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Seafloor strata deformation monitoring is important for gas hydrate

exploitation and the monitoring and early warning of seabed instabilities. Due

to the limitation of in situ monitoring technology, existing observations are

carried out with geophysical methods to provide basic geomorphological

characteristics and stratigraphic structures. However, it is of equal

importance to study the in situ evolution mechanism of the process of strata

deformation, which relies heavily on long-term in situ observations. An in situ

monitoring instrument for seabed strata deformation monitoring is presented.

Sufficient theoretical, numerical, and experimental studies were carried out to

conduct a mechanical analysis on the entire deployment process of the

instrument. The maximum penetration resistance and reaming pressure were

calculated during the deployment process, and the stability and feasibility of the

deployment method were verified. To validate the maximum penetration

resistance obtained and the monitoring performance of the instrument, field

tests were conducted on a tidal flat in Changzhi Island. The penetration

resistance of the instrument and the strata deformation of the tidal flat were

measured and obtained. The results demonstrate the feasibility of the

presented instrument.

KEYWORDS

strata deformation monitoring, cavity expansion, penetration resistance, in-situ
monitoring, field experiment
1 Introduction

Gas hydrate is an ice-like substance comprised of water and low-molecular-weight

gases, usually methane, that forms within sediment under a proper condition of high

pressure and low temperature (You et al., 2019; Ruppel and Waite, 2020). The

decomposition of gas hydrates may reduce the strength of sediments and cause
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seafloor instabilities (i.e., seabed subsidence and uplift, strata

deformation, and slides) (Nixon and Grozic, 2007; Wang et al.,

2017). These instabilities can pose dramatic risks to seabed

infrastructure, such as offshore oil platforms, pipelines, and

submarine cables, causing significant environmental and

economic consequences (Xu et al., 2019). Therefore, seabed

instabilities have been the focus of marine geological studies.

Studies on seabed strata observations are conventionally carried

out through acoustic surveys, including side scan sonar,

multibeam echosounder, and various sub-bottom profiling

techniques. They can acquire and collect the geomorphological

characteristics and stratigraphic structure of the seabed strata

(Koch et al., 2015; Paull et al., 2015). However, these acoustic

instruments need to be installed on survey platforms (i.e.,

scientific ship and underwater vehicle) and have a long

observation period, preventing long-term continuous

monitoring (Xu et al., 2019). Field monitored data are

essential for studying the mechanism and process of seabed

strata deformation. Thus, it is necessary to develop an in situ

long-term instrument for seabed deformation monitoring.

At present, with the development of submarine monitoring

technologies, in situ long-term seafloor deformation

measurement methods have been achieved worldwide, utilizing

technologies such as high-precision ocean pressure gauges

(Phillips et al., 2008; Tsushima et al., 2012) and triaxial

accelerometers (Prior et al., 1989; Saito and Yokoyama, 2008).

The pressure gauges can be deployed on the seabed and monitor

the water pressure changes with seafloor subsidence or uplift.

However, most quart pressure gauges undergo a drift at

unpredictable rates that are typically equivalent to 20 cm/year

(Polster et al., 2009), and it cannot measure horizontal

deformation. The single tri-axial accelerometers are spatially

restricted and can only measure the deformation of a single

point. Moreover, the seabed deformation was calculated through

the double-integral method, which has a large accumulative

error over time (Wang et al., 2018). On the other hand, the

technology of the microelectromechanical system (MEMS)

developed rapidly. MEMS accelerometers and inclinometers

have been widely used on seafloor subsidence and landslide

monitoring (Wang et al., 2020; Ge et al., 2021). Although there

are many methods to monitor the seafloor deformation, the

random occurrence of seafloor instabilities often leads to high

investments in field observation and a low data return rate. The

in situ monitoring of the seabed deformation is thus still in a

relatively preliminary stage and needs further development.

In this paper, an innovative monitoring system was

presented to monitor the seabed strata deformation process at

different depths. Theoretical, numerical, and experimental

studies were carried out to conduct a mechanical analysis on

the entire deployment process of the monitoring instrument,

proving the feasibility of the deployment and application of the

instrument. To validate the deformation monitoring

performance of the instrument, the in situ deformation
Frontiers in Marine Science 02
monitoring test of a tidal flat was conducted in Changzhi

Island. Finally, the discussion and conclusion are presented.
2 Instrument design

2.1 Overview of the instrument

Figure 1 shows the overview diagram of the instrument,

which consists of the auxiliary deployment part (ADP) and in

situmonitoring part (IMP). The APD includes a U-handle, plug,

stainless steel casing pipe, and conical drill. The conical drill is

connected to the IMP and the casing pipe and can reduce

resistance during the deployment process and ensure that the

IMP vertically penetrates into the strata. The plug and tight wires

connect the casing pipe to the conical drill to prevent them from

separating. The IMP is composed of multiple MEMS sensors,

sensor chambers, corrugated pipes, watertight cables, and

electronic chamber. The MEMS sensors placed in the sensor

chamber can withstand the water pressure of 30 MPa. The

corrugated pipe is regarded as a soft joint, connects the

adjacent sensor chamber, and will bend and twist when slides

or deformation occurs in the strata. The watertight cable and the

tensioned steel wire are in the corrugated pipe. The watertight

cable is responsible for communication and data transmission,

and the steel wire rope can bear the axial tension and lateral

shear force (to avoid the stress of the watertight cable). The

electronic chamber includes data acquisition and control circuit,

and battery to realize the timing and synchronous data

acquisition, control, and power supply. The specifications of

the monitoring instrument are shown in Table 1.
2.2 The in situ deployment of
the instrument

The direct penetration method (without ADP) is relatively

simple, but the flexible joints will deform with large deflections,

resulting in the instability and failure of the monitoring

instrument during the deployment process. Therefore, in order

to ensure the monitoring performance of the monitoring

instrument and coupling relationship with the surrounding

soil layer, the ADP is used to deploy it into a specific depth of

the strata. The deployment processes are shown in Figure 2. The

monitoring instrument is deployed with the assistance of an

operation ROV (remotely operated vehicle), and the deployment

processes are as follows: (a) the ROV carries the monitoring

instrument, submerges, and sits on a suitable position on the

seabed; (b) the monitoring instrument is penetrated into the

seabed sediment segment by segment by the ROV’s manipulator;

(c) after the monitoring instrument is penetrated to a specific

depth, the plug is pulled out, and the casing pipe is separated

from the conical drill; and (d) finally, the ROV’s manipulator
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FIGURE 1

The diagram of the monitoring instrument: (A) the overview of the instrument; (B) the data acquisition chamber; and (C) the sensor chamber.
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holds the U-handle and pulls out the casing pipe, leaving the

IMP in the strata to conduct monitoring tasks.
2.3 Design of the acquisition and
control system

The IMP integrates a self-capacity lithium battery, a data

acquisition and control circuit, and multiple MEMS sensors to

realize the long-term in situ monitoring of the seabed strata

deformation. The output voltage and capacity of the lithium

battery is 12 V and 30 AH, respectively. The acquisition and

control system is designed with low power consumption, and the

static and work power consumption is 0.24 and 4.08 W,

respectively. The external crystal periodically turns on the

relay the relay to realize the intermittent operation of

MEMS sensors.

In order to ensure the stability and reliability of the

communication between the acquisition and control system
Frontiers in Marine Science 04
and the sensing nodes and to satisfy the requirement of

increasing the sensing node and monitoring range in the

future, a communication bus based on RS485 is designed,

which can realize the synchronous acquisition of 32 sensing

nodes, and the communication distance can reach 1,200 m. The

sensors on the RS485 communication bus have a unique

physical address, and the acquisition system inquires the data

of each sensor in turn and stores it in the Secure Digital Memory

Card (SD) card after interpretation and filtering is completed.
3 Mechanics analysis on the
deployment process

The penetration process of the instrument in seabed

sediment is similar to the pile-sinking process in saturated

clay, which can be regarded as similar to the cylindrical/

spherical cavity expansion under undrained conditions to

study the soil-squeezing effect. The mechanism analysis of the
FIGURE 2

The deployment process of the instrument.
TABLE 1 The specifications of the monitoring instrument.

Parameters Total length Diameter Number of sensing
nodes

Monitoring section
length

Interval of monitoring
point

Value 2.0 m 90 mm 10 1.6 m 400 mm

Parameters Static power
consumption

Work power
consumption

Battery capacity

Value 0.24 W 4.08 W 30 AH
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penetration process in this paper is based on the following

assumptions: (1) soil is the ideal elastic–plastic material that is

uniform and isotropic; (2) the stress–strain relation of soil in the

plastic zone should obey the modified Lade–Duncan yield

criterion; (3) the cylindrical and spherical cavity expansions

are regarded as an undrained process, and soil is incompressible;

and (4) regardless of the self-weight effect of the sensor array, the

ultimate expansion radius of the cavity is equal to that of the

sensor array.
3.1 Calculation of the side resistance
during penetration process

The study of the squeeze of the monitoring instrument

during the penetration process is usually idealized and

simulated to a series of spherical holes expanding to an

equivalent diameter formed by the cylindrical cavity

continuum (Tao et al., 2018). As shown in Figure 3, the

surrounding soil is damaged, and the damage shape includes

the elastic zone and plastic zone. As shown in Figure 3A, the

initial radius of the cavity is R0(0≤R0≤Ru) , where Ru is the

ultimate radius after cavity expansion, and the corresponding

reaming pressure is pu . Radial displacement after the expansion

of soil is up . The radius of the elastic–plastic interface is Rp . For

the region r>Rp , the soil elements obey the generalized Hooke’s

law. For the region Ru<r<Rp , indicating that plastic yield has

occurred and the stress–strain relation of soil should obey the

modified Lade–Duncan model. The zone, which satisfies

R0≤r≤Ru , indicates the complete damage of soils.
Frontiers in Marine Science 05
The boundary conditions are given as follows:

r = R0,sr = p

r = Ru,sr = pu

r = Rp,sr = sp

where p is the reaming pressure, sr is the radial stress. sq is the
circular stress, and sp is the radial stress in the elastic–

plastic interface.

Strain softening is a significant mechanical characteristic of

clay; in fact, during sensor array insertion, soil undergoes large

shear deformation, and the damage zone is formed around the

sensor array. Soil is squeezed and reaches a plastic flow state in

the damage zone. In order to obtain the displacement and stress

of soil in the plastic zone, the modified Lade–Duncan Model is

introduced (Lade and Duncan, 1975; Ewy, 1999), which can be

expressed as

s1 − hs3 − (h − 1)s0 = 0

h =
1
4

ffiffiffiffi
K3

p
− 1 +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(

ffiffiffiffi
K3

p
− 1)2 − 4

q� �2

K = 3 − sinjð Þ3= 1 + sinjð Þ 1 − sinjð Þ2

where c is the cohesion, j is the angle of internal friction, and s0
is the bond stress, s0=ccotj .
A B

C

FIGURE 3

(A) Cylindrical cavity expansion model diagram; (B) force analysis of soil elements; and (C) spherical cavity expansion diagram.
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Considering the boundary condition r=Ru,sr=pu and r=Rp ,

sr=sp , the stress in the plastic zone can be expressed as

sr = pu + s0ð Þ Ru=rð Þa�s0

sq = pu + s0ð Þ Ru=rð Þa=h�s0

where a=1−1/h .

The reaming pressure after cavity expansion can be

expressed as (Cao, 2020)

pu = s0 2h= h + 1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E(h + 1)=2(1 + v)(h − 1)s0

p� �a
−1

h i

Therefore, the side friction resistance of the instrument during

penetrating can be expressed as

FS = 2pRuLpu

where Ru is the radius of the instrument, and L is the

penetrating depth.
3.2 Calculation of the tip resistance
during penetration process

The tip resistance and side friction resistance are

independent and unrelated to each other during the

monitoring instrument penetration, and the final penetration

resistance is the sum of the two. The squeeze effect caused by the

conical drill, and soil during the penetration process can be

idealized and simulated to a spherical hole expansion in a half-

space soil.

When soil reaches the state of plastic, based on the modified

Lade–Duncan model and boundary condition (r=Ru,sr=pu ), the
stress in plastic zone can be calculated as

sr = pu + s0ð Þ Ru=rð Þ2a�s0

sq = pu + s0ð Þ Ru=rð Þ2a=h�s0

The reaming pressure around the tip can be expressed as

(Zhang and Deng, 2003)

pu = s0 3h= h + 2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2G(h + 2)=3(h − 1)s0

p� �2a=3
−1

� �

The multiplication of the reaming pressure and the projected

area of the conical drill in the direction of penetration is the tip

resistance. The simulated contact surface of the conical drill and

soil is a hemispherical surface; thus, the ultimate tip resistance

can be expressed as
Frontiers in Marine Science 06
Ft = puR
2
up

     = R2
ups0 3h= h + 2ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2G(h + 2)=3(h − 1)s0

p� �2a=3
−1

� �

where Ru is the ultimate pore diameter after the expansion of the

hole, which is equal to that of the sensor array, s0 is the bond

stress, and G is the shear module.
3.3 Stability analysis on deployment
process of casing pipe

Table 2 shows the theoretical calculation parameters and

results of the side friction resistance and tip resistance. As

shown in Figure 3C, during the penetration process, the casing

pipe is subjected to the axial force (FN ) of the ROV’s

manipulator, and the penetration resistance (FR ) due to the

soil-squeezing effect. Assuming that the penetrating velocity is

uniform, the axial force and the compressive stress of casing

pipe can be expressed as

FN = FR = Fs + Ft

sN =
FN

p r2 − r − tð Þ2� �

where r and t is the radius and the thickness of the casing

pipe, respectively.

Considering the casing pipe as a thin-walled cylinder, the

critical compressive stress based on the small deflection theory

and large deflection theory can be respectively expressed as

(Batdorf et al., 1947)

sc1 =
Et

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 1 − n2ð Þ

p

sc2 = 0:238
Et
r

The parameters for stability analysis are shown in Table 3.
3.4 Numerical simulation and results

3.4.1 Finite-element model
Considering that the penetration process of the strata

deformation monitoring instrument may cause a large

deformation of the mesh in the model, the coupled Eulerian–

Lagrangian (CEL) method is applied. Hu et al. (2014) and Zheng

et al. (2015) investigated various geotechnical problems using

the CEL approach and confirmed its applicability to solve

problems involving large deformations. Soil is tracked as it
frontiersin.org
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flows through a Eulerian mesh, fixed in space, by computing the

material volume friction in each element. The elements, such as

the tube or ADP, are discretized with Lagrangian elements,

which can move through the Eulerian mesh without resistance

until they encounter Eulerian elements containing soil.

3.4.2 Geometry, material parameters, and
constitutive law

The geometry and material parameters are shown in Table 2.

In order to model realistic soil, an investigation was conducted

through reported cases and field tests (Jiang, 2001; Hu et al.,

2009). The material properties of soil in Table 2 are derived from

the reported cases and field tests in the Zhoushan Island (Wang

et al., 2011). The soil was modeled obeying the Mohr–Coulomb

yield criterion. The model is extensively used to model cohesive

geological materials, such as soils and rocks (ABAQUS, 2008).

3.4.3 Mesh and boundary conditions
Considering the symmetry of the deployment process, only

half-soil was modeled. The diameter and height of the soil zone
Frontiers in Marine Science 07
were 13Da and 2 Lp , respectively, to ensure that the soil extension is

sufficiently large to avoid a boundary effect in dynamics analysis.

The soil zone is separated into two parts: the lower part, filled with

soil, and the void upper part (i.e., material-free), which is used to

allow soil to heave by containing the extruded soil during the

deployment process. A typical mesh grid is shown in Figure 4. The

mesh comprised eight-node linear brick element EC3D8R with

decreased integration, and a fine mesh region is generated to

accommodate the auxiliary deployment device during the entire

deployment process. The auxiliary deployment device was

simplified as a rigid part and assumed to remain vertical during

the entire deployment process. The ADP dynamic deployment was

modeled from the soil surface, with a given velocity of 150 mm/s.
3.4.4 Simulation results
Figure 5 shows the results of Mises stress contour in CEL

analysis. During the penetration process, the instrument is mainly

subjected to two resistances (side friction resistance and tip

resistance), the value of which are shown in Figure 6. The tip

resistance changes rapidly at the initial penetration, and the total
TABLE 2 The parameters for resistance calculation.

Parameters Symbol Value

Cohesion (kPa) c 2.94

The angle of internal friction (kPa) j 30

Young’s modulus (MPa) E 0.81

Poisson’s ratio v 0.32

Bond stress (kPa) s0 5.092

Introduced parameter 1 h 3.825

Introduced parameter 2 K 41.667

Introduced parameter 3 a 0.739

reaming pressure (kPa) pu 1.607

Hole radius (mm) Ru 90

Penetrating depth (m) L 1.5

Side surface area (m2) SA 0.424

coefficient of friction f 0.32

Ultimate side resistance (N) Fs 218.10

Ultimate tip resistance (N) Ft 541.65
frontie
TABLE 3 The parameters for stability analysis during penetration.

Parameter Symbol Value

Radius (mm) r 45

Thickness (mm) t 3

Young’s module (MPa) E 210,000

Poisson’s ratio v 0.3

Axial stress (MPa) sN 0.926

Critical stress 1 (MPa) sc1 8.473 × 103

Critical stress 2 (MPa) sc2 6.147 × 108
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A B C

FIGURE 5

Mises stress contour in CEL analysis (A) at the initial state; (B) at a penetration depth of 1.5 m; and (C) after deployment.
A B C

FIGURE 4

Typical mesh and geometry parameters used in coupled Eulerian–Lagrangian (CEL) analysis: (A) three-dimensional (3D) mesh; (B) side view; and
(C) the geometry parameters of the auxiliary deployment part (ADP).
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resistance is almost equal to the tip resistance. Yang et al. (2020)

concluded that if the penetration depth is large enough, the tip

resistance will tend to be a stable value. Obviously, the critical

depth has not been reached in this case, so the tip resistance

increases as the penetration depth increases and eventually

reaching 549.32 N. The side friction resistance is mainly due to

the soil-squeezing effect, which will increase as the penetration

depth increases. The maximum side friction resistance is 251.61 N

at the depth of 1.5 m. During the pull-out process of the casing

pipe, since the conical drill and IMP remain in the strata, the

resistance in this process is only the side friction resistance, which

is much smaller than the maximum penetration resistance.

4 Experiment and results

4.1 Mechanical test of indoor
deployment process

4.1.1 Design of the experiment
4.1.1.1 Experimental setup

The experimental setup is schematically illustrated in

Figure 7. It is comprised of a 3.5-m height experiment

platform, a guide rail, a lead screw, a servo motor, a motor

controller, a plastic cylindrical tank with well-stirred saturated

soft soil, the ADP, and a force sensor. The diameter and depth of

the soil tank is 800 and 900 mm, respectively. The length and

diameter of the ADP are 1,500 and 90 mm, respectively. The

servo motor is installed on the top of the lead screw and can push

down or pull up the lead screw along the guide trail at a specific

velocity. A high-precision force sensor is placed between the

ADP and lead screw to record the stress.
Frontiers in Marine Science 09
4.1.1.2 Model ADP, soil preparation, and characteristic

The model ADP and solid conical drill was manufactured

for the test as shown in Figure 7. The length, diameter and

thickness of the ADP is 1, 63, and 1 mm, respectively. The

length, diameter and the cone angle of the conical drill is 70

and 65 mm and 30° . The combination of bentonite and fine

sand was used to modulate the simulated soil for seabed

sediment through the analysis of the physical properties and

field sampling data of the seabed sediment (Li and Li, 2010),

the mass proportions of which are 70% and 30%, respectively.

The soil preparation and characteristic refer to the Wang

(2016) reference. Three different properties of soil (flow

plastic clay, plastic clay, and try plastic clay) were used in the

experiment, as shown in Figure 7.
4.1.1.3 Test procedure

The test processes were as follows: first, some connections

and adjustments were completed. The tilt angle of the guide rail

and lead screw were adjusted to ensure that the penetration

direction of the ADD is perpendicular to the soil bed. Next, the

servo motor controller was set up, and the motor as set to make

the lead screw move down and keep a velocity of 10 mm/s.

Then, the serial port of the host computer was opened to record

and save the value of the resistance at a frequency of 1 Hz.

Finally, the rotation direction of the motor was changed to pull

up the lead screw. The experimental test was repeated three

times in order to eliminate the single measurement errors.

After each test, the soil bed was stirred with a cement vibrator

and stand settlement for 2 days to ensure that soil was fully

reconsolidated. The averaged resistance was regarded as the

final penetration resistance.
FIGURE 6

The resistance of ADP during the entire deployment process.
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4.1.2 Experiment results and analysis
Three types of soils with different water content were used in

tests. The results of maximum penetration force are shown in

Table 4, and the forces during penetration are shown in Figure 8.

The dry plastic clay is without water in the void; thus, the friction

between soil particles is large, resulting in large penetration

resistance. The water content of the plastic clay is approximately

25%, similar to the mass ratio in the reference (Wang, 2016). The

maximum penetration resistance in plastic clay is close to the

numerical results. Flow plastic clay is saturated clay and is

covered with water. Excessive water molecules in the voids of

soil particles reduce the friction between particles, so the

penetration resistance is the smallest.
4.2 Mechanical test of deployment
process in tidal flat

4.2.1 Study area
Changzhi Island (122°10'E,29°58'N ) is located in the south

of Zhoushan Island in Zhejiang, China, as shown in Figure 9.

The Changzhi Island is 7.3 km away from Dinghai district and

350 m away from Zhoushan Island. The coastline is 13.82 km

long and covers the land area is 6.30 km². The experiment area is
Frontiers in Marine Science 10
the north of Changzhi Island, as shown in Figure 9. The natural

experimental conditions on the Changzhi Island are very good.

A large range of muddy tidal flat have been formed in Changzhi

Island after several sea reclamations, and contains thick soft

sediment that has high water content and a large initial void

ratio and is mainly flow plastic clay (Xiong et al., 2019).
4.2.2 Tidal flat penetration experiment
Figure 10 presents a diagram of the penetrating experimental

setup. The experimental setup and test procedure have been

introduced in Section 5.1. In the field tidal flat experiment, the

ADP penetrated into the tidal flat with the driving of the servo

motor at a velocity of 10 mm/s, and the force sensor and PC

recorded the resistance during the entire penetrating process. In

order to eliminate the single position error, three repeatable tests

were carried out in three adjacent positions (with a distance of

1 m from each other).

4.2.3 Experiment results and analysis
Figure 11 shows the penetration resistance in a tidal flat

experiment. The maximum penetration resistance of test 1, test

2, and test 3 are 349, 365, and 378 N, and the averaged maximum

penetration resistance is 364 N. Since the sediment layer is
FIGURE 7

Layout of the experiment setup: (A) global view of the test bench; (B) ADP and plastic clay; and (C) ADP and dry plastic clay.
TABLE 4 Results of the penetration tests.

Test No. Properties of clays Maximum penetration force (N)

1 Flow plastic 52

2 Plastic clay 335

3 Try plastic clay 1,049
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relatively uniform, no obvious abrupt changes were recorded in

the force sensor. The penetration resistance increases as the

penetration depth increases and then gradually decreases after it

reaches the maximum penetration depth and remains stable.

The pull-out force and penetration force are in opposite

directions; thus, the force direction changes abruptly as the

pull-out operation is performed. However, the maximum

resistance during the pull-out process is much smaller than

that in the penetration process. The final weight of the ADP is

10–20 N larger than the initial weight due to the adhesion of

mud on the surface and inside.
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4.3 In situ strata deformation monitoring
test, results, and analysis of tidal flat

In order to verify the in situ deployment method and the

monitoring performance of the strata deformation monitoring

instrument, an in situ deploying and monitoring experiment

was carried out in a tidal flat. The presented instrument

operated for five consecutive days. The in situ deployment

location is in the field experiment site described in Section 5.2.

The deployment process is shown in Figure 12. There are five

monitoring nodes in the instrument, and each node has two
FIGURE 8

Penetration resistance in three types of clay.
FIGURE 9

The location of the Changzhi Island in Zhoushan Island, China.
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MEMS sensors to monitor the strata deformation in the X and

Y directions.

Figure 13 shows the pitch angle of the sensors every 6 h.

The initial shape of the IMP is not straight since the sediment

layer is soft and the surrounding soil flows and squeezes the

IMP as the deployment process is accomplished. The initial

deflection angles of the first monitoring node in the direction

of X and Y are 11.01 ° nd 12.08 ° respectively. The strata will

deform or move under the action of tides, waves, etc. Since

the data acquisition period is 6 h, the obtained data cannot
Frontiers in Marine Science 12
reflect the influence of the tide change or specific waves, but it

can reflect the cumulative deformation changes of the

tidal flat.

Figure 14 shows the deformation of the strata. The

maximum and average deformations of the strata are shown in

Table 5. The maximum deformation of the first monitoring node

is 1.66 cm, and the deformations in the X and Y direction are

1.19 and 1.17 cm, respectively. The deep strata changes very

little; on the contrary, the shallow layer changes more frequently

due to the influence of the tide and wave. It is worth noting that
FIGURE 10

Tidal flat penetrating experimental setup.
FIGURE 11

Penetration resistance in a tidal flat experiment.
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although the average deformation of the forth monitoring node

(sensor #7 and #8, at a depth of 1.6 m) is large, the deformation

mainly comes from the first monitoring period (2022-1-25-10-

00-00 to 2022-1-25-16-00-00). It can be considered that the soil

around the IMP was crushed and damaged during deployment

and recovered and consolidated after experiencing a tidal

change. After that, the monitoring node has a good coupling

relationship with soil; thus, the following deformation changes

are relatively small.
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5. Discussion and conclusion

In this paper, an innovative monitoring instrument was

presented for seabed strata deformation monitoring. A sufficient

mechanical analysis of the entire deployment process was carried

out through theoretical, numerical, and experimental research.

Firstly, the reaming pressure and penetration resistance were

studied based on the cavity expansion model and modified

Lade–Duncan yield criterion. Then, based on the software of
FIGURE 12

Deployment process of the monitoring instrument.
FIGURE 13

Pitch angle of the sensor nodes.
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ABAQUS, the finite-element model was established and the

coupled Euler–Lagrangian method was carried out to

numerically simulate the entire deployment process, proving the

stability and feasibility of the deployment method. A series of

indoor and field tests were conducted to validate the maximum

penetration resistance obtained and the monitoring ability of the

proposed instrument. The experimental results demonstrate the

feasibility of the proposed monitoring instrument. The main

results of this paper are as follows:
Fron
1. The numerical simulation and theoretical results show

that when the penetration depth of the instrument is

1.5 m, the maximum penetration resistance is 800.93

and 759.65 N, respectively. Although the penetration

resistance calculated in numerical simulation is slightly

larger than that in theoretical analysis, the required

penetration force can be provided by the manipulators

of ROV. The reliability and stability of the in situ

deployment method with the auxiliary deployment

part are verified.

2. The experimental results show that when the

penetration depth is 900 mm, the maximum

penetration resistance in theoretical analysis and

indoor and field tests is 357, 335, and 378 N. Since

the field test is located in the tidal flat, the sediment

layer is not continuous and the water layer is in the
tiers in Marine Science 14
lower layer, the upper layer is harder, and the

penetration resistance obtained is the largest.

However, the trend of the penetration resistance is

similar during the entire deployment process. As the

penetration depth increases, the penetration resistance

will gradually increase, and the maximum resistance

will eventually drop a little and remain stable at the

deepest position. The direction of the resistance will

change during the pull-out process due to the changes

of the pulling force, but the maximum pull-out

resistance is smaller than the penetration resistance.

3. The results of the monitoring test of the tidal flat in

Changzhi Island show that the deformation of the

surface sediment layer is most affected by the tidal and

waves. The maximum deformation of the monitoring

node in the surface layer (0.4 m) is 1.66 cm, and the

average deformation in the direction of X and Y are 0.13

and 0.10 cm, respectively.
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TABLE 5 The maximum and average deformation of the strata.

Direction X-axial Y-axial

Sensor node #2 #4 #6 #8 #10 #1 #3 #5 #7 #9

max.def (cm) -1.19 -0.19 -0.03 -0.16 -0.09 -1.17 -0.03 -0.07 -0.10 -0.09

aver.def (cm) -0.13 -0.02 0.01 -0.14 0 -0.10 -0.01 -0.04 -0.08 0
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FIGURE 14

Deformation of the monitoring instrument. (A) the deformation in X-axis, (B) the deformation in Y-axis.
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