) with (z + z1), where z1 = (b − D/2) tan θ, it becomes:

μb/D =
Kiθ

Ki0
= cosa θ + (1 − e−β(z+(b−0.5D) tan θ) cos θ/D)(1 − cosa θ) (5)

55



J. Mar. Sci. Eng. 2022, 10, 1684

 
Figure 4. Transition from a pile at the slope crest to a pile near the slope crest.

Equation (5) can also be expressed as follows:

μb/D =
Kiθ

Ki0
= cosa θ + (1 − e−β(z cos θ+(b−0.5D) sin θ)/D)(1 − cosa θ) (6)

In the ideal case of θ = 90◦ at the slope crest, there is no Winkler spring in the outside
part of the pile, so Kiθ = 0 and μb/D = 0. When a pile is not installed at the slope crest,
there is still soil constraining the outside of the pile. In this case, Equation (6) becomes:

μb/D = 1 − e−β(b/D−0.5) (7)

Equation (7) demonstrates that for the ideal case of θ = 90◦, the slope has the same
effect on Kiθ at any depth, and Kiθ just changes with the distance (b). Then, the parameter β
in Equation (7) can be determined through a series of b/D effect simulations in the case of
θ = 90◦.

Figure 5 shows results of the slope angle (θ) effect on μb/D by deriving the results
from FEA. Averaging the results to obtain the ratio of slope case to level ground case, μb/D
becomes 0.32, 0.46, 0.62, 0.74, 0.81, and 0.88, respectively. Then, substituting μb/D values
into Equation (7), β is obtained as 0.39, 0.42, 0.39, 0.38, 0.37, and 0.38, respectively. Thus,
β = 0.4 is suggested to be reasonable for use in this study.

μ b/D

b/D
b/D
b/D
b/D
b/D
b/D

/D

Figure 5. Effect of b/D on μb/D by deriving the results of FEA for θ = 90◦.
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Since β is determined, α can be determined in Equation (6) by fitting curves in Figure 3.
Figure 6 shows the distribution of α for a total of 95 data from piles. Then, a recommended
value of α = 1.2. is able to represent the most cases precisely.

μ 

α

α

Figure 6. Distribution of non-dimensional parameter α.

Finally, now that α = 1.2 and β = 0.4 have been obtained, Equation (6) can be
provided as:

μb/D =
Kiθ

Ki0
=

[
cos1.2 θ +

(
1 − e−0.4(z cos θ+(b−0.5D) sin θ)/D

)(
1 − cos1.2 θ

)]
(8)

Additional cases of both the dimensionless near-slope distance (b/D) and the slope
angle (θ) effects are conducted using FEA, and the results of μ are plotted in Figure 7,
together with curves of Equation (8), which shows good agreement between predictions
and simulation results.

μb/D

b/D
b/D
b/D
b/D
b/D
b/D
b/D

θ

 
/D

θ

μb/D

θ

b/D
b/D
b/D
b/D
b/D
b/D
b/D

θ

Figure 7. Effect of b/D on μ for (a) θ = 30◦; (b) θ = 60◦.

4.1.3. Case 3: Variation of Dimensionless Pile Head-Crest Distance (h/L)

In this case, the pile is installed on the slope, at a distance h away from the slope
crest, as seen in Table 1(c). As shown in Figure 8, the lateral bearing capacity is almost
independent of the pile head-crest distance (h). This phenomenon indicates that the soil
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behind the pile hardly participates in the soil–pile response for undrained clay slopes,
which is similar to the results of Sivapriya et al.’s laboratory test [39]. This can be explained
by the theory of Coulomb earth pressure, which considers that the active earth pressure
is dependent on the soil properties and the height of the structure. Thus, the case of the
variation of dimensionless pile head-crest distance (h/L) is nearly the same as that of the
pile at the slope crest. The slope effect on the initial stiffness in this case can be expressed as:

μh/L = μθ (9)

θ θ

y

H
0

L
h/L
h/L
h/L
h/L

L
h/L
h/L
h/L
h/L

L
h/L
h/L
h/L
h/L

 
Figure 8. Effect of the slope height on pile head displacement of piles.

4.2. The “Existence of the Slope Geometry Effect” Case

In this case, two parameters are focused on, which are dimensionless slope height
(hp) and pile location in slope (lp), as seen in Table 1(d,e). Theoretical analyses about these
parameters are discussed in the following sub-sections, based on simulation results.

4.2.1. Case 4: Variation of Dimensionless Slope Height (hp)

In this case, the pile is installed at the crest and dimensionless slope height (hp) varies,
as seen in Table 1(d). Figure 9 shows that the lateral bearing capacity decreases with the
increase of hp from 0 to 1 for slope angle θ = 45◦. It is obvious that hp hardly affects the
soil–pile response when hp is beyond a certain height (e.g., the curves in Figure 9a when
hp ≥ 0.30). This indicates that the dimensionless slope height (hp) affects the soil–pile
response in a nonlinear way.

The phenomenon can be explained by a wedge failure theory first proposed by Reese
and Welch and Reese et al. [40,41]. The wedge failure model considers that the soil–pile
response relates to the lowest value of two possible failure mechanisms: a wedge failure
mechanism at shallow depths and a flow failure around the pile at greater depths. Moreover,
the passive wedge develops along the depth as the load increases to form a larger wedge
failure body, as shown in Figure 10, where φ is the angle between the sliding surface and
the vertical plane. Under undrained conditions, the angle (φ) is suggested to be 45◦ by
Reese et al. [41].
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Figure 9. Effect of the dimensionless slope height (hp) on pile-head displacement for slope angle
θ = 45◦. Piles of (a) 20 m, (b) 12 m, and (c) 4 m lengths.

 
(a) (b) 

Figure 10. The wedge failure model at shallow depth for level ground. (a) H0 and (b) H1.

Yang et al. analyzed the near-slope failure wedge for three “existence of the slope
geometry effect” cases. The study considered that as the load increased, the passive
wedge expanded, and the passive wedge shape changed from a triangle to a concave
quadrilateral [31]. However, a theoretical largest passive wedge exists because the depth of
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the bottom of the wedge will not exceed the first bending point of the pile. Similarly, for the
changing hp case in this paper, the shape of the largest passive failure wedge changes from
a concave quadrilateral for a small hp value to a triangle for a larger hp value, as shown
in Figure 11, where zt is the depth of the first turning point, and zcr is the depth of the
intersection of the bottom plane of the largest passive wedge and the slope surface.

  
(a) (b) 

Figure 11. The theoretical largest passive wedge for (a) hp1 and (b) hp2.

For “existence of the slope geometry effect” cases, when the slope angle remains con-
stant, the shape of the theoretical largest passive wedge changes with hp when hp < zcr/L,
but remains constant when hp ≥ zcr/L, as shown in Figure 11. This indicates that “existence
of the slope geometry effect” cases are the same as “no slope geometry effect” cases when
hp ≥ zcr/L. The reduction factor (μhp ) can be calculated for the dimensionless slope height
(hp) variation case as follows:

μhp =

{
f
(
hp, μθ

)
, hp < zcr/L

μθ , hp ≥ zcr/L
(10)

where zcr is related to the slope angle, as shown in Figure 12, and can be calculated in
geometry as follows:

zcr = zt/(1 +
1

tan θ
) (11)

 
θ

θ  

(a) (b) 

Figure 12. (a) Different passive wedges with slope angle (θ) and (b) variation of zcr with slope
angle (θ).
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Calculation Method of zt

Actually, the depth of the first turning point (zt) of the pile is dependent on soil
and pile properties, loading conditions, and so on (e.g., for a certain pile, the value of zt
approaches 0 when the soil stiffness is extremely large, but approaches the value of L when
the soil stiffness is extremely small). Sun et al. [36] also indicated this, providing a range
of 0.62 ∼ 0.73L for zt of a large-diameter monopile on sandy level ground. In this paper,
the variation of zt is considered to be related to the relative stiffness (KR). It is obvious that
the relative stiffness (KR) is influenced by the pile length because of the fourth order of the
pile length (L) in Equation (3). Recording the depths of the first turning point (zt) of piles
derived from FEA results, as shown in Figure 13, the ratio (zt/L) results of the depth of the
first turning point and the pile length are shown in Figure 14. The figure indicates that zt/L
decreases as the pile length increases. For each length of the undrained, laterally loaded
pile, zt/L remains almost the same value.

   
(a) (b) (c) 

Figure 13. The value of zt/L derived by FEA. (a) 4 m length pile, (b) 12 m length pile, and (c) 20 m
length pile.

Figure 14. The variation of the zt/L with hp derived by FEA.

However, when the pile is flexible, the lower part of the pile hardly bears the load.
As a result, zt does not increase with the pile length. Thus, the value of zt/L is around
0.7 for 4 m and 12 m length piles, but is as small as 0.4 for 20 m length piles, as shown in
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Figure 14. To solve the problem, a minimum flexible pile length (Lflex) is proposed in this
paper, which can be calculated with Equation (3) when KR = 0.0025, as follows:

Lflex = 4

√
Ep Ip

0.0025Es
(12)

The minimum flexible pile length (Lflex) for the pile and soil in this paper is calculated
to be 14.28 m (0.71L). This means that when the pile is longer than 14.28 m, the lower part
of the pile will not bear the load, and zt will not increase with depth. Thus, in this case,
Lflex and zt are considered to be unchanged for the flexible pile. Then, for the flexible pile
with a length of 20 m in this paper, zt = 0.4L(0.56Lflex) is finally obtained. The variation of
zt can be regarded as 0.8L ∼ 0.6Lflex for a pile varied from rigidity to flexibility, as shown
in Figure 15.

 
(a) (b) 

 
(c) 

Figure 15. The depth (zt) of the first turning point of pile for (a) a rigid pile, (b) a elastic pile and (c) a
flexible pile.

A simple calculation method of zt is provided in this paper, as seen in Equation (13).
Further discussions of zt can be studied by researchers in the future.

zt =

⎧⎨
⎩

0.8L Rigid pile
0.7L Elastic pile
0.6Lflex Flexible pile

(13)

Calculation Method of f
(
hp, μθ

)
As shown in Figure 11, the shape of the passive wedge is a triangle and does not

change when hp ≥ zcr/L. At this time, the reduction factor (μhp) remains the same as μθ .

62



J. Mar. Sci. Eng. 2022, 10, 1684

Furthermore, the soil–pile system is not affected by the slope for cases with level ground
(hp = 0) and μhp = 1. Thus, a conclusion can be drawn that μhp decreases from 1 to μθ

as hp increases from 0 to zcr. To figure out the problem of how μhp varies, a normalized
reduction factor λnorm is proposed in this paper that can be calculated as follows:

λnorm = (μhp − μθ)/(1 − μθ) (14)

Equation (14) uses the normalized method to reflect the weight of μhp for different
values of μθ . Figure 16 shows the nonlinear variation of λnorm with hp for different depths
of piles. At deep depths, though curves show differences to shallow-depth curves, these
curves are not considered because the μhp of these curves is close to 1. Thus, the relationship
between λnorm and hp is provided in a nonlinear form as follows:

λnorm =
μhp − μθ

1 − μθ
= e

[
khp

hp−zcr/L ] (15)
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Figure 16. The variation of λnorm with hp for (a) L = 20 m, (b) L = 12 m, and (c) L = 4 m.

Rearranging Equation (15), μhp can be calculated as the following when hp < zcr/L:

μhp = f
(
hp, μθ

)
= μθ + (1 − μθ)e

(
khp

hp−zcr/L )(hp < zcr/L) (16)
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where zcr is calculated to be 1.6 m, 4.2 m, and 4.26 m with Equations (11) and (13), for pile
lengths of 4 m, 12 m, and 20 m, respectively; k is a parameter that controls the shape of the
curve, as shown in Figure 16. Equation (16) reflects more characteristics of shallow depths
with the increase of k. To fit more cases of depths, k = 2 is considered to be suitable and
reasonable. Additionally, the numbers “1” and “μθ” in Equation (16) can be regarded as
the reduction factor of the slope bottom (level ground) and that of the slope, respectively.

Finally, Equation (10) can be expressed as:

μhp =

{
μθ + (1 − μθ)e

(
2hp

hp−zcr/L ), hp < zcr/L
μθ , hp ≥ zcr/L

(17)

Figure 17 shows the curves derived using Equation (17) and the data from FEA, which
show good agreement between the prediction and the simulation results.
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Figure 17. Effect of hp on μ for pile length of (a) 20 m, (b) 12 m, and (c) 4 m.

4.2.2. Case 5: Variation of Pile Location on Slope (lp)

In this case, the pile is installed on the slope, at a distance (lp) away from the crest,
as shown in Table 1(e), where lp = h/L. Figure 18 shows that the lateral bearing capacity
increases with lp, increasing from zero to one for cases where the slope angle θ = 45◦. It is
obvious that, although lp increases in a linear way, the lateral bearing capacity increases
nonlinearly. Considering that the soil–pile response is independent of the soil behind the
pile, as Case 3 shows, the case of variation of pile location on slope (lp) (case 5) can be
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regarded as the combination of Case 3 and Case 4. Replacing hp in Equation (17) with(
H/L − lp

)
, the reduction factor (μlp ) can be calculated using the following equation:

μlp =

{
μθ + (1 − μθ)e

[
k(H/L−lp)

(H/L−lp)−zcr/L ], lp > (H − zcr)/L
μθ , lp ≤ (H − zcr)/L

(18)
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Figure 18. Effect of pile location on slope (lp) on pile head displacement from the data of FEA, for
slope angle θ = 45◦. Piles of (a) 20 m, (b) 12 m, and (c) 4 m lengths.

5. Comparison and Validation

5.1. Comparison with Other Methods

Since Georgiadis and Georgiadis [18] proposed the concept of the reduction factor (μ)
of the initial stiffness for soil–pile response in undrained clay slopes, some researchers have
developed the method. Figures 19 and 20 show the comparison of μ fromthe present study
with the methods of Georgiadis and Georgiadis [18,22] and Yang et al. [16]. Figure 19a
shows that μ approaches one with depth for both the present study and the method of Yang
et al., but equals one below z = 6D for the method of Georgiadis and Georgiadis. Moreover,
the present study shows a relatively smaller value of μ, which is more conservative for the
engineering design. Figure 19b shows that the value of μ in the present study is similar to
the μ value of the method of Georgiadis and Georgiadis, and the μ value of the method of
Yang et al. is larger.
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Figure 19. Comparison of the variation of μ with z by changing (a) θ and (b) b/D [16,18].

μ θ

μ

θ
μ θ z

z

z

z

 

z 
b/D

μ

θ
θ b/D

b/D b/D

 

Figure 20. Comparison of the variation of μ with θ by changing (a) z and (b) b/D [16,18].

Figure 20a shows that all the μ values of the three methods are nearly the same for
small angle slopes. As the slope angle increases, the trend of μ in the present study is
similar to Yang et al.’s method. However, Georgiadis and Georgiadis’ method only shows
good agreement with real cases for small slope angles, which is also indicated in Georgiadis
and Georgiadis’ study [18]. Figure 20b shows the similar trend of μ for both the present
study and Yang et al.’s method, and the μ value of Yang et al.’s method is smaller for large
slope angles. In the same way, the μ value of Georgiadis and Georgiadis’ method only
shows good agreement for small slope angles, and the μ value of the present study is better
predicted for large slope angles. Additionally, note that both Georgiadis and Georgiadis’
method and Yang et al.’s method cannot predict the ideal case of the slope angle θ = 90◦,
but it can be obtained by using the method of the present study.

5.2. Application to Test Cases

The present study is validated by two pile tests in this section. Usually, the soil–pile
response is reflected by monitoring the pile head load (H0) and displacement (y0), which is
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known to be a H0 − y0 curve. The hyperbolic p-y curves in Equation (1) and the deflection
differential equation are used to derive H0 − y0 curves as follows:

Ep Ip
d4y
dz4 + p = 0 (19)

The finite difference method is used to transform differential equations into difference
equations. The displacement of the laterally loaded pile can be obtained by solving these
difference equations. Then the pile head load–displacement curve (H0 − y0) can also
be obtained.

The values of the parameters used to calculate H0 − y0 curves are as shown in Table 5,
where e is the height of the load applied above the ground level; cu is undrained shear
strength; and Es is Young’s modulus of the soil.

Table 5. Summary of pile load tests.

Pile Test
Geometrical Characteristics Soil Properties

L (m) D (m) EpIp (kN m2) e (m) θ cu (kPa) Es (kPa)

Bhushan 5.185 1.22 2.25 × 106 0.23 20 220 24,440
Yang 1 0.025 0.1 0.15 0, 30, 60 53.2 30,120

5.2.1. Case 1: Bhushan’s Pile Test

A laterally loaded rigid pile test at a stiff clay slope crest by Bhushan et al. [42] was used
to validate the present study, together with the theoretical results of Reese and Welch [40],
Bhushan et al. [42], and Georgiadis and Georgiadis [18]. The case is the same as the case in
Section 4.1.1 where θ = 20◦, and the parameter values are shown in Table 5. The calculation
method of pu and Ki is the same as the method of Georgiadis and Georgiadis [18], as seen
in Appendix A, and the method of the present study is used to calculate μθ = Kiθ/Ki. The
H0 − y0 curves are shown in Figure 21, which shows better agreement with the pile test
when using the method of μ in the present study.

H
0

y  

Figure 21. Validation with rigid pile test at the stiffness clay slope crest [18,40,42].

5.2.2. Case 2: Yang’s Pile Test

A lateral flexible pile test in the middle of the clay slope by Yang et al. [16] was used
to validate the present study. The case is the same as the case in Section 4.2.1 where
hp/L = 0.5, and the parameter values are shown in Table 5. The calculation method of pu
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and Ki is the same as the method of Yang et al. [16], as seen in Appendix A, and the method
of the present study is used to calculate μhp = Kihp /Ki. Note that zt is calculated to be
0.19 m in the case of the pile test. The H0 − y0 curves and p-y curves at z = 0 m depth are
shown in Figure 22. Compared with Yang et al.’s method, the result of the present study
proves to have good agreement with the pile test for the large load when the slope angle is
small. Moreover, when the slope angle is large, the results of the present study are similar
to the result of Yang et al.’s method. Additionally, the lateral load per unit (p) is calculated
to be larger than the results of Yang et al.

y

H

 

p

y

(a) (b) 

Figure 22. Validation with the flexible pile test in the middle of the clay slope.(a) H0 − y0 curves and
(b) p − y curves at depth of z = 0 m [16].

6. Conclusions

The paper proposes nonlinear prediction methods for the slope effect (μ) on the initial
stiffness (Ki) of p-y curves of the undrained laterally loaded pile. Five cases are classified
to analyze the slope effect (μ) on the initial stiffness (Ki) of a laterally loaded pile, based
on the pile–slope position relationship. A series of FEA simulations were conducted, and
the data were derived to calculate μ. Nonlinear models of μ were established for these five
cases, and parameters in the models were calibrated using the results of FEA. The nonlinear
models showed good agreement with FEA results. Compared with other researchers’ μ
models, the method in this paper is in a reasonable range and can predict more cases. The
test cases were used to validate the proposed model, which shows that the p-y curves are in
better agreement with test results when using the model of the present study. Additionally,
some other conclusions were also obtained:

(1) The pile–soil response in undrained clay conditions was nearly independent of the
dimensionless pile head-crest distance (h/L) for the “no slope geometry effect” case,
which can be explained by the theory of Coulomb earth pressure.

(2) The depth of the first turning point of the pile under undrained loading was explored
as 0.8L for the flexible pile, 0.7L for the elastic pile, and 0.6Lflex for the flexible pile.
The soil–pile response for the case of hp ≥ zcr/L was found to be the same as the case
of hp ≥ 1 (“no slope geometry effect” case).

(3) Compared with the available initial stiffness (μ) calculation methods, the results are
more reasonable for large slope angle cases, and can predict some ideal cases, such as
the case of θ = 90◦, by using the method of the present study.
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Appendix A. Theoretical Method of Georgiadis and Georgiadis [18] and

Yang et al. [16]

For undrained laterally loaded piles, the ultimate lateral load per unit pile length (pu)
in Equation (1) is calculated by:

pu = NpcuD (A1)

where Np was calculated by Georgiadis and Georgiadis [18] for piles at the slope crest:

Np = Npu − (
Npu − Np0 cos θ

)
e−λ(z/D)/(1+tan θ) (A2)

and calculated by Yang et al. [16] for piles in the middle of the slope, as following:

Np = Npu −
(

Npu − Np0α1
2α2

2
)

e−λ(z/D)α1
2

(A3)

where α1 = 1/(1 + tan θ), α2 = 1 − sin θ(1 + sin θ)/2; and Npu, Np0, and λ can be calcu-
lated as follows:

Npu = π + 2Δ + 2 cos Δ + 4(cos
Δ
2
+ sin

Δ
2
) (A4)

Np0 = 2 + 1.5α (A5)

λ = 0.55 − 0.15α (A6)

where Δ = 1/ sin α and α is the adhesion factor, which is related to cu and can be determined
by figuring out α versus cu relationships from Georgiadis and Georgiadis’ [18] study.

The initial stiffness Ki in Equation (1) is calculated by:

Ki = 3Es(
EsD4

Ep Ip
)

1/12

(A7)

The linear reduction factor proposed by Georgiadis and Georgiadis [18] is given as:

μ =
Kiθ

Ki0
= cos θ +

1 − cos θ

6D
[

z
D

+ (
b
D

− 0.5)tan θ] ≤ 1 (A8)

It is given by Yang et al. [31] as:

μ =
Kiθ

Ki0
= cos θ +

z
6D tan θ

(1 − cos θ) (A9)
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Appendix B. The Process of Deriving the Kiθ from Simulation Results

Figure A1. Process of deriving Kiθ from simulation results.
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Abstract: Under the action of dynamic loadings such as earthquakes and volcanic activities, the
mechanical properties of gas-hydrate-bearing sediments will deteriorate, leading to a decrease in the
stability of hydrate reservoirs and even inducing geological disasters such as submarine landslides.
In order to study the effect of dynamic loading on the mechanical properties of hydrate sediments,
triaxial compression tests of numerical specimens were carried out by using particle flow code
(PFC2D), and the macro-meso mechanical behaviors of specimens were investigated. The results
show that the loading frequency has a small effect on the stiffness of the hydrate sediment, while
it has a large effect on the peak strength. The peak strength increases and then decreases with the
increase in loading frequency. Under the same loading frequency, the peak strength of the hydrate
sediment increases with the increase in loading amplitude, and the stiffness of the specimen decreases
with the increase in loading amplitude. The maximum shear expansion of the specimen changes with
the movement of the phase change point and the rearrangement of the particles. The maximum shear
expansion of the specimen changes with the movement of the phase change point and the change of
the bearing capacity of the particles after the rearrangement, and the more forward the phase change
point is, the stronger the bearing capacity of the specimen in the plastic stage. The shear dilatancy
angle and the shear dilatancy amount both increase linearly with the increase in loading amplitude.
The influence of loading frequency and amplitude on the contact force chain, displacement, crack
expansion, and the number of cementation damage inside the sediment is mainly related to the
average axial stress to which the specimen is subjected, and the number of cracks and cementation
damage of the sediment specimen increases with the increase in the average axial stress to which
the sediment specimen is subjected. As the rate of cementation damage increases, the distribution of
shear zones becomes more obvious.

Keywords: gas-hydrate-bearing sediments; mechanical behavior; dynamic loading; discrete element
simulation; macro-meso

1. Introduction

Natural gas hydrate is a crystalline cage-shaped solid complex produced by methane
and water molecules under low temperature and high pressure, which is widely distributed
in deep-sea sediments or onshore permafrost areas and is considered to be one of the most
promising new clean alternative energy sources in the future [1]. The dynamic loads
caused by earthquakes, submarine landslides, and hydrate mining activities can lead to the
decomposition of hydrates, resulting in the deterioration of the mechanical properties of
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hydrate sediments, which can lead to a series of geotechnical disasters, such as wellbore
instability, submarine subsidence, submarine landslides, etc. [2,3]. Therefore, the study of
the dynamic properties of hydrate sediments is important for hydrate mining design and
hydrate reservoir stability evaluation, etc.

At present, many researchers have conducted many experimental studies on the me-
chanical properties of hydrate sediments. For example, Masui et al. [4] and Hyodo et al. [5]
studied the mechanical properties of hydrate sediments and showed that the increase in
saturation greatly increases the strength of the sediments. Song et al. [6] studied the me-
chanical response of methane hydrate sediments before and during natural gas production,
and the results indicated that the dissociation of hydrate due to thermal decomposition
led to the proportional loss of strength. Wu et al. [7] conducted triaxial compression ex-
periments on hydrate sediments and showed that the shear and deformation properties
of hydrate sediments are closely related to hydrate saturation and net peritectic pressure.
Kajiyama et al. [8] conducted triaxial shear tests on hydrate sediments with different fines
content and found that both shear strength and shear dilatancy of hydrate sediments
significantly increased with increasing fines content. Li et al. [9] investigated the effect
of hydrate distribution patterns on the mechanical parameters and damage mechanisms
of hydrate sediments. The above studies have provided a preliminary understanding of
the hydrostatic properties of hydrate sediments. However, due to the harsh conditions of
hydrate sediment in sandy soils, it is still difficult to conduct an in-depth and systematic
study on the dynamic properties of hydrate sediments due to the current development
level of relevant test equipment and technology.

With the development of computer technology, the discrete element numerical simula-
tion method has provided a new way to solve this problem [10–15]. As one of the discrete
element simulation methods, the calculation principle of the particle flow program (PFC) is
based on Newton’s second law of motion to establish the equation of motion of the cell, and
then use the explicit central difference method to solve the equation of motion, while the
deformation or rupture process of the material is described by the rigid cell and its mutual
position. It is based on the basic contact mechanics relationship between particles, which
can easily construct and observe the microstructure of natural gas hydrate sediments and
their evolution, and can also accurately evaluate the mechanical properties of geotechnical
bodies under dynamic loading [16]. Brugada et al. [17] conducted a series of triaxial com-
pression simulations by particle flow code (PFC) to study the effects of methane hydrate
saturation on stress–strain relationship, volume strain, and macroscopic geomechanical
properties (e.g., friction and expansion angle). Jiang et al. [18–22] developed a microscopic
cementation model for hydrate mechanical properties to reflect the contact mechanical
response of hydrate cementation between hydrate sediment grains, and a series of related
discrete element simulations were conducted. Jung et al. [23] also considered the cementa-
tion effect of hydrate and performed three-dimensional discrete element simulations for
sediments having two hydrate forms. Yang et al. [24] used the “radius expansion method”
to generate hydrate sediment specimens and compared the simulation results with the
existing indoor triaxial tests in terms of stress–strain relationship, bulk strain properties,
elastic modulus, and peak strength, and studied the effect of different cementation radii
and other microscopic cementation properties on the mechanical properties. He et al. [25]
used the discrete element method to simulate the effect of different intermediate principal
stresses on the mechanical behavior of methane-hydrate-filled sandy sediments. The above
studies investigated the mechanical properties of hydrate sediments from different perspec-
tives such as surrounding pressure and saturation. However, numerical simulations of the
mechanical behavior of hydrate under dynamic loading have rarely been studied.

In view of the above understanding, in order to study the mechanical properties of
natural gas hydrate sediments under dynamic loading, this paper firstly carried out triaxial
compression tests on discrete element specimens of hydrate sediments under static loading
and verified them by comparison, and determined reasonable simulation parameters;
then, triaxial compression tests on hydrate sediment specimens under cyclic loading with
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different frequencies and amplitudes were carried out to reveal the influence of dynamic
loading on their macro-meso mechanical properties. The research results of this paper are
useful for the understanding of the dynamics of hydrate sediments and the prevention and
control of submarine geohazards.

2. Discrete Element Simulation of Gas-Hydrate-Bearing Sediments

2.1. Model Building

In order to establish a realistic numerical model of hydrate sediment specimens, the
particle gradation selected in the model is similar to that of Toyoura sand [26], and the
diameter of soil particles is 0.1–0.4 mm. Hydrate particles are generated in the pores of the
sediment, and their particle radii are small, while too small a particle radius will inevitably
lead to an increase in the number of particles and thus slow down the calculation efficiency.
Combining the above factors, the radius of hydrate particles is taken as 0.06 mm. The
modeling process is carried out with reference to the modeling method of Cheng [27]. The
specific steps are as follows.

(1) Hydrate sediment specimen generation. Firstly, for generating the cylindrical
specimen and subsequent loading, three walls were established at the specimen boundary,
and then the initial sediment cylindrical specimen with soil particles of 2 mm in diameter
and 4 mm in height was generated according to the Toyoura sand grading curve shown in
Figure 1, at which time the internal pore ratio of the specimen was 0.42; then, according to
the set value range of hydrate particles and soil particles, saturation, and initial porosity,
the new porosity and particle size gradation curves were calculated. After that, the sedi-
ment cylindrical specimens containing soil particles and hydrate particles were generated
according to the particle size gradation curves meeting the requirements of saturation
and porosity.

Figure 1. Gradation curves of discrete element samples and Toyoura sand (Adapted with permission
from Ref. [26]. 2022, Xie, Y.; Feng, J.; Hu, W).

(2) A consolidation pressure Fc was applied to the specimens. A consolidation pressure
of 1.0 MPa was applied to the generated specimens so that the particles in the specimens
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were in contact with each other under this consolidation pressure until the calculation
reached equilibrium.

(3) The saturation of specimens was made to reach the desired level. By “cmat”
command, a parallel bond model was added between hydrate particles and between
hydrate particles and sand particles, and a linear model was added between sand particles
to generate a discrete hydrate sediment with 30% saturation, as shown in Figure 2.

Figure 2. Saturation and formation of hydrate bond of discrete element specimens of hydrate sediments.

(4) Apply loads to the model. The axial load Fn was applied to the model by updating
the velocity of the top and bottom walls to ensure that the confining stresses reached the
desired stress state [28]. The specimens were tested at a constant loading rate of 1 × 10−6 m/s
under an effective enclosing pressure of 1.0 MPa, and the test was stopped when the axial
strain ε reached 25%.

Among them, since the load cannot be applied directly to the wall in the PFC numerical
simulation software, servo loading was required according to the difference between the
given target load and the actual load applied to the specimen, as shown in Figure 3. The
PFC wall velocity conversion equation is [29]:

vw = G(σ
measured − σ

required
) = GΔσ, (1)

where Δσ is the difference between the target stress σrequired and the actual monitored stress
σmeasured, and G is the servo parameter whose value is calculated using Equation (2) [29]:

G =
αA

k(w)
n NcΔt

, (2)

where α is the stress release factor, taken as 0.5; A is the area of the boundary wall, k(w)
n is

the average contact stiffness, Nc is the number of contacts between the boundary wall and
the particles, and Δt is the unit time step.
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Figure 3. Realization method of dynamic load loading.

The amount of contact force change caused by the boundary wall motion in the unit
time step is [29]:

ΔFw = kn
(w)NcvwΔt, (3)

2.2. Contact Models and Parameters

The mechanical properties of hydrate sediments are governed by the hydrate distribu-
tion in addition to factors such as net confining pressure, saturation, and mid-major stress
coefficient [30]. Hydrate in hydrate sediments exists in three main forms [31], as shown in
Figure 3: (i) pore-filling (Figure 4a); (ii) acting as a sediment soil skeleton (Figure 4b), and
(iii) cemented between soil particles in the form of colloidal material (Figure 4c). Among
them, the results of Waite et al. [32] and Brugada et al. [17] both showed that the pore-filling
type has less influence on the mechanical properties of hydrate sediments, and the influence
of hydrate distribution factors on the simulation results can be excluded to the maximum
extent. Therefore, the pore-filling-type structure is used in the modeling in this paper.

Figure 4. This type of hydrate sediment bond (Adapted with permission from Ref. [32]. 2009, the
American Geophysical Union); (a) Pore-filling; (b) Soil skeleton; (c) Bond.
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In this paper, the parallel bonding model is chosen to calculate the contact state be-
tween particles according to the model of cemented clustered hydrate sediment distribution
proposed by Li et al. [31], i.e., there is bonding not only between hydrate and hydrate par-
ticles, but also between hydrate and soil particles, as shown in Figure 5. Figure 6a shows
the forces and moments transmitted by the cementation. Fi and Mi denote the forces
and moments acting on the cementation, respectively, which decompose into normal
and tangential components along the contact surface [29] (see Equations (4) and (5)).
R is the radius of the short cylindrical cementation, and its value is calculated using
Equation (6) [33,34]. R(1), and R(2) are the radii of the two spheres at contact. λ is a dimen-
sionless parameter, and if λ is 1, the cemented material will fill the particles in contact with
each other as much as possible.

Fi = Fn
i + Fs

i , (4)

Mi = Mn
i + Ms

i , (5)

R = λmin(R(1), R(2)), (6)

 
(a) (b) 

Figure 5. Schematic diagram of hydrate sediment contact model: (a) cemented cluster hydrate
sediments; (b) schematic diagram of 3D cementation model.

  
(a) (b) 

Figure 6. Schematic diagram of 3D parallel bonding model: (a) forces and moments transmitted
by the bond (Adapted with permission from Ref. [32]. 2009, the American Geophysical Union);
(b) failure criterion of classical parallel bonding model (Adapted with permission from Ref. [30]. 2022,
Wei, R.; Jia, C.; Liu, L).

The parallel bonding model is defined by five parameters: normal stiffness kn, tangen-
tial stiffness ks, normal strength tangential strength τc, and short cylindrical radius R of the
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cementation. The maximum normal σmax and tangential stresses τmax can be expressed
as [35]:

σ
max

=
−F

n

A
+

∣∣∣Ms
∣∣∣R

I
, (7)

τ
max

=

∣∣∣Fs
∣∣∣

A
+

∣∣∣Mn
∣∣∣R

I
, (8)

where A, I, and J are cross-sectional area, cross-sectional moments of inertia, and cross-
sectional polar moments of inertia, respectively, using the following calculation formulas:
A = πR2, I = 0.5πR4 and J = 0.25πR4.

As shown in Figure 6b, if the maximum normal stress exceeds its tensile strength limit
(σmax ≥ σc), or the maximum tangential stress exceeds the shear strength limit (τmax ≥ τc),
the parallel bonding model will be destroyed.

2.3. Model Validation

In order to determine the meso parameters of the numerical model in this paper, the
simulation results of Brugada et al. [17] were used as the basis for calibration, and the trial
and error method was used to continuously and dynamically adjust the meso parameters
until the curves in this paper basically matched with the curve of Brugada et al. The
final calibration results are shown in Figure 7, and the meso parameters determined after
calibration are shown in Table 1. It can be seen that the trends of the two sets of curves
are generally consistent and can be roughly divided into three stages. The first stage is the
linear elastic stage, where the bias stress of the sediment specimen increases approximately
linearly with the increase in axial strain; the second stage is the yield stage, where the
bias stress reaches its peak. The peak strength of the bias stress simulated in this paper is
1.52 MPa, and that of Brugada et al. is 1.54 MPa, with an error of only 1.3% between them;
the third stage is the residual stage, where both sets of simulations show strain softening
and the bias stress rapidly decreases and tends to a stable value, and the specimen is
damaged. The second half of the curve derived in this paper has a certain degree of jitter,
which is because, in the compression process, a small displacement or misalignment of the
particles will cause a relatively obvious change in the stress monitored on the monitoring
wall with the increase in particle density. In general, the numerical simulation curve results
in this paper have good accuracy.

Figure 7. Comparison of discrete element simulation results [17].
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Table 1. Material parameters in discrete element simulation.

Type Density/(g/cm3)
Friction

Coefficient

Linear Model Gluing Model

Effective
Modulus/(MPa)

Stiffness Ratio
Effective

Modulus/(MPa)
Stiffness Ratio

Tensile
Strength/(MPa)

Bond
Strength/(MPa)

Friction
Angle/(◦ )

Soil particles
Hydrate particles 2.3 0.75 286 1.43

Between hydrate
particles 0.9 0.75 28.6 1.43 24 1.5 5 5 40

Between hydrate
particles and soil

particles
24.6 1.5 5 5 40

2.4. Simulation Scheme

At present, displacement-controlled loading is commonly used in tests or simulations
to equate the vibrational loading of earthquakes, i.e., the velocity magnitude is kept constant
during the loading process, and the loading and unloading are added and removed back
and forth within a certain displacement range [35–37], but this is not consistent with reality,
and the velocity of real seismic waves changes continuously with time. Therefore, in order
to reveal the macro-meso structural evolution of hydrate sediments under dynamic loading
and its mechanical properties, this paper simulates dynamic loading by varying the axial
loading velocity. In general, a seismic wave is a kind of random wave, and the random
wave can be described by its amplitude, period, and phase. Although discrete elements
can simulate random waveforms, the interpretation of the dynamic response mechanism of
hydrate sediments under the action of random waveforms is very complicated. For this
reason, the regular sinusoidal wave loading velocity will be introduced for analysis in this
paper, and its expression is

vw = A sin(2π f ∗ t), (9)

where A is the loading amplitude, f is the loading frequency, and t is the time.
Since the frequency of seismic waves is generally less than 10 Hz, four frequencies

of f = 1, 2, 3, and 4 Hz were selected in this paper. Three amplitudes of A = 1.2 × 10−1,
1.5 × 10−1, and 1.8 × 10−1 m·s−1 were selected based on the peak wave velocity recorded in
Hachinohe, Japan [38], according to which different cyclic loading schemes were composed,
as shown in Table 2. The adopted cyclic velocity curves are shown in Figure 8.

Table 2. Simulation scheme.

Title Frequency/Hz Peak/m·s−1

Sine wave 1, 2, 3, 4 1.2 × 10−1

Sine wave 1.0 1.2 × 10−1, 1.5 × 10−1, 1.8 × 10−1

f= A f=  A

 

 f= A

 

 f=   ,A

(a) (b) (c) (d) 

f= A

 

f ,A

 

f A=

 
(e) (f) (g) 

Figure 8. (a–g) the loading speed of each group of simulations.
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3. Results and Analysis

3.1. Stress–Strain Curves

Unlike quasi-static loading, the mechanical characteristics of hydrate sediments under
dynamic loading conditions change continuously with the cyclic change of loading velocity. To
analyze the mechanical characteristics of hydrate sediment under dynamic loading, the stress–
strain of hydrate sediment under dynamic loading of f = 2 Hz and A = 0.12 m s−1 as shown in
Figure 9 was analyzed as an example. It can be seen that the stress–strain curves of hydrate
sediment under dynamic loading can be roughly divided into four stages. The first stage is
the elastic stage, which obeys Hooke’s law and shows the elastic characteristics, and the
stress–strain curve is a straight line with a fixed slope. With the increase in axial strain, the
slope of the curve slowly decreases, and the specimen enters the second stage (yield stage),
in which the slope decreases continuously before the curve reaches the peak point, and the
stress increases nonlinearly with strain and increases slowly. During this stage, the sediment
specimen is compressed, the skeleton and cementation are destroyed, and the particles
are rearranged. At the same time, the pores within the sediment specimen are squeezed
under pressure, which makes the volume of the specimen decrease, at which time the
bearing capacity of the specimen decreases, and thus the elastic modulus of the specimen
gradually decreases. The third stage is the strain softening stage. After the peak point of
the stress–strain curve, the partial stress decreases with the increase in the axial strain. The
strength of the hydrate sediment specimen starts to decline slowly, and the stress–strain
curve shows a strain softening trend. The fourth stage is the strain strengthening stage. In
this stage, the partial stress increases with the increase in axial strain, which is because the
hydrate particles in the sediment specimen still have a certain cementing effect on them,
which can resist part of the stress. At the same time, the interaction between the particles
caused by the presence of the surrounding pressure increases the contact area and frictional
resistance, which inhibits the increase in cracks and prevents the slip or rearrangement
between the particles, making the specimen more resistant to the damage caused by the
axial load. As the loading proceeds, the particles inside the specimen are rearranged, the
specimen is slowly and fully stressed, and its load-bearing capacity is gradually stabilized
so that the sample also maintains a certain strength.

Figure 9. Stress–strain curve of hydrate sediments under dynamic loading (f = 2 Hz, A = 0.12 m·s−1).

The stress–strain curves of hydrate sediment under different loading frequencies and
different loading amplitudes are shown in Figure 10. As can be seen from the figure, the
stress–strain curve of the velocity cyclic loading mode is different from the force cyclic
loading mode, and its stress–strain curve does not form a closed hysteresis loop curve,
which is because even though the loading speed decreases, the axial displacement in the
simulation keeps increasing downward, i.e., the hydrate sediment specimen keeps loading
state without the process of unloading in the force cyclic loading mode.
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(a) (b) 

Figure 10. Stress–strain curves of sediment under different dynamic loads: (a) different loading
frequencies; (b) different loading amplitudes.

It can also be seen from the figure that the change in the frequency and amplitude of
the loading rate will have some effect on the characteristics of the stress–strain curve of the
hydrate sediment. For this reason, the relationship between the axial strain interval L of the
sediment and the loading conditions (Stages I and II) was counted, as shown in Figure 11.
As can be seen from the figure, the axial strain corresponding to Stage I under all loading
frequency conditions is 3.2%, which means that the loading frequency does not affect the
distribution range of hydrate sediment specimens in Stage I. However, with the increase
in the loading amplitude, the L corresponding to the first stage also increases, and when
the loading amplitude increases from 0.12 m s−1 to 0.18 m s−1, the L corresponding to the
first stage is, respectively, 3.2%, 4.7%, and 5.6%. It shows that as the loading amplitude
increases, the L corresponding to the elastic phase of the specimen becomes shorter, which
is since the strength limit of the specimen is certain, and the greater the dynamic loading
action, the faster it reaches its elastic limit.

 
(a) (b) 

Figure 11. Relationship between sediment strain interval L and loading conditions (Stage I, Stage II):
(a) different loading frequencies; (b) different loading amplitudes.

In Stage II, as the loading frequency increases, the L corresponding to the yielding stage
of the specimen first increases and then decreases; when the loading frequency increases
from 1 Hz to 2 Hz, the L corresponding to Stage II are, respectively, 6.4% and 9.1%. This is
because the higher the loading frequency, the shorter the loading cycle, i.e., the shorter the
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action time of each cycle, the less the cementation damage inside the specimen. However, as
the loading frequency continues to increase from 2 Hz to 4 Hz, the L corresponding to phase
II is 9.1%, 7.3%, and 6.4%, respectively. This is due to the fact that the more the number
of cycles of cyclic loading at the same time, the collodion damage inside the specimen
increases, making the time experienced in the yielding phase of the specimen decrease
with the change in frequency. As the loading amplitude increases, the L corresponding to
the yielding stage of the specimen also increases. When the loading amplitude increases
from 0.12 m·s−1 to 0.18 m·s−1, the L corresponding to the second stage is, respectively,
6.4%, 10.3%, and 13.1%. This is because the larger loading amplitude indicates that the
specimen is loaded at a larger rate in the same cycle, i.e., the larger the axial force on the
specimen in each cycle, the larger the load carrying capacity of the specimen, which is also
in accordance with the characteristics of the hydrate sediment as a frictional material.

Figure 12 shows the strain–time curves of hydrate sediments under different dynamic
loads. It can be seen that the strain–time curves vary basically the same for different loading
frequencies, but the strain rate increases with the increase in loading amplitude. It shows
that the loading amplitude has a greater effect on the strain of hydrate specimens. This
is due to the fact that the larger the loading amplitude is at the same loading frequency,
the greater the stress on the specimen in each cycle, the greater the number of cementation
damage, the easier the specimen is to deform and destroy, and the greater the strain rate.

 f
 f
 f
f

 

(a) (b) 

Figure 12. Strain–time curves of sediment under different dynamic loads: (a) different loading
frequencies; (b) different loading amplitudes.

3.2. Strength Characteristics
3.2.1. The Effect of Loading Frequency

Figure 13 shows the relationship between the peak sediment strength, the sediment
E50, and the loading frequency. From the figure, it can be seen that the peak sediment
strength increases and then decreases as the loading frequency increases. When the loading
frequency increases from 1 Hz to 2 Hz, the peak sediment strength increases from 1.62 MPa
to 1.68 MPa, and its peak strength increases by 3.7% compared to 1 Hz. When the loading
frequency continues to increase to 3 Hz and 4 Hz, the peak sediment strength decreases
to 1.6 MPa and 1.59 MPa, respectively, and decreases by 5% and 5.2% compared to 2 Hz,
respectively. It shows that the effect of loading frequency on the peak strength is not
monotonic, and there exists a critical value, less than which the peak strength increases
with increasing loading frequency, and greater than which the peak strength decreases
with increasing loading frequency. This is due to the loading frequency being small, as the
loading cycle becomes shorter with the increase in loading frequency. That is, the shorter
the time of the action of each cycle with the same number of cycles, the specimen’s internal
cementation damage is less, and the bearing capacity of the specimen is greater. However,
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as the loading frequency continues to increase beyond its critical value, the number of
cyclic loading at the same time increases, and the cementation damage inside the specimen
increases. Comparing the length of the action time of each cycle, the influence of the
number of cyclic loading within the same time on the cementation damage dominates,
which makes the bearing capacity of the specimen decrease. At the same time, when the
loading frequency exceeds the critical value, the particles inside the sediment specimen
frequently adjust the arrangement, which leads to the instability of the internal mechanical
structure of the sediment and makes the internal force uneven, and even generates the
stress concentration phenomenon, and finally leads to a certain degree of reduction in the
yield strength of the sediment specimen.

E E

Figure 13. The relationship between the peak strength of sediment, E50, and the loading amplitude.

Hydrate sediments are inelastic materials, so it is difficult to obtain the initial modulus
E0. In this test, the cut-line modulus E50 was used to describe the stiffness of the specimen.
E50 is defined as the slope of the line connecting the point half the value of the breaking
strength in the stress–strain curve to the origin. From the relationship between the sediment
E50 and the loading frequency in Figure 13, it can be seen that the E50 of the sediment
specimen is 0.58 MPa at a loading frequency of 1 Hz, 0.57 MPa when the loading frequency
increases to 2 Hz, 0.56 MPa when the loading frequency continues to increase to 3 Hz, and
0.57 MPa when the loading frequency continues to increase to 4 Hz. With the increase in
loading frequency, the E50 of hydrate specimens changed less, only 0.01 MPa, which means
that the effect of loading frequency on the stiffness of hydrate specimens is small.

3.2.2. The Effect of Loading Amplitude

Figure 14 shows the curve of peak sediment strength, sediment E50, and loading
amplitude. When the loading amplitude was increased from 0.12 m s−1 to 0.18 m s−1, the
peak sediment strengths were 1.62 MPa, 1.66 MPa, and 1.73 MPa, respectively, which were
2.4% and 6.7% higher compared to the peak strengths at loading frequencies of 0.15 m·s−1

and 0.18 m·s−1 for a loading amplitude of 0.12 m·s−1, respectively. Under the action
of loading, the particles in the sediment specimen will first overcome the interparticle
interaction forces before the relative misalignment occurs, mainly including interparticle
friction and cohesion. When the amplitude of the loading rate increases, due to the inertia
of the sediment particles, particle-to-particle squeezing begins to occur, resulting in an
increase in the positive stress between the sediment particles, which in turn increases the
inter-particle friction and the strength of the sediment. Combined with Figure 12b, the
strain rate of the specimen increases with the increase in loading amplitude under dynamic
loading, and the time required for the specimen to respond to strain decreases with the
increase in strain rate. This makes the strain more localized, and then makes the specimen
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all strained and will require more stress so the peak strength of the specimen will increase
as the cyclic loading amplitude increases.

Figure 14. The relationship between the peak strength of sediment, E50, and the loading amplitude.

The relationship between the E50 loading amplitude of the sediment in Figure 14 shows
that the E50 of the hydrate specimen decreases with the increase in the loading amplitude. The
E50 of the sediment specimen was 0.58 MPa at a loading amplitude of 0.12 m s−1; when the
loading amplitude increased to 0.15 m s−1, the E50 decreased to 0.52 MPa with a decrease of
10.3%; when the loading amplitude continued to increase to 0.18 m s−1, the E50 decreased
again to 0.47 MPa with a decrease of 9.6%. This is due to the fact that the cementation
between soil and hydrate particles in the sediment specimen will be destroyed under the
action of loading, and the rearrangement between the particles will occur; the greater the
loading amplitude, the greater the stress on the specimen in each cycle, and the greater
the number of cementation failures, which makes the sediment specimen less able to resist
deformation and reduces the stiffness of the specimen.

3.3. Volumetric Strain Characteristics
3.3.1. Comparison of Volume Strain Curves

Dilatancy is one of the most important properties of sandy soils. This is because most
of the accidents under load are due to shear swell or shear shrinkage damage of the soil,
which leads to the loss of bearing capacity. Hydrate sediments have a similar structure
to sandy soils, so their dilatancy is important to study [39]. The results of volume strain
simulations of hydrate sediments under different dynamic loads are shown in Figure 15.
It can be seen that the simulation results of each group show the bulk strain law of shear
shrinkage followed by shear dilatancy. Firstly, as the loading proceeds, the pore ratio
between the specimen particles decreases with the increase in consolidation pressure,
which makes the specimen appear to have obvious shear shrinkage. Then, as the loading
continues, the cementation in the specimen gradually breaks down, and because the soil
particles are closely arranged, the soil particles at the shear zone must rotate around
the adjacent particles in order to produce larger movement, which causes the expansion
of the specimen. It can also be seen from the figure that the correlation between the
shear shrinkage of hydrate sediment and the loading frequency and amplitude is small.
However, the maximum shear dilatancy is influenced by the loading frequency and loading
amplitude.
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Figure 15. Volumetric strain-axial strain curves of sediment under different dynamic loads: (a) differ-
ent loading frequencies; (b) different loading amplitudes.

3.3.2. Frequency, Amplitude–Dilation Relationship

To quantify the effects of loading frequency and loading amplitude on shear dilatancy,
the maximum shear dilatancy under different loading frequencies and loading amplitude
conditions were counted separately, as shown in Figure 16. It is obvious from the figure
that the maximum shear expansion of sediment specimens at loading frequencies of 1,
2, 3, and 4 Hz are 2.793%, 2.17%, 2.780%, and 2.52%, respectively, which means that the
shear dilatancy decreases and then increases and finally decreases again with the increase
in frequency. At the loading amplitudes of 0.12, 0.15, and 0.18 m s−1, the maximum
shear dilatancy was 2.79%, 2.858%, and 2.52%, respectively, which also increased and then
decreased with increasing amplitude. As Figure 15 shows, it can be seen that there is a
critical point between shear shrinkage and shear dilatancy of the specimen, called the phase
change point. The more forward the phase change point is, the shorter the shear shrinkage
process is and the more obvious the shear expansion of the specimen is. At a frequency of
2 Hz, the phase change point is the most forward compared to the other three groups, and
the maximum shear dilatancy of the specimen is the smallest at 2.17%. This is because the
specimen with an axial strain of about 25% at a frequency of 2 Hz is exactly in the process
of a certain increase in the load-bearing capacity after the rearrangement of the particles,
resulting in a consequent decrease in its maximum shear expansion.

Figure 16. Relationship between maximum shear dilatation of sediment, loading frequency, and
loading amplitude.
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As can be seen from Figure 16, the effect of loading amplitude on shear dilatancy
amount is not monotonic as the loading amplitude increases. The maximum shear dilatancy
of the sediment specimens increased with increasing amplitude at the loading amplitude
of 0.12, 0.15 m s−1, 2.79%, and 2.858%, respectively. At the amplitude of 0.18 m s−1, the
phase change point was the most forward compared to the other three groups, while the
maximum shear dilatancy of the specimens was the smallest at 2.52% for the same reason
as described in the previous paper.

The variation of the shear dilatancy angle with different loading frequencies and
amplitudes are given in Figure 17. The formula for the shear dilatancy angle ψ proposed
by Roscoe [40] is as follows.

ψ = arcsin − ε1 + ε2

ε1 − ε2

, (10)

where ε1 and ε2 are the axial and lateral strain increments, respectively.

Figure 17. Relationship between sediment dilatancy angle, loading frequency, and loading amplitude.

As can be seen from Figure 17, the variation law of shear dilatancy angle of sediment
specimens with loading frequency under the action of the same loading amplitude is
similar to the variation law of shear dilatancy amount with loading frequency, and the
shear dilatancy angle of specimens under the action of the same loading frequency tends
to increase linearly with the increase in loading amplitude. It was shown [41] that when
the shear dilatancy angle was higher, the sediment specimens obtained larger lateral
deformation, and the precursors of instability damage of the specimens were more obvious.
That means that the higher the loading frequency of the test conditions, the more likely the
sediment specimens are to have destabilization damage.

3.4. Volumetric Strain Characteristics

Under a triaxial stress state, hydrate sediments exhibit their deformation damage
process in terms of stress–strain and bulk strain development changes at the macroscopic
level and shear zone generation and development at the fine level [42]. The effect of loading
frequency and amplitude on the deformation damage of hydrate sediment specimens
can be studied by particle displacement, contact force chain distribution, and microcrack
extension evolution law.
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3.4.1. Evolution of Deformation and Failure Characteristics

Taking the deformation damage law of hydrate sediment under f = 1.0 Hz, A = 0.12 m·s−1

dynamic load as an example, the particle displacement, contact force chain distribution,
and microcrack expansion simulation results are shown in Figure 18. From the particle
displacement cloud shown in Figure 18a, it can be seen that with the increase in axial strain,
the particles in the upper and lower parts of the model are compressed and move toward
the middle, and the pores inside the model are gradually compressed and form a shear
zone, as shown in the area marked by the black wire frame in the figure. From the contact
force chain cloud shown in Figure 18b, it can be seen that a weak force chain (green part) is
formed at the center of the shear zone, the strong force chain (red part) gradually expands
toward the ends of the shear zone of the specimen, and the contact force near the shear
zone is roughly perpendicular to the particle displacement direction, which corresponds to
the displacement cloud atlas of the particles. This is due to the frictional forces generated
by the misalignment of the particles in the specimen, which are composed of unbalanced
forces between the particles when relative sliding is generated by the particles inside the
specimen [43].

Figure 18. Typical failure law of hydrate sediments under the dynamic load of f = 1.0 Hz and
A = 0.12 m·s−1: (a) cloud diagram of sample particle displacement, (b) contact force chain diagram,
and (c) microcrack expansion diagram.
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From the microcrack expansion diagram shown in Figure 18c, it can be seen that
the number of cracks at 5% of axial strain (before the peak strength) is small and mainly
concentrated at the two ends of the specimen, and there is no obvious cementation damage
in the hydrate sediment specimen. The number of cracks increases significantly at 10% and
15% of the axial strain (after the peak strength). At this time, the cementation between the
hydrate particles and the cementation between the hydrate particles and the soil particles
are destroyed in large quantities, but the cracks are randomly distributed in an irregular
manner. The number of cracks in the specimen tends to be stable at 20% and 25% of the
axial strain (after shear expansion), so it can be seen that the change law of the number of
cracks in the specimen with the axial strain is similar to the change law of the stress–strain
relationship. The number of cracks in the middle of the specimen is significantly larger
than the number of cracks at the two ends of the specimen, which indicates that the number
of collodion damage near the shear zone continues to increase with the further increase in
the axial strain and is concentrated near the shear zone.

A similar conclusion can be drawn from the damage–strain relationship curve of
stress–cementation in Figure 19. The degree of stress is low in the initial stage of specimen
loading, the cementation damage is less, and the rate of cementation damage is slow. With
the development of strain reaching the peak strength, the rate of cementation damage
increases significantly, and the cementation damage increases by a large amount; thus, the
development of cementation damage can explain to some extent the process of change in
the macroscopic mechanical behavior of the specimen during the test.

 
Figure 19. The stress–cementation failure–strain curve of hydrate sediments under dynamic load of
f = 1.0 Hz and A = 0.12 m·s−1.

3.4.2. Effect of Loading Frequency

The simulation results under different frequency loading conditions at an amplitude of
0.12 m·s−1 and an axial strain of 25% are shown in Figure 20. From the displacement cloud
atlas in Figure 20a, it can be seen that when the loading frequency is less than γ (2 Hz < γ < 3 Hz),
with the increase in loading frequency, the displacement of the middle particles within
the model increases, and the distribution of the shear zone becomes less and less obvious.
When the loading frequency is greater than γ, with the increase in loading frequency, the
displacement of the middle particles within the model decreases, and the distribution of
the shear zone becomes more and more obvious. By calculation, it can be obtained that the
average stresses of the specimen are 1.334, 1.319, 1.323, and 1.344 MPa when f is 1, 2, 3, and
4 Hz, respectively. The lateral pressure and constraint provided by the wall on the particles
are all the same under the same circumferential pressure, so with the axial stress getting
smaller, the distribution of the shear zone is also becoming less and less obvious. On the
contrary, the distribution of the shear zone is becoming more and more obvious. As shown
in the Figure 20c microcrack expansion diagram, the less obvious the shear zone is, the less
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the number of cracks near the shear zone of the corresponding specimen. At the same time,
in Figure 21, the curves of cementation damage–time step curves show the same trend for
each loading frequency condition, and the number of cementation damage with time step
for loading frequency conditions with similar average axial stresses has approximately
the same law. The smaller the average axial stress is, the smaller the rate of cementation
damage is. It can be seen that the damage to the cementation of specimens is closely related
to the average axial stress to which they are subjected. As shown in the contact force chain
cloud atlas in Figure 20b, when the loading frequency is less than β (2 Hz < β < 3 Hz), the
color of the contact force chain between the particles in the shear zone becomes lighter,
and the contact force decreases significantly with the increase in the loading frequency;
when the loading frequency is greater than β, the contact force chain between the particles
near the shear zone becomes more obvious, and the contact force increases significantly
with the increase in the loading frequency. In the displacement cloud atlas, the greater the
displacement of the particles, the more obvious the contact force chain, i.e., the greater the
frictional resistance caused by particle dislocation, and on the contrary, the contact force
chain is obviously reduced.

Figure 20. Typical failure law of hydrate sediments with an axial strain of 25% under dynamic loads
of different frequencies: (a) cloud atlas of sample particle displacement, (b) contact force chain atlas,
and (c) microcrack expansion diagram.
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Figure 21. Failure–time step relationship of hydrate sediments cementation under different frequen-
cies of dynamic loads.

3.4.3. Effect of Loading Amplitude

The simulation results for different amplitude loading conditions at a frequency of
1 Hz and an axial strain of 25% are shown in Figure 22. The average stresses in the
specimens were calculated to be 1.334, 1.387, and 1.394 MPa for loading amplitudes of
0.12, 0.15, and 0.18 m·s−1, respectively. Combined with the displacement cloud in Figure 22a
and the microcrack extension in Figure 22c, it can be seen that the average axial stress
on the specimen increases with the increase in the loading amplitude. At this time, the
displacement of the middle particles within the model decreases, the number of cracks
increases, and the distribution of shear zones becomes more and more obvious. The reason
is the same as the mechanism described in the previous section, so the larger the loading
amplitude, the greater the axial stress, and the more obvious the distribution of the shear
zone. As seen from the cementation damage–time step curve in Figure 23, with the increase
in loading amplitude, both the number of cementation damage of the specimen and the
damage rate increase. From the contact force chain atlas in Figure 22b, it can be seen that
the contact force chain near the shear zone increases significantly with the increase in the
loading amplitude, and the contact force chain between the particles is more obvious and
increases significantly. Corresponding to the displacement cloud atlas, the greater the
displacement of the particles, the more obvious the contact force chain, which means the
greater the frictional resistance caused by the misalignment of the particles.
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Figure 22. Typical failure laws of hydrate sediments with an axial strain of 25% under dynamic loads
of different amplitudes: (a) cloud atlas of sample particle displacement, (b) contact force chain atlas,
and (c) microcrack expansion diagram.
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Figure 23. Failure–time step relationship of hydrate sediments cementation under different frequen-
cies of dynamic loads.

4. Conclusions

In this paper, numerical simulations of triaxial compression of hydrate sediment specimens
under cyclic loading with different frequencies (1.2 × 10−1, 1.5 × 10−1, and 1.8 × 10−1 m·s−1)
and amplitudes (1, 2, 3, and 4 Hz) were carried out to study the macroscopic mechanical
properties of hydrate sediments under dynamic loading, revealing the effects of loading
frequency and loading amplitude. The following main conclusions were obtained.

(1) The effect of loading frequency on the stiffness of hydrate sediment is small, but
the effect on the peak strength is large and not monotonic. There is a critical value. When it
is less than this value, the peak strength increases with the increase in loading rate, and
when it is greater than this value, the peak strength decreases to a certain extent.

(2) The effect of loading amplitude on the peak strength and stiffness of hydrate
sediments is monotonic. As the loading amplitude increases, the strength of the hydrate
sediment specimens increases significantly, while the stiffness decreases.

(3) The loading frequency and amplitude have a large effect on the maximum shear
dilatancy of sediment specimens, mainly due to the difference in the bearing capacity of
the specimens because of the phase change point and particle rearrangement.

(4) The variation law of shear dilatancy angle with loading frequency for the sediment
specimens is similar to that of shear dilatancy with loading frequency, which tends to
increase linearly with the increase in loading amplitude.

(5) The effect of loading frequency and amplitude on the contact force chain, displace-
ment, crack extension, and number of cementation damage inside the sediment is mainly
related to the average axial stress to which the specimen is subjected. The higher the axial
stress, the higher the rate of cementation damage, the more obvious the distribution of the
shear zone of the specimen, and the more the number of cracks and cementation damage.
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Abstract: Difficulties related to seepage are frequently encountered in tunnel design and construc-
tion, especially in deep-buried tunnels. Nowadays, analytical solutions of steady seepage fields for
deep-buried tunnel usually assume that the surrounding rock mass is homogeneous. In this study,
analytical solutions of a steady seepage field for a deep-buried tunnel with grouting ring considering
anisotropic flow are proposed. The proposed analytical solutions are verified by numerical simula-
tions and parameter analysis are carried out. Results show that the seepage field of surrounding rocks
around the deep buried circular tunnel is no longer uniformly distributed and presents elliptical
distribution. The change of permeability coefficient of the lining structure has a great influence on
the hydraulic head when the difference between permeability coefficient of lining structure and
surrounding rock is not very large. The results show that the size of the grouting ring has more
significant influence on the grouting effect.

Keywords: deep-buried tunnel; analytical solution; anisotropic flow; conformal mapping; seepage
field

1. Introduction

With the development of China’s economy and society, tunnels play an important
role in the national economy and people’s daily life and travel. However, there are still
many difficulties in tunnel design and construction, especially in tunnels in water-rich
strata, mountain tunnels with high water level and sub-sea tunnels. The existence of a
seepage field makes the working conditions faced by tunnel construction and operation
more complex, and the existence of seepage field increases the potential safety hazards
during construction and operation [1]. Therefore, studying the distribution law of a tunnel
seepage field can provide necessary reference for design and construction.

The research on the seepage field of an underwater tunnel has always been a hot
topic. Based on some assumptions and simplified models, the seepage field can be quickly
obtained by an analytical solution, in which the key parameters can be analyzed. The mirror
image method [2–5] and conformal mapping in the complex variable method [6,7] were
mainly employed analytical studies for the seepage field of underwater tunnels. Lei [8]
derived an analytical solution for calculating the seepage field and water inflow of a
circular tunnel based on the mirror image method. Tani [9] obtained the seepage field
around an underwater shallow tunnel using the conformal mapping method for a circular
tunnel. Wu et al. [10] established a combined analytical–numerical method to estimate the
groundwater inflow into circular tunnels in drained conditions. Guo et al. [11] proposed
an exact analytical solution of a seepage field for underwater multiple tunnel problems
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using the Schwartz alternating method combined with conformal mapping. Luo et al. [12]
established a simplified steady-state seepage model for a deep buried tunnel and parallel
adit, and the model was solved iteratively using the complex variable method and the
Schwartz alternating method. Ying et al. [13] presented an analytical solution for the
hydraulic head that considers the effects of the seabed thickness and lining layers using
conformal mapping and the principle of superposition.

The above studies have laid an important theoretical foundation for the design and
construction of underwater tunnels. Because of the complexity when solving the seepage
field of a tunnel, most existing analytical studies simplified the soil layer into saturated
homogeneous and isotropic porous material. However, due to the different arrangement
of soil particles in the process of natural deposition, the seepage in natural soil often
presents anisotropy in engineering [14]. Zienkiewicz et al. [15] studied the orthotropic
anisotropic seepage problem in a two-dimensional inhomogeneous medium using nu-
merical approaches. Hu et al. [16] presents a general solution for active earth pressure
acting on a vertical retaining wall with a drainage system along the soil–structure interface
considering an anisotropic seepage effect. Xu et al. [17] proposed analytical solutions
on a steady seepage field of deep buried circular tunnel considering anisotropic flow.
Tang et al. [18] proposed an analytical solution for groundwater flow through a circular
tunnel in anisotropic soils based on conformal mapping. Luo et al. [19] proposed an analyt-
ical solution of external water pressure on a deep tunnel lining in two types of horizontally
layered hydrogeological structures. It can be seen that some existing research approaches
are numerical simulations, and the influence of a grouting ring has not been considered in
the existing tunnel anisotropic seepage field research.

This study proposes analytical solutions of a steady seepage field for a deep-buried
tunnel with grouting ring considering anisotropic flow. The seepage field of surrounding
rocks is solved by coordinate transformation and conformal mapping methods. The seepage
fields of the grouting ring and lining structure are solved by boundary conditions and
continuous flow conditions between them. The analytical solution for the seepage filed
is verified with numerical simulation results. Additionally, the effects of total hydraulic
head, permeability coefficient of lining structure and grouting ring, and grouting influence
factors are discussed.

2. Analytical Solutions of Steady Seepage Field

2.1. Theoretical Calculation Model and Hypothesis

Based on the anisotropic seepage field calculation model proposed by Xu et al. [17],
the tunnel seepage field calculation model is shown in Figure 1 considering the existance
of a lining and grouting ring. The z -plane contains the area of surrounding rock (Area I),
grouting ring (Area II) and lining structure (Area III). r0 is the inner radius of the lining
structure, rL is the outer radius of the lining structure, rG is the radius of the grouting ring
and ρ is the distance from any point to the center of the tunnel. θ is the angle between any
point and the x -axis. It is assuming that anisotropic seepage flow exists in surrounding
rocks. The permeability coefficients of surrounding rock in horizontal direction (x direction)
and vertical direction (y direction) are kx and ky, respectively. The lining structure and
the grouting ring are continuous homogeneous and isotropic media with permeability
coefficients of kL and kG, respectively.

In order to derive the analytical solution, the following assumptions are made:
(1) Anisotropic seepage flow exists in surrounding rocks; the permeability coeffi-

cients kx and ky in x and y directions has the following relationship n =
√

ky/kx, where
n defined as permeability coefficient ratio. The lining structure and the grouting ring are
homogeneous, continuous and isotropic (Xu et al. [17]).

(2) Surrounding rocks and water are incompressible and have adequate groundwater
recharge. The seepage is steady state and complies with Darcy’s law (Xu et al. [17]).
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(3) The radius of a tunnel is much smaller than its buried depth. Therefore, a uni-
form distribution of total hydraulic head on the boundary between the grouting ring and
surrounding rock (Atkinson and Mair [20]; Wang et al. [21]; Li et al. [22]).

(4) Only radial seepage is considered in the grouting ring and the lining structure
(Pan et al. [23]).

Figure 1. Calculation model of steady seepage field for deep-buried tunnel.

2.2. Governing Equations and Boundary Conditions

The two-dimensional steady seepage field around the tunnel in the calculation model
conforms to Laplace equation. Therefore, in the z -plane, the seepage differential equation
in area I in the Cartesian coordinate can be obtained as [2]:

kx
∂2 ϕS

∂x2 + ky
∂2 ϕS

∂y2 = 0 (1)

where ϕS is the total hydraulic head of surrounding rock.
The seepage differential equation in area II and III in the polar coordinate can be

obtained as:
∂2 ϕG

∂ρ2 +
1
ρ

∂ϕG

∂ρ
+

1
ρ2

∂2 ϕG

∂θ2 = 0 (2)

∂2 ϕL

∂ρ2 +
1
ρ

∂ϕL

∂ρ
+

1
ρ2

∂2 ϕL

∂θ2 = 0 (3)

where ϕG is the total hydraulic head of the grouting ring and ϕL is the total hydraulic head
of the lining structure. ρ is the polar diameter in polar coordinate and θ is the polar angle
in polar coordinates as shown in Figure 1.

The deep buried tunnel and its corresponding lining structure and grouting ring are
in area I, so the boundary conditions are as follows:

ϕS|ρ=ρa(ρa→∞) = Ha (4)

ϕS|ρ=rG
= ϕG|ρ=rG

= HG (5)

ϕG|ρ=rL
= ϕL|ρ=rL

= HL (6)

ϕL|ρ=r0
= H0 (7)
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where Ha is the total hydraulic head at great distance, H0 is the inner hydraulic head of the
lining structure, HL is the hydraulic head between the lining structure and the grouting
ring, and HG is the hydraulic head between the grouting ring and surrounding rock.

2.3. Analytical Solutions of Steady Seepage Field in Surrounding Rock

It is assumed that anisotropic seepage exists in the surrounding rock; the following
coordinate transformation can be obtained:{

x′ = nx
y′ = y

(8)

So the governing Equation (1) can be transformed into:

∂2 ϕS

∂x′2
+

∂2 ϕS

∂y2 = 0 (9)

Therefore, the circular tunnel in the z-plane becomes an elliptical tunnel in the z′–plane,
which is shown in Figure 2a. The equation for the elliptical tunnel is as follows:

x′2

(nrG)
2 +

y2

r2
G
= 1 (10)

(a)

(b)

Figure 2. Calculation model after coordinate transformation and conformal mapping. (a) Plane of
coordinate transformation. (b) Plane of conformal mapping.
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By conformal mapping, the area containing an elliptical tunnel in z′–plane is projected
to the area containing a circular tunnel with a radius of ϕ = 1 in ζ—plane (Zhou et al. [24]).
The conformal mapping function is shown as follows:

z = ω(ζ) = R
(

ζ +
m
ζ

)
(11)

in which:
z = x + iy (12)

ζ = ξ + iη = ϕeiβ (13)

R =
(n + 1)rG

2
(14)

m =
n − 1
n + 1

(15)

(ξ, η) and (ϕ, β) are the Cartesian and polar coordinates in the ζ-plane. Therefore,
the coordinates of any point in the z-plane can be expressed by ϕ and β as follows:⎧⎨

⎩
x = R

n

(
ϕ + m

ϕ

)
cos β

y = R
(

ϕ − m
ϕ

)
sin β

(16)

The seepage differential equation in ζ-plane also satisfies the Laplace equation. Equa-
tion (9) in the Cartesian coordinate of ζ-plane can be written as:

∂2 ϕS

∂ξ2 +
∂2 ϕS

∂η2 = 0 (17)

Equation (17) can be converted to polar coordinates as follows:

d
dϕ

(
ϕ

dϕS

dϕ

)
= 0 (18)

The general solution of this Equation (18) is:

ϕS = C1 + C2 ln ϕ (19)

where C1 and C2 are undetermined constants, which are determined by boundary condi-
tions. Boundary condition Equations (4) and (5) in ζ-plane can be written as:

ϕS|ϕ=ϕa(ϕa→∞) = Ha (20)

ϕS|ϕ=ϕ0=1 = HG (21)

Substituting Equations (20) and (21) into Equation (19) can obtain:

C1 = HG (22)

C2 =
Ha − HG

ln ϕa
(23)

Therefore, Equation (19) can be rewritten as:

ϕS = HG +
Ha − HG

ln ϕa
ln ϕ (24)
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The seepage discharge between area I and area II can be obtained by integrating
Equation (24) as follows:

QS = kx

∫ 2π

0

∂ϕS

∂ϕ
ϕdβ =

2πkx

ln ϕa
(Ha − HG) (25)

where QS is the seepage discharge between area I and area II.

2.4. Analytical Solutions of Steady Seepage Field in Lining Structure and Grouting Ring

It is assumed that only radial seepage is considered in the grouting ring and the lining
structure, the seepage in the grouting ring and the lining structure can be simplified as an
axisymmetric steady seepage problem. Therefore, the governing Equations (2) and (3) can
be simplified as:

∂2 ϕG

∂ρ2 +
1
ρ

∂ϕG

∂ρ
= 0 (26)

∂2 ϕL

∂ρ2 +
1
ρ

∂ϕL

∂ρ
= 0 (27)

According to boundary condition Equations (5)–(7), Equations (26) and (27) can be
solved as:

ϕG =
HL ln rG − HG ln rL

ln(rG/rL)
+

HG − HL

ln(rG/rL)
ln ρ (28)

ϕL =
H0 ln rL − HL ln r0

ln(rL/r0)
+

HL − H0

ln(rL/r0)
ln ρ (29)

The seepage discharge can be obtained by integrating Equations (28) and (29) respec-
tively as follows:

QG = kG

∫ 2π

0

∂ϕG

∂ρ
ρdθ =

2πkG

ln(rG/rL)
(HG − HL) (30)

QL = kL

∫ 2π

0

∂ϕL

∂ρ
ρdθ =

2πkL

ln(rL/r0)
(HL − H0) (31)

where QG is the seepage discharge between area II and area III, and QL is the seepage
discharge inside area III.

2.5. Combined Analytical Solutions of Steady Seepage Field

According to continuous condition of seepage discharge, the seepage discharge be-
tween areas is equal as follows:

Q = QS = QG = QL (32)

According to Equations (25) and (30), it can be obtained:

HL =
B + E − F

B
HG +

F − E
B

Ha (33)

where B = kG
kx

, E = ln rG
ln ϕa

, and F = ln rL
ln ϕa

.
According to Equations (25) and (31), it can be obtained:

(F − G)(Ha − HG) = D(HL − H0) (34)

where D = kL
kx

, and G = ln r0
ln ϕa

.
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Substituting Equation (33) into (34) yields:

HG =
(BF + DE − BG − DF)Ha + BDH0

BD + DE + BF − DF − BG
(35)

Substituting Equation (35) into (33) yields:

HL =
B2(F − G) + DF(F − E)

B(BD + DE + BF − DF − BG)
Ha +

D(B + E − F)
(BD + DE + BF − DF − BG)

H0 (36)

By substituting (35) into (24), the seepage field of surrounding rock in ζ-plane can be
obtained as follows:

ϕS =
ln ϕ

ln ϕa
Ha +

(
1 − ln ϕ

ln ϕa

)
(BF + DE − BG − DF)Ha + BDH0

BD + DE + BF − DF − BG
(37)

The seepage field of surrounding rock in z-plane can be obtained by transforming the
seepage field in ζ–plane through Equation (16). However, Equation (16) is a transcendental
equation, so the explicit solution can be obtained only on the x and y coordinate axes in the
z-plane. For another arbitrary point (x, y), it can be calculated by MATLAB.

For any point on the x coordinate axis, it can be obtained according to Equation (16):

ϕ =
|x|n +

√
x2n2 − (n2 − 1)r2

G

(n + 1)rG
(38)

For any point on the y coordinate axis, it can be obtained according to Equation (16):

ϕ =
|y|+

√
y2 − (n2 − 1)r2

G

(n + 1)rG
(39)

Subscribing Equations (38) and (39) into Equation (37), the analytical expression of
total hydraulic head on the x and y coordinate axes in the z-plane can be obtained as
follows, respectively:

ϕSx = (BF+DE−BG−DF)Ha+BDH0
BD+DE+BF−DF−BG

+ 1
ln ϕa

BD(Ha−H0)
BD+DE+BF−DF−BG ln

(
|x|n+

√
x2n2−(n2−1)r2

G
(n+1)rG

)
(40)

ϕSy = (BF+DE−BG−DF)Ha+BDH0
BD+DE+BF−DF−BG

+ 1
ln ϕa

BD(Ha−H0)
BD+DE+BF−DF−BG ln

(
|y|+

√
y2−(n2−1)r2

G
(n+1)rG

)
(41)

In addition, it can be obtained from Equation (24):

ϕ = (ϕa)
ϕS−HG
Ha−HG (42)

Substituting (42) into (16) shows that a circle with radius ϕ in the ζ-plane corresponds
to an ellipse in the z-plane. Therefore, the hydraulic head contour line in the z-plane is an
ellipse and its semi minor axis and semi major axis are as follows:⎧⎪⎪⎨

⎪⎪⎩
aϕ = R

n

(
(ϕa)

ϕS−HG
Ha−HG + m(ϕa)

Ha−HG
ϕS−HG

)

bϕ = R
(
(ϕa)

ϕS−HG
Ha−HG − m(ϕa)

Ha−HG
ϕS−HG

) (43)

where aϕ and aβ are the semi minor axis and semi major axis.
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3. Verification of Analytical Solution of Seepage Field

Li et al. [25] proposed an analytical solution for the isotropic seepage field of a deep
buried circular tunnel without lining structure and grouting ring as follows:

ϕS = H0 +
Ha − H0

ln ra
r0

ln
r
r0

(44)

Corresponding to the solution in this paper, when there is no lining structure and
grouting ring, there is: {

rG = rL = r0
HG = HL = H0

(45)

Because the seepage filed is simplified as isotropic, there is n = 1. Equation (16) can be
simplified as follows: {

x = r0 ϕ cos β
y = r0 ϕ sin β

(46)

Subscribing Equation (46) into Equation (24) yields:

ϕS = HG +
Ha − HG

ln ϕa
ln

√
x2 + y2

r0
(47)

ra is assumed as the semi major axis length of the ellipse in z-plane, which the circle
ϕ = ϕa corresponded in the ζ–plane. According to Equation (16), the semi major axis of
the ellipse in z-plane is as follows:

ra =
(n + 1)r0

2

(
ϕa − m

ϕa

)
(48)

Subscribing n = 1 and m = 0 into Equation (48) yields:

ra = ϕar0 (49)

Subscribing Equations (45) and (49) into the Equation (47), it can be found that the
simplified proposed solution is identical with that proposed by Li et al. [25], which proves
the correctness of the solution to some extent.

In order to further verify the correctness of the solution, an example comparison
with numerical method is carried out. Finite element limit analysis software OptumG2
(Krabbenhoft et al. [26]) is used for numerical calculation of seepage field. Considering the
symmetry of the calculation model, a quarter model is used to simulate the seepage field
as shown in Figure 3a. The left and lower surrounding rock boundaries of the calculation
model are set as impermeable boundaries with normal restraint. As it is a deep buried
tunnel, uniform distributed total hydraulic heads are set along the outer boundary of the
surrounding rock and the inner lining structure of the tunnel. The parameters used in
numerical simulation are shown in Table 1. OptumG2 uses adaptive meshing method in
the calculation, and the meshing is shown in Figure 3b.

From the derivation process of the solution in this paper, a specific value of ϕa which
meet the accuracy of general engineering is needed to obtain the seepage field. Li et al. [25]
took ϕa = 30r0 and Li et al. [27] took ϕa = 20r0 in their research respectively. In the
following calculation in this paper, ϕa = 30r0 is adopted for calculation.

The results of the total hydraulic head by numerical simulation under different per-
meability coefficient ratio are shown in Figure 4. It can be seen from Figure 4a that the
total hydraulic head contour of surrounding rock is circular when the permeability coeffi-
cients of surrounding rock in horizontal and vertical direction are the same, which means
the seepage of surrounding rock is isotropic. When anisotropic seepage flow happens
in surrounding rock around the deep buried tunnel, the total hydraulic head contour of
surrounding rock is no longer uniformly circular distribution but elliptical distribution as
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shown in Figure 4b,c. The hydraulic gradient along y-axis which have a higher permeability
coefficient is relatively smaller than that along the x-axis.

(a) (b)

Figure 3. Finite element limit analysis model and meshing. (a) Calculation model. (b) Adaptive
meshing.

Table 1. Calculation parameters in numerical simulation.

r0/m rL/m rG/m kL/m·s−1 kG/m·s−1 kx/m·s−1 n H0/m Ha/m

2.4 3 6 1 × 10−6 1 × 10−6 1 × 10−5 1 to 3 0 500

The results of total hydraulic head along coordinate axis calculated by numerical
simulation and the proposed analytical solution are shown in Figure 5. It can be seen form
Figure 5 that the results calculated by the proposed analytical solution are in agreement
with those calculated by numerical simulation, which can verify the correctness of the
proposed analytical solution in this paper.

(a)

Figure 4. Cont.
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(b)

(c)

Figure 4. Total hydraulic head of lining structure, grouting ring and surrounding rock by numeri-
cal simulation. (a) n = 1. (b) n = 2. (c) n = 3.
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Figure 5. Cont.
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(c)

Figure 5. Total hydraulic head along coordinate axis. (a) n = 1. (b) n = 2. (c) n = 3.

4. Parameter Analysis of Analytical Solution of Seepage Field

In order to further reveal the influence of anisotropy of permeability coefficient on
seepage field of deep buried circular tunnel, the hydraulic head contour in surrounding
rocks is calculated by proposed analytical solution. The parameters in Table 1 are used
for the calculation, and a quarter of the calculation area is taken. The results are shown in
Figure 6. Anisotropic seepage occurs when the permeability coefficient is anisotropic. The
seepage field of surrounding rock around the buried circular tunnel is no longer uniformly
distributed and presents elliptical distribution. Different head contour shapes occur with
different permeability ratios of surrounding rocks. The hydraulic gradient is larger in the
direction with smaller permeability coefficient, which is about n times of the direction with
larger permeability coefficient.

The hydraulic head and seepage discharge between grouting ring and lining structure,
and between grouting ring and surrounding rock are analyzed in following examples.
The calculation parameters in examples are shown in Table 2.

Figure 7 shows the hydraulic head between grouting ring and lining structure, and be-
tween grouting ring and surrounding rock under different total hydraulic head at infinite
distance. The permeability coefficient of lining structure in this example is 1 × 10−8 m·s−1.
Figure 8 shows the seepage discharge under different total hydraulic head at infinite dis-
tance. It can be seen from the results that the hydraulic head of grouting ring and lining
structure and the seepage discharge increase linearly with the increase of the total hydraulic
head at infinite distance. Obviously, it can also be seen from Equations (30), (35) and (36)
that the hydraulic head and seepage discharge have a linear relationship with the total
hydraulic head at a very far distance when other parameters remain the same.
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Figure 6. Total hydraulic head along coordinate axis. (a) n = 2. (b) n = 3.

Table 2. Calculation parameters in parameter analysis.

r0/m rL/m rG/m kL/m·s−1 kG/m·sy−1 kx/m·s−1 n H0/m Ha/m

2.4 3 6 1 × 10−5 to
1 × 10−8 1 × 10−6 1 × 10−5 2 0 20 to 220
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Figure 7. Hydraulic head of grouting ring and lining structure under different total hydraulic head
at infinite distance.

The following example will analyze the influence of the permeability coefficient of the
lining structure on the hydraulic head and seepage discharge. The total hydraulic head at
a large distance in this example is 100 m, and other calculation parameters are shown in
Table 2. Figure 9 shows the hydraulic head of grouting ring and lining structure under a
different permeability coefficient of lining structure. It can be found that with the decrease
of the permeability coefficient of the lining structure, the hydraulic heads of the lining struc-
ture and the grouting ring are increased. When the difference between the permeability
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coefficient of the lining structure and surrounding rock is not large (e.g., kx/kL ≤ 100),
the change of the permeability coefficient of the lining structure has a great impact on the
hydraulic head. However, when the permeability coefficient of lining structure differs
greatly from that of surrounding rock (e.g., kx/kL > 100), the influence of the permeability
coefficient of lining structure on hydraulic head is no longer significant. Because when the
permeability coefficient differs greatly, the lining structure can be considered as imperme-
able, so the hydraulic head of lining structure will be close to the total hydraulic head at
infinity. Figure 10 shows the seepage discharge under different permeability coefficient of
lining structure. It can also be seen that when the difference of permeability coefficient is
small (e.g., kx/kL ≤ 100), the decrease of lining structure permeability coefficient greatly
reduces the seepage discharge. However, when the difference of permeability coefficient is
large (e.g., kx/kL > 100), the decrease of lining permeability coefficient has little impact on
the seepage discharge, and the seepage discharge tends to be zero.
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Figure 8. Seepage discharge under different total hydraulic head at infinite distance.
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Figure 9. Hydraulic head of grouting ring and lining structure under different permeability coefficient
of lining structure.

Wang [28] and Liu et al. [29] pointed out that the water shall be blocked by grouting
ring for deep buried tunnels with hydraulic head greater than 60 m. Wang et al. [21] studied
water pressure distribution on tunnel lining and the results indicated that the grouting
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ring effectively reduced the water pressure on tunnel lining. Seikan tunnel in Japan and
Yuanliangshan tunnel in China both adopt this method (Zhang [30]).
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Figure 10. Seepage discharge under different permeability coefficient of lining structure.

Grouting ring is widely used as water plugging method in subsea tunnel. It is impor-
tant to determine the influence of grouting ring parameters on hydraulic head and seepage
discharge for the design of subsea tunnel. According to Equation (7), the internal hydraulic
head of lining structure is 0, Equations (31) and (36) can be written as follows:

HL =

kx
kL

ln rL
r0

ln ϕa +
kx
kL

ln rL
r0
+ kx

kG
ln rG

rL

Ha (50)

Q =
2πkx

ln ϕa +
kx
kL

ln rL
r0
+ kx

kG
ln rG

rL

Ha (51)

Pan et al. [23] proposed an influence factor for grouting parameters. With reference to
this influence factor, the grouting influence factor is defined as follows:

FG =
kx

kG
ln

rG

rL
(52)

where is kx/kG the ratio of permeability coefficient between surrounding rock and grouting
ring, which reflects the impermeability of the grouting ring. rG/rL is the ratio of the
grouting circle radius to the tunnel outer diameter, reflecting the size of the grouting ring.

According to Equations (50) and (51), when other parameters are determined, the hy-
draulic head of the lining structure and seepage discharge will be determined by the
grouting influence factor. The larger the grouting influence factor is, the smaller the hy-
draulic head of lining structure is, and the smaller the seepage discharge is.

The variation of grouting influence factor with kx/kG and rG/rL is shown in Figure 11.
It can be seen from the results in the diagram that the grouting influence factor shows a
linear growth trend with the increase of kx/kG and a logarithmic growth trend with the
increase of rG/rL. The size of the grouting ring has a more significant effect on the grouting
influence factor. In practical engineering, the adjustment range of grouting ring permeabil-
ity is larger than that of grouting ring size for economic reasons. Therefore, in engineering
design, the minimum value of permeability of grouting ring, i.e., the maximum value
of kx/kG can be determined first, and then the grouting ring size can be determined on
this basis.
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Figure 11. Grouting influence factors under different grouting ring parameters.

5. Conclusions

Based on the existing theoretical research of the tunnel seepage flow field for a deep-
buried tunnel, analytical solutions of the steady seepage field for a deep-buried tunnel with
grouting ring are proposed considering different permeability coefficients of surrounding
rocks in horizontal and vertical directions i.e., the anisotropic seepage flow and considering
the influence of tunnel lining structure and grouting ring. Through coordinate transfor-
mation and conformal mapping, the seepage field of surrounding rock is solved. Then
the seepage fields of surrounding rock, grouting ring and lining structure are solved by
boundary conditions and continuous flow conditions between them. Verification analysis
and parameter analysis are carried out, several conclusions can be drawn as follows:

(1) The analytical solution of the anisotropic seepage field of surrounding rock pro-
posed in this paper is completely consistent with the analytical solution of isotropic seepage
field in the case of simplification, which proves the correctness of the solution in this paper
to some extent.

(2) For the anisotropic seepage field of a deep buried tunnel with grouting ring,
the calculation results of the analytical solution in this paper are completely consistent with
the calculation results of the finite element limit analysis software OptumG2, which can
verify the correctness of the solution in this paper.

(3) The seepage field of surrounding rocks around a deep buried circular tunnel
is no longer uniformly distributed and presents elliptical distribution, after considering
anisotropic seepage flow. Under different permeability coefficient ratios of surrounding
rocks, different results of the hydraulic head contour are presented. In the direction of a
smaller permeability coefficient, the hydraulic gradient is larger.

(4) As the permeability coefficient of a lining structure decreases, the hydraulic head
of the lining structure and grouting ring are increased. When the difference between per-
meability coefficient of lining structure and surrounding rock is not very large, the change
of permeability coefficient of lining structure has a great influence on the hydraulic head.
However, when the permeability coefficient of the lining structure differs greatly from that
of the surrounding rock, the change of the permeability coefficient of lining structure has
no significant effect on the hydraulic head.

(5) The parameters of grouting ring are analyzed by using the grouting influence
factors. The results show that the size of grouting ring has more significant influence on
the grouting effect.
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Abstract: Based on the acoustic and physical data of typical seafloor sediment samples collected
in the East China Sea, this study on the super parameter selection and contribution of the charac-
teristic factors of the machine learning model for predicting the sound speed of seafloor sediments
was conducted using the eXtreme gradient boosting (XGBoost) algorithm. An XGBoost model for
predicting the sound speed of seafloor sediments was established based on five physical parameters:
density (ρ), water content (w), void ratio (e), sand content (S), and average grain size (Mz). The results
demonstrated that the model had the highest accuracy when n_estimator was 75 and max_depth was
5. The model training goodness of fit (R2) was as high as 0.92, and the mean absolute error and mean
absolute percent error of the model prediction were 7.99 m/s and 0.51%, respectively. The results
demonstrated that, in the study area, the XGBoost prediction method for the sound speed of seafloor
sediments was superior to the traditional single- and two-parameter regressional equation prediction
methods, with higher prediction accuracy, thus providing a new approach to predict the sound speed
of seafloor sediments.

Keywords: sound speed; seafloor sediments; XGBoost; the East China Sea

1. Introduction

The shallow sediments of the seafloor exhibit unique acoustic properties that provide
the necessary basic data for seafloor acoustic field research, seafloor engineering geology,
and marine petroleum geology and are important factors in determining the marine acous-
tic field environment [1]. They have important research value in the fields of seafloor
sediment investigation, marine resource exploration and development, and marine en-
vironmental monitoring [2,3]. Seafloor sediments are generally considered a two-phase
medium consisting of solid and liquid phases [4], and their acoustic properties are closely
related to the physical properties of seafloor sediments.

As the basic element of seafloor acoustics research, the measuring methods of the
sound speed of seafloor sediments primarily include in situ measurements, laboratory
measurements, and the geoacoustic inversion method. In addition, prediction based on
geoacoustic models is an important method for obtaining the sound speed of seafloor
sediments. Therefore, it is extremely important to establish an accurate geoacoustic model
to describe the relationship between the sediment sound speed and physical parame-
ters. Many studies established theoretical models for predicting sound speed in seafloor
sediments [5–11]. However, because of the complex and diverse marine sedimentary envi-
ronment and sedimentary disturbance error in the determination process, the several input
parameters of the theoretical model are difficult to measure. Concomitantly, many studies
have established regressional equations of sound speed prediction in different sea areas by
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examining the correlation between the sound speed and physical parameters of seafloor
sediments [12–22]. However, the physical properties of sediments frequently require multi-
ple parameters for accurate characterization. The empirical equation only establishes the
correlation between the sediment sound speed and one or two physical parameters to an
extent, and there are limitations and reduced accuracy in the sound speed prediction.

To supplement the existing literature, this study proposes a machine learning pre-
diction method for the sound speed of seafloor sediments based on the eXtreme gradient
boosting (XGBoost) algorithm, which can fuse multiple sediment physical parameters as
well as effectively improve the problem of the previous empirical equations tending to
overfit or underfit the measured sound speed of seafloor sediment Here, data preprocessing
was performed on the data measured at laboratory of sediment samples from the East
China Sea. The physical parameters with high correlation were then extracted using the
Pearson correlation coefficient matrix, and the model was trained and verified. Then,
using the test samples and traditional single- and two-parameter regressional equations
to comprehensively evaluate the model, we analyzed the contribution of each physical
parameter. The results demonstrated that the prediction model of the seafloor sediment
sound speed based on the XGBoost algorithm was superior to the traditional prediction
equation methods with higher prediction accuracy.

2. Study Area and Data Source

2.1. Location of the Study Area

The study area is located on the continental shelf of the East China Sea at a water
depth of 26–107 m. The water depth of the western-inland region is shallow and gradually
increases to the east. As one of the widest continental shelves worldwide, it has considerable
terrigenous input and is an important area for studying land–ocean interactions and source–
sink processes [23]. The deposition of terrigenous sediments in this area is primarily
controlled by the coastal upwelling and downwelling of the southern continental shelf of
the East China Sea [24]. Owing to the inflow of small coastal rivers such as the Yangtze
River and the influence of the Yellow River, the continental shelf of the East China Sea has
received a high input of terrigenous materials [25]. In the interaction between the Zhejiang–
Fujian coastal current and Taiwan warm current, most sediments diffused from the north to
the south were confined in the continental shelf, thus forming an intrashelf mud wedge [26];
however, most of the sediments in the study area were confined in the continental shelf
and covered by sand [27]. The coastal sediments in the study area are parallel to the coast
and distributed in a band, and the nearshore is mostly silty clay, whereas the outward is
clay. The sediment then quickly changes to coarse-grained silt or fine sand.

2.2. Data Sources

Seafloor sediment samples were collected at 45 sites on the East China Sea shelf
using box and gravity samplers during the open research cruise of the East China Sea
supported by the National Science Foundation of China (NSFC) Shiptime Shearing Project
in 2021. Among these samples, those that were ~400 cm in length were obtained from
16 stations in the East China Sea’s silty clay and clayey silt areas, while most obtained
from the sandy bottom in the study area were 20–200 cm in length. The sound speed
and physical parameters were measured in the laboratory. First, the sample was cut and
divided as per the actual requirements, generally cut into 30 cm long sections and placed
on a cylindrical sample measurement platform. The laboratory measurement system of
the acoustic property of seafloor sediment cores was used to measure the sound speed
of the sediment samples using the transmission method. After the 30 cm long sediment
measurement was completed, a length of 10 cm was cut off, and the sound speed of the
remaining 20 cm long sediment was measured again to obtain as much data as possible.
The sound speed was calculated as follows:

VP = L/
(

103 (t − t0 )) (1)
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where VP is the sound speed of the seafloor sediment sample (m/s), L is the column length
of the sample (mm), t is the sound wave penetration time (μs), and t0 is the correction value
of zero sound time (μs).

After measuring the sound speed of the sample, the physical and mechanical proper-
ties of the sediment were measured [28]. The properties included density, water content,
void ratio, sand content, silt content, clay content, and average grain size. During the
laboratory measurements, two-frequency (25 and 100 kHz) acoustic transducers were used
to measure the acoustic properties and physical parameters of each section of the sample.
Because the acoustic data with a frequency of 100 kHz were of good quality and the cov-
ered physical parameters were more representative, although the sound speed values at
different frequencies differed, the relationship between them and the physical properties
of the sediments was the same. Thus, this study selected sound speed data of 100 kHz
(292 groups). Table 1 lists the maximum, minimum, and average of the physical parameters
and sound speeds.

Table 1. Statistics of sound speed and physical parameters of sediments in the study area.

ρ/
(g/cm3)

w/
%

e S/
%

T/
%

Y/
%

Mz/
Φ

VP/
(m/s)

Max 2.00 74.85 2.04 76.30 79.30 73.10 8.78 1695.38
Min 1.56 24.25 0.68 0.10 10.70 34.50 6.71 1492.86
Ave 1.72 52.07 1.43 10.34 55.15 7.60 5.9 1540.96

3. Methods

3.1. Data Preprocessing
3.1.1. Data Noise Removal

The experimental data were collected from a real scene and contained a lot of data
noise; therefore, they could not be directly used for model training. The primary task of
data noise removal is to remove incomplete or wrong data. Here, data cleaning was divided
into outlier and missing value removal. Data points significantly far from the fitted curve
are marked as outliers using a regression fit between the sound speed and each physical
parameter. The missing sound speed values and physical parameters of each sample were
simultaneously removed to improve the data quality and integrity.

3.1.2. Normalization Processing

The numerical units of different physical parameters differ; therefore, the data required
normalization. The parameters were uniformly set to a value between 0 and 1. Normalizing
the input data can prevent neuron saturation and increase the accuracy and generalization
ability of the model prediction. The formula of normalization is as follows:

X =
X − Xmin

Xmax − Xmin
(2)

where X is the normalized data, X is the original data, and Xmin and Xmax are the maximum
and minimum values of the original data, respectively.

3.1.3. Physical Parameter Extraction

In order to reduce the complexity of the model and improve the generalization ability
of the model, some but not all parameters with relatively strong correlation were selected
while ensuring accuracy during the data processing. Here, the data collected included the
sound speed, basic information of the following sampling stations, and physical parameters
of the sediments:

1. Geospatial information of the seafloor sediment sampling stations—longitude (Log),
latitude (Lat), and depth (D);

2. Basic physical parameters—density (ρ), water content (w), and void ratio (e);

117



J. Mar. Sci. Eng. 2022, 10, 1366

3. Grain composition—sand (S), silt (T), clay contents (Y);
4. Grain size coefficient—average grain size (Mz).

Among the acoustic parameters and physical and mechanical parameters of seafloor
sediments, the sound speed exhibits a good correlation with the density, water content,
and porosity [18]. The Pearson correlation coefficient can measure the degree of correlation
and whether there is a linear correlation between two features [29]. Thus, the Pearson
correlation coefficient was used to measure the correlation between the sound speed and
other physical parameters and plot the correlation coefficient matrix (Figure 1). Using two
variables—X and Y—the Pearson correlation coefficient between the variables is as follows:

fX,Y =
E(XY)− E(X)E(Y)√

E(X2) + E2(X)
√

E(Y2) + E2(Y)
(3)

where fX,Y is the correlation coefficient. A positive value indicates a positive correlation
between the physical parameters and sound speed, and a negative value indicates a
negative correlation.

Figure 1. Half−matrix plot of Wilson’s correlation coefficients between the sediment sound speed and
physical parameters. The first column of the matrix is the distribution of the correlation coefficient
between the sound speed and each physical parameter. The redder the matrix unit, the more evident
the positive correlation, and the bluer the unit, the more evident the negative correlation.

As per the first column of the matrix diagram of the correlation coefficient between the
sound speed and each physical parameter (Figure 1), it was concluded that the correlation
coefficient between the sound speed and density, water content, void ratio, sand content,
and average particle size of the seafloor sediments reached ~0.90, exhibiting strong or
extremely strong correlation. The correlation coefficient with other parameters was below
0.80. During the training of the XGBoost algorithm model, the highest correlation between
the input feature factor and target parameter was selected such that the predicted result
was closer to the expected value. Similarly, the dimension of the model was reduced as
much as possible while ensuring the accuracy of the model to reduce the complexity of
the model. Therefore, the factors selected for training in this study were the density, water
content, void ratio, sand content, and average grain size. Among these factors, the density
and sand content positively correlated with the sound speed, indicating that the higher
the density and sand content, the higher the sound speed. The water content, void ratio,
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and average grain size negatively correlated with the sound speed, indicating that with
an increase in each parameter, the sound speed decreased.

3.1.4. Data Division

After data preprocessing, 280 data sample groups were collected, and the samples
were randomly divided into 200 training, 40 validation, and 40 test sample groups. After
the training, validation, and test sets were determined, only then were the parameters of the
learning algorithm adjusted to explore suitable parameters, screen suitable features, rapidly
detect the algorithm performance, and guide the most important changes to the machine
learning model. The training samples were used to train the sound speed prediction
model, and the final model was trained by setting the parameters of the fitter. After
training multiple models via the training set, the model with the best effect was selected
from the validation set. The corresponding parameters can then be used to control the
occurrence of model over-fitting. To measure the performance of the optimized model,
the test samples were considered as a nonexistent data set—a data sample that did not
participate in the entire model building process and was used to measure the performance
of the optimized model. Figure 2 shows the training, validation, and test samples in the
sediment triangulation. There were multiple types of sediments in the data samples, which
improved the generalization ability of the model.

Figure 2. Triangular sediment classification diagram. Most of the sediment in the data samples
included clay silt, followed by silt sand, a small amount of silt, silty clay, and clay sand. The grey
dots, red dots, and yellow triangles indicate training, validation, and test samples, respectively.

3.2. XGBoost Algorithm

XGBoost is a boosted tree model that integrates multiple weak learners to build a
strong learner [30,31]. The idea of the algorithm is to fit the negative gradient of the loss
function in repeated iterations after optimizing the empirical loss function, select sample
features to generate a basic learner, and continuously fit the previous residuals to minimize
the objective function. We repeated this process to build hundreds of basic learners and
integrated them in a comprehensive model (Figure 3).
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Figure 3. The boosting algorithm principle, where m is the characteristic factor of the training sample
in the model, which is each physical parameter; mij is the i-th characteristic factor of the j-th base
learner; and Y represents the target value of the training sample in the model, which is the sound
speed of the seafloor sediment in this study.

The objective function of XGBoost comprises a loss function, regularization term,
and constant term. The equation is as follows:

Obj(θ) = L(θ) + Ω(θ) + C (4)

The loss function was used to measure the quality of the model prediction, and the
regularization term was used to control the complexity of the model and avoid overfitting.

3.2.1. Loss Function

The XGBoost algorithm can be considered as an additive model comprising K trees,
as shown in Equation (5). The tree model used in this study is a regression tree:

ŷi =
K

∑
k=1

fk(xi), fk ∈ F (5)

where ŷi is the sample prediction result, xi, i is the i-th sample input, k is the sum of trees,
fk is each regression tree, and F is the set space with the regression tree.

The improvement of XGBoost over the Gradient Boosting Decision Tree (GBDT) is that
it uses the first- and second-order derivatives and the Taylor expansion for approximation.
If gi is the first derivative and hi is the second derivative:

gi = ∂ŷ(t−1) l
(

yi, ŷ(t−1)
i

)
(6)

hi = ∂2
ŷ(t−1) l

(
yi, ŷ(t−1)

i

)
(7)

3.2.2. Regularization

The complexity of the regression tree can effectively control the overfitting of the
model. It comprises two parts: the number and weight of leaf nodes. It was defined by the
equation as:

Ω( ft) = γT +
1
2

λ
T

∑
j=1

w2
j (8)
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where γ and λ are the normalization coefficients. Combining the two aforementioned parts,
the objective function was rewritten as the following equation:

Obj(θ) ≈
T

∑
j=1

⎡
⎣
⎛
⎝∑

i∈Ij

gi

⎞
⎠wj +

1
2

⎛
⎝∑

i∈Ij

hi + λ

⎞
⎠w2

j

⎤
⎦+ γT (9)

where Ij is the sample on the j-th leaf node, and wj is the weight of the j-th leaf node.
The optimal objective function was then obtained:

Obj(θ) = −1
2

T

∑
j=1

Gj

Hj + λ
+ γT (10)

The smaller the objective function, the smaller the prediction error, and the better the
model effect.

4. Results

4.1. Training and Validation of Seafloor Sediment Prediction Model

This study was based on the XGBoost algorithm with the CART (Classification and
Regression Tree) as the base learner. The 200 sets of training data obtained in the laboratory
were used for model training, and the 40 sets of validation samples were used to assist the
model training to obtain optimal parameters such that the model performance could reach
the highest level. The selected training target parameter was the sediment sound speed;
the characteristic factors were the density, water content, void ratio, average grain size,
and clay content. During the model training process, the XGBoost algorithm had multiple
hyperparameters, and it was impossible to adjust all the parameters. Therefore, this study
optimized two parameters—n_estimator and max_depth, which were important to the
model training accuracy—and the parameter adjustment and optimization followed the
principle of “first importantly then weak, first coarse then fine.” Here, the mean absolute
error (MAE) and mean absolute percentage error (MAPE) were selected to compare the
performance of different models. The equations of the two indicators are as follows:

MAE =

n
∑

i=1
|ŷi − yi|

n
(11)

MAPE =
100%

n

n

∑
i=1

∣∣∣∣ ŷi − yi
yi

∣∣∣∣ (12)

where yi is the true value, ŷi is the predicted value, and n is the number of predicted samples.
The n_estimator in the XGBoost hyperparameters, i.e., the maximum number of trees,

can be considered as the number of iterations that determines the learning ability of the
model. The greater the number of trees, the stronger the learning ability of the model. When
the number of trees in the XGBoost was low, the impact on the model was relatively high;
when the number of trees was already high, the impact on the model was relatively low.
The smaller the trees, the easier it was to cause the model to under-fit, and excess trees easily
caused the model to over-fit. Therefore, selecting the appropriate n_estimator can impact
the training accuracy of the model. Here, the optimal selection of the n_estimator was made
within the range of [20, 200]. As shown in Figure 4, when the n_estimator exceeded 75,
the training error of the model continually decreased, and the error of the validation sample
gradually increased. Therefore, it was determined that when the n_estimator exceeded 75,
the model was in the overfitting state, and so the n_estimator of the research model was
75, and the model effect was the best. At this time, the goodness of fit (R2) of the model
training was 0.917, the real value of the MAE of the training result was 8.15 m/s, and that
of the validation result was 9.11 m/s.
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Figure 4. The training process of the XGBoost model is based on the hyperparameter—n_estimator.
The red and orange solid lines indicate the iterative changes in the model training error and validation
result, respectively.

The max_depth is the maximum depth of the tree in the model, which is used to
control the model fitting state. The larger the max_depth, the more specific the model
learns; however, if the max_depth is excessively large, the model overfits. Based on the
premise that A in the model was 75, this study set the max_depth to perform optimal model
training in [1,20]. As shown in Figure 5, when the max_depth was 5, the model had the
highest validation accuracy. At this time, the R2 of the model training was 0.923, the real
value of the MAE of the training result was 7.79 m/s, and that of the validation result was
8.96 m/s.

Figure 5. The training process of the XGBoost model was based on the hyperparameter—max_depth.
The red and orange solid lines indicate the iterative changes in the model training and validation
result errors, respectively.
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After the continuous optimization of the model, along with the error performance of
the training and validation results, the optimal model had an n_estimator and max_depth
of 75 and 5, respectively. Figure 6 shows that the training results of the 200 training sample
groups and validation results of 40 validation sample groups had a high degree of fit with
the real values.

Figure 6. Training and validation results of the final model. The black line is the actual measured
value, the red line is the training result of 200 sets of training samples, and the brown line is the
validation result of 40 sets of validation samples.

4.2. Model Interpretation

SHapley Additive exPlanations (SHAP) can be used to explain the output of the
machine learning model and build an additive explanation model, and all features are
regarded as “contributors.” For each predicted sample, the model produced a predicted
value, and the SHAP value was the value assigned to each feature in that sample. If the i-th
sample was xi, the j-th feature of the i-th sample was xij, the predicted value of the model
for the sample is yi, the baseline of the entire model (usually the mean of the target variable
of the samples) is ybase, and then the SHAP value obeyed the following equation:

yi = ybase + f (xi1) + f (xi2) + . . . + f
(

xij
)

(13)

where f
(
xij

)
is the SHAP value of xij. Intuitively, it was the contribution value of the first

feature in the i-th sample to the final predicted value. When f (xi1) > 0, it implied that the
feature improved the predicted value, showing a positive effect; otherwise, it showed that
the feature reduced the predicted value, showing a negative effect.

The characteristic factors of the prediction model of the seafloor sediment sound
speed in this study were the density, water content, void ratio, sand content, and average
particle size. Figure 7 shows the characteristic factors arranged from top to bottom, and the
successive decrease in their contribution to the model, i.e., the contribution of the physical
parameters to the sound speed in this model. The degree of influence is arranged in terms
of the water content, density, sand content, average particle size, and void ratio. Moreover,
Figure 7 shows that the sound speed increased with an increase in the density and sand
content and decreased with an increase in the water content, void ratio, and average
grain size.
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Figure 7. SHAP value distribution of characteristic factors in the model, which shows the contribution
of the sample point of each characteristic factor to the model.

5. Discussion

5.1. Single-Parameter Prediction Equation

Based on the 200 training sample groups, a regression analysis was performed between
the sound speed and each parameter—density, water content, void ratio, sand content,
and average grain size. In previous relevant studies, the traditional single parameter
method for sediment sound speed is basically dominated by the unary quadratic equa-
tion [16,18,19], and in our single parameter regression analysis and comparison, the fitting
effect of the single parameter using the quadratic equation is the best. For example, it is
found that the fitting degree of the cubic equation established by water content and average
grain size is lower than that of the quadratic equation, and the fitting degree of the cubic
equation of other parameters is not improved too. So, the unary quadratic regression
method was employed to obtain the single parameter equation of the sound speed pre-
diction (Table 2). The results demonstrated that the correlation coefficient between the
physical parameters and sound speed was high (R2 ≥ 0.76); the density and void ratio
had the highest correlation coefficient of 0.86, followed by the water content (R2 = 0.85),
sand content (R2 = 0.76), and average grain size (R2 = 0.76). Figure 8 shows the fitting curve
of the sound speed and physical parameters.

Table 2. Expressions of the single-parameter equations and fitting correlation coefficients.

Related Parameters Prediction Equation R2

ρ VP = 1141.54ρ2 − 3642.28ρ + 4419.83 0.86
w VP = 0.088w2 − 11.74w + 1903.64 0.85
e VP = 123.96e2 − 448.07e + 1916.74 0.86

Mz VP = 7.90Mz
2 − 136.04Mz + 2086.99 0.76

S VP = 2.97s − 0.015s2 + 1515.95 0.76

5.2. Two-Parameter Prediction Equation

Based on the 200 training sample groups, the bivariate quadratic regression prediction
equation of the sound speed and two of the parameters among density, water content, void
ratio, and average grain size was obtained using the principle of least square (Table 3).
The results demonstrated that the correlation coefficient between the tow physical param-
eters and sound speed was high (R2 ≥ 0.86), the correlation coefficient of the equation
obtained using the density and average grain size-based equation, density and void ratio-
based equation, density and water content-based equation is 0.87, and water content and
void ratio-based equation is 0.86. Figure 9 shows the 3D spatial distribution between the
sound speed and parameters.

124



J. Mar. Sci. Eng. 2022, 10, 1366

Figure 8. The single-parameter equation regression fitting of the sound speed and physical parame-
ters: (a) density, (b) water content, (c) void ratio, (d) sand content, and (e) average grain size curves.
The black hollow point, red solid line, red area, and pink area indicate the 200 training sample groups,
fitted curve, confidence interval at 95%, and prediction interval at 95%, respectively.

Table 3. Expressions of double-parameter equations and fitting correlation coefficients.

Related Parameters Prediction Equation R2

ρ, w VP = 966.58ρ2 + 0.012w2 − 3123.61ρ − 1.95w + 4111.86 0.87
ρ, e VP = 852.79ρ2 + 34.85e2 − 2804.28ρ − 146.72e + 3968.22 0.87
w, e VP = 258.35e2 − 0.099w2 − 898.03e + 12.13w + 1921.24 0.86

ρ, Mz VP = 917.54ρ2 + 1.3Mz
2 − 2904.8ρ − 18.79Mz + 3889.6 0.87
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Figure 9. Three-dimensional scatter distribution of the sound speed and two parameters: (a) density
and water content, (b) density and void ratio, (c) water content and void ratio, and (d) density and
average grain size. The red dots indicate the 200 sets of training samples, and the green dotted lines
indicate the projections of the dots on the coordinate plane formed by the parameters.

5.3. Comparison of XGBoost Prediction Models with Predictions of Single-and Two-Parameter Equations

Based on the trained XGBoost model, single-parameter prediction equations, and two-
parameter prediction equations, the sound speed of the seafloor sediments was predicted for
40 groups of test samples to confirm the accuracy and superiority of the model (Figure 10).
Table 4 shows the correlation error statistics between the prediction results and true values
of each model. The results demonstrated that the XGBoost model exhibited the highest
prediction accuracy, and the MAE, MAPE, and max absolute error are 7.99 m/s, 0.51%,
and 29.27 m/s, respectively. This was followed by the density–void ratio, density, average
grain size, void ratio, water content, density–water content, water content–void ratio,
density–average grain size, and sand content equation. Compared with the prediction
results of the traditional single- and two-parameter equations, the XGBoost model reduced
the MAE and MAPE by 2.47–7.73 m/s and 0.16–0.49%, respectively. At the same time, it is
found that the XGBoost model has a good performance in decreasing the max absolute
error and max absolute percentage error. Compared with the traditional single- and two-
parameter equation, the max absolute error and max absolute percentage error decreased by
6.54–19.56 m/s and 0.47–1.06%, respectively. Especially the max absolute error of specific
density, water content, average grain size, density–water content, density–average grain
size, and water content–void ratio equation decreased by more than 10 m/s. It is proven
that the model has better performance in controlling errors and improving the prediction
accuracy of the sediment sound speed.
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Figure 10. Comparison of prediction results of 40 groups of test samples of the sediment prediction
model of the XGBoost algorithm and single- and two-parameter equations. The red dotted line
indicates the real sound speed value, the black dotted line indicates the prediction result of the
XGBoost model, the gray area indicates the error range between the XGBoost model and the real
value, and the prediction results of the single-and two-parameter equations.

Table 4. The error analysis of the prediction results of the XGBoost model and single- and two-
parameter equations.

Prediction
Model

Max Absolute
Error (m/s)

Max Absolute
Percentage Error (%)

MAE (m/s) MAPE (%)

ρ 41.29 2.49 10.53 0.67
w 42.03 2.79 12.30 0.79
e 37.88 2.52 11.97 0.77

Mz 48.83 2.65 10.57 0.67
S 37.24 2.20 15.72 1.00

ρ, w 39.36 2.38 13.89 0.89
ρ, e 35.81 2.37 10.46 0.67
w, e 39.39 2.62 14.36 0.93

ρ, Mz 41.42 2.75 14.77 0.95
XGBoost 29.27 1.73 7.99 0.51

6. Conclusions

Here, the sound speed prediction of seafloor sediments in the East China Sea was
conducted based on the XGBoost algorithm. The optimal model super parameters were
determined using 240 groups of samples from the East China Sea. Finally, the prediction
accuracy of 40 groups of test samples was compared with the traditional single- and two-
parameter regressional equations, and the contribution degree of the characteristic factors
of the model was studied. The main conclusions of this study are as follows:

1. The XGBoost machine learning method exhibited high prediction accuracy and gener-
alization ability when applied to the prediction of the sound speed of sediments in
the East China Sea. When the n_estimator of the model was 75 and the max_depth
was 5, the performance of the model was excellent, the goodness of fit (R2) was 0.923,
the MAE of the training results and true values was 7.79 m/s, and the MAE of the
validation results and true values was 8.96 m/s.

2. Compared with the traditional single- and two-parameter models, the seafloor sedi-
ment model exhibited a higher goodness-of-fit and prediction accuracy. The MAE,
MAPE, max absolute error, and max absolute percentage error of the prediction results
were 7.99 m/s, 0.51% and 29.27 m/s, 1.73%, respectively, which were 2.47–7.73 m/s,
0.16–0.49%, 6.54 m/s–19.56 m/s, and 0.47–1.06% lower than those of the traditional
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single- and two-parameter equations. It is proven that the model has better perfor-
mance in controlling error and the prediction accuracy of the sound speed of the
seafloor sediment improved.
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Abstract: The groundwater resource is crucial to the urbanization and industrialization in the
Guangdong coastal area; the rapid development of Daya Bay has presented a challenge for the
management of the groundwater quantity and quality. Therefore, a novel approach to hydrochemical
analysis, which, combined with the health risk model and the water quality index (WQI), was used
to explain the hydrochemistry characteristics and risks to human health of groundwater in the
Guangdong coastal areas in addition to investigating the factors controlling groundwater quality.
The results showed that the average concentration of total dissolved solids (TDS) in groundwater
was 1935.26 mg/L and the quality of water was weakly alkaline. The dominant hydrochemical types
of groundwater were identified to be Mg-HCO3 and Na-Cl·HCO3. The main factor influencing the
hydrochemical composition was rock weathering, while the result of principal component analysis
(PCA) shows seawater intrusion and anthropogenic inputs also have an effect on the water quality.
The conclusions of the water quality assessment indicated that most of the groundwater samples were
acceptable for drinking. However, both WQI and the non-carcinogenic hazard quotient (HQ) values
indicated unacceptable risks in any area of Maoming, Zhanjiang and Shantou, and, according to the
hazard index (HI) value, children in the study area are at more danger to health risks than adults. It is
suggested that both groundwater salinization and nitrate pollution should be paid attention to when
improving groundwater quality and exploring the sustainable utilization of groundwater resources.

Keywords: groundwater; hydrochemistry; Guangdong coastal zone; seawater intrusion; nitrate pollution

1. Introduction

Groundwater is firmly connected to human society, such as in industrial, agricultural,
and domestic activities [1]. Due to the benefits of wide distribution, convenient use, and
good water quality, groundwater is always considered as an important drinking water
source [2]. Nevertheless, the enormous expansion in population has driven the request
for freshwater and has caused stress on groundwater resources; over-exploitation has
recently led to the depletion of groundwater, which has been a worldwide problem [3].
According to WHO, roughly 780 million individuals all over the globe have no access to
harmless drinking water [4]. The groundwater quality has been affected by urbanization,
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population growth, industrialization, and many other anthropogenic activities, especially
in developing countries [5,6].

As a developing country, China depends heavily on groundwater, and more than
70% of urban communities make use of groundwater for domestic and drinking pur-
poses in China [7]. Due to the accelerated progress of the Guangdong-Hong Kong-Macao
Greater Bay Area, more and more attention should be paid to developing and utilizing
groundwater resources in the coastal zones. In Guangdong, the issue of the quality and
quantity of groundwater is turning into a severe matter on account of the developing need.
Nevertheless, a rising population followed by urbanization has increased the demand for
groundwater supplies in Guangdong. Guangdong has undergone extensive urbanization
and has been confronting various groundwater quality issues inferable from overpopula-
tion and industrialization, similar to other urbanized regions [8–11]. The industrialization
and urbanization have sped up the deterioration of groundwater quality in Guangdong
over past three decades [12], as well as groundwater contamination [13]. Therefore, we
should understand that the chemical characteristics of groundwater are of great importance
for revealing the quality assessment and the hydrochemical process of groundwater. In
recent years, studies on hydrochemistry in the Guangdong coastal zone have been focused
on the Pearl River [14–18], while few investigations have been conducted in the other areas
of Guangdong coastal area. The evolution of coastal groundwater resulting from the rapid
industrial development over the past decade is not yet well understood. It is necessary
to understand the specific ionic sources, which change the chemistry of groundwater and
lead to groundwater contamination. Therefore, sustainable development and management
of groundwater resources and their protection from pollution activities play a vital role in
the Chinese economy.

Groundwater geochemistry, due to the impact of landfill and stormwater runoff
from agricultural fields, is vulnerable to non-geogenous inputs [19]. Geochemical ratios
can be used to understand the chemical processes that take place between the water
and soils/rocks, as well as the water and anthropogenic activities that alter the chemical
composition of groundwater [20]. A groundwater quality survey on the Prakasam district
in India showed that rock-weathering, mineral dissolution, ion exchange, and evaporation
were the dominant hydrochemical processes and the anthropogenic sources (waste waters
and agricultural activities) were the secondary activities regulating the aquifer chemistry.

Generally, most of the groundwater chemistry is characterized by geogenic processes
and non-geogenic sources, which can alter the chemistry of the groundwater [21]. A
groundwater quality investigation was conducted in Visakhapatnam, Andhra Pradesh,
India and it was found that the silicate weathering and dissolution, ion exchange and
evaporation were the dominant geogenic processes. Domestic waste, septic-tank seepage,
irrigation practices, and fertilizers were the artificial activities that control the groundwater
chemistry [19–21].

In general, individual activities and nature have an impact on ground and surface
water quality [22]. Numerous studies have presented that both hydrochemical and wa-
ter quality are consequences of long-term associations between groundwater and the
surrounding environment, which are affected by various factors, such as geology, hydroge-
ology, hydrodynamic conditions, precipitation, climate, and anthropogenic inputs [20–24].
Usually, freshwater in the coastal region is a vital resource for a few communities, as
they are vulnerable to salinization, especially because of their proximity to the ocean and
because coastal regions are vulnerable to over-exploration due to their high population den-
sity [25–29]. In addition, NO3

− and heavy metal-contaminated groundwater is also a global
environmental issue that has a long-term health influence. The elevated contamination of
NO3

− in drinking water instigates health diseases such as methemoglobinemia in infants,
thyroid dysfunctions, and hypertension [30]. The nitrate contamination in groundwater
caused by agricultural surface contamination started to appear during the 1990s [31,32].
At present, nitrate-contaminated groundwater has become a hazard in all nations [33].
With the rapid development of the economy, nitrate pollution in groundwater in China is
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becoming more and more serious. In addition, the NO3
− concentration in groundwater is

significantly elevated due to the domestic sewage, industrial wastewater, septic tanks, and
landfill leachate caused by urban expansion [34]. In the past few decades, urbanization
has led to population concentration, economic growth, and expansion of construction land;
around urban areas, the simultaneous existence of industrial, domestic, and agricultural
pollution sources have made the pollution sources of “triple nitrogen” in groundwater very
complex [35]. The recognizable proof of pollutants’ origin could assist in the understanding
of geochemical processes, elucidate the circulation, and convey a model of the pollutants.

The water quality index (WQI) was usually used for drinking purposes [36,37]. In
general, consumption of contaminated drinking water and groundwater can pose a serious
risk to humans, primarily through two routes of exposure, the first being drunk water (or the
oral route) and the second being a dermal or skin connection [38,39]. Comprehensive hazard
quotients (HQ) and the hazard index (HI) are useful for health risk assessment [40–42].
This extensive model for human health risk evaluation was initially proposed by the
United States Environmental Protection Agency [43]. At present, many investigations
have likewise explored heavy metals, volatile organics, pesticides, polycyclic aromatic
hydrocarbons, and the human health risk of nitrate pollution on a provincial or national
level [44–47]. In spite of this, few researchers have explored the connection between human
health risks and nitrate contamination in the coastal zone.

Therefore, it is of extraordinary importance to concentrate on the significant particle
science and water quality assessment of groundwater in the Guangdong coastal zone.
Research on groundwater hydrochemistry and water quality in Guangdong is outstand-
ingly restricted. Therefore, the targets of this study are to (1) identify the hydrochemical
characteristics of groundwater; (2) evaluate the controlling factors of the water chemistry;
(3) assess the health risks due to contamination. This paper will be useful for understand-
ing the hydrochemical composition and characteristics of groundwater in the Guangdong
coastal area and will benefit sustainable development of groundwater environments, and
will provide a valuable data set for the formulations of future mitigation strategies and
policy updates.

2. Study Area

The Guangdong Province is located in the southeast of China (geographical coordi-
nates: latitude: 20◦13′~25◦31′ N; longitude: 109◦39′~117◦19′ E) (Figure 1). The coastline of
Guangdong is the longest one in the provinces of China, extending for 3368.10 km and in-
cluding 1288 km of silt coastline and 27,778.30 km2 of mangroves [48]. The study area has a
southern subtropical monsoon climate. The southwest monsoon and southeast trade winds
prevail in summer, which is humid and rainy, with many typhoons. In winter, northerly
and northeasterly winds prevail, and rainfall is scarce. The average annual temperature
in the area is 21.9 ◦C, and the average annual temperature in the coastal area is higher
than that in the northern inland zone. Influenced by the monsoon climate conditions, the
province has strongly seasonal rainfall, rain days, rainfall, and uneven distribution, with
an average annual rainfall of 1300–2500 mm.

Under the combined influence of crustal movement, magma movement, folding, and
fracture tectonics, the territory has complex types of landforms, including mountains,
hills, terraces, plains, and valleys, The mountains in the west, northeast, and north of
the region are high, while the central and southern coastal areas are mostly hills, terraces
or plains. In general, Guangdong Province is topographically high in the north and low
in the south. In the investigation region, the river network area is, for the most part,
covered by Quaternary sediments. At present, 80% of the water supply sources in the
Zhanjiang, Lufeng, and Huiyang city areas come from groundwater. Due to the long-term,
concentrated and massive exploitation of medium and deep pressurized water, the medium
and deep pressure water has changed from the original one-way net flow to a runoff pattern
of convergence from the funnel around to the center of the funnel, forming an artificially
exploited flow field. This regional water-level landing funnel is gradually expanding in
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the direction of the northwest and southeast recharge zone areas and the direction of the
East China Sea drainage area. The rivers in Guangdong are located in the transition area
between the low mountains of central Guangdong and the Pearl River Delta. The coastal
area is mostly plain, interspersed with low hills and mountains, especially in Zhanjiang,
Lufeng, and Huiyang. The terrain slopes from northeast to southwest and the stratified
structure of the landscape is obvious. The northern part is dominated by mountains and
hills, the central part by terraces, and the southern and western parts by plains. The river
system in the territory is well developed, with many rivers of various sizes and a vast
water area. The southern river network area is in a tidally influenced area, with high runoff
and strong tidal action. Groundwater is essentially renewed by the precipitation of vertical
penetration, and when it is in a flood period, the horizontal progression of waterways
occurs. The groundwater resources in the coastal cities of Guangdong have been exploited
for more than 50 years. Due to the massive exploitation of middle and deep groundwater
over a long period, the groundwater level has fallen significantly, triggering a variety
of hydrogeological and environmental issues such as water resource depletion, ground
subsidence, and seawater intrusion [49].

Figure 1. Sampling sites in Guangdong. The sampling points include all the cities along the coast
of Guangdong: Zhanjiang, Maoming, Yangjiang, Jiangmen, Zhongshan, Guangzhou, Dongguan,
Shenzhen, Huizhou, Shantou, Jieyang, Shantou, and Chaozhou. The top left image is a map of the
coastal region of Guangdong Province, with the coastal cities highlighted. The bottom right image is
a map of China, with the study area of Guangdong highlighted.

3. Materials and Methods

3.1. Sampling and Test

Thirty-nine groundwater and two seawater samples were collected from the shallow
aquifer (<100 m) in eight cities Zhanjiang (ZJ), Maoming (MM), Yangjiang (YJ), Zhuhai
(ZH), Huizhou (HZ), Shanwei (SW), Shantou (ST), and Jieyang (JY), along the Guangdong
coastline in October 2019. Twenty-one water samples within 1 km of the coastline were
considered to be near-sea samples (in the figures, the abbreviation “N” indicates near-sea
samples and “F” indicates far-sea samples). The sampling locations are shown in Figure 1.
EC, pH, TDS, and different parameters of the groundwater sample were measured in the
field using YSI Professional Plus (YSI, USA). The groundwater samples were collected
and stored in polyethylene bottles. To eliminate the effects of stagnant water, the wells
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were pumped two to three times before being collected in 150 mL polyethylene bottles,
which were rinsed 2–3 times with nitric acid, after which they were washed with deionized
water and dried. The bottles were thoroughly washed three times with well water from
the sampling site before collecting the groundwater samples, after which three separate
bottles were collected at each sampling site. During sampling, we filled the entire bottle
and sealed it with adhesive tape. One bottle was sealed directly for the major ions and
halogenated elements, one bottle was filtered through a membrane and sealed for the
hydroxide isotopes, and another bottle was filtered through a membrane and filtered with
concentrated nitric acid to pH < 2 for the metal elements. The second group of water
samples was used as a blank control after the hydroxide isotopes had been measured to
allow the extent of contamination caused by improper sampling to be seen. They were
labeled, stored, and transported to the laboratory for chemical analysis.

The indexes, such as Ca2+, Mg2+, Na+, K+, SO4
2−, NO3

−, F−, Cl− and Br− were
tested by ICS-6000 (Thermo Fisher, Waltham, MA, USA), and the detection limit was
0.01 mg/L. HCO3

− was determined by acid-base indicator titration, and the detection
limit was 1 mg/L. The oxygen and hydrogen stable isotope values were analyzed by LGR
liquid water isotope laser spectroscopy (MAT 253 PLUS, Thermo Fisher, USA) from the
Institute of Oceanology, Chinese Academy of Sciences, and calculated according to the
Vienna Standard Mean Ocean Water (V-SMOW). The analytical accuracies of the long-
term standard measurements of δD and δ18O were ±0.2‰ and ±0.6‰, respectively. The
descriptive statistics of the groundwater chemistry data use the criteria for evaluation
indicators of groundwater utilizing their concentrations in mg/L.

3.2. Multivariate Statistical Analysis

Multivariate statistical methods can provide inferred information of cause-and-effect
relationships. The method of correlation analysis has been effectively applied to extract
variables and the results obtained show that the factors controlling the chemical processes
in groundwater are anthropogenic or natural influences [50–52]. Descriptive analyses of
hydrogeochemical data and graphical representations were used in this paper to investi-
gate hydrogeochemical characteristics, ionic generators, and associated major mechanisms
influencing hydrogeochemical processes by using the SPSS software version 26.0 (SPSS, 2019).

Concentrations of some indicators in groundwater above the allowable values probably
lead to poor-quality groundwater. We need to know which ones are the main impact indicators.
It is known that PCA is a useful tool for data reduction, and parameters on the same PC with
positive loadings mean the same origin or similar geochemical behaviors [53,54]. Thus, in
this study, PCA was used to reduce the indicators and extract the main impact indicators (in
the same PC with results of the groundwater quality assessment) which are responsible for
the poor-quality groundwater. In the PCA, the rotation of principal components (PCs) was
carried out using the varimax method, and only PCs with eigenvalues that exceed one were
retained for analyses. This study selected the maximum absolute PC loading of one index to
evaluate the relationships between the PCs and indicators.

The principal components (PCs) issued from different exploratory data analyses can be
automatically described by quantitative or categorical variables [55–60]. For the purposes
of this study, TDS (a measure of groundwater salinity) was entered as a quantitative
supplementary variable. In addition to the PCA, ion ratios were used to find the inter-
relationships of the chemical parameters for samples in each cluster.

3.3. Analytical Method

Multivariate statistical methods can provide inferred information on cause-and-effect re-
lationships. The method of correlation analysis has been effectively applied to extract variables
and the results obtained show that factors controlling the chemical processes in groundwater
are anthropogenic or natural influences [50–52]. Descriptive analyses of hydrogeochemical
data and graphical representations were used in the paper to investigate hydrogeochemical
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characteristics, ionic generators, and associated major mechanisms influencing hydrogeo-
chemical processes by using the SPSS software version 26.0 (SPSS, 2019).

WQI is a significant parameter for establishing groundwater quality and its suitability
for the purpose of consumption. WQI is an approach of rating that provides the composite
influence of individual parameters on the comprehensive quality of water for human
utilization. The standards for drinking purposes are as recommended by the WHO [4]. The
calculation of WQI is in three steps.

Firstly, each of the nine parameters was weighted by their relative significance in
the overall water quality for consumption. A maximum weight of 5 was assigned to the
parameters, including the nitrate, fluoride, chloride, and total dissolved solids, because of
their importance in evaluating water quality. Bicarbonate with a minimum weight of 1 is a
negligible factor in the evaluation of water quality. Other items such as sodium, calcium,
potassium, and magnesium were assigned weights ranging from 1 to 5 depending on their
importance in the determination of water quality.

Secondly, the relative weight (Wi) was calculated in the present study as:

Wi = wi/∑n
i=1wi (1)

The relative weight is Wi. The weight of each parameter is wi. The number of
parameters is n. Table 1 shows calculated relative weight (Wi) values of each parameter.

Table 1. Relative weights of chemical parameters.

Parameters (mg/L) WHO Standards (2022) wi
Relative Weight
Wi = wi/∑n

i=1wi

TDS 500 5 0.128
Bicarbonate 500 1 0.0256

Chloride 250 5 0.128
Sulphate 200 5 0.128
Nitrate 45 5 0.128

Calcium 75 3 0.0769
Magnesium 30 3 0.0769

Sodium 200 5 0.128
Potassium 12 2 0.0523
Fluoride 1.5 5 0.128

Furthermore, by dividing the concentration in each water sample by its own criteria
according to the guidelines outlined in WHO [4], a quality rating scale (qi) is assigned for
each parameter, and the result is multiplied by 100:

qi = (Ci/Si)× 100 (2)

The quality rating is “qi”. The concentration of each chemical parameter in each water
sample in milligrams per liter is “Ci”. “Si” is the China drinking water standard based on the
recommendations of the WHO [4] (Table 1), the units of which chemical parameter are mg/L.

When calculating the WQI, first determined for each chemical parameter is the “SI”,
which is then used to determine the WQI according to the following equation:

SIi = Wi × qi (3)

WQI = ∑ SIi (4)

The sub-index of the ith parameter is SIi. According to WQI values, five classifica-
tions can be allocated: undrinkable (WQI ≥ 300), very poor (200 ≤ WQI < 300), poor
(100 ≤ WQI < 200), good (50 ≤ WQI < 100), and excellent (WQI < 50) [53].

The risk assessment investigation of the toxic contaminant of drinking water in terms
of a non-carcinogenic health hazard is based on the risk level [26]. In general, the oral
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pathway of exposure covers a great threat to health and other routes of dermal and oral
contact. Taking this into consideration, a health risk assessment of non-carcinogenic
contaminants were selected [30–35]. According to the research, the health hazard of
dermal and oral connection was evaluated individually for children, females and males.
The non-carcinogenic risk from dermal and oral connection was calculated and listed
hereafter [12–14]:

For drinking water intake:

CDI =
C × IR × ED × EF

ABW × AET
(5)

HQOral =
CDI
RfD

(6)

The chronic daily intake is “CDI” (mg/kg/day). The content of nitrate is “C” (mg/L).
The daily ingestion rate of water is “IR” (L/day), the values of which are 1 L/day, 2.5 L/day
and 2.5 L/day for children, males, and females, respectively. The exposure duration is
“ED” (year), the values of which are 64 years for males, 67 years for females, and 12 years
for children [38,58]. The exposure frequency is “EF” (days/year), the values of which are
365 days/year for everyone [43]. The average body weight is ABW, the values of which are
65 kg, 55 kg and 15 kg for males, females and children, respectively. The hazard quotient
is demonstrated as HQ. The average exposure time is “AET” (days), the values of which
are 23,360 days, 24,455 days, and 4380 days for males, females and children, respectively.
The reference portion of pollutants is “RfD” (mg/kg/day) with 1.6 mg/kg/day for NO3

−
according to US EPA [43].

In the case of a non-carcinogenic hazard resulting from dermal contact, the calculation
formula should be chosen as below [5,46]:

DAD =
TC × C × Ki × ED × EV × CF × EF × SSA

AET × ABW
(7)

HQDeraml =
DAD
RfD

(8)

HItotal =
n

∑
1
(HQOral + HQDermal) (9)

The dose of absorbed dermal is “DAD” (mg/kg × day). The time of contact is “TC”
(h/day). The parameters of dermal adsorption are “Ki” (cm/h), and the conversion factor
is “CF”. The values of “TC”, “Ki” and “CF” are regarded as 0.4 h/day, 0.001 cm/h, and
0.001, respectively [43]. The frequency of showering is “EV” (times/day) and its value
is considered as 1 time in a day. The area of skin surface is “SSA” (cm2), the value of
which is defined as 12,000 cm2, 16,600 cm2 and 16,600 cm2 for children, males and females,
respectively (USEPA, 2017). The value of HI can represent the non-carcinogenic health risk,
which is a hazard index. A HI > 1 indicates that non-carcinogenic health risk is potential,
while HI < 1 means that the health risk impersonated by non-carcinogenic substances is
within a satisfactory level [43].

4. Results and Discussion

4.1. Hydrochemical Compositions

The statistical results of the main components of groundwater chemistry in the coastal
zone of Guangdong are shown in Table 2. The mean value of Cl− content in Guangdong
was 1009.50 mg/L, indicating that the groundwater in the coastal zone of Guangdong is
affected by salinization. The pH values of groundwater samples in the study area ranged
from 5.15 to 8.20, with the mean pH value of 7.18 in Guangdong Province, which was
weakly alkaline, whereas the average TDS concentration was 1935.26 mg/L (Table 2). The
average concentrations of pH and TDS in groundwater exceeded China’s permissible
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groundwater quality standards [4] of 7 and 1000 mg/L, respectively. In accordance with the
classification, most of the groundwater was classified as alkaline-freshwater and alkaline-
saline water. It is worth noting that the shallow groundwater in the Pearl River Delta is
generally characterized by variational TDS and weak acidity, with Na+ and Ca2+ as the
main cations and Cl− and HCO3

− as the main anions in the groundwater. The Pearl River
Delta is prone to seawater intrusion, causing the salinization of water bodies. As the climate
warms, the sea level rises and salty tides occur dramatically, resulting in acidification of
groundwater bodies in the Pearl River Delta region.

Table 2. Statistical characteristics of the major chemical composition of groundwater in Guangdong.

Parameters Units Minimum Maximum Mean SD CV DWQI

Na+ mg/L 14.03 1590 121.97 296.47 2.43 200
K+ mg/L 1.04 264.8 25.7 50.93 1.98 12
Ca+ mg/L 0.8 282.7 38.87 56.67 1.46 75–200

Mg2+ mg/L 0.46 275.6 20.7 57.77 2.79 30–100
HCO3− mg/L 15.62 917.6 165.34 161.99 0.98 -

Cl− mg/L 3.64 18,441.76 1009.5 4076.78 4.04 250–1000
SO42- mg/L 0.74 2238.06 137.82 464.21 3.37 150–400
NO3− mg/L 0.12 115.12 30.55 32.89 1.08 45

TDS mg/L 27.95 31,245 1935.26 6808.76 3.52 500–2000
EC μs/cm 0.04 48.16 2.98 10.48 3.52 -

ORP mv −132.6 −7.5 −75.23 30.76 −0.41 -
pH / 5.51 8.2 7.18 0.58 0.08 6.5–8.5
δD ‰ −52.68 −27.99 −39.26 10.61 −0.27 -

δ18O ‰ −7.36 −4.33 −5.97 0.67 −0.11 -

4.2. Hydrochemical Type

The Piper diagram [54] can reflect the water chemistry characteristics and types of
water bodies. From Figure 2, it can be observed that the main anions and cations in
the groundwater of the Guangdong coastal zone are found in the bottom corner of the
Piper diagram, and their distribution is relatively concentrated, indicating that the ionic
composition of most groundwater has a high consistency. The hydrochemical characteristics
in the coastal zone also indicate that the distance from the sea influences the chemical
composition in the Guangdong coastal zone.

The main types of groundwater chemistry in the Guangdong coastal zone are Mg-
HCO3 and Na-Cl·HCO3. From land to sea, the water chemistry of the study area progres-
sively varies from Ca-HCO3 to Na·Mg-Cl. The freshwater chemistry of the Guangdong
coastal zone is Na·Ca-Cl and Ca·Mg-HCO3, while the saline water chemistry is Na-Cl·SO4.
This is consistent with Huang Guan’s conclusion, who concluded that the main hydrochem-
ical type of the Pearl River Delta was Ca-HCO3 and Ca-Cl types.

4.3. Factors Controlling the Hydrochemical Characteristics of Groundwater of the Guangdong

Gibbs diagrams [55] were constructed by the comparability proportions of TDS divided
by Na+/(Na+ + Ca2+) and Cl−/(Cl− + HCO3

−). This methodology has been broadly used
to recognize hydrogeochemical evolution processes, which include evaporation, mineral
weathering, and precipitation.

As shown in the Gibbs diagram (Figure 3), the result shows that both the cation and
anion drawn in the middle of the figure signify that mineral weathering is the main process
that controls the groundwater characteristics. For the cation, more than half of the samples
are out of the three-control-end membership zone, while for the Cl−/(Cl− + HCO3

−),
approximately 90–95% of the samples fall in the mineral weathering domain and 5−10%
of samples fall between the mineral weathering and evaporation region. There is a mixed
controlling mechanism here, and we should take into account the element of human
activities affecting the area.
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Figure 2. Piper diagram of water chemistry in the coastal zone of Guangdong province ( 1© Ca·Mg-
SO4·Cl type; 2© Ca·Mg-HCO3 type; 3© Na-SO4·Cl type; 4© Na-HCO3 type; A. Calcium type;
B. No dominant type; C. Magnesium type; D. Sodium type; E. Bicarbonate type; F. Sulfate type;
G. Chloride type).

Figure 3. Gibbs chart of the coastal zone of Guangdong province. The dashed boxed areas represent
the three control factors, the top for evaporation, the middle for Mineral weathering, and the bottom
for Precipitation. (a) Cationic Gibbs figure: TDS versus Na+/Na+ + Ca2+. (b) Anionic Gibbs figure:
TDS versus Cl−/Cl− + HCO3

−.

In general, atmospheric precipitation varies by altitude, latitude, temperature, and
proximity to the coastline, and is generally less than −60‰ (SMOW). When atmospheric
precipitation forms groundwater, unlike δ18O, the rocks contain few hydrogen minerals
and have low δD values, so isotope exchange reactions have little effect on the δD values
of the water. Since the δD difference between seawater and atmospheric precipitation
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is large, δD and δ18O is an important basis for determining the origin of formation of
groundwater. The global meteoric water line (GMWL) is a linear correlation line between
the hydrogen-oxygen stable isotopes of atmospheric precipitation on a global scale. The
hydrogen-oxygen isotope ratio line, compared to the precipitation line, can indicate the
origin of local water sources. The values of δD and δ18O are shown in Table 2, while the
saline water and seawater samples had relatively high δD and δ18O values, as shown in
Figure 4. From (Figure 4a), there is a large variation in hydrogen-oxygen isotope content
of groundwater in Guangdong and the values are mainly distributed between the global
meteoric water line (GMWL) and the local meteoric water line (LMWL), indicating that
atmospheric precipitation is the major supplier of groundwater replenishment.

Figure 4. Relationship between (a) δD-δ18O isotopes and (b) Cl-δ18O of underground water in the
coastal zone of Guangdong province. (a) The red line represents the global meteoric water line
(GMWL), and the blue line represents the local meteoric water line (LMWL). (b) The black line
represents freshwater-seawater mixing line. The starting point is the freshwater end element and the
ending point is the seawater end element.

The relationship between δ18O and Cl− was also used to determine the mixing tra-
jectory and proportions of different waters. Figure 4b demonstrates that the majority of
the groundwater samples are distributed as the freshwater states. The water samples in
Guangdong are firmly dispersed on the blending line among freshwater and seawater.
Furthermore, the seawater blending proportion ranges from 0% to 10% and the saline mix-
ing proportion is from 60% to 90%, which also demonstrates that part of the groundwater
samples in this area have been affected by seawater intrusion.

As shown in Figure 5a, most of the water sample points were distributed near the y = x
relationship line, implying that the dissolution of halite is the primary hydrogeochemical
process influencing the synthetic parts of groundwater [3]. Figure 5b shows that the water
samples were mainly drawn in the upper side of the y = x relationship line, indicating that
silicate weathering was the main factor driving the hydrochemical characteristics of ground-
water. Figure 5c shows that the water samples were mainly located on the upper side of the
1:1 line, indicating that other sources of Ca2+ may exist, such as cation exchange. As shown
in Figure 5d, the water samples were mainly located around the y = x relationship line,
thereby indicating that Ca2+ and SO4

2− in the groundwater of Guangdong mainly originated
from the dissolution of gypsum. The ratio of Ca2+/Mg2+ can be utilized to investigate the
impact of carbonate (calcite) and silicate weathering on groundwater hydrochemical charac-
teristics [39]. Most water samples fall below the y = 0.5x relationship line, which is shown in
Figure 5e, subsequently showing that a great deal of water samples are affected by silicate
weathering. Cation exchange occurs widely between groundwater and rock minerals [56].
A remarkable influence of cation exchange on the chemical characteristics of groundwa-
ter would result in the relationship of Na+ + K+ − Cl− to HCO3

− + SO4
2− − Ca2+ − Mg2+

being 1:1 [57,58]. As shown in Figure 5f, most of the water sample points fell on the left
side of the 1:1 line, with a few points falling on the line, thereby showing that although
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cation exchange had an influence on the groundwater of Guangdong, it was not the main
dominant factor and seawater may be a process affecting the hydrochemical characteristics
of groundwater in Guangdong. The ion contents of groundwater near the coast are higher,
indicating that the source is influenced by seawater intrusion.

Figure 5. Plots of the relationships among significant ions in the groundwater of the coastal
zone of Guangdong Province, China. (a) Na+ versus Cl−, (b) SO4

2−+HCO3
− versus Ca2++Mg2+,

(c) HCO3
− versus Ca2+, (d) Ca2+ versus SO4

2−, (e) Mg2+ versus Ca2+, (f) Na+ + K+ − Cl− versus
SO4

2− + HCO3
− − Mg2+ − Ca2+. The dotted lines represent the function “y = x”. Function “y = 0.5x”

has been added to e, and between functions “y = x” and “y = 0.5x” represent Calcite weathering and
the below function “y = 0.5x” represents silicate weathering.

4.4. Possible Sources of Chemical Composition

The regional hydrogeochemical characteristics are affected by many factors, while
multivariate statistical methods can infer the main mechanisms affecting regional ground-
water chemistry based on hydrochemical variables. As a quantitative and independent
approach for groundwater classification, principal component analysis (PCA) was utilized
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for grouping groundwater samples and explaining relationships between groundwater
samples and chemical parameters. In this study, PCA was adopted to analyze 12 chemical
variables (TDS, EC, ORP, pH, Na+, K+, Mg2+, Ca2+, HCO3

−, SO4
2−, Cl−, and NO3

−) in
39 samples in order to explore the main factors and mechanisms affecting the groundwater
chemical characteristics and water quality in Guangdong.

As shown in Table 3, the two principal components were extracted. The eigenvalue
of principal component 1 was 8.519 with a variance contribution of 70.993%, while the
eigenvalue of principal component 2 was 2.000 with a variance contribution of 16.663%.
The cumulative contribution of variance was as high as 87.656%. The hydrochemical
composition of groundwater in the study area was mainly determined by principal
components 1 and 2 (Table 3).

Principal component 1 was mainly TDS, Na+, K+, Ca2+, Mg2+, Cl−, SO4
2−, and

HCO3
−, with load matrix of 0.990, 0.959, 0.956, 0.960, 0.989, 0.987, 0.981, and 0.696, respec-

tively, which explained that they are similar in terms of causes, and as discussed above,
it can be concluded that principal component 1 can be an explanation of silicate weather-
ing and seawater intrusion. According to the classification results, only three samples in
Shantou were saline water, which should be paid attention to.

Principal component 2 has a strong negative loading (>0.70) with NO3
−, ORP, and

pH with a load matrix of 0.722, 0.822, and 0.854 mm, respectively. NO3
− mainly explains

pollution caused by industrial and agricultural activities, while ORP and pH mainly
explain fertilizer pollution and chemical plant pollution from agricultural activities. Far
less fertilizer is used in urbanized areas than in agricultural areas, and the dose of NO3

−
in urban fertilizers is commonly less than 20 mg/L, indicating that the contribution of
fertilizers to NO3

− in granular aquifers in urbanized areas is negligible. Therefore, fertilizer
is not the main source of NO3

− in granular aquifers, because most of the high- NO3
−

groundwater occurred in urbanized areas. Therefore, the principal component 2 explains
the degree of pollution caused by anthropogenic activities.

Table 3. Principal component eigenvalues and variance contribution rates and principal component
load matrix.

Component

Initial Eigenvalue Extract the Sum of Load Squares Component

Total
Variance

Percentage
Cumulate

%
Total

Variance
Percentage

Cumulate
%

1 2

1 8.519 70.993 70.993 8.519 70.993 70.993 Cl 0.987 0.110
2 2.000 16.663 87.656 2.000 16.663 87.656 NO3 - −0.722
3 0.684 5.698 93.354 SO4 0.981 0.103
4 0.613 5.111 98.465 HCO3 0.696 -
5 0.077 0.643 99.108 Na 0.959 -
6 0.057 0.473 99.581 K 0.956 -
7 0.029 0.244 99.825 Ca 0.960 -
8 0.015 0.128 99.953 Mg 0.989 -
9 0.004 0.035 99.988 TDS 0.990 0.107

10 0.001 0.012 100.000 EC 0.990 0.106
11 0 0 100.000 ORP 0.471 −0.822
12 0 0 100.000 PH −0.430 0.854

Extraction method: principal component analysis method.

4.5. Anthropogenic Inputs

Based on the statistical results, nitrate pollution has occurred in Shantou, Maoming,
and Zhanjiang due to urbanization and industrialization. In accordance with the National
Standardization Administration of China (GB/T14848-2017), the safe concentration of
nitrate in drinking water is under 20 mg/L. The average of the nitrate compounds is
29.77 mg/L, with a maximum value of 155.12 mg/L and minimum value of 0.01 mg/L in
Guangdong. The average value is higher than the standard value of 20 mg/L, indicating
the presence of slight pollution.
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As Figure 6 shows, nitrate pollution in freshwater groundwater in the study area
is more serious than in saline water. The proportion of groundwater samples exceeding
the safety standard of nitrate in drinking water is 75.5% in Maoming (3 of 4 groundwater
samples), 50% in Shantou (7 of 14 groundwater samples), 66.7% in Zhanjiang and Zhuhai,
33.3% in Yangjiang, 25% in Lufeng, and no pollution in Huiyang. Furthermore, the nitrate
concentration in Maoming ranges from 8.67 to 111.56, with an average value of 51.60. The
nitrate concentration in the groundwater of Shantou and Zhangjiang ranges from 0.19 to
115.12 with an average value of 34.38, and from 0.49 to 98.77 with an average value of 42.64,
separately. NO3

− contamination (>20 mg/L) exists in nineteen samples of all the first ten
of them were more than 50 mg/L. The level of nitrate contamination in Guangdong is
indicated as below: Shantou < Zhanjiang < Maoming.

Increasing urbanization, industrialization, and growing human populations have
resulted in progressively negative consequences on the groundwater environment. Con-
taminated groundwater commonly displays higher molar proportions of NO3

−/Na+ and
Cl−/Na+. According to Figure 7, it leads to the conclusion that groundwater NO3

− in
Guangdong coastal area mainly affected by agricultural activities and domestic sewage.
The relatively higher NO3

− concentration in Guangdong has been identified as caused
by agricultural production, which is non-point-source water pollution. The potential
non-point sources of nitrogen from agricultural production include manure and fertilizer.
Consequently, it is suggested that control of groundwater contamination ought to be a
significant point of groundwater management in the Guangdong coastal zone.

Figure 6. Plots of the source of NO3
− among NO3

− and HCO3
−, Br−, Cl−, and TDS in groundwater.

(a) NO3
− versus Br−, (b) NO3

− versus Cl−, (c) NO3
− versus HCO3

−, (d) NO3
− versus TDS. The red

lines represent the safety limit “y = 20”, which means points above this line have nitrate contamination.
The black lines represent the detection limit “y = 0.01”, which means points below this line will not
be detected for content of NO3

−. The blue line represents the two trends, which are nitrification and
seawater mixing).
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Figure 7. Plot of the source of NO3
− among NO3

−/Na+ versus Cl−/Na+ in groundwater. The lower
left square area represents carbonates silicates, the upper right square area represents the agricultural
activities and the lower middle square area represents urban and evaporities, respectively. Most
groundwater is affected by agricultural activities.

4.6. Drinking Water Quality

In this paper, we used the criteria set out by the drinking water standards of WHO [4]
to assess the drinking quality of water. The water quality evaluation used 39 Guangdong
sample sites and classified the water quality into 5 classes according to the WQI value: Class
I water (WQI < 50), Class II water (50 ≤ WQI < 100), Class III water (100 ≤ WQI < 200),
Class IV water (200 ≤ WQI < 300), and Class V water (WQI ≥ 300). The results showed
that 64.1% of the samples were ranked as Class I, these sampling sites were far away from
the coastal zone and less affected by seawater; 28.2% of the samples were ranked as Class
II, 3% of the samples were ranked as Class III, and 5.1% of the samples were ranked as
Class V water. There are two sample sites (ST1-1 and ST3-4) in Shantou, Guangdong, with
WQI values of 2132.57 and 2161.40, which have more serious seawater pollution, and an
ST2-1 value of 175.01, which also indicates poor water quality not suitable for drinking
(Figure 8). In addition, some of the samples in Maoming, Zhanjiang, and Maoming were
not suitable for drinking. More attention should be paid, especially in Maoming, Zhanjiang,
and Shantou, where both the salinity and nitrate contamination of some samples exceed the
drinking water standards of WHO [4]. It is well-known that high concentrations of NO3

−
and Cl− commonly occur in the groundwater of cultivated land due to the amount of appli-
cation of chemical fertilizers, such as nitrogenous fertilizer and muriate of potash [19–21],
especially in shallow groundwater with high permeability of the vadose zone. Further,
groundwater with elevated NH4

+ and NO3
− was also reported in the PRD, and the natural

source of groundwater containing NH4
+ in granular aquifers and anthropogenic sources of

groundwater containing NO3
− have also been discussed. Therefore, the fissured aquifer

should be protected and exploited for drinking and irrigation purposes.
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Figure 8. Bar graph of calculated WQI values in 39 groundwater samples (1–14: Shantou; 15–21:
Yangjiang; 22–27: Zhujiang; 28–29: Huiyang; 30–31: Zhuhai; 32–35: Lufeng; 36–39: Maoming).

4.7. Human Health Risk Assessment

HQ analyzation was adopted for health risk assessment in the Guangdong coastal
zone. Only when the values of HQ were less than 1, there were minor hazards to human
health. In this study, health risk evaluation of nitrate pollution for children, males, and
females was performed depending on USEPA [43] and the consequences are introduced in
Table A1. We can notice that the HQDermal results for NO3

− were very low in three unique
groups with some data below 0, while HQOral of NO3

− changes from 0.0004 to 4.7967 with
its mean as 1.2404 for children, 0.0003 to 3.2705 with an average of 0.8457 for females, and
0.0002 to 2.7673 with a mean value of 0.7156 for males. This finding discloses that the request
for non-carcinogenic hazard quotient (HQ) under dermal and oral radiation was definitely
examined as HQDermal < HQOral (Appendix A). We found a high quotient of nitrate occur in
Shantou, Maoming and Zhanjiang, which was accorded with the result of WQI.

As noted above, under USEPA risk evaluation instructions, the limit of non-carcinogenic
risk we can accept is ≤1, which means HI ≤ 1. Assuming that the worth of the HI is more
noteworthy than 1, the likelihood of antagonistic human well-being risk due to openness is
very high. For the non-carcinogenic risk, the HITotal values of NO3

− of groundwater in the
investigated region ranged from 0.0004 to 4.8197 (mean of 1.2463), 0.0003 to 3.2791 (mean of
0.8479), and 0.0002 to 2.7747 (mean of 0.7175) for children, females and males, respectively
(Figure 9). It should be noted that out of 39 groundwater samples, the nitrate exposure levels
in drinking water in 16, 13 and 12 communities for children, females, and males expose
these age groups to acute nitrate poisoning in the study area. All the more explicitly, the
results demonstrate that the children in the study area have more risk to non-carcinogenic
impacts because of the higher level of nitrate in drinking water. This was significantly to
numerous different researchers [57–60] who have profoundly observed that children are
more powerless to chronic non-carcinogenic risks on account of their more modest body
weight. Excessive intake of nitrates can lead to harmful physiological reactions, even in small
orders of magnitude, such as high blood pressure and poisoning [24,29,50]. What is more,
unsatisfactory non-carcinogenic values were accounted for partial samples of Zhanjiang,
Shantou, Maoming and Zhuhai, which indicated that the groundwater was unsuitable for
direct drinking in these areas. Therefore, fundamental measures to limit nitrate pollution
should be initiated by local government to ensure a safe drinking water supply.
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Figure 9. Diagram for non-carcinogenic risks for children, females and males. The red dashed line
indicates the trend of increasing health risk Children > Females > Males. The thick black line in the
middle of the box is the mean, and the 75th and 25th percentiles are shown on the square horizontal
line and the horizontal line below the box, respectively.

5. Conclusions

The groundwater in the Guangdong coastal zone is weakly alkaline, with mean
value concentrations of TDS of 1935.26 mg/L and Cl of 1009.5 mg/L. The hydrochemical
categories of groundwater in the Guangdong coastal zone are Mg-HCO3 and Na-Cl·HCO3,
and the trend of evolution from land to sea is Ca-HCO3→Na·Ca-Cl.

The Gibbs diagram shows that the groundwater composition was mainly responsible for
mineral weathering, and the ratio of ions indicates that silicate weathering and the dissolution
of gypsum were the dominant origins of salt of the groundwater. The result of PCA shows
that rock weathering, groundwater salinization, and anthropogenic activities have affected
the water quality. According to this investigation, the seawater intrusion occurs in Shantou,
while the nitrate pollution mainly occurs in Maoming, Zhanjiang, and Shantou.

Based on water quality index (WQI) and hazard quotients (HQ), most of the samples
were labelled as good water quality, except for some spots in Shantou, Maoming, and
Zhanjiang. The HQ result exposed that the health risk of direct intake is more serious
than that of dermal exposure, and compared with the adult, the HI value for children was
much higher, with the average exceeding 1. This indicates that women and men are at a
significantly lower health risk than children in the Guangdong coastal areas.

These results indicate that the pollution in the Guangdong coastal area caused by
seawater intrusion as well as nitrate input should be taken seriously. More importantly,
rational utilization of groundwater resources and the monitoring and evaluation of ground-
water quality, in which the control and analysis of groundwater contamination are essential,
should be taken seriously by local governments.
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Appendix A

Table A1. Nitrate results of non-carcinogenic risk through drinking water intake and dermal contact.

Non-Carcinogenic Risk

Samples HQOral HQDermal HItotal

Males Females Children Males Females Children Males Females Children

HY 1-1 0.0075 0.0088 0.0129 0.0000 0.0000 0.0001 0.0075 0.0088 0.0130
HY 1-3 0.0031 0.0037 0.0054 0.0000 0.0000 0.0000 0.0031 0.0037 0.0054
LF1-1 0.5901 0.6974 1.0229 0.0016 0.0019 0.0049 0.5917 0.6993 1.0278
LF1-2 0.1563 0.1847 0.2708 0.0004 0.0005 0.0013 0.1567 0.1851 0.2721
LF1-3 0.3567 0.4216 0.6183 0.0009 0.0011 0.0030 0.3577 0.4227 0.6213
LF1-4 0.1142 0.1349 0.1979 0.0003 0.0004 0.0010 0.1145 0.1353 0.1989

MM 1-1 2.6817 3.1693 4.6483 0.0071 0.0084 0.0223 2.6889 3.1777 4.6706
MM 1-2 0.5724 0.6764 0.9921 0.0015 0.0018 0.0048 0.5739 0.6782 0.9968
MM 1-3 0.2084 0.2463 0.3613 0.0006 0.0007 0.0017 0.2090 0.2470 0.3630
MM 1-4 1.4993 1.7719 2.5988 0.0040 0.0047 0.0125 1.5033 1.7766 2.6112

ST1-1 0.5007 0.5918 0.8679 0.0013 0.0016 0.0042 0.5021 0.5933 0.8721
ST1-2 0.0046 0.0054 0.0079 0.0000 0.0000 0.0000 0.0046 0.0054 0.0080
ST1-3 0.1601 0.1892 0.2775 0.0004 0.0005 0.0013 0.1605 0.1897 0.2788
ST1-4 1.6700 1.9736 2.8946 0.0044 0.0052 0.0139 1.6744 1.9788 2.9085
ST1-5 1.5776 1.8645 2.7346 0.0042 0.0050 0.0131 1.5818 1.8694 2.7477
ST1-6 1.7130 2.0244 2.9692 0.0045 0.0054 0.0143 1.7175 2.0298 2.9834
ST2-1 0.1430 0.1690 0.2479 0.0004 0.0004 0.0012 0.1434 0.1695 0.2491
ST2-2 0.0712 0.0841 0.1233 0.0002 0.0002 0.0006 0.0713 0.0843 0.1239
ST2-3 0.0139 0.0165 0.0242 0.0000 0.0000 0.0001 0.0140 0.0165 0.0243
ST3-1 1.2113 1.4315 2.0996 0.0032 0.0038 0.0101 1.2145 1.4353 2.1097
ST3-2 1.0750 1.2705 1.8633 0.0029 0.0034 0.0089 1.0779 1.2738 1.8723
ST3-3 2.7673 3.2705 4.7967 0.0073 0.0087 0.0230 2.7747 3.2791 4.8197
ST3-4 0.3183 0.3761 0.5517 0.0008 0.0010 0.0026 0.3191 0.3771 0.5543
ST3-5 0.3425 0.4048 0.5938 0.0009 0.0011 0.0029 0.3435 0.4059 0.5966
YJ 1-4 0.5103 0.6031 0.8846 0.0014 0.0016 0.0042 0.5117 0.6047 0.8888
YJ 2-1 0.1089 0.1287 0.1888 0.0003 0.0003 0.0009 0.1092 0.1290 0.1897
YJ 2-2 0.7180 0.8486 1.2446 0.0019 0.0023 0.0060 0.7199 0.8508 1.2506
YJ1-1 0.1793 0.2119 0.3108 0.0005 0.0006 0.0015 0.1798 0.2125 0.3123
YJ1-2 0.1909 0.2256 0.3308 0.0005 0.0006 0.0016 0.1914 0.2262 0.3324
YJ1-3 0.0029 0.0034 0.0050 0.0000 0.0000 0.0000 0.0029 0.0034 0.0050

ZH 1-1 1.8115 2.1409 3.1400 0.0048 0.0057 0.0151 1.8163 2.1466 3.1551
ZH 1-2 0.1154 0.1364 0.2000 0.0003 0.0004 0.0010 0.1157 0.1367 0.2010
ZH 1-3 1.3877 1.6401 2.4054 0.0037 0.0044 0.0115 1.3914 1.6444 2.4170
ZJ 1-1 1.0505 1.2415 1.8208 0.0028 0.0033 0.0087 1.0533 1.2448 1.8296
ZJ 1-2 2.3743 2.8060 4.1154 0.0063 0.0075 0.0198 2.3806 2.8134 4.1352
ZJ 1-3 0.0002 0.0003 0.0004 0.0000 0.0000 0.0000 0.0002 0.0003 0.0004
ZJ 2-1 0.6988 0.8259 1.2113 0.0019 0.0022 0.0058 0.7007 0.8280 1.2171
ZJ 2-2 0.9894 1.1693 1.7150 0.0026 0.0031 0.0082 0.9921 1.1724 1.7232
ZJ 2-3 0.0118 0.0139 0.0204 0.0000 0.0000 0.0001 0.0118 0.0140 0.0205
Min 0.0002 0.0003 0.0004 0.0000 0.0000 0.0000 0.0002 0.0003 0.0004
Max 2.7673 3.2705 4.7967 0.0073 0.0087 0.0230 2.7747 3.2791 4.8197

Mean 0.7156 0.8457 1.2404 0.0019 0.0022 0.0060 0.7175 0.8479 1.2463
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Abstract: A long-term cyclic loading test of calcareous sand from an island reef in the South China
Sea was conducted under conditions of unequal consolidation and drainage. The axial cumulative
strain and dynamic characteristics of coral sand samples with different physical and mechanical
properties were studied under different stress levels, yielding a model prediction formula. The results
show that (1) the axial cumulative strain and dynamic elastic modulus increase with increasing
vibration times of the cyclic load, whereas the dynamic damping ratio decreases with increasing
cyclic vibration time; (2) the axial cumulative strain, elastic modulus, and damping ratio are affected
by dynamic stress amplitude, load frequency, confining pressure, consolidation stress, compactness
and moisture content; and (3) based on dynamic triaxial test results, the axial cumulative strain
model of calcareous sand under cyclic loading and its permanent deformation prediction formula
are established by introducing the cyclic stress ratio. Two parameters, the elastic modulus evolution
parameter and the damping ratio evolution parameter, are introduced, and the axial cumulative
strain is normalized. The results of this research have significance for understanding the long-term
deformation and dynamic response of coral sand subgrade soil under cyclic vibration loads.

Keywords: calcareous sand; cyclic load; cumulative axial strain; stiffness; damping ratio

1. Introduction

Calcareous sand is a special soil medium of marine biogenesis and is distributed
widely throughout the South China Sea. It is composed mainly of coral detritus and other
marine biological detritus, with a calcium carbonate content above 90%. As a result of its
biogenesis and sedimentary conditions, its physical and mechanical properties are notably
different from those of general continental and coastal sedimentary soils, and particle
breakage and deformation occur readily under long-term loading [1–4].

In recent years, the gradual development of the South China Sea and the implementa-
tion of island and reef engineering constructions have led to calcareous sand being used
widely in the construction of airport runways, ports, subgrades, and other structures. In a
marine environment, a calcareous sand foundation is not only vulnerable to waves, tides,
earthquakes, and other cyclic loads [5–7], but also will lead to permanent deformation
and uneven settlement under traffic load. Previous studies have investigated the dynamic
characteristics and permanent deformation of calcareous sand foundations under long-term
dynamic loads. Some researchers [8–10] conducted indoor triaxial cyclic loading tests on
calcareous sand under different working conditions, showing that particle breakage caused
by long-term loading increases the porosity of calcareous sand. Under cyclic compression,
even when the cyclic load level is lower than the static strength, calcareous sand exhibits
substantial permanent deformation. The residual strain depends on the average stress
acting on the specimen and the cyclic stress in the limit state. Yu Haizhen and Wang
Ren [11] discussed the influence of dynamic stress, confining pressure, consolidation stress
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ratio, relative density, gradation, and vibration frequency on the dynamic characteristics
of calcareous sand through a large number of dynamic triaxial tests. Li Jianguo [12,13]
conducted experimental studies on the dynamic characteristics of saturated calcareous
sand under wave loading, providing a preliminary comparison with the dynamic charac-
teristics of quartz sand. The results show that under the action of wave load, the dynamic
strength of saturated calcareous sand and quartz sand shows the same change rule with the
direction angle of initial principal stress, and their dynamic strength gradually decreases
with the increase of the direction angle of initial principal stress. Coop et al. [14] and
Donohue et al. [15] studied particle breakage in calcareous sand and found that breakage
increases with increasing cyclic loading time. Li Xue et al. [16] and Wang Gang et al. [17]
conducted an in-depth study on particle breakage in calcareous sand, concluding that the
degree of breakage increases with increasing cyclic shear time, whereas the growth rate
gradually decreases. He Shaoheng et al. [18] conducted a series of long-term drained cyclic
loading triaxial tests with different confining pressures and cyclic dynamic stress ratios
and established a cyclic residual cumulative strain model of coral sand that can reflect the
initial consolidation conditions and cyclic stress ratios. Studies simulating calcareous sand
subgrades under vibration load have also been conducted: Zhou Sizhen [19] used node
dynamic loading and surface dynamic loading to simulate aircraft loading, showing that
under these two simplified dynamic loads, the vertical displacement value of node dynamic
loading is larger and can maximize the safety of airport subgrade structures. Qin Lei [20]
studied the characteristics of aircraft loading, simulating two simplified aircraft load forms
with a moving constant load and moving sinusoidal load, and analyzing the dynamic
response of airport subgrade under both kinds of action. Zhou Sujie [21] used repeated
sinusoidal loading to simulate aircraft loading, considering the deformation and settlement
of airport subgrade. The results of the abovementioned research are consistent with actual
engineering settlement and monitoring values are also consistent with estimations.

In this paper, a dynamic triaxial apparatus was used to conduct long-term drainage
cyclic loading tests for the unsaturated calcareous sand subgrade. The cumulative strain
development law of calcareous sand under different confining pressures, dynamic stress
amplitudes, consolidation stress ratios, subgrade soil compactness, load frequencies, and
moisture contents is studied. Combined with a hyperbolic model, a prediction formula for
the permanent deformation of calcareous sand under aircraft loading is presented. This
formula provides a theoretical basis for the construction of a calcareous sand subgrade in
the Nanhai island and reef project.

2. Materials and Methods

2.1. Experimental Materials and Instruments

The calcareous sand sample used in this test was obtained from a reef in the South
China Sea. Calcareous sand contains inorganic elements Al, P, S, Cl, Sr, metalloid element
Si, transition metal element Sc, and trace metal elements Fe, Co, Mg, and the content of
Ca is 93.53%. The sand sample was washed using distilled water and dried, after which
large pieces of gravel and impurities were removed. Calcareous sand particles with a
particle size of less than 5 mm were selected for the dynamic triaxial loading test. The
specific gravity of the sample was 2.75, its maximum void ratio was 1.27, and its minimum
void ratio was 0.66. The particle grading curve is shown in Figure 1. The British GDS
dynamic triaxial test system was adopted as the test equipment. The system comprises a
confining pressure volume controller, back pressure volume controller, data acquisition
instrument, and host and test loading platforms. The maximum axial load can reach 10 kN,
the maximum loading frequency is 5 Hz, and the maximum confining pressure is 2000 kPa.
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Figure 1. Grain size distribution curve of calcareous sand sample.

2.2. Test Method

The diameter and height of the sample were set at 50 mm and 100 mm, respectively.
According to the requirements of compactness and moisture content, sand samples were
prepared according to the grade shown in Figure 1, placed in a beaker, and sealed with a
plastic film and plastic bag for 24 h such that moisture was evenly distributed throughout
the sand; these uniform sand samples were then compacted to the specified height in three
parts, and filter paper, permeable stone, and a top cap were placed in sequence for the
consolidation loading test.

The stress control adopted in the test was divided into three parts: isotropic con-
solidation, eccentric consolidation, and cyclic loading, as shown in Figure 2. During the
cyclic loading stage, a sinusoidal waveform was used to simulate the unidirectional pulse
vibration of aircraft loading. To consider permanent deformation of subgrade soil under
different degrees of compactness, the test was set to the drainage condition, the number
of cyclic loading n was set to 10,000, and compactness K can be calculated according to
Equation (1):

K = ρ/ρmax (1)

where ρ is the sample density and ρmax is the maximum dry density of the sample. As
airport runways are often subject to complex stress states, and as aircraft loading is accom-
panied by a large vertical dead load, airport runways are not in an isotropic consolidation
state. Herein, the consolidation stress ratio Kc = 1.5, 2, 2.5 is proposed to simulate the real
consolidation stress state of airport subgrade soil, where KC can be calculated according to
Equation (2):

Kc = σ1/σ3 (2)

where σ3 and σ1 represent the confining pressure and axial pressure of the specimen,
respectively, at the consolidation stage.

 

 

 

σ  

σ  

σ  

σσσ
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σ  

Figure 2. Schematic of the loading process.
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Considering the above test parameters and actual working conditions, and referring
to Zhou Sujie’s [21] effective simulation of loading due to an A320-200 aircraft, the test
scheme was designed as shown in Table 1.

Table 1. Summary of cyclic triaxial test conditions.

Sample Number

Confining
Pressure

Cyclic Loading
Consolidation

Stress Ratio
Relative Density

Loading
Frequency

Moisture Content

σ3/kPa qd/kPa Kc K F/Hz Ws/%

DT-1 25 100 1.5 95 1 16
DT-2 50 100 1.5 95 1 16
DT-3 100 100 1.5 95 1 16
DT-4 150 100 1.5 95 1 16
DT-5 200 100 1.5 95 1 16
DT-6 300 100 1.5 95 1 16
DT-7 100 50 1.5 95 1 16
DT-8 100 150 1.5 95 1 16
DT-9 100 200 1.5 95 1 16

DT-10 100 250 1.5 95 1 16
DT-11 100 100 2 95 1 16
DT-12 100 100 2.5 95 1 16
DT-13 100 100 1.5 85 1 16
DT-14 100 100 1.5 88 1 16
DT-15 100 100 1.5 90 1 16
DT-16 100 100 1.5 92 1 16
DT-17 100 100 1.5 95 2 16
DT-18 100 100 1.5 95 3 16
DT-19 100 100 1.5 95 1 12
DT-20 100 100 1.5 95 1 14
DT-21 100 100 1.5 95 1 18
DT-22 100 100 1.5 95 1 20

3. Results and Analyses

On the one hand, the effects of long-term dynamic loading on calcareous sand are
reflected in its dynamic characteristics, for example, the dynamic elastic modulus and
damping ratio; on the other hand, they are reflected in its cumulative deformation. As
shown in Figure 3a, the irrecoverable residual strain caused by cyclic loading and unloading
means that the loading and unloading curves cannot be closed. The closed area formed by
the n-1 unloading curve and the nth loading curve is termed the hysteretic circle, whereas
the closed ellipse surrounded by curve abcd is the hysteretic circle formed by cyclic loading.
The slope of the line connecting vertices A (εi,max, qi,max) and C (εi,min, qi,min) of the major
axis of ellipse abcd is the secant modulus of the corresponding hysteresis loop. The secant
modulus of the nth hysteresis loop is defined as the dynamic elastic modulus Ec,N of the
sample under cyclic vibration. This is calculated as shown in Equation (3):

Ec,N =
qi,max − qi,min

εi,max−εi,min

(3)

The damping ratio D of the sample can be calculated according to Equation (4):

D =
Sabcd

π ∗ SABC
(4)

where Sabcd is the area of the hysteresis loop abcd and SABC is the area of triangle abc.
Figure 3b shows the development pattern of the axial strain in coral sand under cyclic

loading. The total axial strain of coral sand under the nth cyclic loading contains both
recoverable elastic strain εn

e and unrecoverable cumulative axial strain εacc,n
p .
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(a) Axial stress versus axial strain.

 
(b) Axial strain versus test time.

Figure 3. Schematic of axial stress–strain under cyclic loading.

3.1. Development Law of Axial Cumulative Strain

Figure 4 shows the relationship curve between the axial cumulative strain and vibra-
tion time in calcareous sand under different confining pressures, stress ratios, compactness,
moisture contents, and load vibration frequencies and amplitudes. This shows that the
relationship between the axial strain and vibration times of calcareous sand subgrade can
be divided into two types: stable and failure. For the stable type, the cumulative axial strain
slowly and nonlinearly increases, tending to be stable when the number of vibrations is
greater than 1000; for the failure type, the cumulative axial strain rapidly increases with the
increase of loading times until failure.

As shown in Figure 4a, at a confining pressure of 25 kPa, the axial cumulative strain of
the sample is destructive, whereas confining pressures of 50, 100, 150, 200, 250, and 300 kPa
are associated with an axial cumulative strain between 1% and 2%, which corresponds to
a stable state. Figure 4b demonstrates that load amplitudes of 50, 100, 150, and 200 kPa
are associated with an axial cumulative strain between 0.5% and 2%. When the vibration
load amplitude reaches 250 kPa and the number of vibrations is 614, the axial cumulative
strain reaches 15%, causing damage to the specimen. As shown in Figure 4c–e, the axial
cumulative strain increases with the increasing consolidation stress ratio and decreases
with the increasing vibration load frequency and compactness. Figure 4f shows that water
contents between 14% and 20% cause the axial cumulative strain to increase and then
decrease. When the water content reaches 16%, the axial cumulative strain is the largest,
that is, 1.6%.

3.2. Development Law of Elastic Modulus
3.2.1. Influence of Confining Pressure

Figure 5 shows the relationship between the elastic modulus and the vibration times
of calcareous sand under different confining pressures, stress ratios, compactness, moisture
contents, and load vibration frequencies and amplitudes. As shown in Figure 5a, when
the confining pressure is greater than 50 kPa, the elastic modulus of the sample linearly
increases with increasing cyclic vibration time, exhibiting stable behavior; when the confin-
ing pressure is less than 50 kPa, the elastic modulus initially increases and then gradually
decreases with increasing cyclic vibration time, showing destructive behavior. It can further
be noted that when the confining pressure increases from 50 to 300 kPa, the initial elastic
modulus of the sample increases from 750 to 2700 kPa; under the same cyclic vibration
times, greater confining pressures and larger elastic modulus values are noted. This is
because a greater confining pressure strengthens the deformation resistance of the sample.
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Figure 4. Accumulated axial strain under different test conditions. (a) Accumulated axial strain
versus number of loading cycles under different confining pressures. (b) Accumulated axial strain
versus number of loading cycles under different loading amplitudes. (c) Accumulated axial strain
versus number of loading cycles under different Kc (d) Accumulated axial strain versus number of
loading cycles under different loading frequencies. (e) Accumulated axial strain versus number of
loading cycles under different densities, K. (f) Accumulated axial strain versus number of loading
cycle under different moisture content.
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(c) (d) 

  
(e) (f) 

Figure 5. Stiffness under different testing conditions. (a) Stiffness versus number of cyclic loading
under different confining pressures. (b) Stiffness versus number of cyclic loading under different
loading amplitudes. (c) Stiffness versus number of cyclic loading under different Kc. (d) Stiffness
versus number of cyclic loading under different loading frequencies. (e) Stiffness versus number of
cyclic loading under different relative densities, K. (f) Stiffness versus number of cyclic loading under
different moisture content.

3.2.2. Influence of Cyclic Load Amplitude

The cyclic load amplitude is an important index of dynamic load. As shown in
Figure 5b, when the cyclic load amplitude reaches 50–200 kPa, the elastic modulus of
the sample also increases. When the load amplitude is 250 kPa, the elastic modulus of
the sample increases and then decreases with increasing amplitude until the sample fails.
This occurs because low vibration amplitudes are associated with larger load amplitudes,
increased density, and enhanced deformation resistance. When the vibration amplitude
increases, the sample is initially compacted, and then gradually destroyed with increasing
vibration time.
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3.2.3. Influence of Consolidation Stress Ratio

The relationship curve of the elastic modulus of specimens with different consolidation
stress ratios changes with the number of cycles, as shown in Figure 5c. As the consolidation
stress ratio increases from 1.5 to 2.5, the initial elastic modulus increases from 1250 to
2100 kPa. Under the same cyclic vibration, a greater consolidation stress ratio is associated
with a higher elastic modulus. This is because of the compaction effect of consolidation
stress, the density of the soil, enhanced occlusion and friction between soil particles, and
an improved ability to resist deformation.

3.2.4. Influence of Cyclic Load Frequency

The relationship curve of the elastic modulus of the specimen against the number of
cycles under different cyclic loading frequencies is shown in Figure 5d; high-frequency
loads under the same vibration frequency correspond to a higher elastic modulus because
the load frequency directly reflects the vibration speed of the load. At higher load fre-
quencies, the time of rearrangement and plastic flow of soil particles is shorter, and the
deformation of the sample is smaller, such that the dynamic elastic modulus increases. On
the contrary, the response time of particle rearrangement increases under low-frequency
cyclic loads, while greater deformation occurs under similar stress levels and the elastic
modulus is smaller.

3.2.5. Influence of Compaction Degree

The relationship curve of the elastic modulus of samples with different compactness
versus the number of cycles is shown in Figure 5e. The elastic modulus increases as the
number of cycles increases. When the compactness increases from k = 85% to 95%, the
initial elastic modulus increases from 1200 to 1400 kPa, and the corresponding elastic
modulus under the same vibration time also increases. This reflects the compactness of the
sample: with increasing compactness, the elastic modulus also increases.

3.2.6. Influence of Water Content

Dynamic triaxial tests were carried out at five different moisture contents (12%, 14%,
16%, 18%, and 20%). The relationship curve of the elastic modulus versus the cycle time is
shown in Figure 5f. This demonstrates that the elastic modulus of samples with different
moisture contents increases with increasing cyclic vibration time. Under the same cyclic
vibration time, when the optimal moisture content is 16%, the minimum elastic modulus
of the sample is 1250 kPa. When the moisture content is below the optimal level, the
elastic modulus decreases with the increasing moisture content, but when the moisture
content is higher than the optimal level, the elastic modulus increases with increasing
moisture content.

3.3. Development Law of Damping Ratio
3.3.1. Influence of Confining Pressure

The variations in the damping ratio of the confining pressure for specimens according
to the cyclic loading time are shown in Figure 6a. In general, an increase in the number
of loading cycles causes the damping ratio to gradually decrease. For the same number
of vibrations, smaller confining pressures are associated with larger damping ratios and
greater rates of damping ratio reduction. When the number of cycles increases to more
than 5000, the damping ratio tends to be stable and less than 0.05. When the transverse
restraint of the specimen is strong, soil particles more closely occlude, and lower energy
dissipation is observed under the same dynamic load.
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Figure 6. Damping ratio under different test conditions. (a) Damping ratio versus number of cyclic
loading under different confining pressures. (b) Damping ratio versus number of cyclic loading under
different loading amplitudes. (c) Damping ratio versus number of cyclic loading under different Kc.
(d) Damping ratio versus number of cyclic loading under different loading frequencies. (e) Damping
ratio versus number of cyclic loading under different densities, K. (f) Damping ratio versus number
of cyclic loading under different moisture content.

3.3.2. Influence of Cyclic Load Amplitude

The cyclic load amplitude is an important index of dynamic load. As shown in
Figure 6b, when the cyclic load amplitude reaches 50–200 kPa, the elastic modulus of the
sample also increases. When the load amplitude is 250 kPa, the elastic modulus of the
sample increases and then decreases with an increase in amplitude until failure occurs.
This is because low vibration amplitudes are associated with larger load amplitudes,
increased density, and enhanced deformation resistance. When the vibration amplitude
increases, the sample is initially compacted and then gradually destroyed with an increase
in vibration time.
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3.3.3. Influence of Consolidation Stress Ratio

The relationship curve between the elastic modulus of specimens with different con-
solidation stress ratios changes with the number of cycles (Figure 6c). As the consoli-
dation stress ratio increases from 1.5 to 2.5, the initial elastic modulus increases from
1250 to 2100 kPa. Under the same cyclic vibration, a greater consolidation stress ratio is
associated with a higher elastic modulus. This is because of the compactness effect of
consolidation stress, soil density, enhanced occlusion and friction between soil particles,
and improved ability to resist deformation.

3.3.4. Influence of Cyclic Load Frequency

The variations in the damping ratio with the number of loading cycles under different
frequency loadings are shown in Figure 6d. It can be seen that the load frequency has
an obvious effect on the damping ratio of the sample. When the cyclic load frequency
decreases from 3 to 1 Hz, the initial damping ratio of the sample decreases from 0.35 to 0.1.
At the same cyclic vibration time, larger load frequencies correspond to larger damping
ratios. However, increasing the cyclic vibration time causes the damping ratio of different
samples to gradually decrease to a stable value. The frequency mainly reflects the speed of
load action. Lower frequencies denote that the load is closer to a static load. Low-frequency
loads can effectively transfer more energy and reduce energy dissipation, such that a
low-frequency load corresponds to a low damping ratio.

3.3.5. Influence of Compaction Degree

The influence of the damping ratio of specimens with different compactness on the
cyclic loading time is shown in Figure 6e. Dynamic triaxial tests were conducted for
samples with compactness of 85%, 88%, 90%, 92%, and 95%. The results of these tests
demonstrate that a decrease in compactness from 95% to 85% causes the initial damping
ratio of the sample to decrease from 0.3 to 0.1. This shows that the damping ratio of a
high-pressure compactness specimen is lower than that of a low-pressure compactness
specimen, whereas the damping ratio decreases with increasing cyclic vibration time. This
is because higher compactness causes denser soil particles to become occluded, and smaller
residual deformation to occur under cyclic loads. As the cyclic vibration time of the load
increases, the sample becomes gradually compacted, and the damping ratio decreases until
the compactness of the sample becomes stable.

3.3.6. Influence of Water Content

The influence of the damping ratio of samples with different moisture contents on
the cyclic loading time is shown in Figure 6f. In general, the damping ratio of the sample
reaches its maximum at the optimal moisture content of 16%, at which time the initial
damping ratio also reaches its maximum value of 0.12. When the moisture content is
lower than the optimal moisture content, the damping ratio of the sample increases with
increasing moisture content. When the moisture content is higher than the optimal moisture
content, the damping ratio of the sample decreases with increasing moisture content. This
is primarily because low moisture contents and relatively high density correspond to a
large particle bite and small load energy dissipation under cyclic loading. The increasing
moisture content results in soil particles becoming relatively prone to particle reorganization
and plastic flow under pore water lubrication. This causes a gradual increase in the residual
deformation and nonlinearity of the sample and an increased damping ratio; when the
moisture content is high, the pore water pressure of the sample increases. The residual
deformation of the soil skeleton under effective stress is small, whereas the damping ratio
is relatively large.
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4. Evolution Model

4.1. Normalized Model of Permanent Deformation

In practical engineering, the subgrade soil of an airport runway must be stable and
resist deformation under long-term cyclic loading, such that its permanent deformation
eventually tends to a smaller stable value. As shown in Equations (5) and (6), the hyperbolic
model established by Zhang Feng et al. [22] can be used to describe the axial cumulative
strain of the specimen as follows:

εacc,N = (
NC

A + B ∗ NC )

1
C

(5)

where the loading number N tends to be positive infinity and the permanent deformation
of the specimen under cyclic loading can be obtained according to Equation (2), as shown
in Equation (3):

εacc,ult = (
1
B
)

1
C

(6)

where εacc,N is the axial cumulative strain of the specimen under the nth vibration, and
εacc,ult is the permanent strain of the specimen. A, B, and C are regression parameters
obtained by linear regression, whose values are related to the stress conditions (such
as confining pressure and cyclic load characteristics) and the physical and mechanical
properties (such as density, moisture content, and pre-consolidation stress) of the specimen.

Figure 7 shows the permanent deformation of coral sand samples with different
physical and mechanical properties under different load conditions. For the same stress
level, the deformation of samples with different physical and mechanical properties exhibits
good consistency, such that a permanent deformation of approximately 2% is observed.
We therefore assume that the compactness, water content, consolidation stress ratio, and
load frequency of samples are important parameters to consider when studying permanent
deformation characteristics. The permanent deformation of coral sand subgrade soil
depends on the amplitude of the cyclic load and the confining pressure. The cyclic stress
ratio (CSR) parameter is introduced to analyze and predict permanent deformation. The
CSR is defined as the ratio of cyclic stress amplitude to confining pressure, and can be
calculated as follows:

CSR = qd/σ3 (7)

Figure 7. The ultimate accumulated axial strain versus the cyclic stress ratio.
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As shown in Figure 7, the relationship between the ultimate axial cumulative strain
and the CSR of coral sand can be accurately fitted using an exponential function, and the
model is as follows (8):

εacc,ult = a ∗ CSRb (8)

This prediction formula accurately reflects the deformation of calcareous sand sub-
grade soil under cyclic loading. Under low stress, coral sand exhibits better resistance
to deformation and smaller permanent deformation. When the stress level increases, the
sample exhibits more significant permanent deformation under cyclic loading because of
the fragility and low strength of coral sand particles.

4.2. Elastic Modulus Normalization Model

According to Idriss [23], the parameter δE,N was introduced to study the relationship
between the elastic modulus and the axial cumulative strain ratio. δE,N is defined as the
ratio of the elastic modulus to the initial elastic modulus under a certain cycle vibration
and can be calculated according to the following Equation (9):

δE,N = EN/E1 (9)

where EN and E1 represent the elastic modulus and initial elastic modulus, respectively,
of a specimen under a certain cyclic loading. Thus, samples with different physical and
mechanical properties and cyclic loads can be normalized. Figure 8 shows the relationship
between the axial cumulative strain ratio δacc,N and the elastic modulus growth ratio δE,N
of different specimens. All data points occur within a specific range, and the best fit curve
and the upper and lower envelope can be determined according to Equations (10)–(12):

Top bound curve:

δE,N = 0.8 + 0.1901δacc,N + 0.7127δ2
acc,N (10)

Fitting curve:
δE,N = 0.8 + 0.1271δacc,N + 0.5278δ2

acc,N (11)

Bottom bound curve:

δE,N = 0.8 + 0.0693δacc,N + 0.3016δ2
acc,N (12)

Figure 8. Relationship between the accumulated axial strain ratio and the stiffness evolution index.

4.3. Damping Ratio Normalization Model

According to research by Ling Xianzhang [24], the parameter δD,N was introduced to
study the relationship between the elastic modulus and the axial cumulative strain ratio.
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δD,N is defined as the ratio of the damping ratio to the initial damping ratio under a certain
cycle vibration and can be calculated according to Equation (13):

δD,N =
DN
D1

(13)

where DN and D1 refer to the damping ratio and initial damping ratio, respectively, of a
sample under a certain cyclic loading. The normalized analysis of specimens with different
physical and mechanical properties and cyclic load is conducted as shown in Figure 9,
where the relationship between the axial cumulative strain ratio δacc,N and the damping
ratio evolution parameters δD,N of different specimens are shown. With increasing δacc,N ,
δD,N gradually decreases and the test data points fall within a specific range, such that the
best fit curve and the upper and lower envelope can be determined using the following
Equations (14)–(16):

Top bound curve:

δE,N = 1 − 0.0884δacc,N − 0.5729δ2
acc,N (14)

Fitting curve:
δE,N = 1 − 0.2473δacc,N − 0.7268δ2

acc,N (15)

Bottom bound curve:

δE,N = 1 − 0.4834δacc,N − 0.8829δ2
acc,N (16)

 
Figure 9. Relationship between the accumulated axial strain ratio and the damping ratio evolution index.

5. Conclusions

In this study, the evolution of the dynamic characteristics and deformation of coral
sand samples with different confining pressure, compactness, water contents, and pre-
consolidation stress under cyclic loading of different amplitudes and frequencies were
studied using GDS dynamic triaxial apparatus. Based on the hyperbolic function, a model
of the development of axial cumulative strain and the dynamic characteristics of coral sand
subgrade soil has been established, and a relevant prediction formula has been given. The
permanent deformation, elastic modulus, and damping ratio of coral sand subgrade soil
under cyclic loading were predicted, and the following conclusions can be made:

(1) The dynamic triaxial test shows that the stiffness of calcareous sand increases with
increased cyclic loading, whereas the damping ratio decreases with increased cyclic
loading. When cyclic loading approaches infinity, the stiffness of the sample tends to
be stable, and the damping ratio becomes less than 0.05.

(2) The initial value and rate of change of stiffness and damping ratio vary under different
parameters. When the vibration number of the cyclic load is kept constant, the
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dynamic stress amplitude is larger, the confining pressure is lower, water and salt
contents are higher, and the change of stiffness and damping ratio from the initial to
the given cycle increases.

(3) At higher dynamic stress amplitudes, the frequency is higher, the confining pressure,
consolidation stress, and compactness are lower, and the moisture content is closer
to its optimal value. Furthermore, the axial cumulative strain is higher, the elastic
modulus is lower, and the damping ratio is higher.

(4) The permanent deformation of the calcareous sand subgrade can be calculated by
inputting the cyclic load stress. Moreover, according to the field settlement deforma-
tion monitoring data, the dynamic elastic modulus and damping ratio evolution of
the subgrade can be calculated, and then the long-term service performance of the
subgrade can be reasonably predicted.
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Abstract: The technology for in situ testing of the undrained shear strength of deep-sea clay is
underdeveloped. Indoor tests remain necessary, and there is a large temperature difference between
in situ and laboratory tests. To analyse the effect of temperature on undrained shear strength,
in this study the physical characteristics of marine clay samples from the South China Sea were
determined, followed by penetration tests by the mini-ball method under low (4 ◦C) and room (20 ◦C)
temperatures. The results indicated that the clay strength increased by 14.1–30.0% as the temperature
decreased from 20 ◦C to 4 ◦C, and the strength of the bound water and the viscosity of the free water
in the clay sample increased as the temperature decreased, which was the root cause of the increase in
the clay strength. Based on the research, it is possible to correct the undrained shear strength values
measured in laboratory tests and provide more reasonable parameters for ocean engineering.

Keywords: undrained shear strength; clay samples; mini-ball penetration test; low temperature;
strength of bound water; viscosity of free water

1. Introduction

Marine engineering construction has moved to the deep sea, and researchers are
paying more attention to the undrained shear strength of deep-sea clay [1], which is crucial
for the design and installation of marine pipelines [2,3], development of marine mineral
resources [4] and evaluation of marine geological hazards [5–11]. Nevertheless, the in situ
technology for testing the undrained shear strength of deep-sea clay is not well developed,
especially for seawater depths exceeding 4000 m [12]. Therefore, it is necessary to retrieve
samples from the deep sea and conduct laboratory tests to comprehensively evaluate the
deep-sea clay strength. In situ tests of deep-sea clay were conducted in a low-temperature
environment, e.g., the continental shelf (6–14 ◦C), continental slope (2–6 ◦C), and deep-sea
basin (2–3 ◦C) [13], while the clay samples were tested in the laboratory at 20–35 ◦C. To
reasonably evaluate the deep-sea clay strength, the effect of low temperatures must be
explored in the laboratory.

A series of experiments were conducted by researchers to investigate the effect of
temperature on the undrained shear strength of marine clay. Mitchell et al. [14] tested
the undrained shear strength of remoulded San Francisco Bay mud under isotropically
consolidated undrained triaxial compression, which demonstrated a 9% increase as the
temperature decreased from 20 ◦C to 4.7 ◦C. In the case of marine clay, Perkins and
Sjursen [15] performed tests on intact specimens of Troll clay using consolidated anisotropic
undrained compression (CAUC), and the results indicated that the undrained shear strength
was 10–21% greater at low temperatures than at room temperature. Gue et al. [16] studied
clay in the Norwegian Sea, including the preconsolidation stress, undrained shear strength,
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rate effects, and anisotropy ratio, at different temperatures. The results showed that
the undrained shear strength increased by 15–30% when tested at low temperatures by
triaxial tests.

Measuring the undrained shear strength of deep-sea clay through a temperature-
controlled triaxial instrument requires solving two problems: (1) it is difficult to test
ultrasoft clay with very low strength in a triaxial apparatus; and (2) there is an unavoid-
able temperature effect on membrane stiffening for triaxial tests [16]. To address both
issues, a full-flow penetrometer could be used to determine the effect of temperature on
the undrained shear strength of deep-sea clay. Full-flow penetrometers have many advan-
tages, which have been described by numerous researchers [17–23]. In particular, full-flow
penetrometers are suitable for measuring low-strength clay and can achieve direct contact
between the test instrument and clay. There are two main types of full-flow penetrometers,
namely, the T-bar and the ball. The T-bar was first introduced in 1991 [24,25] and applied
to in situ testing in 1998. However, due to its slender structure, a bending moment was
produced during the testing that resulted in inaccurate results [26]. The ball-type pen-
etrometer was subsequently invented and used in 2005 to avoid the bending moment [17].
Consequently, a mini-ball full-flow penetrometer was used in this study.

Above all, studies have indicated that the undrained shear strength differs between
room and low temperatures. However, the mechanism of the temperature effect on the
undrained shear strength of deep-sea clay has rarely been studied and discussed. In this
paper, based on the same full-flow test principle in both the in situ and laboratory tests, mini-
ball penetration tests were conducted to discover and quantify the effect of temperature
on the undrained shear strength of deep-sea clay from the South China Sea. Then, the
mechanism of temperature influence was analysed and explained in detail. The results will
be useful to correct the undrained shear strength measured in the laboratory and provide
more reasonable parameters for deep-sea development and disaster prevention.

2. Methodology

2.1. Sediment Samples

Deep-sea sediment samples were taken in the South China Sea at 21◦23′30′′ N and
118◦45′44.4′′ E. At the sampling position, the water depth was 2535 m, which was classified
as deep sea, and the seabed surface temperature was approximately 4 ◦C. The sediment
samples were collected from the deep sea by a gravity core sampler whose length and
diameter are 7 m and 0.1 m, respectively, and stored in the geotechnical laboratory at 4 ◦C.
Finally, these sediment samples were transported to the geotechnical laboratory of Dalian
University of Technology for storage, where the temperature was maintained at 20 ◦C.

2.2. Physical Properties of Sediment Samples

There were six sediment segments in total (i.e., from S1 to S6), each 20 cm long. Various
tests were performed to provide a description of the six sediment segments, partly shown
in Figure 1, including measurements of density, water content, plastic and liquid limits,
specific gravity, organic content, compression factor, permeability factor, grain-size, and
imaging by scanning electron microscopy (Figure 2). Table 1 summarizes the results of
the physical properties of the sediment segments. From the grain size data (Figure 3) and
using the China Standard for Engineering Classification of Soils (GB/T 50145-2007) and
the USA Unified System of Soil Classification (ASTM D2487-00), the sediment has been
classified as “clay” [27,28]. Note that the consolidation loads are 12.5, 25, 50, 100, 200, and
400 kPa. To determine the consolidation coefficients, first calculate the void ratio under
consolidation pressures of 0.1 and 0.2 MPa and then calculate according to Equation (1)
below. All the sediment segments belong to high liquid limit clay containing organic matter
based on the Casagrande plasticity diagram:

a =
e1 − e2

P2 − P1
(1)
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where α is the compression coefficient; e1 is the void ratio under 0.1 MPa consolidation pres-
sure; e2 is the void ratio under 0.2 MPa consolidation pressure; P1 is 0.1 MPa consolidation
pressure; and P2 is 0.2 MPa consolidation pressure.

(a)

(b)

Figure 1. Diagram and physical map of the sediment segments: (a) Schematic diagram of the spatial
layout of penetration and physical property tests of each sediment segment; (b) Physical map of a
100–150 cm sediment segment (S3).

169



J. Mar. Sci. Eng. 2022, 10, 1424

(a) (b) (c)

Figure 2. SEM images of the 0–20 cm sediment segment S1 at different magnifications: (a) 1000×;
(b) 5000×; (c) 10000×.

Figure 3. Average grain size distribution curve of the six sediment segments.
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3. Results

3.1. Temperature Calibration of the Load Cell

Figure 4 shows the mini-ball device used to measure the undrained shear strength
of sediment segments, with a probe diameter of 1.58 cm, a shaft diameter of 0.6 cm, and
a length of 28.5 cm. When the mini-ball is forced, the force is transmitted to the load cell
through the dowel bar, which can then detect penetration resistance. As the load cell may
be affected by temperature, it is necessary to calibrate it at various temperatures. Figure 5
shows that the sensor calibration factor was 0.200 at 4 ◦C and 0.197 at 20 ◦C.

Figure 4. Mini-ball penetration tests in the constant temperature laboratory: (a) Control box; (b) Test
instrument; (c) Data acquisition instrument; (d) Data monitor.
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Figure 5. Temperature calibration of the load cell at 20 ◦C and 4 ◦C: (a) Pressure calibration at 20 ◦C;
(b) Pressure calibration at 4 ◦C.
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3.2. Penetration Tests at Room and Low Temperatures

Mini-ball penetration tests were conducted consecutively at room and low temperatures
in the constant temperature laboratory (Figure 4). First, to control the test temperature, both
the mini-ball and sediment segments were placed in a constant temperature laboratory for
at least 24 h, where the temperature was set to 20 ◦C. To ensure that the sediment sample
reached the desired temperature, the temperature was then tested with a thermometer. After
that, the test was performed with a maximum penetration depth of approximately 12 cm and
a penetration velocity of 0.2 cm/s. According to Lehane et al. [29], Equation (2) was used to
determine whether the sediment was in an undrained condition, i.e., when the normalized
velocity (V) exceeded the range of 11–17, it was deemed to be undrained. In Figure 6, the
normalized velocities for all sediment segments were under undrained conditions, and thus
the results of the penetration tests represented the undrained shear strength:{

V = vD
cv

cv = k(1+e)
a·rw

(2)

where V is the normalized velocity; v is the penetration velocity (0.2 cm/s); D is the
diameter of the mini-ball (1.58 cm); cv is the vertical consolidation coefficient, cm2/s;
k is the permeability coefficient, cm/s; e is the natural pore ratio; a is the compression
coefficient, kPa−1; and γw is the water weight, 10 kN/m3.
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Figure 6. Normalized velocity for each sediment segment.

After room-temperature penetration tests were performed, the temperature was set
to 4 ◦C for at least 24 h to ensure that the six sediment segments were fully at the low
temperature. Next, low-temperature penetration tests were conducted using the same
procedures as the room-temperature penetration tests.

4. Results and Analysis

4.1. Penetration Results at Room and Low Temperatures

A method for evaluating the undrained shear strength (su) was proposed by DeJong
et al. [21] and Zhou et al. [30] as follows:⎧⎪⎨

⎪⎩
qnet =

q−F
A

F = fb × γ × Ve
su = qnet

NBall

(3)
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where qnet is the net penetration resistance, kPa; q is the penetration resistance, kN; A is the
project area of the mini-ball, m2; F is buoyancy, kN; f b accounts for the effect of local heave
(since there is little or no heave in the penetration process, as shown in Figure 1b, it is set as
1); γ is the gravity of sediment, kN/m3; Ve is the volume of the embedded mini-ball below
the mud line level, m3; and NBall is the penetration resistance factor, which ranges from
11.21 to 15.19 and is related to surface roughness based on Equation (4) [31]:

NBall−ideal = 11.21 + 5.04α − 1.06α2 (4)

where NBall-ideal is the penetration resistance factor in the ideal state and α is the surface
roughness of the probe. Usually, the probe surface is sandblasted, so it is recommended that
α = 0.4. Although the surface of the mini-ball was polished smoothly, it still could not reach
an ideal smooth state. According to Table 2, the penetration resistance factors were in the
12.0–12.5 range; therefore, NBall was adopted as 12.18 with α = 0.2 based on Equation (4).

Table 2. Penetration resistance factors (NBall) from different studies.

Detail Information NBall Researchers

Soft massive clay and shelly massive clay.
DIS-2 and DIS-5, located in the floodplain of the

Nakdong River delta, west of Busan, Korea.
12.09–12.21 Nguyen and Chung [32]

Irish clay, located in Athlone, Belfast, Lough Erne 12.00 Long et al. [23]
Onshore sites: Onsøy (Norway), Burswood

(Australia), Ariake (Japan)
Offshore sites: West Africa, Norwegian Sea,

Timor Sea, and offshore Egypt

12.00–12.38 Low et al. [19]

Kaolin clay, Laboratory tests (1 g) 12.50 Liu et al. [33]

In addition, this study focused on the temperature effect on su; the changes in NBall
with penetration depth were not considered. The su profiles at 4–6 times the diameter
of the mini-ball (4–6 D) were used to assess the difference in su between 20 ◦C and 4 ◦C.
According to Equation (3), su tested by the mini-ball penetration tests at 20 ◦C and 4 ◦C
is shown in Figure 7, where su ranged from approximately 3.2 kPa to 7.7 kPa in the six
sediment segments and was lower at 20 ◦C than 4 ◦C in all tests except for S3. For S3, su
decreased from 6.8 kPa to 5.9 kPa at 20 ◦C, while it was nearly stable at 5.9 kPa at 4 ◦C.

(a)

0 2 4 6 8 10

8

6

4

2

0

Undrained shear strength, su(kPa)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

 20
 4

Strength evaluation

6.0

5.5

5.0

4.5

4.0
10 12 14 16 18 20

Comparative analysis, (%)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

0.00

5.58×10-2

1.12×10-1

1.67×10-1

2.23×10-1

2.79×10-1

3.35×10-1

3.90×10-1

4.46×10-1Density

17.1% 17.5%

Figure 7. Cont.

174



J. Mar. Sci. Eng. 2022, 10, 1424

(b)

(c)

(d)

(e)

0 2 4 6 8 10

8

6

4

2

0

Strength evaluation

Undrained shear strength, su(kPa)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

 20
 4

0 2 4 6 8 10

8

6

4

2

0

Stage 3

Stage 2

Undrained shear strength, su(kPa)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

 20
 4

Stage 1

0 2 4 6 8 10

8

6

4

2

0

Strength evaluation

Undrained shear strength, su(kPa)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

 20
 4

6.0

5.5

5.0

4.5

4.0
24 32 40 48 56

Comparative analysis, (%)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

0.00

3.33×10-2

6.65×10-2

9.98×10-2

1.33×10-1

1.66×10-1

2.00×10-1

2.33×10-1

2.66×10-1Density

29.4% 30.6%

0 2 4 6 8 10

8

6

4

2

0

Strength evaluation

Undrained shear strength, su(kPa)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

 20
 4

Figure 7. Cont.

175



J. Mar. Sci. Eng. 2022, 10, 1424

(f)

0 2 4 6 8 10

8

6

4

2

0

Strength evaluation

Undrained shear strength, su(kPa)

N
or

m
al

iz
ed

 p
en

et
ra

tio
n 

de
pt

h,
 h

/D

 20
 4

Figure 7. Undrained shear strength and difference in strength caused by temperature for six sediment
segments at 20 ◦C and 4 ◦C: (a) 0–20 cm sediment segment S1; (b) 50–70 cm sediment segment S2;
(c) 100–120 cm sediment segment S3; (d) 150–170 cm sediment segment S4; (e) 200–220 cm sediment
segment S5; and (f) 250–270 cm sediment segment S6.

4.2. Strength Difference at Room and Low Temperatures

Figure 7 shows that the su values at 20 ◦C and 4 ◦C were different. To quantify these
differences, two possible factors were analysed, namely, the inhomogeneity of sediment
segments and temperature. The inhomogeneity is shown in Figure 7c. For S3, su profiles
tested at 20 ◦C and 4 ◦C were crossed together and divided into three stages. For 0–1.3 D
(Stage 1), su measured at 4 ◦C was greater, while for 1.3–4.2 D (Stage 2), it was higher at
20 ◦C. The values of su tested at 20 ◦C and 4 ◦C were very close for 4.2–6.6 D (Stage 3).
After the penetration tests, this clay segment (i.e., S3) was cut near the 20 ◦C penetration
position. Some sand particles and biological remains were found, as shown in Figure 1b,
which caused su to be higher at 20 ◦C in Stage 2. Additionally, sand particles may have
been carried into Stage 3, which caused su to be higher at 20 ◦C than at 4 ◦C in Stage 3. Due
to the extreme nonuniformity of S3, the test data were not suitable for the analysis of the
temperature effect. The other five sediment segments, S1, S2, S4, S5, and S6, however, were
more uniform and suitable.

To quantify the temperature effect on su, the following comparative analysis equation
was proposed: {

δ = 2 · su−low−su−room
su−low+su−room

× 100% (a)

δT = δave. =
δmax.+δmin.

2 (b)
(5)

where δ is the normalized effect of temperature on su, %; su-low is the su measured at
4 ◦C, kPa; and su-room is the su measured at 20 ◦C, kPa. The δmax. and δmin. can be obtained
from Figure 7. In is considered that δave. (i.e., δT) is also the normalized effect of temperature
on su, %, which could eliminate the effect caused by the inhomogeneity of the clay.

Table 3 shows that the result of temperature effect on su for the five sediment segments,
where can be found that su was approximately 14.1–30.0% lower at 20 ◦C than at 4 ◦C.
In addition, the result is consistent with Gue et al. [16] and Lunne et al. [34]. Note that
Gue et al. proposed that su (the peak shear stress) would be increased by 15–30% with
temperature decreasing from 20 ◦C to 5 ◦C, and Lunne et al. pointed out that su (the peak
shear stress) in the laboratory at 20 ◦C is 10–20% lower than su at in-situ temperature (5 ◦C).
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Table 3. Temperature effect on the undrained shear strength of deep-sea sediment segments.

Clay
Segments

Depth
(cm)

δ (%)

Max. Min. Ave. (δT)

S1 0–20 17.5 17.1 17.3
S2 50–70 17.3 10.8 14.1
S4 150–170 30.6 29.4 30.0
S5 200–220 20.2 15.1 17.7
S6 250–270 21.4 20.7 21.1

Notes: δ is the normalized effect of temperature on the undrained shear strength (%), which can be obtained
by Equation (5a); δT is also the normalized effect of temperature on undrained shear strength (%), which could
eliminate the effect caused by the inhomogeneity of the clay and can be obtained by Equation (5b).

5. Discussion

As illustrated in Figure 7, a decrease in temperature leads to an increase in the
undrained shear strength of the sediment segments. Considering that the sediment seg-
ments consist of clay structure and free water, to analyse the mechanism of the influence of
temperature on undrained shear strength, the effect of temperature on clay structure and
free water are discussed.

5.1. Effect of Temperature on the Clay Sturcture
5.1.1. Effect of Temperature on Clay Particles

According to the principle of thermal expansion and cold contraction, the clay particles
should become closer with decreasing temperatures, and the pores among the sediment
segments should decrease. Thus, SEM tests [35] at room and low temperatures were
conducted to verify this hypothesis. The green coils are drawn with the pores of the
sediment samples. By observing the size and quantity of the green circle of the sediment
samples under room temperature and low temperature, we can compare and analyse the
pore size under room temperature and low temperature. Unfortunately, the changes in the
pores of the sediment segments could not be clearly observed with changes in temperature,
as shown in Figure 8, which demonstrated that: (1) the effect of temperature on clay
particles was too small to be observed; or (2) the effect was not suitable to be observed
at this scale. The shrinkage of clay particles caused by a temperature drop of only 16 ◦C
should be very small, so the pore changes could not be clearly observed in the SEM images.

(a) (b)

Figure 8. Cont.
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(c) (d)

Figure 8. SEM images of the five sediment segments at 20 ◦C and 4 ◦C (pores of sediment segments
represented by the green outlines): (a) S1 at 20 ◦C; (b) S1 at 4 ◦C; (c) S2 at 20 ◦C; and (d) S2 at 4 ◦C.

5.1.2. Effect of Temperature on Bound Water

The clay structure includes clay particles and bound water, as illustrated in
Figure 9 [36], and the interaction forces between the two are displayed in Figure 10 [37,38].
Clay particles with a negative surface charge attract and collect cations and polar water
molecules around them under the influence of electrostatic forces, upon interacting with
the pore fluid. The cations and polar water molecules are subjected to three kinds of forces:
(1) the electrostatic force, leading to being neatly and closely arranged on the surface of
the clay particles; (2) the diffusion force of cations and polar water molecules caused by
thermal movement, which leads them to diffuse to the free water layer; and (3) van der
Waals forces, as illustrated in Figure 10a.

Figure 9. Bound water around a clay particle (reproduced with permission from from Kong et al.,
Soil Mechanics and Foundations; published by China Electric Power Press: Beijing, China, 2015 [36]).
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Figure 10. Interaction forces between clay particles and water (reproduced with permission from
from Li., Advanced Soil Mechanics; 2nd ed.; published by Tsinghua University Press: Beijing, China,
2016. [37], and Liu et al., published by Geotechnics and Soil Mechanics; published by Science Press:
Beijing, China, 2009 [38]).

Likewise, cations can also attract polar water molecules by electrostatic attraction to
form hydrated cations, which are capable of transporting water molecules to adsorb on
clay particles, as shown in Figure 10b. Furthermore, clay mineral crystal cells are generally
exposed to oxygen at the bottom of a silicon–oxygen tetrahedron or hydrogen–oxygen
at the bottom of an octahedron, which attract the positive and negative ends of water
molecules, respectively, to form hydrogen bonds. As a result, water molecules are attracted
to the surfaces of clay particles, as shown in Figure 10c. In addition, as the concentration
of cations on the surface of the clay particles increases, the water molecules continue to
penetrate and diffuse towards its surface, as depicted in Figure 10d.

As shown in Figure 10, the electrostatic force is the most important force between clay
particles and water molecules in the strongly bound layer, while penetration and van der
Waals forces gradually become the main forces in the weakly bound water layer. In strongly
bound water layers, as the temperature decreases from 20 ◦C to 4 ◦C, the thermal movement
of cations and water molecules in the pore fluid decreases, which leads to a decrease in
the diffusion tendency. Therefore, the distance between cations or water molecules and
clay particles becomes shorter, which leads to an increase in electrostatic forces. Many
scholars have already illustrated that the hydrogen bonds between water molecules and
clay particles become stronger with decreasing temperature [39,40]. Similarly, in weakly
bound water layers, lower temperatures increase the van der Waals force between polarized
molecules [41]. Therefore, it can be inferred that the strength of bond water in the clay
structure increases with decreasing temperature, which in turn represents an increase in
the undrained shear strength of the sediment segments.

5.2. Effect of Temperature on Free Water

Free water is a typical Newtonian fluid whose viscosity increases rapidly as the
temperature decreases. In shows a 54.5% increase in water viscosity as the temperature
decreases from 20 ◦C to 4 ◦C according to Guo et al. [42]. Considering that the penetration
tests in this study were performed under undrained conditions, it is reasonable to infer that
the undrained shear strength of sediment segments increases with increasing viscosity of
water, which explains the increase in undrained shear strength at low temperatures.

5.3. Summary of the Temperature Effect Mechanism

Through the above analysis, it can be determined that the clay structure and free water
are affected when the temperature is reduced from 20 ◦C to 4 ◦C. In the clay structure, the
volume change in clay particles is too small to be observed with the decrease in temperature,
but the strength of bound water is improved due to the increases in electrostatic forces,
van der Waals forces, and hydrogen bonds. In free water, the viscosity of water increases
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rapidly with decreasing temperature. For these two reasons, the undrained shear strength
of the sediment segments increases at low temperatures.

6. Conclusions

For the deep-sea clay samples from the South China Sea, the basic physical parameters
of sediment segments were first determined, and then six penetration tests were performed
by the mini-ball method at low (4 ◦C) and room (20 ◦C) temperatures. Finally, the mech-
anism of the influence of temperature on the undrained shear strength of the sediment
segments was revealed. The main conclusions are as follows:

(1) The undrained shear strength of the sediment segments tested by the mini-ball method
showed a 14.1–30.0% increase with decreasing temperature from 20 ◦C to 4 ◦C, which
was consistent with the research of Gue et al. and Lunne et al.;

(2) In the clay structure, both the clay particles and the bound water were affected by
temperature. As the temperature decreased from 20 ◦C to 4 ◦C, based on SEM tests, the
clay particles were less affected by temperature. However, the increases in electrostatic
forces, hydrogen bonds between the clay particles and water molecules, and van der
Waals forces between the water molecules led to an increase in the strength of the
bound water, which was manifested as an increase in the undrained shear strength of
the clay;

(3) The free water in sediment segments was also affected by temperature. As the
temperature decreased from 20 ◦C to 4 ◦C, the viscosity of the free water increased by
54.5%, which increased the undrained shear strength of the sediment segments.
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Abstract: The acoustic characteristics of three fine-grained sediments (silty sand, silt, silty clay) in
the South China Sea (SCS) were measured and analyzed at high frequency range of 27–247 kHz. The
measurement results show that the sound speed dispersion is a positive linear relation at the mea-
sured frequency range, and the attenuation follows nonlinear frequency dependence, α = kf n, where
n ranges from 0.59 to 0.85 for the three different sediments in the SCS. The frequency dependence of
sound speed and attenuation were compared with the published literature. It was found that for silty
clay, clayey silt, silt, and silty sand, the dispersion characteristics of these four sediments are basically
consistent; in general, the dispersion of coarse particles is significant, and that of fine particles is
weak, and permeability is the key parameter that determines the inflection point of high frequency
to low frequency. By modeling these sediments with the Biot–Stoll model, it was found that the
Biot–Stoll model can better predict the frequency-dependent characteristics of sound attenuation
in a high-frequency band under the matching constraints of sound speed dispersion characteris-
tics, indicating that the Biot–Stoll model has good applicability to different types of sediments in a
high-frequency band.

Keywords: sediment acoustic; frequency dependence; sound speed; attenuation; Biot–Stoll model

1. Introduction

Seafloor sediment is a kind of solid-liquid two-phase medium, mainly composed
of solid particles and pore fluid. The acoustic propagation characteristics of seafloor
sediments have been an important research topic in hydro-acoustics, geophysics, and other
disciplines [1,2].

As early as in the 1950s, Gassmann (1951) first proposed the Gassmann theory, which
can quantitatively reflect the relationship between velocity and porosity [3]. In 1956, Biot
described a three-variable model of porous solids and free and trapped fluids based on
the theory with mass coupled terms [4]. Subsequently, Biot developed Gassmann’s theory
of a fluid-saturated porous two-phase medium based on the potential characteristics of
moist soil and the absorption characteristics of acoustic waves, which laid the foundation
of the wave theory of two-phase media. The Biot theory fully considers the dual-phase
characteristics of porous media, discovers the second type of longitudinal waves (slow
p-waves), and points out that the relative motion in pore fluid controlled by viscous force
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is an important mechanism for the attenuation of elastic waves during the propagation of
porous media.

The Biot theory indicates that the significant frequency band of sound speed dispersion
in water-saturated sediments is 1–10 kHz. At low frequencies, attenuation is proportional to
the square of frequency; at high frequencies, attenuation is proportional to the square root
of the frequency. Hamilton gave an empirical formula for the sound speed and attenuation
of seafloor sediments and sediment type and frequency, and he pointed out that the sound
speed dispersion is very weak and can be ignored [5]; in the frequency range from a
few hertz to megahertz, the attenuation is approximately proportional to the frequency.
However, a large number of subsequent sampling measurements and in situ measurement
experiments show that the sound speed also has a dispersion phenomenon.

Subsequently, Stoll applied the Biot theory to seafloor sediments and established
the Biot–Stoll model [6], which considered that the solid particles in the sediment were
attached to the pore water as an elastic “frame” and introduced the frame loss. Compared
with the fluid model and the viscoelastic model, the model predicts the sound speed and
attenuation coefficient in the sandy sediment more accurately and can better describe the
characteristics of sound speed dispersion. Williams (2001) developed the effective density
fluid model (EDFM) model, considering that the frame moduli are far smaller than the
grain moduli and the fluid moduli [7], and if the frame moduli can be set to zero, the
sediment is approximated as a fluid medium represented by an equivalent density, which
reduces the 13 parameters involved in the Biot–Stoll model to 9; and in soft sediments, such
as mud or fine sand, the reflection losses predicted by the EDFM model agree well with the
Biot–Stoll model.

Considering the widespread attenuation, the Biot theory has received in the seafloor
acoustics field, relatively little has been reported regarding conform of its validity [8].
Hovem and Ingram [9] used glass beads in their experiments and showed that in the fre-
quency range 20–300 kHz the results are good agreement with the Biot theory.
Simpson et al. [10] reported the field measurements of sandy sediments supporting the
Biot theory over the 3–80 kHz frequency band. The measurements results appear consistent
with the Biot model, but attenuation is essentially a linear frequency dependence in the mea-
surement frequency band. In the SAX99 offshore experiment [1], the sound speed of sandy
sediments in the 125–400 kHz frequency band and the attenuation of sandy sediments in the
2.6–400 kHz frequency band were obtained using an in-situ system, and the results showed
that the sound speed dispersion in the frequency range from 25 to 100 kHz is weak, which is
consistent with the Biot theory; the attenuation is approximately linear with the frequency,
and the deviation above 50 kHz deviates from the Biot theory. Ragione et al. [11] reported
a study based upon a micro-mechanics analysis to support the presence of both slow and
fast compression waves in different materials. Buckingham [12] developed the viscous
grain shearing model (VGS) based on grain-to-grain contacts in sediments. The VGS model
has been used to compare with the Biot theory. The major feature of the Biot theory in
the high-frequency band is to predict the frequency dependence of the sound speed and
attenuation [13] (Bonomo and Isakson, 2018). Holmes et al. [14] reviewed a large number
of attenuation data, arguing that the attenuation of sandy sediments varies with frequency.
Sesarego et al. [15] measured the sound speed and attenuation of sandy sediments in the
0.5 to 1.3 MHz frequency band in a laboratory setting. Attenuation varies nonlinearly with
frequency and sound speed, and attenuation data are inconsistent with the Biot theory,
possibly caused by solid particle volumetric scattering. Yu et al. [16] obtained the sound
speed and attenuation of fine sand in the 90–170 kHz frequency band in a laboratory water
tank. The results showed that the sound speed dispersion of the sand sample is very weak,
and consistent with the Biot–Stoll model, and the attenuation is approximately proportional
to f 0.35, but higher than that predicted by the model, possibly due to the additional sound
attenuation caused by the internal inhomogeneity of the sediment samples. The above
studies focused on the coarse sediments, such as sandy sediment, but few studied on the
fine-grained sediments acoustic properties.
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In this paper, three fine-grained sediments in the South China Sea (SCS) were sta-
tistically analyzed, and their high-frequency acoustic properties were measured, and the
high-frequency dependence of acoustic properties of the three sediments in the SCS was
analyzed and compared using Biot–Stoll model.

2. Study Area and Method

In this paper, historical data of acoustic properties of seafloor sediments in the SCS
are collected. The study area is located in the northern shelf and continental slope of the
SCS, with a water depth ranging from 113 m to 1271 m. The northern continental shelf
of the SCS is dominated by terrigenous clastic deposits, and there are four main types
of sediments. Their distribution and characteristics are as follows: (1) Gravely sands are
mainly distributed on the continental shelf south of the Pearl River Estuary, among which
bioclasts are more common. (2) Sandy sediments are mainly distributed on the middle and
outer continental shelves east of 116◦ E with a water depth of 50–200 m. This region has
the characteristics of gradually thickening from west to east, and the sandy sediments near
the 200 m water depth of the outer shelf front east of 113◦ E are the products of the early
high-energy coastal zone. The rest are mainly distributed in the Beibu Gulf–Indochina
Peninsula coastal estuary and the western and southwestern coastal shelf areas of Hainan
Island. (3) Clay silt sediments are mainly distributed parallel to the coast. (4) The silty clay
sediments are mainly distributed on the vast middle and outer continental shelves with
a water depth of 50–200 m in the west of the Pearl River Estuary and are distributed in
sheets or strips. The types of sediments in this area include silty clay, clay silt, silt, silty
sand, sandy silt, and clay sand. From 2016 to 2018, the First Institute of Oceanography
of the Ministry of Natural Resources and the South China Sea Institute of Oceanography
of the Chinese Academy of Sciences carried out continuous measurement of the acoustic
properties of seafloor sediments in the northern of the SCS. In this paper, three fine-grained
sediments are selected to carry out high-frequency-dependent characteristic analysis, they
are the sediment types with representative physical properties and obvious differences
in the study area, including 37 stations of silty clay sediment samples, 31 stations of silty
sediment samples, and 12 stations of silty sand sediment samples. All these sediments are
collected by gravity sampler and acoustic properties are measured in the top 0.3 m of the
sediment cores.

2.1. Laboratory Measurement Method

The whole measurement system consists of an acoustic measuring platform, a power
amplifier, a self-developed acoustic transmitter/receiver instrument (ATRI), a prefilter
amplifier, and transmitting and planar acoustic transducers with different frequencies. The
ATRI is used to drive the transmitting transducer and receive the acoustic wave. The power
amplifier is used to excite the transmitting acoustic signals. The prefilter amplifier is used
to excite the receiving acoustic signals. The technical parameter of ATRI system is listed as
follows:

• Number of acquisition channels: 2 channels;
• Sampling rate: up to 16 MHz, configurable by software;
• Sampling length: 10 ms;
• Sampling rate: 16 MHz;
• Resolution: 16 bit;
• Storage method: computer storage;
• Transmitting channel: 1 channel;
• Transmission frequency: 20 Hz~1 MHz, adjustable;
• Transmission waveform: sine wave, PCW, etc., the period is adjustable.

Before starting the measurement, all equipment was connected as shown in Figure 1
and place the sediment cores on the acoustic measuring platform. The sediment core length
was measured with accuracy of ±0.1 mm by the measuring platform, and the sound wave
sampling rate was 16 MHz by the acoustic instrument, so that the accuracy of the sound
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speed was estimated to be better than ± 0.1% for a typical sample with a length of 30 cm
and the sound speed of 1500 m/s. The sound speed and attenuation were measured at
the frequencies of 27, 51, 111, 214, and 247 kHz, respectively. The waveforms of sound
signals at different frequencies recorded by the acoustic system are shown in Figure 2. The
measurement was conducted in the standard condition (standard atmospheric pressure,
23◦), and under the standard laboratory conditions the laboratory measurements can be
correction to the in situ condition by using sound speed ratio method [17]. The details of
the acoustic measurements can be found in Hou et al. [18] Section 2 and Figure 2.

 
Figure 1. Laboratory measurement system.

 
Figure 2. The waveforms of sound signals at different frequencies recorded by the acoustic system.
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2.2. Biot–Stoll Model

In Biot–Stoll’s theory, sediment is regarded as a two-phase system composed of solid
particles and pore water. Under the action of sound waves, the two displacements are
different. Sediment particles are coupled with pore water as an elastic frame, and this
coupling generates three types of wave fields from the interactions between the compression
wave in the pore water, and the compression and shear wave in the elastic solid frame.

The Biot–Stoll model involves 13 parameters [19]: Porosity n, Grain bulk modulus
Kg, Fluid dynamic viscosity η, Grain density ρs, Fluid density ρf, Fluid bulk modulus Kf,
Permeability κ, Tortuosity α, Pore size a, Dissipative Skeletal Bulk Modulus K0, Dissipative
Skeletal Shear Modulus μ0, Bulk dissipation factor δk, and Shear dissipation factor δμ.

The longitudinal wave equation of Biot–Stoll is:

∇2(Hε − Cζ) =
∂2

∂t2

(
ρε − ρ f ζ

)
(1)

∇2(Cε − Mζ) =
∂2

∂t2

(
ρ f ε − mζ

)
− Fη

κ

∂ζ

∂t
(2)

ε = •u (3)

ζ = n  •(u − U) (4)

ρ = (1 − n)ρs + nρ f (5)

where the u and U are the skeleton and pore fluid displacement vectors, respectively. The
Biot elastic moduli H, C, and M are expressed as the bulk modulus of the framework, the
bulk modulus of the pore fluid, and the bulk modulus of the particles, respectively:

H =
(Kg − Kb)

2

D − Kb
+ Kb +

4μ

3
(6)

C = Kg

(
Kg − Kb

)
D − Kb

(7)

M =
K2

g

D − Kb
(8)

D = Kg

[
1 + n

Kg

K f − 1

]
(9)

where Kb and μ are Skeletal bulk modulus and shear modulus, which are complex constants:

Kb = Kb(1 + iδk) (10)

μ = μ0
(
1 + iδμ

)
(11)

The dispersion relations for the fast and slow waves corresponds to the roots of the
following determinant system:∣∣∣∣∣ Hl2 − ρω2 ρ f ω2 − Cl2

Cl2 − ρ f ω2 mω2 − Ml2 − i ωFη
κ

∣∣∣∣∣ = 0 (12)

l = lr − jα =
ω

V
− jα (13)

ω = 2π f (14)

where l is the complex wave number. Once the roots of above equations are found, the
compressional wave speed and attenuation can be expressed as:
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Vp =
1

Re
√

l1
(15)

αp = −Im(l1) (16)

where l1 is the root with a negative imaginary component and the smaller real component.

3. Results and Discussion

3.1. Measured Data

The average measured sound speed and attenuation at different frequencies for dif-
ferent sediment types including the ones from the three study areas are shown in Table 1.
Figure 3 shows the sound speed dispersion of different sediments and the sound speed
dispersion empirical formulas. The results show that the sound speed dispersion is a
positive linear relation, Vp = kf + b, and the slope k changes with the sediment types and
sedimentary environment. In SCS, the lowest slope is the silty clay sediment, k = 0.0658,
and the highest slope is the silty sand, k = 0.0956. It is evident that in SCS, the slope k is
related with the grain size, and when the grain size increased, the slope k increased. The
slope k of clayey silt in Western Pacific (WP) is 0.0614, and the dispersion curve of WP has
the similar trend with the SCS.

Table 1. The measured sound speed and attenuation at different frequencies.

Study
Area

Sediment
Type

Range
Sound Speed (m/s) Attenuation (dB/m)

27 kHz 51 kHz 111 kHz 214 kHz 247 kHz 27 kHz 51 kHz 111 kHz 214 kHz 247 kHz

South
China

Sea

Silty
sand

Maximum 1641.13 1637.64 1643.92 1657.43 1671.05 29.99 42.01 59.24 78.71 112.05
Minimum 1576.70 1586.23 1591.61 1586.86 1598.36 5.72 17.30 36.46 43.99 59.01

Mean 1609.17 1616.43 1622.47 1627.38 1634.16 14.42 25.1 42.6 54.12 75.81

Silt
Maximum 1568.66 1568.77 1574.62 1580.10 1583.05 27.9 35.0 37.14 51.7 75.5
Minimum 1529.86 1527.96 1537.80 1539.12 1547.14 9.83 14.9 16.9 20.9 26.09

Mean 1546.16 1550.56 1555.20 1560.32 1565.04 11.13 16.7 22.3 36.04 45.89

Silty
clay

Maximum 1461.18 1468.78 1469.51 1475.72 1474.19 6.06 18.5 24.52 40.6 65.87
Minimum 1439.92 1442.96 1453.8 1453.74 1458.77 2.97 9.3 8.09 16.05 18.55

Mean 1451.19 1454.56 1459.20 1464.30 1466.7 4.25 10.7 13.3 26.22 35.45

Western
Pacific

Clayey
silt

Maximum 1511.06 1512.11 1512.89 1515.71 1520.28 26.15 28.58 36.48 58.46 64.11
Minimum 1495.53 1497.86 1499.06 1501.49 1505.79 18.19 22.58 28.91 34.15 39.19

Mean 1503.28 1501.76 1504.08 1510.88 1516.96 22.38 24.21 33.57 42.36 49.59

The degree of dispersion is used to describe the frequency dispersion of sound velocity,
defined as by subtracting the minimum from the maximum sound speed and then dividing
by the minimum sound velocity. The dispersion curves of the SCS and WP sediments are
almost parallel, the frequency dispersion degree of the four sediments is 1.0687% (silty clay),
1.0121% (clayey silt), 1.22% (silt), and 1.5529% (silty sand), respectively. From the slope k
and dispersion degree, the SCS and WP sediments have little sound speed dispersion in
the measured frequencies.

Williams et al. [1] believed that the grain modulus and porosity affect the sound speed
dispersion over the frequency range, the permeability affects the sound speed dispersion
in the middle frequency range from 10 kHz to 50 kHz, and the tortuosity affects the sound
speed dispersion in the high frequency above 50 kHz. For our measurement frequency
range, the four factors are all related with our measurement results, and the dispersion
degree is a comprehensive reflection of these parameters. Figure 3 also shows that for silty
clay, clayey silt, silt, and silty sand, the dispersion characteristics of these four sediments
are basically consistent.

The tortuosity is closely related with the grain size, when the mean grain size is
between 4 and 8 (φ), which is the average particle size of fine-grained sediment, the
tortuosity is calculated by α = −0.3 + 0.412 φ; that is to say, the tortuosity changes linearly
with grain size. The average porosity of the four sediments (silty clay, clayey silt, silt,
and silty sand) is 0.694, 0.663, 0.550, and 0.482, respectively, and the general trend is that
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porosity gradually decreases with particle size. Although the mean grain size of silty clay
and clayey silt is similar, the permeability of clayey silt is order of magnitude less than silty
clay, which may be the reason why the dispersion characteristics of clayey silt are smaller
than that of silty clay.

Figure 3. The sound speed dispersion of different sediments. The black � dots are silty sand, the
black • dots are silt, the black ∗ dots are silty clay in SCS, and the purple � is clayey silt in WP.

Figure 4 shows the attenuation dispersion of different sediments and the attenuation
dispersion empirical formulas. It is shown that the attenuation follows a power-law
frequency dependence, α = kf n, and the n value of the four sediments is 0.35 (clayey silt),
0.59 (silt), 0.68 (silty sand), and 0.87 (silty clay), respectively. The attenuation of silty
clay is the lowest in the four sediments, but the attenuation dispersion is the highest.
Although silty clay in SCS and clayey silt in WP have similar particle size and porosity,
their attenuation dispersion characteristics are quite different, the attenuation of clayey silt
is the lowest in the four sediments (n = 0.35). This phenomenon also shows that attenuation
is affected by many factors, and sediment attenuation characteristics in different regions
are different. Hamilton (1972) consistently maintained that the frequency dependence of
attenuation in sediments obeys an f 1 dependence, while according to the Biot–Stoll model,
the attenuation coefficient deviates from a first-power dependence on frequency and varies
as the square root of frequency (f 1/2) at the high frequencies. According to our actual
measurement results, attenuation is affected by many factors, such as the sediment types
and sedimentary environment, and the attenuation frequency dependency is not strictly
following f 1 or f 1/2 dependence. In this study, the n value of the three sediments in SCS
changes from 0.59 to 0.87, while in WP, the n value of clayey silt is only 0.36.

3.2. Biot–Stoll Model Comparison

Seafloor sediments are composed of particles that form a solid skeleton, the voids
between the units form pore spaces, and the pores are filled with fluids. This porous struc-
ture makes it very different from dense solid matter in many aspects such as mechanical
properties and material state. The irregularity of the pore structure of the porous medium
and the heterogeneity of the porous medium constitute the inhomogeneity of different
types of sediments. This microscopic inhomogeneity causes the macroscopic physical
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properties of the sediments to be very sensitive to slight changes in the pore fluid or pore
structure. Therefore, when the sound wave propagates in the sediment, under its influence,
the pores or fractures of the medium will be closed or opened, and the fluid in the pore
spaces is moving relative to the elastic frame, resulting in changes in the macroscopic
physical properties of the sediment, and resulting in changes in the speed of sound wave
propagation, dissipation of energy, and attenuation of amplitude. The Biot–Stoll model
involves 13 input parameters, and the true and accurate description of these parameters
is the basis for describing the variation of the acoustic propagation characteristics of sed-
iments and has far-reaching significance and great value for solving the general porous
problem in practical applications.

Figure 4. The attenuation dispersion of different sediments. The black � dots are silty sand, the black
• dots are silt, the black ∗ dots are silty clay in SCS, and the purple � is clayey silt in WP.

Table 2 list the values of Biot–Stoll model input parameters for different sediment
types, including silty sand, silt, silty clay sediment in SCS, and clayey silt sediment in WP.
Figure 5 shows the best Biot–Stoll model fit sound speed predictions for different sediments
in SCS. The silty sand has highest sound speed and the inflection point from low frequency
to high frequency is more obvious. In general, coarse particles have significant sound speed
dispersion and the inflection point is located in the low frequency band, while fine particles
have weak sound speed dispersion and the inflection point is located in the high-frequency
band. Figure 5 shows that the sound speed and attenuation inflection point of coarse grain
sediment is obvious and low in frequency (silty sand), while that of fine grain sediment is
not obvious and high in frequency (silty clay). Williams et al. [1] studied the uncertainty
in model predictions given the uncertainty for the measured physical parameters, and
their result shows that the permeability and tortuosity uncertainties result in the largest
model attenuation uncertainties, and for sound speed, the permeability affects the sound
speed dispersion in the middle-frequency range, and the tortuosity affects the sound speed
dispersion in the high-frequency range. For attenuation, the permeability affects the whole
frequency range, whereas the tortuosity affects the >1 kHz frequency range. In the Figure 1
of Williams et al. [1], the sound speed dispersion inflection point is influenced by the
permeability parameter; in this study, the permeability of silty sand is 2.25 × 10−11 and
the silty clay is only 2.14 × 10−12; the three sediments in SCS also showed that, the higher
permeability is, the lower the frequency of the sound speed and attenuation dispersion
inflection point.
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Table 2. The values of Biot–Stoll model input parameters for different sediment types.

Physical Parameter Symbol Unit
South China Sea

Silty Sand
South China Sea

Silt
South China Sea

Silty Clay
Western Pacific

Clayey Silt

Porosity n - 0.482 0.550 0.694 0.663
Mean grain size Mz φ 3.19 5.01 6.58 6.98

Grain bulk modulus * Kg Pa 3.6 × 1010 3.6 × 1010 3.6 × 1010 3.6 × 1010

Fluid dynamic viscosity * η kg·m−1·s−1 0.00105 0.00105 0.00105 0.00105
Grain density ρg kg·m−3 2650 2650 2650 2650
Fluid density * ρf kg·m−3 1023 1023 1023 1023

Fluid bulk modulus * Kf Pa 2.23 × 109 2.23 × 109 2.23 × 109 2.23× 109

Permeability + κ m2 2.25 × 10−11 4.38 × 10−12 2.14 × 10−12 8.89 × 10−13

Tortuosity + α — 1.35 1.76 2.41 2.58
Pore size + a m 2.49 × 10−5 1.01 × 10−5 6.27 × 10−6 4.13 × 10−6

Frame shear modulus * μ Pa (1.178 − i0.18) × 107 (0.725 − i0.18) × 107 (0.299 − i0.18) × 107 (0.368 − i0.18) × 107

Frame bulk modulus * Kb Pa (1.532 − i0.24) × 107 (0.943 − i0.20) × 107 (0.389 − i0.24) × 107 (0.479 − i0.20) × 107

The symbol (*) indicates estimated parameters from the literature. The symbol (+) indicates the calculated
parameter using measured parameters. The calculation of permeability, tortuosity, and pore size can be seen in
[20], Formulas (3) to (6).

 

Figure 5. The sound speed (a) and attenuation (b) dispersion of different sediments in SCS.

Figure 6 shows the comparison of different sediments from different areas. The blue
line is the coarse sand sediment measured during the sediment acoustics experiment in
1999 (SAX99) by Williams et al. [1], and the measurements span the frequency range of
about 125 Hz–400 kHz, and the permeability of the coarse sand is 2.5 × 10−11. The red
line is the fine sand sediment measured in the East China Sea shelf [21], with a frequency
range of 30–87 kHz, including the in situ data with the measured frequency of 30 kHz,
and the sediment core measurement data with the frequencies range of 47–87 kHz, and
the permeability of the fine sand is 3.77 × 10−12. The green line is the sandy silt sediment
measured in Currituck Sound, North Carolina [22], the compressional wave sound speed
and attenuation were measured in the frequency band of 5–100 kHz, and the permeability
of the sandy silt is 8.5 × 10−12. The purple line is the clayey silt sediment in WP measured
at the frequencies of 27, 51, 111, 214, and 247 kHz, respectively, (unpublished), and the
permeability of the clayey silt is 8.9 × 10−13. In Figure 6, the dispersion inflection point is
closely related with the permeability, and it confirmed that the higher permeability is, the
lower the frequency of the sound speed and attenuation dispersion inflection point.

In Figure 6, the attenuations of coarse sand and silty sand are the greatest attenuations
in the low-frequency band (<10 kHz). However, as the frequency increased, the attenuation
of coarse sand and silty sand sediment become lowest in the high-frequency band (>10 kHz).
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By contrast, the silty clay and clayey silt sediments have low attenuation in the low-
frequency band (<10 kHz) and become high as the frequency increases. In the low-frequency
band, the sound speed ratio of silt and clayey silt is similar, while in the high-frequency
band, the sound speed ratio of silt and is obviously higher than that of clayey silt, which
is because at the high frequency, silt and clayey silt have almost equal sound attenuation,
while the sound speed of silt is higher than that of clayey silt.

Figure 6. The sound speed and attenuation dispersion for different area and sediment types. The
blue line is coarse sand [1], The red line is fine sand [21], the green line is sandy silt [22], and the
purple line is clayey silt in WP.

In sound speed dispersion curve, coarse sand [1] and silty sand (SCS) have obvious
differences with the other four kinds of sediment; because of their high permeability, the
dispersion inflection point of coarse sand and silty sand occurs at lower frequencies than
the other four kinds of sediment. As the attenuation of coarse sand and silty sand is the
largest at the low-frequency band, the low-frequency dispersion curve of coarse sand and
silty sand has a certain radian, while the other four kinds of sediment are basically parallel
to the coordinate axis at low frequency, and the variation of the low-frequency dispersion
is small.

4. Conclusions

In this paper, historical data of acoustic properties of seafloor sediments in the SCS are
collected, and three typical types (silty clay, silt, and silty sand) of sediments are selected
to carry out high-frequency-dependence (27, 51, 111, 214, and 247 kHz, respectively)
characteristic analysis, and established the relation between sound speed and attenuation
dispersion of fine sediment. The frequency dispersion of the three sediments were modeled
by the Biot–Stoll model and compared with different sediments from different literatures.

(1) The dispersion curves of the SCS and WP sediments are almost parallel, and the
frequency dispersion degree of the four sediments is 1.0687% (silty clay), 1.0121% (clayey
silt), 1.22% (silt), and 1.5529% (silty sand), respectively.

(2) The sound speed dispersion of different sediments at the frequency of 27–247 kHz:
Cp = 0.0956f + 1609.5 (silty sand); Cp = 0.0759f + 1545.6 (silt); Cp = 0.0614f + 1499.6

(clayey silt); Cp = 0.0658f + 1450.6 (silty clay).
The attenuation dispersion of different sediments at the frequency of 27–247 kHz:

α = 1.5933f 0.68(silty sand); α = 1.5231f 0.59(silt); α = 6.4178f 0.35(clayey silt); α = 0.2831f 0.87

(silty clay).
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(3) The inflection point of frequency dispersion is different for different types of
sediments. Permeability is the key parameter that determines the inflection point of high
frequency to low frequency. In this study, the sound speed dispersion degree of three
kinds of sediments in SCS: silty sand > silt > silty clay, and silty sand has the earliest
inflection point.

In the low-frequency band, sound attenuation varies greatly, the coarse sand [1]
and silty sand (SCS) have the highest attenuation, and clayey silt (WP) has the lowest
attenuation. In the high-frequency band, the variation of attenuation is small, and the
attenuation coefficients of these sediments are basically parallel. The largest attenuation is
fine sand [19], and the smallest attenuation is coarse sand [1].
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Abstract: The study of the physical and mechanical properties of marine soil is of great importance
for marine geohazard prediction, submarine energy extraction, and submarine foundation design.
In this study, a series of basic geotechnical tests and triaxial compression tests are performed on
samples taken from the Shenhu sea area in the South China Sea (SCS). Physical and mechanical
properties, particularly normalized stress–strain behavior, are investigated. The microstructural and
mineralogical characterization is carried out, through scanning electron microscopy (SEM), and X-ray
diffraction (XRD). The results indicated that the sample could be classified as high-plasticity silt (MH)
with high water content and high compressibility, that the soil has the highest quartz content in its
mineral composition, a loose skeleton composed of flocculent structures under the microscope and
is distributed with the remains of marine organisms. Furthermore, a new stress–strain-normalized
condition is theoretically derived, based on the hyperbola function. In this condition, the concept
of standard normalized factor, which is defined as the ultimate value of principal stress difference,
is introduced. Meanwhile, the normalized stress–strain relationship of soft soil from the SCS is
established under consolidated undrained conditions and the results of the model are compared with
the experimental results, with a good normalization effect. It is believed that the work presented in
this paper could contribute to the design and construction of offshore engineering.

Keywords: South China Sea; submarine soft soil; triaxial test; mechanical properties; normalized behavior

1. Introduction

Offshore developments for hydrocarbon resources and offshore engineering construc-
tion have now developed for use in deep-water areas [1,2]. The geotechnical properties
of seabed sediments play a crucial role in the safety and stability of deep-water founda-
tions [3]. The deep-sea sediments, which usually consist of normal consolidated (NC) or
lightly over-consolidated (OC) clay [4], are generally characterized by their poor mechanical
properties [5–8]. Meanwhile, due to the complex and changeable marine environment,
the mechanical properties of seabed sediments are prone to change under the coupling
of complex loads such as wind, waves, currents, and hydrate decomposition, resulting in
engineering geological disasters such as submarine instability and submarine landslides,
which pose serious threats to marine infrastructure and engineering construction [9–11].

However, due to the difficulty of obtaining deep-sea soils, and the specific nature
of marine and terrestrial sediments, the presence of natural gas hydrates usually directly
or indirectly affects the physical and mechanical properties of the soil. Many scholars
have summarized the different characteristics of natural gas hydrates, as well as their
formation and decomposition principles [12], and suggested possible effects of hydrate
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saturation and pore-scale distribution in sediments on the mechanical properties of sedi-
ments [13,14]. Therefore, the study of physical and mechanical properties, as well as the
mineral composition of deep-sea soils, is crucial. The basic physical properties of deep-sea
soils can be determined by geotechnical tests [15–18]. To better understand the engineering
properties of deep-sea soils, many scholars have researched this topic. Through geotech-
nical property tests on marine soils in the South China Sea, the mechanical properties
of submarine soils on the continental slope of the South China Sea were revealed from
macroscopic and microscopic perspectives; based on triaxial compression tests, the stress–
strain characteristics between in situ soils and remodeled soils were analyzed, and six
structural types of submarine sediments on the continental shelf in the northern part of
the South China Sea were described [19–21]. Meanwhile, the effect of temperature on the
mechanical properties of deep-sea soils can be studied by considering triaxial compression
tests at different temperatures [22–24]. The microstructure and undrained shear strengths
of deep-sea sediments were analyzed based on critical state lines and different stress paths
of isotropy that remodeled deep-sea soils [25,26]. In addition, Silva et al. conducted a
comparative study of deep-sea fine-grained sediments and terrestrial clays, considering
consolidation undrained triaxial tests under isotropically (CIU) and anisotropically (CAU)
conditions, and pointed out that the difference in mineral composition of the soil also affects
the mechanical parameters of the material, and the sufficient attention should be paid to
the creep properties of clay in deep-sea engineering [27,28]. The deformation and strength
properties of soils can be expressed by stress–strain relationships from triaxial tests, while
the engineering mechanical properties of soils are complex due to the influence of boundary
conditions such as confining pressure and stress paths [29–31]. To express the stress–strain
relationship of soft soils in a unified equation, it is crucial to normalize the stress–strain
relationship of soft soils. Several scholars have also proposed normalization factors [32,33].
However, due to the harsh normalization conditions of the existing normalization factors,
the soft soils in many regions cannot be satisfied, and if the existing normalization factors
are used to normalize the stress–strain relationship of soft soils that do not meet these harsh
normalization conditions, satisfactory normalization will not be achieved [34–36]. The
quality of the normalization factor selection will directly affect the degree of normalization
of the stress–strain relationship of soft soil.

In this study, a series of basic geotechnical tests and triaxial compression tests were
carried out on deep-sea soft soil taken from the SCS to investigate its physical and me-
chanical properties. The microstructure and mineral composition of the soil samples are
analyzed using SEM and XRD tests. Furthermore, based on the hyperbolic equation of the
stress–strain relationship proposed by Konder, the normalization factors and normalization
conditions for normalizing the stress–strain relationship in soft soil are discussed, and the
normalization factors proposed in this study are applied to the consolidation-undrained
test of soft soil in the SCS. Based on this analysis, normalized models are established to
predict the stress–strain relationship.

2. Materials and Methods

2.1. Soil Samples

In this study, soil samples were taken from the Shenhu sea area in the north of the
SCS based on the 2020 shared voyage of the SCS scientific research, as shown in Figure 1.
Using a gravity sampler, the longitude and latitude of the sampling point were found to
be 114.57 degrees east longitude and 20.27 degrees north latitude, the water depth of the
sampling site was 561 m, and the sampling depth of the soil sampling was 4.85 m.
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Figure 1. Sampling site (modified from [6]).

2.2. Testing Methods

The basic geotechnical test was carried out by taking the surface column sample
(30 cm) of the in situ specimen according to the standard of ASTM D421-85 (2007) [37];
sediment samples were taken from the PVC tube, the grain size distribution of soil samples
was determined by the densitometry method, the water content was measured by the
drying method, and the liquid limit and plasticity were measured by the GYS-2 digital soil
liquid–plastic limit analyzer. All methods were subjected to three parallel tests, and the
basic mechanical property parameters of the soil were obtained.

X-ray diffraction (XRD) tests were conducted to determine the mineral composition of
the soil samples. These tests were conducted with a Shimadzu XD-D1 X-ray diffractometer.
“MDI jade 9.0” software was used to carry out the qualitative analysis. X-ray diffraction
patterns were obtained using a continuous-scanning-mode X-ray tube with a scanning
range from 2◦ to 32◦ (2θ) and a scanning rate of 4◦ per minute. The diffraction data on
crystal plane spacing and diffraction intensity were obtained through sorting and compared
with the diffraction data of standard minerals for mineral identification.

Scanning Electron Microscopy (SEM) analyses of in situ soils were performed in an
S-4800 Cold Field Emission SEM produced by Hitachi. First, the in situ samples were
processed by the vacuum freeze-drying method, and then they were sputtered with a
layer of carbon and one or more layers of gold. For each specimen, a set of images were
taken at a range of magnifications to provide contact patterns between soil particles and to
understand the microscopic properties of the soil sample.

Additionally, consolidated undrained triaxial shear tests were performed to investigate
the geotechnical behavior of deep-sea soft clay, the GDS Triaxial testing system (as shown
in Figure 2) was used in the tests. In situ samples were taken in the laboratory and solid
cylindrical triaxial samples of diameter ∅ = 50 mm and height h = 100 mm were cut with
soil cutters and wire saws. Before the test, the samples were vacuum pumped and saturated
by the vacuum pump. In this test, the specimens were first saturated by the backpressure
saturation method, and a strain-controlled method was conducted with a 0.14 mm/min
axial shear rate; three triaxial samples were taken and consolidated under the confining
pressure of 100 kPa, 200 kPa, and 300 kPa, and then the consolidated undrained (CU) shear
test was performed, and, finally, the test was terminated when the axial strain reached 20%.
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(a) 

 
(b) 

Figure 2. GDS Triaxial testing system. (a) Physical apparatus; (b) Schematic diagram.

3. Results and Discussion

3.1. Basic Physical Properties

A series of laboratory tests were performed to investigate the basic physical properties
of the soil samples. The results of the basic physical properties tests of soil samples are
shown in Table 1 according to the standard of ASTM D421-85 (2007) [37].

Table 1. Basic properties of soil samples.

Property Value

Water content, w (%) 46.4
Density, ρ (g/cm3) 1.517
Initial void ratio, e0 1.63
Liquid limit, LL (%) 59.8
Plastic limit, PL (%) 34.8

Plasticity index, PI (%) 25
Specific gravity, Gs 2.73
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The grain-size distribution of the sample is shown in Figure 3; different particle diameter
indices of the soil samples were calculated as shown in Table 2. The coefficient of nonuniformity
Cu and coefficient of curvature Cc of the deep-sea soil samples are calculated as follows:

Cu =
d60

d10
= 7.5 (1)

Cc =
d2

30
d10 × d60

= 0.53 (2)

Figure 3. Grain size distribution curve of soil samples.

Table 2. Different particle diameter indices of soil samples.

Particle Diameter Indices Value

Effective particle diameters, d10 (mm) 0.004
Continuous particle diameters, d30 (mm) 0.008

The median of particle diameters, d50 (mm) 0.021
Control of particle diameters, d60 (mm) 0.03

From the test results, it can be concluded that the coefficient of nonuniformity
Cu = 7.5 ≥ 5. This soil was shown to contain particles of different thicknesses, which
can be categorized into heterogeneous soils [37]; however, since the coefficient of curva-
ture Cc = 0.53 < 1, it can be concluded that the soil is poorly graded [37] and the particle
composition of the soil is mainly powder, followed by clay and sand.

The plastic limit (PL), liquid limit (LL), and plasticity index (PI) were 34.8%, 59.8%,
and 25%, respectively. Therefore, according to the Unified Soil Classification System (USCS)
(ASTM, 2017) [38], the study sample in this area was classified as MH (high-plasticity silt),
as shown in Figure 4.

The mineral composition was determined by X-ray (XRD) diffraction tests, the results
of which are given in Figure 5, and the mineral content results are shown in Table 3. The
XRD pattern shows some high peaks at the 2θ angle of 20.827◦, 26.609◦, and 29.368◦. The
clay minerals are mostly powdered, with the highest percentage of quartz SiO2, followed
by muscovite, calcite, and a small amount of albite and clinochlore. The ionic composition
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of the soil sample, in order of content, is Si, Al, Ca, Fe, K, Na, Mg. Compounds mainly
include SiO2 and CaCO3, etc.

The in situ samples were processed by the vacuum freeze-drying method and analyzed
by scanning electron microscopy (SEM) to obtain the microstructural properties of the soil.
The microstructure electron microscope scan photo of the in situ sample is shown in Figure 6.
From the figure, it can be seen that the soil particles are more obvious between the large-
pore soil skeleton structure, the surface contains more marine biological debris under the
sedimentation in the marine environment, contact between particles mostly occurs in the
form of edge–surface, and the soil sample as a whole shows an open flocculation structure;
this is the main structural characteristic in an all-seawater sedimentary environment.

Figure 4. Plasticity diagram (ASTM D2487). Note: CL: Low-plasticity clay; CLO: Low-plasticity
organic clay; ML: Low-plasticity silt; MLO: Low-plasticity organic silt; CH: High-plasticity clay;
CHO: High-plasticity organic clay; MH: High-plasticity silt; MHO: High-plasticity organic silt.

 

Figure 5. X-ray diffraction curves of soil.
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Table 3. Compositions of clay minerals.

Composition Percentage (%)

Quartz 40.9
Muscovite 29.3

Calcite 22.5
Albite 6.6

Clinochlore 0.623

 

Figure 6. Microstructure of soil by SEM tests.

3.2. Mechanical Properties

The stress–strain behavior under different confining pressures is present in Figure 7a.
One can note that there is no obvious peak point in each curve at a low confining pressure;
the strength at final stability is about 54 kPa and 93 kPa, respectively, the soil shows stable
or weaker strain-hardening characteristics, and the stress increases slowly, step by step,
with the increase in strain. When the confining pressure reaches 300 kPa, the curve shows a
clear peak point, and when the peak strength is 132 kPa, the soil exhibits strain-softening
characteristics. It can be concluded that the strength of the soil gradually increases with the
increase in the surrounding pressure. This phenomenon is mainly due to the large void
space in the soft soil of the seabed. The soil body shows the compression of pore volume
under a low perimeter pressure, and the microstructure between the soil skeleton does
not change; thus, the soil strength is low. Under a high perimeter pressure, the soil will
not only undergo compression of pore volume, but also cause the microstructure between
soil particles to change, and the soil skeleton will become more compact and dense, which
significantly increases the soil body’s ability to resist external load, and the shear strength
also increases as a result. When the load reaches the ultimate bearing capacity, the soil
skeleton is damaged and the microstructure of the soil is destroyed; thus, the bearing
capacity is reduced and the strain-softening characteristics are exhibited.

In addition, Figure 8 illustrates the effective stress paths obtained from the consolidated–
undrained triaxial test. From the soil samples plotted on the p’-q coordinate plane, it can
be observed that the sample generates positive pore-water pressure (the effective stress
paths gradually bend to the upper left), passes through a phase-transformation state, and
then dilates with the same stress ratio and terminates with the critical state line (CSL). As
deep-sea sediments are mainly composed of powder particles and clay particles, the natural
sedimentation process of in situ marine sediment can form a high-porosity structure such
as honeycomb, velvet, and flocculation by lapping between clay particles, which forms
a certain cementation structure between the particles. The higher the clay content, the
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more significant the cementation effect, as shown in Figure 9, thus increasing the shear
strength of the soil [39,40]. However, with the increase in confining pressure, as shown
in Figures 7a and 8, the structure of the marine sediments is gradually destroyed; that is,
the clay particles gradually became densely stacked, the sediments were destroyed and
strain-softening obviously occurred.

Figure 10 shows the relationship curve between pore water pressure development and
axial strain, which shows a two-stage change characteristic. The pore water pressure rapidly
increases in the initial stage, and subsequently, when the axial strain is approximately 4%, with
the increase in axial strain, the growth rate of pore water pressure gradually decreases and
tends toward a critical point, showing the continuous accumulation of pore water pressure.

 

(a) 

 

(b) 

Figure 7. Stress−strain curves in CU test. (a) Deviatoric stress-strain behaviour; (b) Normalized
deviator stress-strain behaviour.
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Figure 8. Effective stress paths in CU test.

Figure 9. Schematic diagram of the interface mechanical interaction between soil particles.

Figure 10. Pore pressure-strain curves in CU test.
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3.3. Selection of Normalization Factors

Konder proposed that the (σ1 − σ3)− ε to determine the conventional static triaxial
test relationship can be approximated by the hyperbolic equation [41] as follows:

σ1 − σ3 =
ε

aiε + bi
(3)

where ai is the reciprocal of the asymptotic value of the principal stress difference (σ1 − σ3)ulti
under a certain constant consolidation confining pressure; bi is the reciprocal of the initial
tangent modulus E0i under a certain constant consolidation confining pressure.

Equation (3) can be converted to:

ε

σ1 − σ3
= aiε + bi (4)

Both sides of Equation (4) are multiplied by A to:

ε

σ1 − σ3
A = Aaiε + Abi (5)

Since the two parameters of Equation (3) are different under different confining
pressures parameters, to obtain the (σ1 − σ3)− ε relationship normalized equation under
different confining pressures, σ3, such that:

ε

σ1 − σ3
A = Mε + N (6)

where M and N are constants.
From Equations (5) and (6):

M = Aai (7)

N = Abi (8)

From Equations (7) and (8):

A = M(σ1 − σ3)ulti (9)

A = NE0i (10)

Combining Equations (9) and (10) yields:

M(σ1 − σ3)ulti = NE0i (11)

The normalization factor of the normalization curve of the relationship between
(σ1 − σ3)− ε under the different confining σ3 is desirable M(σ1 − σ3)ulti, and its normal-
ization conditions are:

(σ1 − σ3)ulti
E0i

=
N
M

(12)

That is, the asymptotic value of the principal stress difference (σ1 − σ3)ulti is a positive
proportional function of the initial tangent modulus E0i.

The stress–strain relationship curve of the specimen in Figure 7b is fitted with Equation (4),
and parameters ai and bi are shown in Table 4.

Table 4. Fitting parameters.

σ3/kPa ai bi (σ1−σ3)ulti/kPa R2

100 0.01815 0.00813 44.39 0.99825
200 0.01026 0.00282 100.57 0.99884
300 0.01026 −0.01091 167.74 0.97516
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When the initial tangent modulus E0i = 0, this can be inferred from Equation (3),
(σ1 − σ3)ulti = 0. Thus, according to the relevant parameters of Table 4, the relationship be-
tween the asymptotic value of the principal stress difference (σ1 − σ3)ulti and the confining
pressure σ3 under different confining pressures is shown in Figure 11. The relationship
curve in Figure 11 can be fitted with a linear equation:

(σ1 − σ3)ulti = 0.61675σ3 − 19.11667 (13)

correlation coefficient R2 = 0.9947.

 

Figure 11. Relationship between (σ1−σ3)ulti and σ3.

3.4. Normalized Analysis of Stress–Strain Properties

A normalized analysis of the CU stress–strain characteristics of soft soil in the SCS is
presented. Taking the asymptotic value of the principal stress difference (σ1 − σ3)ulti as
the normalization factor, the normalization analysis of the ε

σ1−σ3
− ε relationship under

different confining pressures is shown in Figure 12.
According to Figure 12, the resulting normalization equation is:

ε

σ1 − σ3
(σ1 − σ3)ulti = ε + 0.69004 (14)

Its correlation coefficient is R2 = 0.9927, which has good normalization.
Combining Equations (13) and (14) yields:

σ1 − σ3

ε
=

0.61675σ3 − 19.11667
ε + 0.69004

(15)

Equation (15) is a normalization equation based on the asymptotic value of the princi-
pal stress difference, with (σ1 − σ3)ulti as the normalization factor.

Equation (15) can predict the ε
σ1−σ3

− ε relationship under different consolidation
confining pressures and (σ1 − σ3)− ε relationship curve, as shown in Figure 13.
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As can be seen from Figures 12 and 13, the normalization analysis of the stress–strain
characteristics of deep-sea soft soils from the SCS was carried out using the principal
stress difference asymptote value (σ1 − σ3)ulti as the n−ormalization factor. When the soil
sample shows strain-hardening or strain-stabilization under different confining pressures,
its normalization effect is perfect; when the soil sample exhibits strain-softening under a
high confining pressure, there is a certain error in the normalization effect of the softening
stage. The stress–strain relationship equation represented in Equation (15) can predict the
stress–strain relationship under the low confining pressures of soft soils in the SCS under
the consolidated–undrained triaxial test.

 

Figure 12. Normalized stress–strain curves with (σ1 − σ3)ulti adopted as the normalized factor.

(a) 

Figure 13. Cont.
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(b) 

Figure 13. Predicted stress–strain curves with (σ1 − σ3)ulti adopted as normalized factor. (a) Normalized
deviator stress-strain behaviour; (b) Deviatoric stress-strain behaviour.

4. Conclusions

The particle composition of the deep-sea soft soil in this study is mainly powder,
followed by clay soil and sand, the soil sample is classified as MH, and the soil particle
gradation is poor. The mineral composition of the soil is mainly quartz, muscovite, and
calcite, and the soil also contains a small amount of albite and chlorite. Microscopically,
the skeleton structure of the soil is very loose, containing more marine biological debris,
contact between particles mostly occurs in the form of edge-surface, and the soil sample
presents an open flocculation structure overall.

The stress–strain relationship of soft soil from the SCS under consolidation undrained
conditions shows a typical hyperbolic relationship. Under a low confining pressure, the
soil exhibits a stable or weakly strained hardening type; under a high confining pressure,
the soil embodies a strained softening.

According to the stress–strain hyperbolic equation proposed by Konder, the nor-
malization conditions must be met to normalize the stress-strain equation. An asymp-
totic value of principal stress difference (σ1 − σ3)ulti is proposed as the standard normal-
ization factor. The stress–strain relationship equation for soft soil from the SCS under
consolidated–undrained conditions, established by the standard normalization factor,
can predict the stress–strain relationship under different confining pressures using the
consolidated-undrained shear test of the soft soil.

The stress–strain relationship normalization equation established in this paper is based
on the stress–strain hyperbolic equation proposed by Konder, so the normalization equation
is only suitable for strain stabilization and strain-hardening, and is not suitable for the
softening stage of strain-softening.
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Abstract: Pile foundations of offshore structures are often subjected to cyclic loads under storm
loads, thus reducing their vertical bearing capacity. Therefore, studying the cyclic shear behavior
of the soil–structure interface is important for maintaining the stability of offshore structures. A
series of cyclic shear tests of the silt–steel interface were carried out using a large interface shear
apparatus. The effects of various factors (i.e., normal stress, shear displacement amplitude, roughness,
and water content) on the shear stress characteristics of the silt–steel interface were investigated.
The stress–displacement model of the cyclic shear silt–steel interface was deduced. The results
showed that the shear stress at the silt–steel interface was softened, and the type of bulk deformation
was shear shrinkage under cyclic shear. With the increase in shear amplitude, the hysteresis curve
gradually developed from “parallelogram” to “shuttle” and “hysteresis cake”. With the increase in
normal stress and roughness and the decrease in water content, the interfacial shear strength, volume
displacements growth rate, and growth rate increased. The stress–displacement mathematical model
of the silt–steel interface based on the modified hyperbolic model was in good agreement with the
test data.

Keywords: cyclic shear test; silt–steel interface; stress–displacement mechanical properties

1. Introduction

Pile foundations are increasingly widely used in offshore projects, such as offshore
wind power and oil and gas platforms. During their service period, they bear the static
load generated by the self-weight of the superstructure and the cyclic load generated
by waves and winds. Research on the weakening mechanism of the pile–soil interface
under cyclic loading is helpful in revealing the mechanical characteristics and load transfer
mechanism of the pile–soil interface and is significant for further study of the long-term
bearing capacity of pile foundations.

Scholars in the relevant field have carried out cyclic shear tests on soil–structure
interfaces. For example, Zhang et al. (2018) [1] designed and developed a new type of
80 ton 3D multi-functional equipment to study the cyclic characteristics of the soil–structure
interface under 2D and 3D complex load conditions. Li and Guo (2020) [2] studied the
influence of cementitious materials and surface roughness on interfacial shear strength.
Jotisankasa et al. (2018) [3] and Li et al. (2020) [4] studied the mechanical properties of sandy
soil and the clay pile–soil interface, respectively, and specifically considered the change rule
for the shear stiffness and the damping ratio. Wang et al. (2016) [5] used the direct shear after
cyclic shear (PCDS) test method to discuss the mechanical properties, including the residual
strength, of the interface after re-consolidation under large shear deformation. With regard
to the soil–structure interface cyclic shear mechanical model, Liu et al. (2014) [6] proposed a
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constitutive interface model based on critical state soil mechanics and generalized plasticity
that could simulate the cyclic 3D behavior of the soil–structure interface for wide ranges
of soil density, normal pressure, and normal stiffness. Stutz et al. (2016) [7] proposed
an enhanced non-plastic interface model. The existing plastic model with a predefined
sand limit state surface was converted into an interface model by reducing the stress and
tension vectors and redefining the tensor. Saberi et al. (2020) [8] continuously revised and
improved a two-sided plastic interface constitutive model by introducing critical state
soil mechanics, a particle breakage rate, a new failure surface, a 3D shear coupling load,
etc., so that the interface model could simulate the complex cyclic behavior of various
soil–structure interfaces. However, there are few studies on the silt–structure interface.

Silt, as a transitional soil between sand and clay, presents dual mechanical behavior
related to both and has relatively special engineering properties. However, the Yellow
River delta silt is formed from rapid sedimentation. The soil has the characteristics of high
water content, high pore water pressure, high compressibility, and low shear strength. In
this study, a large-scale cyclic shear test of the silt–steel interface was carried out for the silt
in the Yellow River subaqueous delta. Considering normal stress, roughness, water content,
number of cycles, and shear amplitude, the mechanical characteristics of the shear stress
and the displacement at the pile–soil interface under storm cyclic loading were studied, and
the mathematical model of stress and displacement was derived. The results are expected
to provide a theoretical reference for the design and evaluation of engineering structures
under vertical cyclic loading in the Yellow River delta.

2. Materials and Methods

2.1. Test Instruments and Materials

The cyclic shear test was carried out in the Seismic Research Institute of Dalian
University of Technology using the JAW-500 large shear apparatus (Figure 1). This large-
scale shear apparatus includes the following important components: (1) A computer-
controlled automatic hydraulic loading system. The system is equipped with cooling
equipment so that a constant load can be applied during the test. (2) A large shear box. The
size of the shear box is 500 mm × 500 mm × 300 mm. Transparent glass is set on the side
to observe the shear behavior, and the larger size also reduces the boundary effect [9]. (3) A
shearing box protection device. The upper part of the shear box is provided with a base
plate, and the normal stress is transmitted to the contact surface through the base plate
to effectively control the normal boundary conditions. The lower part of the shear box is
equipped with 20 springs to measure the volume change during the shearing process.

 

Figure 1. Large-scale shear instrument.

In accordance with the test conditions, the soil used in this test was the remolded
silty seabed soil of the Yellow River delta [10]. The mechanical parameters and grading of
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the silt are shown in Tables 1 and 2, and the average particle size d50 = 0.03 mm. Firstly,
undisturbed soil with high porosity and poor permeability was remolded through drying,
crushing, and screening. Then, the dry density of soil was set to 1.61 g/cm3, and soil
samples with different water content were prepared by adding water of different quality.
The water content was set according to the engineering geological characteristics of soft
soil sediments in the modern underwater delta of the Yellow River [11–13] and the optimal
water content (19.6%) for soil samples. The relationship between natural water content and
void ratio w = 36.668e − 0.983 was adopted for calculations. In addition, considering that
soil is close to a soft plastic state when the water content is too large, it cannot withstand
the normal pressure of 300 kPa, and the conventional direct shear test cannot be carried
out. Therefore, the maximum water content was set to 24% (saturation of 95.2%). Finally,
remolded soil samples with a water content of 16%, 20%, and 24% (saturation of 63.5%,
79.3%, and 95.2%) were obtained. After the soil samples were fully stirred, the uniformly
stirred soil samples were stored for two days (Figure 2).

Table 1. Basic physical properties of silt.

Specific Gravity
Gs

Optimum Water
Content %

Void Ratio
e

Plastic Limit
ωp/%

Liquid Limit
ωL/%

2.7 19.60% 0.69 18.3 30.1

Table 2. Particle size distribution of silt.

Specimen
Numbers

0.25~0.075 0.075~0.05 0.05~0.01 0.01~0.005 <0.005

Percentage 6.6% 21.6% 51.8% 5.9% 14.1%

 

Figure 2. Preparation process for soil samples.

To ensure that the effective contact area between the soil samples and steel plate
remained unchanged during shearing, the steel plate size along the shearing direction
was 220 mm longer than the lower shear box, and the selected steel plate size was
720 mm × 580 mm × 5 mm (Figure 3). In order to simulate the rusting or erosion of pile
foundations under actual sea conditions, three steel plate roughness levels (i.e., R0 (smooth),
R1 (relatively rough), and R2 (rough)) were set using the modified sand filling method
(Table 3) [14]. The steel plate parameters included valley peak height H, groove cross-
section width L1, and platform spacing L2. The roughness calculation equation used was
as follows:

R =
HL1

2(L1 + L2)
(1)
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Figure 3. Steel plates with different roughness levels.

Table 3. Different roughness levels of steel plates.

R N L1 (mm) L2 (mm) H (mm)

0 \ \ \ \
0.025 200 0.6 3 0.3
0.05 100 1.2 6 0.6

2.2. Test Methods

In order to study the relationship between cyclic shear stress and displacements at the
silt–steel interface, five influencing factors—normal stress, cycle times, shear amplitude,
roughness, and water content—were selected in this test. Given the problems of the large
loading and unloading workload and the long test time needed for the large shear appa-
ratus, nine groups were set up in this test: three normal stresses, three shear amplitudes,
three roughness levels, and three levels of moisture content (Table 4). It should be noted
that this experiment was carried out under the condition of constant normal load (CNL).

Table 4. Test group.

Group Roughness
Water Content

(%)
Normal Stress

(kPa)
Shear Amplitude

(mm)

1 0.05 16 200 35
2 0.05 20 100 5
3 0.05 20 200 5
4 0.05 20 300 5
5 0.05 20 200 15
6 0.05 20 200 35
7 0.05 24 200 35
8 0 20 200 35
9 0.025 20 200 35

Ren et al. (2020) [15] found that the underwater delta of the Yellow River consolidated
due to rapid sedimentation, wave action, etc., during its formation. Therefore, undrained
fast shear was adopted in this test. Due to the lack of experimental research on the silt
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interface in the Yellow River subaqueous delta, the test parameters were set according
to previous studies on clay and loess interfaces. The normal stress was obtained from
the round hole expansion theory, the coefficient of static earth pressure of silt K0 = 0.33,
and the horizontal self-weight stress of soil mass σcx = σcy = K0σcz = K0γz. The maximum
normal stress was set as 300 kPa. The shear rate was set as 1 mm/s, as recommended by
Wang et al. (2019) [16]. The shear amplitudes were set as 5 mm, 15 mm, and 35 mm, in
accordance with the size of the instrument. Each group of tests cycled 30 times with a
frequency of 0.01 Hz.

Before the test, the soil sample in the shear box was compacted using an automatic
compactor. Each layer was filled with 6 cm of soil and was compacted five times. The
surface of the soil sample was roughened after each compaction to ensure that the soil
sample was isotropic and uniform. After all soil samples were loaded, the soil samples
were consolidated for a short time (15 min) under a vertical pressure of 25 kPa to ensure the
full transmission of normal stress and avoid the influence of the over-consolidation ratio.

At the beginning of the test, constant normal pressure was applied first, followed
by a tangential waveform force. The tangential force, tangential displacement, normal
displacement, and other parameters were collected during the test. After the test, the shear
plane failure was observed (Figure 4). A large amount of original data for each group of tests
was processed using the average displacement value. Furthermore, 20–25 representative
points were counted for drawing and analysis. Therefore, the fluctuation in the data curve
caused by volume change was not significant [17].

(a) (b) (c) 

Figure 4. Process of shear test: (a) completion of filling; (b) compaction process; (c) completion of test.

3. Results and Discussion

3.1. Relationship between Shear Stress and Shear Displacement

Isochronous voltage automatic measurement was adopted for data acquisition in the
test. There were 1000 data points in each cycle and 30,000 data points in each group of
30 cycles. The data were too extensive to be displayed individually, so the results of the
1st, 5th, 10th, 15th, 20th, 25th, and 30th test cycles were selected as representative data
for analysis.

3.1.1. Effect of Normal Stress

Figure 5 shows the shear stress–shear displacement curves under different normal
stresses of 100 kPa, 200 kPa, and 300 kPa, with a fixed shear amplitude of 5 mm, steel plate
roughness of 0.05, and water content of 20%. The results showed that:

(1) Except for the first cycle, the shear stress–shear displacement hysteresis curve
was basically closed. With the increase in the number of cycles, the hysteresis loop
shrank inwards, indicating that the interfacial shear stress was softening. This test phe-
nomenon was inconsistent with the test results obtained by Wang et al. (2021) [18] and
Rui et al. (2020) [19]. One of the reasons for the inconsistency was the different types of
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test soil. The above scholars used coarse sand and rockfill materials with larger particle
sizes. With increases in the number of cycles, particles break, which causes hardening.
However, silt from the Yellow River delta with a smaller particle size was used in this study.
In addition, the softening phenomenon was consistent with the test results for red clay
with smaller particle sizes [20] and silt [21] from the Yellow River flood area, while the
shear amplitude was different. The shear amplitude of 1–3 mm set by the above scholars
was relatively small. However, larger shear amplitudes of 5 mm, 15 mm, and 35 mm
were selected for this test. In the first few cycles (total shear displacement < 50 mm), the
stage of failure equilibrium was almost reached. Therefore, with the increase in the shear
displacement, softening occurred;

(2) Under the condition of small shear amplitude, the shear stress–shear displacement
hysteresis curve was a parallelogram, and the slope of the loading section was smaller than
that of the unloading section. With the increase in normal stress, the slope of the loading
section increased while the slope of the unloading section decreased;

(3) In the same cycle, the mechanical properties along different shear directions showed
anisotropy. The maximum shear stress in the positive and negative directions appeared at
the maximum shear displacement in the respective directions, but the values were different.
The maximum shear stress in each direction increased with the increase in normal stress.
Zhang et al. (2018) [1] attributed the anisotropy between the shear mechanical response
and the shear direction of this interface to the directional constraint of the roughness of
the steel plate on the soil particles, and the reverse shear effect caused the soil particles to
become reordered.

  
(a) (b) 

 
(c) 

τ τ

τ

Figure 5. Shear stress-shear displacement curves under different constant normal stresses: (a) 100 kPa;
(b) 200 kPa; (c) 300 kPa.
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3.1.2. Effect of Shear Amplitude

Figure 6 shows the shear stress-shear displacement curves under different shear
amplitudes of 5 mm, 15 mm, and 35 mm with a fixed constant normal stress of 200 kPa,
steel plate roughness of 0.05, and water content of 20%. The results showed that:

(1) A change in the shear amplitude could change the shape of the hysteresis curve.
With the increase in the shear amplitude, the hysteresis curve gradually developed from
“parallelogram” to “shuttle” and “hysteresis cake”;

(2) The slope of the loading section increased with the increase in the shear amplitude,
while the slope of the unloading section decreased with the increase in the shear amplitude.

  
(a) (b) 

 
(c) 

τ τ

τ

Figure 6. Shear stress-shear displacement curves with different shear amplitudes: (a) 5 mm; (b) 15 mm;
(c) 35 mm.

3.1.3. Effect of Roughness

Figure 7 shows the shear stress–shear displacement curve under the conditions of
R = 0, 0.025, and 0.05 with a fixed constant normal stress of 200 kPa, shear amplitude of
35 mm, and water content of 20%. Roughness had little effect on the hysteresis curve. The
change in the roughness mainly affected the maximum shear stress. Greater roughness
resulted in greater maximum shear stress, which was consistent with the conclusion of the
direct shear test [22].
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(a) (b) 

 
(c) 

τ τ

τ

Figure 7. Shear stress-shear displacement curves with different roughness levels: (a) R0; (b) R1; (c) R2.

3.1.4. Effect of Water Content

Figure 8 shows the shear stress–shear displacement curves with a fixed constant
normal stress of 200 kPa, shear amplitude of 35 mm, and steel plate roughness of 0.05 under
different water content conditions of 16%, 20%, and 24%. Water content also had little effect
on the hysteresis curve. The change in the water content mainly affected the maximum
shear stress. Lower water content resulted in greater maximum shear stress, which was
consistent with the conclusion of the direct shear test [22].

  
(a) (b) 

τ τ

Figure 8. Cont.
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(c) 

Figure 8. Shear stress-shear displacement curves with different levels of water content: (a) 16%;
(b) 20%; (c) 24%.

3.1.5. Shear Strength

The concept of peak shear stress τmax was also introduced, and the influence of various
factors on the interface shear strength was calculated. The peak shear stress is calculated
as follows:

τmax =
τ1 + |τ2|

2
(2)

where τ1 is the maximum shear stress in the positive direction of a cycle and τ2 is the
maximum shear stress in the negative direction of a cycle.

The peak shear stress of the first cycle was defined as the shear strength, and the peak
shear stress of the last cycle was defined as the residual shear strength, as shown in Figure 9.
The results were as follows:

1. With the increase in the cyclic shear, the interface tended to weaken. The shear strength
and residual shear strength increased with the increase in the shear amplitude.

2. With the increase in the normal stress and roughness and the decrease in the water
content, the interfacial shear strength and residual shear strength increased. The
results were consistent with the direct shear test results for the silt–steel interface [22].

 
Figure 9. Shear strength of each group.
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3.2. Body Change Law

In this experiment, the area of the contact surface remained unchanged during the
shearing process. Therefore, the change in the normal displacement of the contact surface
reflected the volume change law for the soil during the shearing process.

3.2.1. Typical Curve for Normal Displacement–Shear Displacement

As the volume change laws obtained from each group of tests were approximately
similar, the test data curve with the constant normal stress of 200 kPa, shear amplitude of
35 mm, steel plate roughness of 0.05, and water content of 20% was selected as the typical
characteristic curve to analyze the influence of cycle times on the volume change laws. The
defined shrinkage was positive, the shrinkage of each circle was defined as the shrinkage
value at the end of the circle, and the final shrinkage value was defined as the shrinkage
value at the end of the last circle. The normal displacement–shear displacement curve in
Figure 10 shows that:

1. In the process of cyclic shear, the silt–steel interface generally presented shear shrink-
age, and the shear shrinkage in the first five cycles was the largest. With the progress
of the cyclic shear, the shear shrinkage increment presented a decreasing trend, but
the overall shear shrinkage showed an increasing trend. This phenomenon can be
explained according to the test conclusions drawn by Wang et al. [21] and Yu et al. [22].
In the process of loading and compaction, the soil body undertakes part of the com-
paction work. During the shearing, due to the displacement of soil particles, the
accumulated cohesive potential energy and friction potential energy from compaction
are released, resulting in an upward force. When the normal stress is high, the pres-
sure difference between the upward force and the normal stress is negative and the
soil particle gap is compressed, and the interface thereby shows shear shrinkage;

2. In the same cycle, shear shrinkage and shear expansion occurred alternately. The
shear shrinkage occurred in the loading stage, and shear expansion occurred in the
unloading stage. The results show that the shear direction affected the development
of the normal displacement, leading to an asymmetry in the volume change law. This
phenomenon corresponds to the above conclusion on the anisotropy of shear stress.
The reasons for the phenomenon are as follows. In the case of positive shear, the soil
particles develop from the initial disordered arrangement to the directional arrange-
ment, and the interface produces an apparent shear directional effect. The particle
breakage and the space compression between soil particles produce shear shrinkage.
In reverse shear, the stress direction of soil particles near the shear surface changes.
On the one hand, the soil particles are gradually evacuated from the compaction state
until they make contact again and become stable, showing shear expansion. On the
other hand, the directional deformation generated during the positive shear impedes
the deformation of the soil in the opposite direction, resulting in the shear expansion
being less than the shear shrinkage, and a certain amount of residual deformation
(shear shrinkage) occurs at the end of each cycle. When the shear direction changes,
the soil particle movement is most active, resulting in apparent volume change and
leading to the directivity in the macroscopic volume variation;

3. Based on the comprehensive analysis of the causes of the above phenomena, the
overall shear deformation in a complete shear cycle can be divided into reversible
shear deformation and irreversible shear deformation. Irreversible deformation is
mainly caused by stable normal stress and soil particle crushing, while reversible
deformation is mainly caused by changes in the shear direction. At the initial stage
of cyclic shear, the soil particles are angular and disorderedly arranged, and the irre-
versible body becomes dominant. However, as the shear continues, the soil particles at
the shear interface slowly reach a stable state, and the amount of soil particle breakage
decreases. At this time, the reversible shear deformation formed by the change in the
shear direction plays a major role. Therefore, the macroscopic performance is defined
by the fact that, with the increase in shear times, the volume deformation curves

220



J. Mar. Sci. Eng. 2022, 10, 1704

gradually recombine, which indicates that, during the shear test, the irreversible shear
deformation of the sample becomes small, while the reversible shear deformation
always exists. Zhao et al. (2019) [23] has reported that this deformation characteristic
is related to the shear band.

 
Figure 10. Normal displacement–shear displacement curve with different numbers of cycles.

3.2.2. Effect of Normal Stress

In order to more clearly explore the influence of different factors on the volume change,
the number of test cycles in each group was selected as N = 1, 5, 10, 15, 20, 25, and 30; the
volume variable at the end of each cycle was taken as the volume variable of the cycle; and
the curve for the number of normal displacement cycles was drawn.

Figure 11 shows the change curve for the interface body under three different constant
normal stress conditions with a fixed shear amplitude of 5 mm, steel plate roughness of
0.05, and water content of 20%. The results were as follows:

1. Under different normal stress conditions, the initial (N = 1) cyclic interface showed
shear shrinkage. A larger normal stress means larger initial shear shrinkage;

2. Under the action of low normal stress (100 kPa), the shear shrinkage gradually de-
creased with the increase in the number of cycles, showing a certain shear expansion
trend. Under the action of medium-high normal stress (200 kPa and 300 kPa), with the
increase in the normal stress, the effect of the steel plate’s constraint on the soil parti-
cles on the interface increased, the rate of the increase in the deformation displacement
with the number of cycles grew, and the amplitude increased. The results suggest that
greater normal stress indicates greater final shear shrinkage, which is consistent with
the volume change rule from the direct shear test [22]. The reason for the result was
that the cohesive potential energy and friction potential energy between soil particles
were fully released under low normal stress and showed dilatancy characteristics.
Dejong et al. (2009) [24] also reported that the increase of normal stress inhibited the
shear expansion behavior;

3. The volume variable in the first few shear cycles (N < 5) accounted for more than 70%
of the total variation. As the shear cycle continued, the arrangement of soil particles
at the interface and the volume change were also stable.
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Figure 11. Curve for normal displacement–number of cycles under different constant normal stress.

3.2.3. Effect of Other Factors

Figure 12 shows the development curve for the normal displacement of the interface
with the number of cyclic shear cycles under different conditions involving other factors
(shear amplitude, roughness, and water content) when the fixed normal stress was 200 kPa.
The volume deformation law was consistent with the law determining the influence of the
various factors on shear strength, indicating that, with the increase in the shear amplitude,
the roughness, water content, and volume deformation speed and increment increased.
Under the condition of high water content (24%), the increase in shear shrinkage was far
greater than that under the condition of 16–20% water content, which may have been
because some water was squeezed out of the soil sample with high water content in the
process of cyclic shear under nearly saturated conditions.

   
(a) (b) (c) 

Figure 12. Curve for normal displacement–number of cycles under different conditions: (a) shear
amplitude; (b) roughness; (c) water content.

3.3. Stress–Displacement Mathematical Model for Cyclic Shear Silt–Steel interface
3.3.1. Model Derivation

The cyclic test results show that the stress–displacement curve for the silt–steel inter-
face in the Yellow River delta basically presented a “hysteresis loop” shape. Except for the
shear amplitude, its different influencing factors, such as normal stress, roughness, water
content, and the number of cycles, only affected the extreme values and curve ranges and
had little impact on the overall shape of the curve. In order to describe the cyclic shear
stress–displacement relationship applicable to the silt–steel interface in the Yellow River
delta reasonably and accurately, the stress–displacement curve can be divided into five
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stages: (1) forward loading section; (2) forward unloading section; (3) direction-changing
shear section; (4) reverse unloading section; (5) reverse loading section. A complete set of
cyclic shear stress–displacement mathematical models was constructed by describing the
curve characteristics of each stage. The phase division diagram is shown in Figure 13.

 

Figure 13. Cyclic shear hysteresis.

Figure 13 shows that the shear stress–shear displacement relationship curves of the
positive loading section, variable shear section, and reverse loading section were close to
the hyperbola. Lu (2015) [25] proved through tests that the hyperbola model for the cyclic
shear test is also applicable to the situation under cyclic stress if it is modified based on the
Clough classical hyperbola model. Its simplified form is:

τ =
γ

a + bγ
(3)

where a and b are test parameters; 1/a is the initial shear stiffness coefficient ksi of the
contact surface, which can be determined from the initial slope of the shear stress–shear
displacement curve; and 1/b is the ultimate shear stress τu of the contact surface, which can
be determined from the asymptote of the shear stress–shear displacement curve. Referring
to the hyperbola correction model published by He et al. (2019) [26], the basic form can
finally be obtained:

τ =
γ

1
ksi

+
R f

τmax
γ

(4)

Considering the cohesive force of the silty seabed soil in the Yellow River delta, the
shear strength conforms to Mohr Coulomb’s law.

According to Figure 12 and Equation (4), the forward loading section can be expressed
as follows:

τp =
γ

1
ksip

+
R f p

τmaxp
γ

γ ≤ γp (5)

The direction-changing shear section can be expressed as follows:

τc =
γ − (

γp − γ−p
)

1
ksic

+
R f c

τmaxc

(−γ +
(
γp − γ−p

)) γc<γ ≤ γp − γ−p (6)
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The reverse loading section can be expressed as follows:

τo =
γ − (γc + γ−o)

1
ksio

+
R f o

τmaxo
(γ − (γc + γ−o))

γc + γ−o<γ (7)

The parameters in the equation were uniformly characterized. The results are shown in
Figure 13. γp and γc are the displacements at the end of the forward loading and direction-
changing shear section, respectively; γ-p and γ-o are the displacements required for the
forward unloading section and reverse unloading section, respectively; Ksi (p, c, o) indicates
the initial shear stiffness values for the forward loading section, direction-changing shear
section, and reverse loading section, respectively; and τmax (p, c, o) and Rƒ (p, c, o) are the shear
strength and failure ratio corresponding to the three stages.

The forward unloading and reverse unloading sections are represented by straight
lines. Furthermore, the forward unloading section can be represented as:

τ−p =

[
γ − (

γp − γ−p
)]

γ−p
τ1 γp − γ−p<γ ≤ γp (8)

The reverse unloading segment can be expressed as:

τ−o =
[−γ + (γc + γ−o)]

γ−o
τ2 γc<γ ≤ γc + γ−o (9)

The parameters are shown in Figure 12, where τ1 and τ2 are the shear stress at the end
of the forward loading and direction-changing shear sections, respectively.

The simultaneous Equations (4)–(9) were used to obtain the cyclic shear stress–displacement
mathematical model of the silt–steel interface in the Yellow River delta.

3.3.2. Parameter Determination and Model Verification

For the above stress–displacement mathematical model, the displacement parameters
γp, γc, γ-p, and γ-O and the stress parameters τ1, τ2, and τ Max (p, c, o) were statistically
obtained from shear test data. The shear stiffness ksi (p, c, o) and failure ratio Rƒ (p, c, o) for
the model parameters were obtained by fitting the shear test data. The damage ratio was
Rƒ = τmax/τu. By fitting the asymptote of the test data curve, the value range was found to
be 0.91–0.96. The initial shear stiffness ksi was the slope of the stress–displacement relation-
ship curve at the tangent line of the origin. The concept of ultimate relative displacement
Δcr can be introduced:

ksi =
τmax

R f Δcr
(10)

In accordance with the suggestion by Fellenius (2006) [27], the ultimate relative dis-
placement Δcr was taken as 2 mm.

The displacement parameters and stress parameters obtained from the test are shown
in Table 5. The cyclic shear test data from the first cycle of group 6 with the constant normal
stress of 200 kPa, roughness of R = 0.05, water content of 20%, and shear amplitude of
35 mm are selected for comparison verification. According these cyclic shear test data,
the displacement required for the forward unloading section γ-p was 2.1 mm; the failure
ratio Rƒc of the direction-changing shear section was 0.93; the displacement required for
the reverse unloading section γ-o was approximately 2 mm; and the value of the failure
ratio Rƒo for the reverse loading section was 0.95. In addition, the shear strengths of the
forward loading section, direction-changing shear section, and reverse loading section
were 34.21 kPa, 36.05 kPa, and 33.02 kPa, respectively, and the unified value of ultimate
relative displacement Δcr is 2 mm. Therefore, the initial shear stiffness values ksip, ksic,
and ksio of the three stages were 18.39 kPa/mm, 20.03 kPa/mm, and 17.38 kPa/mm,
respectively. Figure 14 shows that the stress–displacement mathematical model had a high
degree of coincidence with the test curve. Furthermore, the shear strengths of the forward
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loading section, direction-changing shear section, and reverse loading section showed little
difference from the test data. The results prove that the model has good applicability.

Table 5. The displacement parameters and stress parameters.

Group
γp

(mm)
γc

(mm)
γ-p

(mm)
γ-o

(mm)
τmaxp
(kPa)

τmaxc
(kPa)

τmaxo
(kPa)

ksip
(kPa/mm)

ksic
(kPa/mm)

ksio
(kPa/mm)

Others

1 35.63 35.06 3.13 3.84 39.97 39.96 39.14 21.26 21.25 20.81

Δcr= 2 mm
Rp = 0.91~0.96

2 5.00 5.00 0.98 1.07 16.47 21.71 9.57 8.76 11.54 5.09
3 4.98 5.00 0.66 1.13 27.92 30.69 12.37 14.85 16.32 6.57
4 5.07 4.95 0.91 1.10 36.52 39.87 15.10 19.42 21.20 8.03
5 15.00 14.97 1.91 2.51 36.05 34.08 25.31 19.17 18.12 13.46
6 35.00 35.00 2.10 2.00 34.21 36.05 33.02 18.39 20.03 17.38
7 34.45 35.60 2.43 3.21 33.39 33.37 31.90 17.76 17.75 16.96
8 34.50 36.21 3.09 3.71 36.15 35.20 34.57 19.23 18.72 18.38
9 34.51 35.21 2.59 3.43 37.23 37.40 35.21 19.80 19.89 18.72

 

Figure 14. Comparison of theoretical and experimental results.

4. Conclusions

Using a large-scale shear apparatus, a series of cyclic shear tests were performed on a
silt–steel interface in this study. The results can provide a reference for engineering design
and safety evaluation in the Yellow River delta. The specific conclusions are as follows:

1. With the increase in the the number of cycles, the hysteresis loop shrank inwards,
indicating that the interfacial shear stress was softened and that the type of bulk
deformation was shear shrinkage. The mechanical properties along different shear
directions showed anisotropy in the same cycle;

2. The change in the shear amplitude could change the shape of the hysteresis curve.
With the increase in the shear amplitude, the hysteresis curve gradually developed
from “parallelogram” to “shuttle” and “hysteresis cake”. At the same time, the shear
strength and the volumetric displacements increased;

3. The effects of normal stress, roughness, and water content on shear strength and
volume change were similar to those found in the direct shear test. With the increase
in the normal stress and roughness and the decrease in the water content, the shear
strength, volume displacement growth rate, and growth rate increased;

4. Based on the modified hyperbolic model, the cyclic shear stress–displacement rela-
tionship for the silt–steel interface in the Yellow River Delta was described. The model
results were in good agreement with the test results.
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Abstract: The rheological properties of the CO2 hydrate slurry are experimentally investigated by
using a new flow loop with an inner diameter of 50 mm. The pressure drops of the CO2 hydrate slurry
are measured experimentally under the volumetric hydrate fraction, ranging from 1.4 to 17.2 vol%,
and the shear rate ranging from 40 to 590 s−1. Using the capillary method, the rheology of the CO2

hydrate slurry is analyzed based on pressure drop. The CO2 hydrate slurry is identified as a power-
law fluid and exhibits strong shear-thickening behavior. The increase in the volumetric hydrate
concentration not only ascends the apparent viscosity, but also makes the non-Newtonian behavior
of the hydrate slurry become more obvious. The non-Newtonian index and the consistence factor
of fluid increase exponentially with the volumetric hydrate concentration increasing. A Herschel–
Bulkley-type rheological model of the CO2 hydrate slurry is correlated from experimental data.
The developed model performs the average discrepancy of less than 16.3% within the range of
the experiment.

Keywords: CO2 hydrate slurry; rheology; shear-thickening; Herschel–Bulkley-type model

1. Introduction

Initially, the CO2 hydrate is a secondary refrigerant used to reduce the usage of the
primary refrigerants and to improve the efficiency of the secondary system [1]. Understand-
ing the rheology of the CO2 hydrate slurry can predict the pressure drop of refrigerating
pipes accurately and help to optimize the efficiency of the refrigerating system. In recent
years, as the development of oil and gas in deep-water regions progresses [1], the reservoir
gases become compounds, including methane, ethane, propane, butane, CO2 and H2S [2,3].
The acid gas (CO2 and H2S) can form gas hydrates in the wellbore much more easily than
methane. Thus, the hydrate flow assurance problem in the wellbore and pipe becomes
more complicated when natural gas contains CO2.

Currently, the rheology of the hydrate slurry is a fundamental issue in calculating
the pressure drop along the pipe length and time, and plays an important role in pre-
dicting hydrate plugging in the wellbore. However, CO2 hydrate accelerates the process
of gas hydrate formation and amplifies the pressure drop induced by hydrate slurry
flowing. Thus, the current prevention method for gas hydrate underestimates the risk
of gas hydrate containing acid gas. The current hydrate management plan becomes
improper. Studies focusing on the rheology of the rCO2 hydrate slurry contributes to
the development of a high-efficiency hydrate management plan. Moreover, the rheology
of the CO2 hydrate slurry participates in a number of industrial applications as an im-
portant fundamental concept, such as CO2 secondary refrigeration and CO2 storage in
deep-water stratum.

Generally, the rheology of the hydrate slurry is influenced by multiple factors, in-
cluding mesoscopic structure between hydrate particles, hydrate concentration, rheology
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of the carry fluid, additive concentrations, etc. [4–6]. Since the hydrate slurry only keeps
stable under the high-pressure and low-temperature environment, only two kinds of
viscosimeters can satisfy the experimental requirement after a customizing upgrade,
which are the Ostwald viscosimeter and rotatory viscosimeter [4–11]. Based on the kinds
of carry fluid, the studies of hydrate slurry rheology can be divided into two parts [11].
The first part is the hydrate slurry formed from the water-in-oil emulsion system [5,7–10].
The other is the hydrate slurry formed from the aqueous solution [12–21]. In the water-
in-oil emulsion system, Sinquin et al. (2004) pointed out that the increase in pressure
drop by the hydrate slurry is dominated by the friction factor under turbulent flow and
the apparent viscosity under laminar flow [7]. In the most of their experiments, the
hydrate slurry exhibits Newtonian behavior, and the relative viscosity of the hydrate
slurry increases with the volume fraction of hydrate [7]. In some specific cases, the
hydrate slurry exhibits shear-thinning behavior due to high enough interparticle forces
between hydrate particles [7]. Peng et al. (2012) and Yan et al. (2014) conducted a series
of experiments to investigate rheological properties of natural gas hydrate slurries with
varied anti-agglomerants [5,8]. They also used the flow loop to test flow performance of
the hydrate slurry under the shut-down and the restarting condition [5,8]. The hydrate
slurry in a water-in-diesel oil emulsion exhibits obvious shear-thinning behavior and
the increase in hydrate volume fraction makes the hydrate slurry become more shear-
thinning. An empirical Herschel–Bulkley-type equation is developed, considering the
hydrate volume fraction to describe the rheological property of the hydrate slurry [5,8].
Webb et al. (2012, 2014) experimentally investigated the rheology of the hydrate slurry in
the water-in-crude oil emulsion, which varied in time, shear rate (1~500 s−1), water cut
(0~50%), temperature (0~6 ◦C) and initial pressure of methane (750~1500 psig) [22,23].
The yield stress of the hydrate slurry was found to increase with an annealing time of up
to 8 h, and then remain constant. The hydrate slurry performed shear-thinning behavior
and the increase in water cut resulted in an increase in the apparent viscosity and the
yield stress [22,23]. Qin et al. (2017) used a control-stress rheometer to study the rheology
of hydrate slurries in water-in-oil emulsion, which found that the hydrate formation
induced the significant increase in apparent viscosity [9]. The yield stress of the hydrate
slurry in oil varied between 3 and 25 Pa at the water cut, ranging from 0.05 to 0.3 [9].
Liu et al. (2020) experimentally analyzed the influence of the surfactant’s concentration
on the rheology of the hydrate slurry. The surfactant had a positive contribution to the
stability of the hydrate slurry [24]. When the surfactant concentration was beyond 5 wt%,
the viscosity of the slurry decreased significantly [24]. The yield stress of the hydrate
slurry was related to the shut-in time. In the first 10 min of shut-in, the yield stress was
constant. When the shut-in time is beyond 20 min, the yield stress increased greatly. Liu
et al. (2021) studied the rheology of the hydrate slurry containing wax and defined the
three stages of apparent profile, which are the initial growth and aggregation, dynamic
recovery and the balanced stage [10]. Wax can increase the viscosity of the hydrate slurry
but weaken the thixotropy of the hydrate slurry [10]. The most proper reason that wax
can induce an extra increment of viscosity for the hydrate slurry is due to the emergence
of wax-hydrate coupling aggregates [10].

In the aqueous solution, Andersson and Gudmundsson (2000) firstly used the
flow loop to text the rheology of hydrate-in-water and pointed out that the hydrate-
in-water exhibits Bingham behavior [12]. Darbouret et al. (2005) experimentally inves-
tigated the rheology of TBAB hydrate slurries as the requirement from the secondary
refrigeration field [25]. The Bingham behavior of TBAB hydrate slurries was found in
experiments of the ranges of particle contents and shear rates, and a corresponding
method was proposed to decide its apparent viscosity and yield stress [25]. Delahaye
et al. (2008, 2011) conducted research on the rheology of the CO2 hydrate slurry with
additives [1,15]. The rheology of the CO2 hydrate slurry is highly dependent on the
volumetric hydrate fraction [1,15]. Without the effect of additives, the CO2 hydrate
slurry exhibits shear-thickening behavior with a volumetric hydrate fraction ranging
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from 4 to 10 vol%, and shear-thinning behavior with volumetric hydrate fraction ranging
from 11 to 20 vol% [1,15]. Hashimoto et al. (2011) used a stress-control-type rheome-
ter to study the rheology of TBAB and TBAF hydrate slurries, and pointed out their
rheology exhibits pseudoplastic [16]. Clain et al. (2012, 2015) experimentally verified
the shear-thinning behavior of the TBPB hydrate slurry with a volumetric hydrate
concentration ranging from 0 to 28.2 vol% [4,25]. Meanwhile, the particle size of the
TBPB hydrate slurry was confirmed at range between 75 to 160 um by focused-beam
reflectance measurement (FBRM) [25]. The hydrate particle growth and agglomeration
were indicated to have a potential relation with the rheological properties of the hydrate
slurry. Jerbi et al. (2013) used the capillary viscometer method to reveal the rheological
properties of the CO2 hydrate slurry by using a flow loop with an inner diameter of
7.74 mm [17]. The CO2 hydrate slurry is a power fluid and the non-Newtonian index
decreased from 1 to 0.6 as the volumetric hydrate concentration increased from 0 to
22 vol% [17]. Sun et al. (2020) experimentally revealed the rheology of the methane
hydrate slurry in the bubbly flow and pointed out that the methane hydrate slurry with
bubbly exhibited shear-thinning under low-shear-rate conditions and shear-thickening
under high shear rate condition [18]. Fu et al. (2020a,b, 2022) used the same method
as Sun et al., to investigate the influence of hydrate formation on water-based drilling
fluid [6,19,21]. The hydrate has an obvious effect on the rheology of the drilling fluid.
The increase in volumetric hydrate concentration enhances the non-Newtonian behavior
of the drilling fluid. Under the high shear rate condition, the water-based drilling fluid
with hydrate also tends to the shear-thickening behavior [6,19,21]. Muhlstedt et al. (2021)
used a stress-control rotational rheometer to study the rheology of water-based drilling
fluid with THF hydrate. The influence of hydrate formation on the shear-stress and
shear rate were analyzed [26]. Based on Fu et al., and Muhlstedt et al.’s work, although
the effect of the hydrate on the rheology of the drilling fluid is negligible, the rheology of
water-based drilling fluid is highly dependent on the additives of drilling fluid. Sakurai
et al. (2021) revealed the hydrate formation process in the water-dominated bubbly flow
and verified Sun et al.’s result in which the hydrate formation in the bubbly flow can
increase the shear stress of the bubbly flow [27].

Although previous researchers have conducted experiments to reveal the rheology of
the CO2 hydrate slurry, a consistent conclusion has not been reached. In Delahaye et al.’s
work, the rheology of the CO2 hydrate slurry could be shear-thinning and shear-thickening
depending on volumetric hydrate concentration [1,15]. In Jerbi et al., and Lv et al.’s work,
the CO2 hydrate slurry was found to be shear-thinning fluid [27,28]. In this work, a new
flow loop with an inner diameter of 50 mm is built up to study the rheology of the CO2
hydrate slurry by using the capillary method, where the 50 mm inner diameter of the
flow loop is quietly closed to the industrial conditions and the experiments are designed
based on the Reynolds number similar criterion. Different from previous works, the CO2
hydrate slurry exhibits an apparent shear-thickening behavior in the whole experiment.
An empirical Herschel–Bulkley-type equation is developed to predict the shear stress and
the apparent viscosity of the CO2 hydrate slurry.

2. Experiment

In this work, a new flow loop was built up to study the rheology of the CO2 hydrate
slurry. Compared to our previous flow loop, the new loop had a larger inner diameter
and longer test section, which were 50 mm and 15 m, respectively. The large diameter of
test section pipe provided a flow condition closed to the industrial condition, where the
drainage line in deep-water well had a diameter of 80 to 100 mm. The centrifugal pump
equipped in the flow loop could tolerate 10 vol% volumetric gas fraction which enabled
the void fraction and hydrate fraction inside the flow loop to be up to 10 vol% and beyond
12 vol%, correspondingly. The accuracies of temperature, pressure, pressure drop and
flow rate were 0.01 ◦C, 0.001 MPa, 0.01 Kpa and 0.01 m3/s. The tolerances of pressure and
temperature were 5 Mpa and 0 ◦C. The interval of data collection was 1 s. The transparent
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PVC pipe enabled the observation of flow pattern and morphology of the hydrate slurry
but limited the maximum pressure of the flow loop. The total volume of the flow loop was
43,000 mL. The image and schematic of the new flow loop are given in Figure 1a,b.

(a) 

 
(b) 

Figure 1. Introduction of high-pressure and low-pressure multiphase flow loop. (a) Image of flow
loop. (b) Schematic of flow loop.

The experiments were designed based on the Reynolds number similar criterion,
where the CO2 hydrate slurry had the same Reynolds number with fluid in the drainage
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line of a deep-water natural-gas hydrate well. The rheology of the CO2 hydrate slurry was
tested by the capillary method. The capillary method uses the pressure drop of the hydrate
slurry in the horizontal pipe to evaluate its rheology. Since the rheology is measured in
the pipe, the flow condition in the experiment was the same as the deep-water well. Thus,
the rheological model developed based on the capillary method is more reliable for the
petroleum engineers. The experiments had void fractions ranging from 0 to 7.09 vol%, flow
velocity ranging from 0 to 4 m/s, volumetric hydrate concentration ranging from 1.4 to
17.2 vol% and pressure ranging from 0 to 4 Mpa. The experimental procedure is illustrated
as follows:

(1) In the preparation stage, the flow loop is cleaned up by the deionized water and
vacuumed by the vacuum pump. When the pressure of the flow loop drops to
0.1 MPa, the flow loop is vacuumed. Then, the plunger pump is used to pump water
inside the flow loop until the expected volume of water and an electric weight can
weigh the pumped water in real time. At this stage, the data collection system starts
to record experimental data, such temperature, pressure, pressure drop, flow rate, etc.

(2) Then, the valve of the gas cylinder opens and CO2 is injected inside the flow loop. At
the same time, the cooling system starts to cool down the test section and the pressure
of the flow loop is kept under 1.2 MPa. In this stage, the temperature of the flow loop
decreases and CO2 dissolves into water. When the temperature drops to the target
and the pressure is kept the constant, the water is saturated with CO2.

(3) CO2 is injected into the flow loop until the pressure reaches the target and the valve
of the gas cylinder closes. CO2 hydrate starts to crystalline in the flow loop, and the
pressure of the flow loop decreases correspondingly.

(4) When the pressure keeps the constant, the hydrate formation stops in the flow loop.
Thus, the flow loop varies from 37 Hz to 7 Hz and records the flow velocity and
pressure drop of the hydrate slurry at the same time.

(5) CO2 is injected into the flow loop again and the second hydrate formation experiment
is conducted to increase the volumetric hydrate concentration in the flow loop. When
the void fraction decreases to be negligible, and the volumetric hydrate concentration
becomes hard to increase, the experiment stops.

The rheological experiments of the CO2 hydrate slurry consist of a CO2 hydrate for-
mation experiment and rheological examination experiment. The CO2 hydrate formation
experiment increases the volumetric concentration in the flow loop. The rheological ex-
amination experiment tests the pressure drop of the hydrate slurry under a different flow
velocity, where such pressure drops can evaluate the rheology of the hydrate slurry by
the capillary method. The whole procedure of the rheological experiment is given in
Figure 2a,b.

In Figure 2a, the experiment consists of 20 times of CO2 injections, which means
20 times of CO2 hydrate formation experiments. The volumetric hydrate concentration
is increased after each hydrate formation experiment and gradually ascends from 1.4 to
17.2 vol%. After hydrate formation, the pump frequency (f pump) decreases from 37 Hz to
7 Hz and the flow velocity of the hydrate slurry also decreases correspondingly. In Figure 2a,
as the volumetric hydrate fraction increases, the range of flow velocity shrinks at the same
time. This is because the increased viscosity of the hydrate slurry induces higher friction
force with the pipe wall, and the centrifugal pump needs more frequency to maintain the
velocity of the hydrate slurry. At 37 Hz, the velocity of the hydrate slurry decreases from
4 to 2.16 m/s, which is about a half, as the volumetric hydrate concentration increases from
1.4 to 17.2 vol%. Figure 2b exhibits the effect of volumetric hydrate concentration on the
pressure drop of the hydrate slurry, where first and third hydrate formation experiments
are marked. The pressure drop of the hydrate slurry increases greatly as the volumetric
hydrate concentration increases. For instance, under the hydrate slurry velocity of 15.5 m/s,
the pressure drops are 6 and 65.8 kPa at the volumetric hydrate concentration of 1.4 and
17.2 vol%. The pressure drops increase by about 11 times.
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3. Rheological Model

Previous researchers have performed numbers of experiments to study the rheology
of hydrate slurries in aqueous solutions, as shown in Table 1 [1,4,6,12–15,18,19,21]. All
those works use the capillary method (Ostwald viscosimeter) to investigate the rheology
of the hydrate slurry. However, their rheology does not meet a unique conclusion which
exhibits Bingham, shear-thinning and shear-thickening in different aqueous solutions. If
the aqueous solution contained additives, the hydrate slurry would be highly related to
the physical and chemical properties of additives. Compared with Delahaye et al.’s work,
we used the flow loop with a larger inner diameter to research the rheology of the CO2
hydrate slurry and a wider range of apparent viscosities. The flow loop with a larger dinner
diameter enables the flow condition of the hydrate slurry in experiments to be closed to the
industrial condition and the experimental results become reliable.

Although no clear agreement for the CO2 hydrate slurry rheology is reached, the
hydrate slurry is recognized as a power-law fluid which is a non-Newtonian fluid. In this
model, the rheology of the CO2 hydrate slurry is assumed to be a laminar flow regime in
the cylindrical pipe under most of the experimental conditions. Since the wall slip is widely
considered in the multiphase flow in porous media or in the micro-tube, the flow behavior
of the hydrate slurry in the pipeline is a macroscopic problem, and the other influencing
factors are more important than the wall slip, such as hydrate concentrations and flow
velocity [18]. Therefore, we ignore the wall slip in this work. The Metzner and Reed model
(1955) is a theoretical and fundamental base to describe the rheology of the hydrate slurry
which revealed the relationship between flow rate, shear rate and shear stress, as shown in
Equation (1) [29]:

Q
πR3 =

1
π3

∫ τw

0
τ2 ·

γdτ (1)

where Q is the flow rate of the hydrate slurry, m3/s, R is the inner diameter of the pipe, m,
τ is the shear stress, Pa, γ is the shear rate, s−1.

The shear stress of the hydrate slurry is formulated by the pressure drop of the hydrate
slurry, test section length and the diameter of the pipe [30], as shown in Equation (2):

τHS =
D
4

ΔP
L

(2)

where τHS is the shear stress of the hydrate slurry, Pa, ΔP is the pressure drop of the hydrate
slurry, Pa, D is the diameter of the pipe, m, L is the length of the test section pipe, m.

Moreover, the Herschel–Bulkley equation is a classical expression for the non-Newtonian
fluid to illustrate the relationship between shear rate and shea stress [30], as shown in
Equation (3):

τHS = τ0 + Kγn
HS (3)

where τ0 is the yield stress of the hydrate slurry, Pa, γHS is the shear rate of the hydrate
slurry, s−1, n is the non-Newtonian fluid index, K is the consistency factor. Equation (4)
defines the n index [30]:

n = n′ =
dln

(
D
4

ΔP
L

)
dln

(
8vHS

D

) (4)

In our previous works, the apparent viscosity of the hydrate slurry was defined as the
ratio of shear stress and shear rate of the hydrate slurry [6], as shown in Equation (5):

μapp =
τHS
γHS

=
τ0

γHS
+ Kγn−1

HS
(5)

where μapp is the apparent viscosity of the hydrate slurry, mPa s.
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4. Experimental Results and Discussion

The rheology of the CO2 hydrate slurry in current experiments are studies within
volumetric hydrate concentrations from 1.4 to 17.2 vol%, shear rates from 40 to 590 s−1 and
void fractions from 7.09 to 2.32 vol%. The rheology model of the CO2 hydrate slurry is
developed based on the Herschel–Bulkley equation (power-law model). The volumetric
hydrate concentration is taken into account when describing the non-Newtonian index
(n factor) and the consistency factor (K factor).

The n index is obtained from the differential ratio of Ln(DΔP/(4L)) and Ln(8vHS/D)
which is the slope of the curve in Ln(DΔP/(4L)) verse Ln(8vHS/D) as an expression of
Equation (4). The pressure drop is directly measured in experiments and the flow velocity
of the hydrate slurry is calculated based on the flow rate measured in experiments. As
shown in Figure 3, under each volumetric hydrate concentration condition, Ln(DΔP/(4L))
and Ln(8vHS/D) have a linear relationship between them, indicating that they have an
unique n index under a certain hydrate concentration condition. When CO2 hydrate starts
to form in the flow and the volumetric hydrate concentration increases from 1.4 to 17.2 vol%,
the n index varies from 1.53 to 1.79. The n index is always above 1, which indicates that the
CO2 hydrate slurry performs shear-thickening behavior.

Figure 3. Representation of Ln(DΔP/(4 L)) and Ln(8vHS/D) for CO2 hydrate concentrations from
1.39 to 17.19 vol%.

In Figure 4, the relationship between shear stress and shear rate is exhibited. The shear
stress increases exponentially while the shear rate increases, which identifies that the CO2
hydrate slurry is a typical power-law model. Compared with Equation (3), the coefficient of
the regression equation for shear stress and shear rate is the consistency factor of the CO2
hydrate slurry. As the volumetric hydrate concentration ranges from 1.4 to 17.2 vol%, the
K factor varies from 0.0016 to 0.0095. Moreover, the regression equation has no intercept
with shear stress. The yield stress of the CO2 hydrate slurry is zero, and Equation (5) is
simplified as μapp = KγHS

n−1.
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Figure 4. Representation of shear stress and shear stress for CO2 hydrate concentrations from 1.39 to
17.19 vol%.

Based on the simplified Equation (5), Figure 5 is plotted to present the relationship
between shear rate and the apparent viscosity of the CO2 hydrate slurry. The apparent
viscosity increases exponentially with the shear rate increasing, where the CO2 hydrate
slurry is demonstrated by shear-thickening behavior. As the volumetric hydrate concentra-
tion increases from 1.4 to 17.2 vol%, the ascending trend of the apparent viscosities along
the shear rate become more obvious. Generally, the increase in the volumetric hydrate
concentration enhances the non-Newtonian behavior of the CO2 hydrate slurry. This result
reaches an agreement with our previous works.

Figure 5. Representation of shear rate and apparent viscosity for CO2 hydrate concentrations from
1.39 to 17.19 vol%.
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In this work, the formation of CO2 hydrate in the flow loop induces a CO2–water
two-phase flow transits to become a CO2–water–CO2 hydrate three-phase flow. CO2
hydrates result in the non-Newtonian behavior of the hydrate slurry and the increase in
the apparent viscosity. The CO2 hydrate slurry exhibits obvious shear-thickening behavior
throughout both the low-shear-rate region and high-shear-rate region. This result shows an
apparent difference to our previous work [18,19] and Delahaye et al.’s work [1,15]. In the
previous work, the rheology of the hydrate slurry would transit between the shear-thinning
behavior and the shear-thickening behavior according to the variations of the volumetric
hydrate concentration or the shear rates [15,18]. Generally, the shear-thinning behavior of
the hydrate slurry depends on the inner structure between hydrate particles. If hydrate
particles have agglomerated structure between each other, the increase in flow velocity and
shear rate can break up the agglomerate of hydrate particles and make the hydrate slurry
flow more easily [5,8,11]. Thus, the hydrate slurry would exhibit shear-thinning behavior.
The shear-thickening behavior of the hydrate slurry depends on the friction and collision
between hydrate particles [31,32]. If hydrate particles are suspended in the hydrate slurry
as individual particles or small agglomerates, the flow of the hydrate slurry would induce
frictions and collisions between hydrate particles and cause additional energy dissipations
and pressure drops [33,34]. Thus, the higher flow velocity of the hydrate slurry causes the
higher intensity of frictions and collisions between hydrate particles. The increase in flow
velocity results in more increments of pressure drop, and the hydrate slurry starts to exhibit
shear-thickening behavior. In this work, since the hydrate slurry is always under high
circulation condition, the hydrate particles suspended in the flow loop are fully dispersed.
Thus, the CO2 hydrate slurry in the current experiment performs shear-thickening behavior.

The effect of volumetric hydrate concentration and shear rate on the apparent viscosity
of the CO2 hydrate slurry is revealed in Figure 6. Because of the shear-thickening behavior
of the hydrate slurry, the increase in shear rate results in the apparent viscosity increasing
for all hydrate concentration conditions. Moreover, the ascent of volumetric hydrate
concentration also induces the apparent increase in viscosity. The increase in volumetric
hydrate concentration means the quantity of suspended hydrate particles in the hydrate
slurry increases. The probability of frictions and collisions between hydrate particles is
improved and the increment of pressure drops induced by the hydrate slurry flowing is
enhanced. Thus, the increase in volumetric hydrate concentration drives the hydrate slurry
performing more non-Newtonian.

Figure 6. Evolution of apparent viscosity of CO2 hydrate slurry along with hydrate concentration
increasing under shear rate at 100, 200 and 300 s−1.

239



J. Mar. Sci. Eng. 2022, 10, 1224

From Equation (4) and Figure 3, the non-Newtonian fluid index (n index) under varied
volumetric hydrate concentration condition can be obtained. Figure 7 exhibits variations of
the n index of the CO2 hydrate slurry along the volumetric hydrate concentration. The n
index increases exponentially with the increase in volumetric hydrate concentration. Differ-
ent from our previous work, the trend in the n index is discontinuity along the volumetric
hydrate concentration, increasing from 1.4 to 17.2 vol%. The regressed correlations of the n
index are given in Equation (6):⎧⎨

⎩
n = 1.9239α0.048

hydr

(
αhydr < 8.6vol%

)
n = 2.0753α0.1224

hydr

(
8.6vol% ≤ αhydr

) (6)

n

Figure 7. Evolution of the non-Newtonian index n of a function of volumetric hydrate fraction for
CO2 hydrate slurry.

The discontinuity of the n index of the CO2 hydrate slurry indicates the change of
rheological property of the hydrate slurry. The critical volumetric hydrate concentration is
8.6 vol% in Figure 7. Although no solid evidence was found in the experiment to explain
this discontinuity, the existing theory does. The main reason for this is that the CO2 hydrate
slurry is not fully converted to the non-Newtonian fluid when the volumetric hydrate
concentration is less than 8.6 vol%. A similar conclusion is received in the CH4 hydrate
slurry [18]. Under 8.6 vol%, the CO2 hydrate slurry starts to exhibit non-Newtonian fluid
behavior due to hydrate particles but is still not fully converted where the flow pattern is
located in the transient zone. At this stage, the pressure drop of the hydrate slurry is mainly
contributed by turbulent flow and its rheology. Above 8.6 vol%, the CO2 hydrate slurry
is fully converted to the non-Newtonian fluid, where flow pattern is a normally laminar
flow. At this stage, the pressure drop of hydrate slurry is dominated by the rheology.
However, in this work, once the hydrate forms in the flow loop, the CO2 hydrate slurry is
considered a non-Newtonian fluid, and the same assumption is made in previous work.
This assumption takes an advantage for modeling the rheology of the hydrate slurry easily
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and has good accuracy within the experimental range. Local engineers can utilize this
model easily and conveniently.

From Equation (3) and Figure 4, the consistency factor (K) factor under varied volu-
metric hydrate concentration condition can be plotted in Figure 8. Based on the critical
volumetric hydrate concentration, the correlations of the K factor are also regressed differ-
ently as shown in Figure 7. The K factor increases exponentially as the volumetric hydrate
concentration increases. Moreover, by substituting Equations (6) and (7) into simplified
Equation (5), the expression of the apparent viscosity of the CO2 hydrate slurry is obtained,
as shown in Equation (8).⎧⎨

⎩
K = 0.0034α0.1763

hydr

(
αhydr < 8.6vol%

)
K = 0.0144α0.4381

hydr

(
8.6vol% ≤ αhydr

) (7)

⎧⎪⎨
⎪⎩

μapp = 0.0034α0.1763
hydr γ

1.9239α0.048
hydr −1

HS

(
αhydr < 8.6vol%

)
μapp = 0.0144α0.4381

hydr γ
2.0753α0.1224

hydr −1
HS

(
8.6vol% ≤ αhydr

) (8)

K

Figure 8. Evolution of the consistency factor K of a function of volumetric hydrate fraction for CO2

hydrate slurry.

5. Validation

With Equation (8), the apparent viscosities of the CO2 hydrate slurry are well predicted.
Comparisons between experimental data and predicted values are shown in Figure 9. Most
of the predicted apparent viscosities exhibit good accuracies and have discrepancies within
±20%. The average discrepancies of the predicted values are within 16.3%. The developed
correlation of the apparent viscosity satisfies the application in the industrial condition.

Generally, the developed model shows a good performance at the low apparent
viscosity condition, but the absolute discrepancy between the predicted value and the
experimental value is higher at the high apparent viscosity condition. The high apparent
viscosity means a high shear rate and flow velocity of the hydrate slurry, where the flow
regime tends to transit from the laminar to the turbulent. The reliability of the developed
model decreases gradually.
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Figure 9. Comparison between experimental data and predicted apparent viscosity.

Moreover, the developed correlation is empirical and correlated from experimental
data. The accuracy of the correlation will have good performance within the range of the
experiment. However, the experimental range in the current work covers most parts of
industrial conditions in the aspects of flow velocity, void fraction and volumetric concentration.
Additionally, Figure 10 gives the distribution of Reynolds numbers along the shear rate of the
hydrate slurry under different hydrate concentration conditions. It shows that all Reynolds
number are less than 4500 and the most of them are less than 2100, where the hydrate slurry is
under laminar flow condition. The increase in hydrate concentrations results in the reduction
of Reynolds numbers. In the future, the inner mechanism is studied necessarily, where the
CO2 hydrate slurry exhibits shear-thickening behavior. The application scope of the rheology
model needs to improve by developing a mechanistic rheological model.

Figure 10. Reynold numbers along shear rate under different hydrate concentration conditions.
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6. Conclusions

Considering that CO2 is one of reservoir fluid components, CO2 can amplify the risk
of hydrate plugging in the production line of deep-water oil and gas wellbore under a
low-temperature and high-pressure environment. The rheology of the CO2 hydrate slurry
is experimentally studied by a new flow loop with an inner diameter of 50 mm. The CO2
hydrate slurry is a power-law fluid and performs obvious shear-thickening behavior for
the shear rate ranging from 40 to 590 s−1, and volumetric hydrate concentration ranging
from 1.4 to 17.2 vol%. The increases in shear rate and volumetric hydrate concentration
both result in the apparent viscosity of the hydrate slurry increasing. The n index and the K
factor of the hydrate slurry increase exponentially as the volumetric hydrate concentration
increases, where their empirical correlations are obtained from experimental data. An
empirical correlation for the rheology of the CO2 hydrate slurry is developed based on the
power-law model, with an average discrepancy of 16.3%. This work provides a fundamental
theoretical base and a new sight for deep-water oil and gas production, CO2 storage in the
deep-water environment and secondary refrigeration.
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