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Abstract

Excess pore water pressure is an important parameter that can be used to analyze certain physical characteristics
of sediment. In this paper, the excess pore water pressure of subseafloor sediment and its variation with tidal
movement was measured following the installation of a wharf in Qingdao, China by using a fiber Bragg grating
(FBG) piezometer. The results indicated that this FBG piezometer is effective in the field. The measured variation
of excess pore water pressure after installation is largely explained by the dissipation of excess pore water
pressure. The dissipation rate can be used to estimate the horizontal consolidation coefficient, which ranged from
1.3x10-6 m?/s to 8.1x10-6 m?/s. The measured values during tidal phases are associated with the variability of tidal
pressure on the seafloor and can be used to estimate the compressibility and the permeability of the sediment
during tidal movement. The volume compression coefficient estimated from tidal oscillation was approximately
2.0x10-! Pa-!, which was consistent with the data from the laboratory test. The findings of this paper can provide

useful information for in situ investigations of subseafloor sediment.
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1 Introduction

Pore water pressure refers to the pressure of fluid in the voids
(pores) between individual particles in the sedimentary layer.
Pore pressure exists in both saturated and unsaturated sedi-
ments. Pore water pressure, as an important mechanical para-
meter of the sediment, can be used to analyze certain basic phys-
ical and mechanical parameters in the deposit (Bennett et al.,
1982, 2002). The concept of effective stress is essential in under-
standing pore water pressure. The differential pressure, AU (of-
ten called “excess pore pressure” when it is greater than the hy-
drostatic pressure), is given by U-Uj,. The effective stress largely
controls the strength and deformation behavior of unconsolid-
ated sediments. According to the principle of effective stress
(Terzaghi, 1943), an increase in pore pressure will lead to a de-
crease in the vertical effective stress, leading to a reduction in
shear strength (Baligh, 1986). With deeper submarine explora-
tion and resource development, submarine landslide and found-
ation stability may be encountered under different depositional
types (Ye, 2011). Marine landslides may occur in the entire sea
environment, including shallow sea, near-shore to continental
shelf, and deep ocean, and several seabed landslides that are
harmful to seabed engineering structures have been recorded in

offshore oil areas around the world (Vanneste et al., 2014). In ad-
dition, rapid deposition, gas escape or advection caused by geo-
thermal gradients may result in excess pore pressure in sedi-
mentary environments (Schultheiss and McPhail, 1986; Schul-
theiss, 1990; Urgeles et al., 2000), as instability in the foundation
of the seabed structure can readily occur (Sultan et al., 2007; Liu
etal., 2018). It is of vital importance for any submarine engineer-
ing project to determine the risk area through in situ observation
of the pore pressure of the sediment, especially in deep-sea oil
and gas resource extraction areas and areas with steep slopes
(Sultan et al., 2009). Although seabed instability can be induced
by earthquakes, storm surges and high-pressure gas-liquid ejec-
tion, it is difficult to determine the exact cause or timing of de-
formation damage.

Many studies have been carried out by scientists who are in-
terested in geohazards and by engineers interested in in situ geo-
technical properties as they apply to problems of offshore con-
struction and gas-hydrate exploitation. The first known reported
uses of a differential piezometer were by Lai et al. (1968) and
Richards et al. (1975) using piezometers built at the Norwegian
Geotechnical Institute (NGI) and the University of Illinois (UT).
This so-called NGI-UI probe was deployed several times in 1967
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in the Wilkinson Basin, Gulf of Maine. Later, Sills and
Nageswaran (1984) built and used a differential piezometer at
Oxford University (OU). In situ data of the OU piezometer
primarily investigated the effects of gas on the measured pres-
sure response caused by tidal cycles. An autonomous Pop-Up
Pore-Pressure Instrument (PUPPI) was constructed to accurately
measure in situ pore pressure gradients in deep-sea sediments
(McPhail and Schultheiss, 1986). Significant pore pressure gradi-
ents were measured in the Mariana Trough, a back-arc basin, in-
dicating local upward flow of pore water. Sultan et al. (2009) de-
ployed a series of piezometers to observe excess pore pressure in
order to distinguish the sediment failures triggered by the Great
Sumatra Earthquake from older sediment failures in France. Also
in France, Sultan et al. (2014) used an IFREMER (French Re-
search Institute for Exploitation of the Sea) piezometer to ob-
serve excess pore pressure and to investigate whether or not the
shape and morphology of pockmarks could be controlled by gas-
hydrate dynamics or seafloor instabilities and deformation pro-
cesses. The complete in situ pore pressure recording contains
three components (Schultheiss, 1990). Part one of the recording
is dominated by the decay of a pressure pulse caused by probe
penetration, which gradually dissipates over time due to the re-
covery of the plastic deformation zone (Burns and Mayne, 1998;
Sultan and Lafuerza, 2013). In situ permeability can be estimated
by the rate of decay of this pulse (Bennett and Fairs, 1979; Hurley
and Schultheiss, 1990). Part two of the recording is a low-amp-
litude oscillation associated with tidal pressure variation on the
seafloor, which conforms to the theory of hole expansion and is
applied to the mechanism analysis of geotechnical testing instru-
ments (Li, 2007). The amplitude and phase of these oscillations
can be used to estimate in situ permeability and elastic modulus
(Hurley, 1989; Hurley and Schultheiss, 1990; Burns and Mayne,
1998; Sultan and Lafuerza, 2013). Part three is residual pore pres-
sure, which can be negative or positive. Excess pore pressure
gradients provide direct evidence of advection of pore fluids in
the sediment (Schultheiss and McPhail, 1986; Davis et al., 1991).
Although much work has been done in the past forty years, weak-
nesses still exist in the reliability and completeness of the data, as
well as the cost of equipment and the effectiveness of the method.

This paper presents a new piezometer based on fiber Bragg
grating (FBG) technology and an analysis of the recorded meas-

data _—
reference pressure port

@ open to seabed
|
|
|
|
|
|
|
|
|
|
|
|

rigid pipe ashydraulic

fluid channel

power channel
encapsulated in rigid tube

sensors encapsulated in
5 0 rigid tube
g

urements for estimating in situ permeability. We adopt and im-
prove previous equipment and models to calculate the permeab-
ility of the marine sediment and investigate the reliability and
completeness of the data. A study of the pore pressure in sedi-
mentary basins can improve the understanding of the hydrologic
circulation.

2 Piezometer based on fiber Bragg grating sensing technology

In this paper, according to the principle of differential pore
pressure measurement, a set of observation rods for pore pres-
sure observation of seabed sediments is designed to allow the
long-term observation of pore pressure in the seabed sediments
in situ; the principle of differential pore pressure measurement is
shown in Fig. 1.

The observation equipment includes two main parts: the pore
pressure measuring probe and the self-capacitive collection stor-
age device. The pore pressure measuring rod penetrates into the
sediment to detect the pore pressure (Liu et al., 2015). The ac-
quisition and storage device is responsible for the control of the
sensor signal and is connected to the probe by an installed fiber
optic connector. The overall structure of the equipment is shown
in Fig. 2. The pore pressure measuring probe utilizes a hollow
stainless steel rod body, the sidewall of the probe is equipped
with an environmental pressure sensing port, the inside of the
port is composed of permeable stone, and the inner wall is em-
bedded with the fiber grating pressure difference sensor and is
used to measure the pore pressure (Li, 2015). The seal ring is
used to create a waterproof seal on the inside of the probe of the
environmental pressure sensing port so that the inner and outer
pressures of the probe rod are separated. The top of the probe is
connected with the sea water as a reference pressure port acting
on the other end of the fiber grating differential pressure sensor.
The two-way independent and open mode is adopted to realize
real-time calibration of the pressure inside and outside the
probe.

The FBG pressure sensor is a customized product, and the
corrosion resistance of the FBG pressure sensor can increase its
durability in deep water. The pressure value can be calculated
using the following formula:

(AB1+ AB2) /AB0 = KeAe + K At (1)
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Fig. 1. The principle of differential pore pressure measurement.
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Fig. 2. The structure of the pore pressure observation probe of
marine sediments.

where K, and K, are the strain and temperature sensitivity coeffi-
cients, respectively; 1, is the Bragg wavelength of the grating be-
fore monitoring; 15, is the wavelength shift caused by pressure;
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and /g, is the wavelength shift caused by temperature.
3 In situ observation

3.1 Field site

The site of the observation is located in the Gulf of Laoshan
Mountain, a port (36°20'N, 120°44'E) in Ao Shan Wei Town, Jimo,
between Jiaozhou Bay and the Gulf of Ding, Shandong, China.
The area has been altered as a result of local pier construction.
The observation site is located in a 10-m extension of the wharf,
and the surface of the seabed is composed of silt with a thickness
of 3-5 m, with underlying bedrock for the construction of the
wharf.

3.2 Observation probe of pore pressure

In long-term observations performed in December 2017, a 4.0 m-
long pore pressure type I probe was used; only 0.5 m was added
at the end of the probe, while the rest of the structure remained
unchanged. The two observation rods were separately recorded
as “pore pressure probe rod 1” and “pore pressure probe rod 2”.
The sensor numbers and relative positions of the probe rods are
shown in Fig. 3.
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Fig. 3. The structure of pore pressure probe I1 and I2.

3.3 Observation process

During the second observation in December 2017, the auto-
matic acquisition interval was 1 min and the continuous acquisi-
tion time was 3 600 s. Moreover, the acquisition frequency of
3600 s was 1 Hz. The upper computer-controlled penetration
device penetrated the 4.0 m pore pressure probe in 3 strokes,
with a penetration depth of approximately 1.8 m, and each single
stroke was approximately 30 s. The length of the equipment itself
is approximately 0.5 m, and the depth of the buried hole is ap-
proximately 2.3 m. After a period of time, the stable observation
data were obtained by the upper computer and the self-capacit-
ance acquisition interval was changed to 20 min; the continuous
acquisition time was 50 s, and the acquisition frequency within
50 s was 1 Hz. The observation time period was from December
25,2017 to January 1, 2018.

4 Results and discussion

4.1 Pore pressure distribution during penetration

This observation shows that the depth of the pore pressure
probe embedded in the sediment is approximately 2.3 m, with
the relative position between the sensor and the seabed shown in
Fig. 4. The pore pressure in situ observation lasted for 7 days, and
more than 40 000 effective data points were obtained. The I 2-4#
sensor had no signal return on site installation, though the re-
maining three sensors were in normal working condition. There
was no extreme wind or wave action during the observation peri-

od. The probe penetrated during the day (December 25, 2017)
because of field problems, and the probing was divided into two
time periods, each with intervals of approximately 20 min; the in
situ observations started after the target depth was reached.
Through the mean filtering of raw data, the curves of pore pres-
sure versus time were obtained, as shown in Fig. 5, and the eigen-
values of each sensor are shown in Table 1. The observation data
can be divided into two stages, which are defined as “within 6
hours” and “after the end of 6 hours”.

For the I 2-1# sensor at the end of one hour (the occurrence
of data singularity, as shown in Fig. 6), the measured pressure
difference increased to 13.3 kPa. In addition, at the later stage of
the in situ observation, the I 2-1# sensor measured the irregular
fluctuation of pressure difference, and the maximum pressure
fluctuation range reached 5 kPa. The I 2-1# sensor was unstable
during the later observation.

4.2 Pore pressure dissipation results

The logarithmic curve of the pressure difference and time was
measured by five sensors (Figs 7-9). For a period of time after the
end of the penetration, the penetration of the excess pore pres-
sure attenuated exponentially. Among the sensors, I 2-1#, I 2-2#
and I 2-3# were affected by the penetration of the nearby probe
during the observation period, leading to the sudden change in
the observed data during the penetration of the excess pore pres-
sure; as a result, the correlation between the pore pressure dis-
sipation data after 50 min and the earlier data is poor. The specif-
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Fig. 4. The position of the transducer.
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Fig. 5. Time history curve of measured differential pressure.

Table 1. Summary of measured differential pressure

umber Depm St /kPa PTEIDE ke
12-3%# 03 212 212 -3.4
12-2¢ 13 18.2 18.2 0.6
12-1# 23 18.9 18.9 0.1

ic fitting formula and correlation coefficient are shown in Table 2.

According to the trend fitting formula of pressure U (y) and
time #(x), the pressure difference rate recorded by the I 2-3#
sensor was greater than that of the I 2-2# sensor, the former be-
ing approximately 2 times that of the latter. Additionally, the
pressure difference dissipation rate recorded by the I 2-2# sensor
was approximately 1.7 times that of the I 2-1# sensor. In addition,
due to the effects of two penetration strokes, the I 2-1#, I 2-2#,
and I 2-3# sensors recorded the pressure with a time dissipation
curve, showing a brief rise in the pore pressure attenuation pro-
cess after penetration.
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Fig. 6. Time history curve of I 2-1#, I 2-2# and I 2-3# measured
differential pressure 6 hours after penetration.
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curve of the I 2-3# transducer.
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Table 2. Results of data fitting
Sensor number Depth/m Attenuation trend of hyperpore pressure with time Correlation coefficient (R?) ~ Slope Intercept
12-3# 0.3 y=-6.832Inx + 51.919 0.854 4 -6.832 51.919
[2-2# 1.3 y=-3.540Inx + 28.320 0.5677 -3.540 28.320
[2-1# 2.3 ¥y =-2.054Inx + 24.399 0.856 8 -2.054 24.399

On the basis of the Soderberg model, Bennet et al. (2002) pro-
posed a formula for calculating the permeability index applic-
able to low-permeability clay:

k = nmyTsorg /tso, ?2)
where i is the time required for the pore pressure to dissipate to
50% of the initial pore pressure, r, is the probe radius, and m, is
the volume compression coefficient.

Through the above Eq. (2), the in situ consolidation coeffi-
cient of the sediment can be easily calculated according to the in
situ observation data, which is helpful for summarizing the rela-
tionship between penetration and pore pressure and the study of
the in situ mechanical properties of the sediment.

The correlation curves of observation data of the I 2-1#, I 2-2#
and I 2-3# sensors are poor. In this field of analysis, during this
observation, two discontinuous penetration actions of the pore
pressure observation rod occurred; that is, the second penetra-
tion action of the probe occurred 5 min after the first probe pen-
etration was carried out. In the actual measurement process, the
pore pressure dissipation of the sediment was measured in the
sounding rod body of the I 2-2# and I 2-3# sensors. The value of
the data is two times that of the disturbance. From the data curve,
it can be seen that the apparent sudden pressure increase in the
12-2#,12-3# and I 2-3# sensors corresponds to the two penetra-
tions of the probe rod. Compared with the measurement data of
the I 2-2# and I 2-3# sensors, the observation data of the I 2-1#
sensor located at the tip of the cone is more stable, and as a res-
ult, the fitting degree of Eq. (2) is better.

The data of pore pressure dissipation recorded by the I 2-1#,
12-2# and I 2-3# sensors were further analyzed and sorted, and
the time required to remove the pore pressure recorded by each
sensor to 50% was removed, with the specific data shown in
Table 3. According to both the indoor test data obtained from the
sampling points and the indoor laboratory tests, the G/Cu value
of the test point is 100; therefore, the 75 is 2.8, and the probe radi-
us 7, is 0.03 m. The above values can be input into Eq. (2) to cal-
culate the horizontal consolidation coefficient of the sediment.
The specific data are shown in Table 3.

According to the calculation results, the horizontal consolida-
tion coefficient C, is within the range of 1.3x10-6-8.1x10-6 m?/s,
and the 0.5x10-6-1.5x10-% m?/s obtained from the in situ indoor

Table 3. Summary of data
Sensor Depth below bed

Horizontal consolidation

number surface/m B50/S " Coefficient C,/m?s!
12-4# -0.7 - -
12-3# 0.3 312 8.1x10-6
12-2# 1.3 468 5.4x10-6
12-1# 2.3 1935 1.3x10-6

Table 4. Summary of water depth during observation

sampling consolidation test is within one order of magnitude.

In the application of the December 2017 observations, there
was also a large difference in the time used by the sensors recor-
ded at different depths to 50%. The #;, value recorded by the
I2-1# sensor of the cone tip of the probe is substantially greater
than that of the I 2-3# and I 2-2# sensors located in the rod body,
with the former approximately 3-6 times that of the latter. It is
presumed that the sediment around the rod features not only as
simple radial seepage diffusion of the rod body but also as diffu-
sion along the rod body after the plastic failure of the sediment
caused by the penetration of the rod so that the penetration of
the penetration hole pressure of the rod body is faster than the
penetration of the cone tip of the probe. Therefore, according to
the I 2-3# and I 2-2# sensors of the probe rod body, the calcu-
lated value of the sediment horizontal directional consolidation
coefficient is larger than that of the probe I 2-1# sensor.

Bennet's consolidation model does not fully consider the
plastic deformation zone around the rod body and instead as-
sumes that the horizontal consolidation coefficient C,, is con-
stant throughout the process of penetration into the excess pore
pressure. However, in practical observation, the calculation of
pore pressure and pore pressure around the probe is more com-
plex when the application of pore pressure observations is
factored in, as the results assuming a constant value of C, will
overestimate the horizontal consolidation coefficient of the sedi-
ment.

4.3 Pore pressure variation induced by tides

To analyze the influence of tidal load on the pore pressure of
sediment, the real-time water depth of the equipment was meas-
ured during the observation period. According to the local tide
data, the real-time depth of water in December 2017 was calcu-
lated. The data of water depth during observation are shown in
Table 4. The base water depth was completely stable at the com-
pletion time. The measured depth of water in December 2017 was 12 m.
Figure 10 shows the changes in water depth related to penetra-
tion during observation.

It can be seen from the data curve that the periodic fluctu-
ation of the data of the observed pore pressure in the observation
from the I 2-3# and I 2-2# sensors in December 2017 was highly
correlated with the tide change of the measured points after
6 hours of penetration. Figure 11 shows the comparison of the
12-3# and I 2-2# sensors and the observed water depth change
curve in December 2017.

The consistency of the three sensors was described according
to the data curve. The variation of the excess pore water pressure
exhibits hysteresis with respect to the water depth. The phase dif-
ference between these variables is approximately 1/4 T. In addi-
tion, the recorded tide caused by the pore pressure data with
depth has a significant attenuation. Under the same tidal effect,
the amplitude of pore water pressure observed by the I 2-3#

Maximum water Minimum water Base water Maximum tidal range Minimum tidal range
depth f,,,/m depthh,,;,/m depthh,/m Time Ah,/m Time Ahy,/m
13.76 10.18 12 15:00 Jan. 01, 2018 3.58 8:00 Dec. 26, 2017 1.59




112 Liu Tao et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 7, P. 107-113

9;;% 1.5
Z& 10t
22 e AL
_@é 0 ) L N
25 05 \/\/\)\/\/\}\/\/ VI \
£2 10t
=R
—_— _1. -
5 0
=7 0 7 7
7 2, 2 7 7
/Q/Qj /3/9) /2/2 /3/3 25
Date

10 20
£ g | — 12-3%0.3 mdepth — hydrostatic pressure is
< ¢ | — 22413 mdepth 1 )
< {110 3=
I 4t 2 &
o 45 s
5 21 [
3 0 . 0 £<
<= 8 o
PRI £
[ O o =
s 6| 1 -10 25
2 e
e -8t 1-15
=10 -20

0 100 000 200 000 300 000 400 000 500 000 600 000
t/s

Fig.11. Tidally induced pore pressure.

sensor can reach 4 kPa. The amplitude of excess pore water pres-
sure observed by the I 2-2# sensor is below 2 kPa.

According to the observation data of the observation and ap-
plication in December 2017, we can see that the [ 2-2# sensor
(buried depth 1.3 m) and the I 2-3# sensor (buried depth 0.3 m)
both recorded the obvious change in tidal pore pressure.

The curves of peak and trough values recorded in the period
of the I 2-2# and I 2-3# sensors are shown in Fig. 11. During the
December 2017 test, the average period of water depth variation
was 47 260 s, and the average periods of pressure fluctuation re-
corded by the I 2-2# and I 2-3# sensors were 52 405 s and 48 804 s,
respectively. With the increase in burial depth, the variation in
the pore pressure caused by tidal fluctuation was more obvious.

Hurley (1989) and Hurley and Schultheiss (1990) used the Bi-
ot consolidation theory to characterize the surface pressure in
isotropic and porous elastic semi-infinite space and the differ-
ence in pore pressure, the pore pressure difference between the
seabed surface and the sensors |Au| and its phase shift J are ob-
tained as follows:

8= (1= B o { e cos(—2) — 1)+ e sin (2]}

(3)
e sin(—9z) )

S=tan ! —————
e ?cos(—vz) — 1
where

(1 +¢)mQ

b:1+(1+¢)va’

_ (wn(l/Q +2§€1 +¢) mVJ)‘/Z

Q=1[s8+(1—9¢)BJ ",

and g, is the amplitude of the seafloor pressure variation, m, is
the volume compressibility, ¢ is porosity of the sediment, Q is Bi-
ot consolidation coefficient, and w is the angular frequency, k is
permeability coefficient of the sediment, f; is volume compres-
sion coefficient of the Pore fluid, f is volume compression coeffi-
cient of the sediment.

Based on the in situ observation and indoor test data of the
Ao Shan Wei, according to the above one-dimensional consolid-
ation theory, the sediment is assumed to be isotropic, and the
amplitude of the pore pressure fluctuation under the different
permeation index is calculated with the depth. As shown in Fig. 12,
the red circle and the blue box in the figure represent the I 2-2#
and I 2-3# sensors, respectively, which measure the pressure dif-
ference. It can be seen that the pore pressure caused by per-
meability is smaller than that of sediment volume compression at
1.3 m below the seabed surface as measured by the I 2-2# sensor.
According to the numerical calculation, the permeability index of
the sediment is estimated to be between 1.0x10-!7 m? and
1.0x10-18 m2.

Igh=-17 o Igk=-1

0.5 .
10 } lgh=- .
15 | .

20 t Igh=-15 1

Depth/10* Pa

25t 1
30 t Igk=-14 1

35 lgk=-13 .

40 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5
Amplitude/Pa

Fig. 12. Amplitude versus depth for different permeability. Red
circle and blue box represent I 2-2# and I 2-3 sensors, respect-
ively.

In addition, the results of numerical calculation show that
when the permeability index k is below 1.0x10-18 m?, the pore
pressure rapidly decays at the depth of 0.5 m. According to this
phenomenon, it is considered that the pore fluid permeation flow
on the surface of the seabed has a low influence on pore pressure
on the surface of the seabed, which is negligible; that is, the
change in pore pressure in the sediments is caused by the
volume compression of the sediments. Therefore, the diffusion
component attenuates to 1. Equation (3) can be expressed in the
following form:

~ B¢
A = o (1= D) = do 75~ - Q)

Equation (5) ignores the compressive deformation of soil
particles or sediment because f, is much smaller than f;. The
volume compression coefficient m, of the measured point is ap-
proximately 2.0x10-!! Pa-1, and the 1.0x10-11-1.0x10-1° Pa-! ob-
tained from the sample in the laboratory is within one order of
magnitude.
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5 Conclusions

(1) As a columnar rigid structure, the pore pressure probe can
lead to the rapid accumulation of excess pore pressure in the sed-
iments. In the in situ observations, the pressure difference recor-
ded by the pore pressure probe can be divided into two stages:
first, the stage in which the difference is caused by the penetra-
tion of hyperpore pressure and, second, the stage of environ-
ment-induced pore pressure fluctuation.

(2) In the silty sediment of the seabed, the penetration of the
pore pressure attenuates exponentially, and the fluctuation of the
pore pressure is consistent with the change in the environmental
load; there is an obvious time lag and attenuation with depth.

(3) As there is a certain lag in the measurement of the maxim-
um overpressure caused by the FBG pressure probe, the calcula-
tion of the consolidation coefficient of the sediment by the pore
pressure dissipation model is not accurate. In general, the con-
solidation coefficient of the sediment will be overestimated.

(4) The pore pressure fluctuations caused by the tides can
also be used to evaluate the parameters of the infiltration and
consolidation of the sediments. Compared with the records of
pore pressure dissipation caused by penetration, sediment per-
meability parameters calculated from the records of excess pore
pressure fluctuation caused by tides or periodic loads are more
accurate.

(5) The tidal pressure fluctuations in the low-permeability
sediments rapidly decay to more than 10 meters below the
seabed. The amplitude of tidal pressure fluctuation measured by
the upper-end sensor of the probe is mainly controlled by the
permeability index of the sediment, and that of the lower-end
sensor of the probe is mainly controlled by the volume compres-
sion coefficient of the sediment.
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