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The compression wave speed and physical properties of seafloor sediments are
significant in marine engineering and marine acoustics. Although most regression
equations can be satisfactorily fitted to the data and provide a useful predictive
method, there is little insight into the influence of physical properties on the
compression wave speed of seafloor sediment in the South China Sea (SCS). To
characterize the compression wave speed and physical properties of seafloor
sediments, the compression wave speed, porosity, density, and mean grain size
were measured and calculated for forty-two samples collected from the South China
Sea. The results show that the RMS roughness of seafloor sediment in the South
China Sea ranges from 0.2 to 15 pm, and the porosity and density are determined by
the RMS roughness and mean grain size. The relationships between the compression
wave speed and physical properties of seafloor sediments are consistent with the
intergranular friction model. When we have the physical parameters but no
compression wave speed, therefore, the intergranular friction model can be used
to predict the compression wave speed of seafloor sediment. Compared with the
Wood model curve, we also reveal that the intergranular friction of seafloor sediment
is an important parameter in determining the compression wave speed.

KEYWORDS

compression wave speed, physical properties, theoretical model, seafloor sediment, South
China Sea

1 Introduction

The compression wave and physical properties of seafloor sediments can provide basic
information for use in submarine geomorphology and ocean acoustic field simulations [1-8].
Moreover, these parameters are vital for the theory of wave propagation in unconsolidated
seafloor sediment [9-16]. In addition, these parameters can be used to evaluate the geological
events of marine sedimentary environments and control seismoacoustic propagation in the
ocean [17-23].

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphy.2023.1122617/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1122617/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1122617/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1122617/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1122617/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1122617/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1122617&domain=pdf&date_stamp=2023-01-26
mailto:chzhsouth@scsio.ac.cn
mailto:chzhsouth@scsio.ac.cn
mailto:hwx@scsio.ac.cn
mailto:hwx@scsio.ac.cn
https://doi.org/10.3389/fphy.2023.1122617
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1122617

Tian et al.

In recent decades, extensive studies have been conducted to reveal
the relationships between compression waves and physical properties
and textural parameters relative to various regions, such as the North
Pacific [17], Yellow Sea of China [2,8,24-26], South China Sea (SCS)
[7,14,15,23,27,28], South Sea of Korea [12,19,20,22,30], West coast of
India [31], and West coast of Scotland [32]. These relationships show
that the density, porosity, and mean grain size play a central role in
determining the compression wave speed of seafloor sediment [33,34].
Furthermore, a number of empirical site-specific equations have been
established for calculating the compression wave speed in seafloor
sediment for different physical properties and textural parameters
[14,30,35-38,40], that are consistent with the data measured at
different sites. Regression equations can be fitted to the data well
and offer a valuable forecasting tool, however, they offer little
understanding of how physical properties influence the
compression wave speed of unconsolidated seafloor sediment.

Although regression equations can be satisfactorily fitted to the
data and provide a useful predictive method, they provide little insight
into the influence of physical properties on the compression wave
speed of unconsolidated seafloor sediment.

The random packing of rough spheres model and the
intergranular friction model were developed by Buckingham to
represent the compression wave propagation in an unconsolidated
granular medium [41,42]. The random packing of rough spheres
model demonstrates that the porosity and density are each
correlated with the mean grain size, and the intergranular friction
model relates the compression wave speed to the porosity, density, and
mean grain size of seafloor sediment. These theoretical models show
compelling agreement with published data [17,18]. However, less
research has been conducted on whether these theoretical models
match the data measured from the SCS and explains the effects of the
physical properties on the compression wave speed.

In this paper, we measured and studied the compression wave
speed and physical properties of seafloor sediment in the SCS. The
purpose of this article is to investigate the influences of physical
properties on the compression wave speed using the random packing
of rough spheres model and the intergranular friction model.

2 Materials and methods

The data analyzed in this study area (11-22°N and 109-119°E)
were collected from 42 stations in the SCS. We obtained 27 samples
from the continental shelf, 3 samples from the continental slope, and
12 samples from the abysmal sea. Sediment samples were obtained
using a box corer. After gathering the seafloor sediments, we used a
box corer to extract small, cylindrical samples that varied in length
from 0.2 to 0.5 m. Using a portable WSD-3 digital sonic instrument,
the compression wave speed of the seafloor sediment was measured in
a typical laboratory (23°C, atmospheric pressure). With the aid of
Vaseline, the acoustic transducers were joined to the top and bottom of
the sediment. The frequency of transducer is 100 kHz. The
compression wave speed (v,) was calculated as follows:

L
v =
Pty

(1)

where L is the length of the sediment sample, t is the propagation time,
and t; is the transducer-calibrated time.
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The error analysis was performed using the accuracy calculation

method.
AA=S, =Y (xi-x)[n )
The wuncertainty of the compression wave speed is

approximately +5 m/s. S, is the variance value, x; is the measured
value, x is the average value, and n is the number of measurements.

The density and porosity of the seafloor sediment were measured.
The density and porosity were measured and calculated by the core
cutter method. The sediment textures were analyzed using Malvern
Mastersizer 2000 at the South China Sea Institute of Oceanology of the
Chinese Academy of Sciences. The associated standard deviations
were <3%.

3 Results

The compression wave speed of seafloor sediment in the SCS is
between 1,446 and 1773 m/s (Table 1). [14] obtained the compression
wave speed of seafloor sediment in the SCS ranging from 1,420 to
1,880 m/s. The compression wave speed of seafloor sediment in the
middle southern Yellow Sea measured by Sun were 1,456-1,653 m/s
[8]. The measurement results of compression wave speed in this study
are consistent with those measured by Lu and are higher than those in
the middle southern Yellow Sea.

The average values of the density, porosity, and sediment textures
are also given in Table 1. The porosity of seafloor sediment in the
northern SCS ranges from 0.43 to 0.82 and that of the southern Yellow
Sea ranges from 0.39 to 0.76 [8]. Our porosity (0.43-0.81) results are
consistent with the northern SCS and higher than the middle southern
Yellow Sea. The density of seafloor sediment in this study ranges from
1.21 to 2.08 g/cm?, which is lower than that of the southern Yellow Sea
sediment measured by Sun who obtained the density rang of
1.40-2.10 g/cm® [8]. There are five types of seafloor sediment:
clayey silt, silt, sand-silt-clay, sandy silt, and silty sand (Figure 1).
The clayey silt has smaller compression wave speed, lower density,
lower mean grain size, higher porosity, and higher clay content,
compared with other types of sediment, including silt, sand-silt-
clay, sandy silt, and silty sand.

4 Discussion
4.1 Theoretical models

4.1.1 Wood model

Seafloor sediment is known as a two-phase medium consisting of
loose mineral grains and seawater. In the absence of intergranular
friction, the compression wave speed in such a medium would be given
by the Wood model [43]. That is, the Wood model can be used to
express the sound speed as a function of the known mechanical
properties of mineral grains and seawater [44]. The Wood model
for compression wave speed in seafloor sediment is defined as follows:

3

K
Cy = —
Po

POZpr+(1_N)Pg (4)
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TABLE 1 Average values of the physical properties of the seafloor sediments.

Sediment type =~ Compression wave speed Porosity Density Sandy Silty Clayey Mean grain
(m/s) (%) (g/cm?3) (%) (%) (%) size (um)
Clayey silt 1,489 70.10 1.50 7.967 61.923 31.038 9.214
Silt 1,475 59.50 1.70 4.400 77.489 18.112 17.170
Sand-silt-clay 1,540 59.30 1.70 33.615 43.014 23.044 21.246
Sandy silt 1,517 61.20 1.68 30.197 54.163 15.639 31.603
Silty sand 1,633 51.70 1.87 59.114 24438 12.459 110.363
Clay Compression wave speed (m/s)
0_100
1750
1700
1650
1600
1550
1500
90
10 1450
100 0
Sand 0 10 20 30 40 50 60 70 80 90 100 Silt
FIGURE 1
Sediment granularity triangle classification.

TABLE 2 Parameters in the Wood model, random packing of rough spheres model, and the intergranular friction model.

Material parameter Symbol Units Value References
Porosity N — Variable
Mean grain diameter gy pum Variable
RMS grain size A pum Variable
Pore fluid density P g/cm’ 1.02 [44]
Grain density Pg g/em’ 2.70 [44]
Bulk modulus of pore fluid Ky Pa 2.25 x 10° [44]
Grains Bulk modulus Kg Pa 1.47 x 10" [44]
Packing factor of a random arrangement of smooth spheres P, 0.63 [44]
Reference grain diameter uo pum 1,000 [44]
Compressional frictional rigidity constant Uo Pa 2 x 10° [44]
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1 1 1
—=N—+(1-N)— (5)
K Kuw Kg

Combining Eqs 3-5, the expression for ¢y is

o = KuKy
[Ny + (1= N)p, ][Nk + (1= N), ]

(6)

where ¢ is the sound speed without intergranular interactions, « is the
bulk modulus, p, is the bulk density, N is the porosity of the medium,
Py, is the density of seawater, p is the density of mineral grains, x,, is
the bulk modulus of the pore water, and Ky is the bulk modulus of the
mineral grain (Table 2).

4.1.2 The random packing of rough spheres model

Particle roughness is an important factor in determining the
[44]. To simulate
the sediment are

porosity and density of seafloor sediments
porosity, the mineral particles constituting
assumed to be rough spheres of uniform size. For a sediment in
which each grain is in close contact with the surrounding grains, the
porosity is the volume fraction of sea water in the medium that can be
expressed as

N=1-P 7)

where P is the average volume of contiguous grains per unit volume.

For coarser-grained sediments, particle roughness effects
represent a negligible departure, and thus, the packing is similar to
the random packing of smooth spheres. However, in finer-grained
sediments, the surface roughness may be comparable to or much
greater than the mean grain size, in which case close contact between
adjacent grains is prevented, thus allowing pore water to percolate
between grains, and resulting in an increase in the porosity [45]. Based
on the aforementioned analysis, Eq. 7 has been modified by

Buckingham as follows [42]:

(8)

uy +2A }
N=1-P,

uy +4A

where P; is the packing factor of a random arrangement of smooth
spheres of uniform size, ug is the mean grain size, and A is the root
mean square (RMS) roughness height relative to the mean
(Table 2).

4.1.3 Intergranular friction model

The intergranular friction model is derived from the Kroning-
Kramers relationship without considering a specific loss
mechanism [44] and the Hertz theory of deformation of
spherical, elastic bodies in contact [46]. The advantage of using
the intergranular friction model is that the compression wave speed
can be computed using simple algebraic expressions that are
functions of the physical properties of the sediments, including
the porosity, density, and mean grain size. The intergranular

friction model is proposed as follows:
Cp =Con1+xf 9)
w1 p
o= M) Ho
! <”0> PoSo

Combining Eqs 9, 10, the expression for ¢, is

(10)
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where ¢, is the compression wave speed, x; is the compression
dissipation coefficient, 1 is the reference grain size, and y, is the
compressional frictional rigidity constant (Table 2).

Equation 11 gives the compression wave speed in terms of grain
size, which itself is related to the porosity and density through Egs 4, 8.
Thus, the compression wave speed of the seafloor sediment can be
expressed in terms of the mean grain size, porosity, and density.

4.2 Relationship between physical porosities
and mean grain size

4.2.1 Porosity versus mean grain size

The relationship between porosity and mean grain size from Eq. 8
is represented in Figure 2. The mean grain size varies from 4.12 to
224.07 um, and the porosity varies from 0.43 to 0.81. As shown in
Figure 2, the RMS roughness values of the random packing of rough
spheres model are 0.2, 1, 3, 4.5, 9, and 15 from the top to down,
respectively. These random packing of rough spheres model curves
show that, the porosity value of seafloor sediment decreases slowly
with increasing the mean grain size when the mean grain size is less
than 10° um. Because the seafloor sediment has a greater porosity and
smaller mean grain size within this range. The porosity declines
steeply with increasing the mean grain size when it is between 10°
and 10*> um. When the mean grain size exceeds 10> pm, the porosity
declines gently and gets closer to a constant as the mean grain size
rises. Because the seafloor sediment has a smaller porosity and greater
mean grain size within this range.

In Eq. 8, the porosity of seafloor sediment is controlled by the RMS
roughness and the mean grain size. When the mean grain size is much
larger than the RMS roughness, the porosity gets closer to its
minimum value. At the limit of a large mean grain size (1, — 00),
the minimum porosity obtained from Eq. 8 is

N pin=1- P, =0.37 (12)

Inversely, when the mean grain size is much smaller than the RMS
roughness, the porosity approaches its maximum value. At the limit of
a large mean grain size (u; — 0), the maximum porosity obtained
from Eq. 8 is
P
N oy = 1= = 092 (13)
The lowest measured porosity in clayey silt is 0.43, which is
larger than N ,,;, (0.37), and the highest measured porosity in silty
sand is 0.81, which is smaller than N 5, (0.92). These measured
data lie between N ,,,;,, and N ,,,,x, which is consistent with the result
of [44], demonstrating the influences of the mean grain size and the
RMS roughness on the porosity are notable. It is evident that the
influence of the mean grain size on porosity is greater than that of
the RMS roughness when the mean grain size is much greater than
the RMS roughness, suggesting the porosity of the sandy silt is more
sensitive to the mean grain size than the RMS roughness. When the
mean grain size is much smaller than the RMS roughness, however,
the influence of the RMS roughness on porosity is larger than that
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Porosity

A Siltin the continental shelf

------------- A=0.2 N . ¢ Sandy silt in the continental shelf
02 F | eeeeeeens A=1 min B Silty sand in the continental shelf
: A=3 + Sand-silt-clay in the continental shelf
A @ Clayey silt in the continental shelf
_____ =4.5 O Silty sand in the continental slope
—_—— A=9 < Sand-silt-clay in the continental slope
- _— = = A=l ¢ Sandy silt in the abysmal sea
@ Clayey silt in the abysmal sea
0 1 1 1
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Mean grain size of sediment (um)

FIGURE 2

Relationship between the mean grain size and porosity of seafloor sediments. The line represents the mean grain size versus porosity and density curve of
RMS (root mean square) roughness = 0.2, 1, 3, 4.5, 9, and 15 pm vfs is very fine sand; fs is fine sand; ms is medium sand; and cs is coarse sand.

of the mean grain size in clayey silt. Therefore, the silty sand tends
to have lower porosity and the clayey silt tends to have higher
porosity.

The lower boundary of the measured mean grain size and
porosity data is the random packing of rough spheres model
with the RMS roughness of 0.2, and the upper boundary of the
measured data is the random packing of rough spheres model with
the RMS roughness of 15. In addition, most measured data of the
continental shelf and the continental slope lie on both sides of the
random packing of rough spheres model with the RMS
roughness of 3.

The results demonstrate that there is a complicated relationship
between the porosity and mean grain size of seafloor sediment. The
porosity of seafloor sediment is determined by the mean grain size and
the RMS roughness, which means that the same value of porosity can
have various compositions of the RMS roughness and the mean grain
size. For example, the clayey silt with the porosity of 0.60 can have the
mean grain size with 4.578 um and the RMS roughness with 0.2, and
the sandy silt with the porosity of 0.61 can have the mean grain size
with 38.583 pm and the RMS roughness with 4.5. Without taking into
account the RMS roughness, errors will be introduced when the
porosity is only expressed using the mean grain size. Therefore, the
RMS roughness of the seafloor sediment needs to be considered when
analyzing the relationship between the compressional wave speed and

porosity.

Frontiers in Physics

4.2.2 Density versus mean grain size

The measured density and porosity data of seafloor sediment in
the SCS are shown in Figure 3. The porosity of seafloor sediment is
between 0.43 and 0.81, and the density of seafloor sediment is between
1.21 and 1.78 g/cm’. The measured porosity and density data are in
accordance with the Eq. 4. Thus, the density of seafloor sediment can
be directly evaluated from the porosity when the grain density and the
fluid density are given. The results show that there is a good linear
relationship between the measured porosity and density data in
Figure 3. Therefore, the density can be expressed as porosity when
studying the correlation between the porosity and the compression
wave speed of seafloor sediment.

The correlation between the density and mean grain size from
Eqs 4, 8 is represented in Figure 4. The mean grain size varies from
4.12 to 224.07 um, and the density varies from 1.21 to 1.78 g/cm’.
And, the RMS roughness values of the random packing of rough
spheres model are 0.2, 1, 3, 4.5, 9, and 15 from the top to down,
respectively. When the mean grain size is less than 10° um, the
random packing of rough spheres model curve shows that the
density increases slowly with increasing the mean grain size.
Because the seafloor sediment has a lower density and smaller
mean grain size within this range. The density increases steeply
with increasing the mean grain size when it ranges from 10° to
10> um. When the mean grain size exceeds 10*> um, the density
increases gently again and gets closer to a constant as the mean
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FIGURE 3

Relationship between the density and porosity of seafloor sediment.

grain size rises. Because the seafloor sediment has a higher density
and greater mean grain size within this range.

Equations 4, 8 show the porosity versus density and the porosity
versus mean grain size, respectively. Because the density can be
expressed as porosity, Eq. 4 can be modified as follows:

ug + ZA}3

14
ug +4A (14)

po = 1+ Py(p, —pw){
In Eq. 14, when the mean grain size is much larger than the RMS
roughness, the density approaches its maximum value. In the limit of a
large mean grain size (u; — 00), the maximum density obtained from
Eq. 14 is

Pmax = 1+ P; x 1.7 = 2,01 (15)

when the mean grain size is much smaller than the RMS roughness,
the porosity approaches its minimum value. In the limit of a large
mean grain size (1, — 0), the minimum density obtained from Eq.
14 is

=1.13

P min = 1+ (16)

P, x 1.7
8
The lowest measured density is 1.21 g/cm’, which is larger

than p i, (1.13), and the highest measured porosity is 2.08 g/cm’,

which is close to p,ax (2.01). These measured density data lie
between N ,,,;,, and N ,,..., which is also consistent with the result of

[44], suggesting the influences of the mean grain size and the RMS

roughness on the density are notable. And the influence of the
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mean grain size on density is greater than that of the RMS
roughness when the mean grain size is much greater than the
RMS roughness, suggesting the density of the silty sand is more
sensitive to the mean grain size than the RMS roughness. When
the mean grain size is much smaller than the RMS roughness,
however, the influence of the RMS roughness on the density of the
clayey silt is larger than the mean grain size. Therefore, the silty
sand tends to have higher density and the clayey silt tends to have
lower density.

The lower boundary of the measured mean grain size and density
data is the random packing of rough spheres model with the RMS
roughness of 0.2, and the upper boundary of the measured data is the
random packing of rough spheres model with the RMS roughness of
15. On both sides of the random packing of rough spheres model with
the RMS roughness of 3, the most measured mean grain size and
density data of the continental shelf and the continental slope are
located.

The results demonstrate that there is a complicated correlation
between the density and the mean grain size of seafloor sediment. The
density of seafloor sediment is determined by the RMS roughness and
the mean grain size, suggesting that the same value of the density can
have various constitutions of the mean grain size and the RMS
roughness. As shown in Figure 4, the clayey silt with the density of
1.78 g/cm’® can have the mean grain size with 11.975 pm and the RMS
roughness with 1, and the sandy silt with the porosity of 1.77 g/cm® can
have the mean grain size with 224.067 um and the RMS roughness
with 15. Without taking into account the RMS roughness, errors will

frontiersin.org
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Relationship between the mean grain size and density of seafloor sediment from the SCS, respectively. The line represents the mean grain size versus
porosity and density curve of RMS (root mean square) roughness = 0.2, 1, 3, 4.5, 9, and 15 pm vfs is very fine sand; fs is fine sand; ms is medium sand; and cs is

coarse sand.

TABLE 3 Relationships of the compression wave speed with physical porosities.

Cubic equation

Mean grain size cp = 1457.47 + 3.64u, - 0.02142 +5.31x107° x u; 0.58
Porosity cp = 6853.41 — 249.80N + 3.88N2 — 0.02N> ‘ 0.64
Density cp = —1597.27 + 6343.93p, — 4362.59p? + 1004.26p] ‘ 0.64

be introduced when the density is only expressed using the mean grain
size. Thus, the RMS roughness of the seafloor sediment is also
considered when studying the correlation between the density and
the compressional wave speed.

4.3 Relationship between compression wave
speed and mechanical properties

4.3.1 Compression wave speed versus mean grain
size

The relationship between the mean grain size and compression
wave speed can be developed in Eq. 9 by combining Eqs 7, 8. As a
result, in the intergranular friction model, the mean grain size can be

Frontiers in Physics

considered the only parameter of the compression wave speed, and the
relationship between the compression wave speed and the mean grain
size is a cubic equation.

The link between the measured compression wave speed and the
mean grain size of seafloor sediment in the SCS is listed in Table 3. The
compression wave speed ranges from 1,446 to 1773 m/s, and the mean
grain size ranges from 4.12 to 224.07 um. The measured data
(Figure 5) are the compression wave speed and the mean grain size
for different sediment types, and the distribution of these data are in
agreement with the data obtained by [47], [48], and [17,49]. A trend
common to these data is that the clayey silt, silt and sandy silt tend to
exhibit lower compression wave speeds, while the sand-silt-clay and
silty sand tend to exhibit higher compression wave speeds. In addition,
most of these data from the abysmal sea are distributed around the
intergranular friction model and this study curve. However, the
measured data of the continental shelf are slightly higher than the
prediction of the intergranular friction model.

The cubic curve of the mean grain size versus compression wave
speed in this study and the curve of the intergranular friction model
are plotted in Figure 5, where the change trend of the compression
wave speed with the mean grain size is consistent in both curves. In the
intergranular friction model, as the mean grain size grows, so does the
compression wave speed of the seafloor sediments. The intergranular
friction model curve has a very moderate slope when the mean grain
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Relationship between the mean grain size and compression wave speed of seafloor sediments.

size is between 107'-10" um. The slope of the intergranular friction
model curve steepens and the gradient of the compression wave speed
increases when the mean grain size exceeds 10" um. This indicates that
when the mean grain size is more than 10" m, the compression wave
speed is more sensitive to the mean grain size. But for the large mean
grain size of seafloor sediment (10°~10° um), it is also found that the
deviation between measurement results and theoretical results is quite
significant. In order to analyze the evident difference, the compression
wave speed (co) is computed by the Wood model while taking no
account of intergranular friction into account (Figure 5). As with the
cubic curve and intergranular friction model curve, the slope of Wood
model (cy) curve reduces slowly when the mean grain size is low than
10" and increases abruptly as the mean grain size increases
(particularly between 10° and 10°pum). Thus, the intergranular
friction of seafloor sediment is an

important parameter

contributing to the difference between the measured and

theoretical values.

4.3.2 Compression wave speed versus porosity

Equation 8 expresses the link between the mean grain size and
the porosity, and Eq. 11 is the link between the compression
wave speed and mean grain size. Combining Eqs 8, 11, the link
between the compression wave speed and the porosity is
established. As a result, in the intergranular friction model, the
porosity can be treated as the sole parameter of the compression
wave speed.

Frontiers in Physics

The link between the measured compression wave speed and the
porosity of seafloor sediment in the SCS is listed in Table 3. The
compression wave speed ranges from 1,446 to 1773 m/s, and the
porosity ranges from 0.43 to 0.81. The measured data (Figure 6) are the
compression wave speed and the porosity for different sediment types,
and the distribution of these data are in agreement with the data
obtained by [47], [48], and [17,49]. As shown in Figure 6, the sand-silt-
clay and silty sand have lower porosity and higher compression wave
speed, and the clayey silt, silt and sandy silt have lower compression
wave speed and higher porosity. It is evident that most of these data
from the abysmal sea are located under the intergranular friction
model curve. However, the measured data of the continental shelf are
slightly higher than the prediction of the intergranular friction model
curve.

The cubic curve of the porosity versus compression wave speed
and the intergranular friction model curve are plotted in Figure 6,
where the change trend of the compression wave speed with the
porosity is consistent in both curves. The intergranular friction
model curve has a relatively high slope when the sediment porosity
is less than 0.6. And the intergranular friction model curve has a
softer slope when the sediment porosity is greater than 0.6. The
findings indicate that as porosity rises, the compression wave speed
seafloor of sediment decreases. Additionally, the findings on
compression wave speed and porosity match with the
intergranular friction model curve. The intergranular friction
model curve has a steep slope when the porosity is less than 0.6.
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Thus, the compression wave speed of seafloor sediment is more
sensitive to the porosity when the porosity is less than 0.6.
Comparison with the Wood model curve, the measured data lie
above the Wood model curve, suggesting the intergranular friction
is also an important parameter in determining the compression
wave speed.

4.3.3 Compression wave speed versus density

Combining Eqs 4, 8, the density can be expressed by the mean
grain size, and the link between the compression wave speed and the
density can be developed by Eqs 9, 10. As a result, in the intergranular
friction model, the density can be viewed as the sole parameter of the
compression wave speed.

Table 3 shows the correlation between the measured
compression wave speed and the density of seafloor sediment in
the SCS. The density ranges from 1.21 to 1.78 g/cm’, and the
compression wave speed ranges 1,446 to 1773 m/s.
Figure 6 shows that the measured data are consistent with the
data obtained by [47], [48], and [17,49]. Moreover, the sand-silt-
clay and silty sand have higher porosity and compression wave

from

speed, but the clayey silt, silt and sandy silt have lower compression
wave speed and porosity. Most of these data from the continental
shelf are slightly higher than those predicted by the intergranular
friction model curve. However, the data in abysmal sea are situated
near the intergranular friction model curve.

The intergranular friction model curve and the cubic curve of the
density versus compression wave speed are also plotted in Figure 6. In
both curves, the compression wave speed changes consistently with
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density. The intergranular friction model curve has a relatively
moderate slope when the sediment density is lower than 1.6 g/cm”.
As the density exceeds 1.6 g/cm’, there is a slope in the intergranular
friction model curve. These results demonstrate that the drastically
elevated compression wave speed of seafloor sediment increases with
increasing the density. It is evident that these measured data are
agreement with the intergranular friction model curve. Because when
the density is more than 1.6 g/cm’, the intergranular friction model
curve drastically elevate. Thus, the compression wave speed of seafloor
sediment is more sensitive to the density when the density is more
than 1.6 g/cm’.

According to Figures 5-7, the measured compression wave
speed and physical properties data in the SCS are agreement
with the intergranular friction model curve. When we have the
physical parameters but no compression wave speed, the
intergranular friction model can be used to calculate the
compression wave speed of seafloor sediment. Besides, the
compression wave speed of seafloor sediment is influenced by
many factors. In the intergranular friction model, the
intergranular friction of seafloor sediment is considered to be an
important factor in controlling the compression wave speed. This is
because the particle packing and macroscopic shear strength of
seafloor sediment with different intergranular friction are different.
The stronger the intergranular friction, the denser the particle
packing, and the greater the compression wave speed of seafloor
sediment. Moreover, the compression wave speed and physical
properties of seafloor sediment are also affected by the seafloor
sediment types and geomorphic units, which are affected by the
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mineral composition and depositional environment of seafloor
sediment.

5 Conclusion

The new relationships of seafloor sediment between the
compression wave speed and physical properties are studied.
Detailed comparisons were made between measured data taken
from the SCS and the intergranular friction model of wave
propagation in unconsolidated seafloor sediments. The conclusions
are outlined as follows:

(1) The RMS roughness of seafloor sediment in the SCS is between
0.2 and 15 pm, and the RMS roughness of seafloor sediment
needs to be considered when studying the relationship
between the compressional wave speed and physical
properties.

(2) There are significant effects of the mean grain size and the RMS

roughness on the porosity of seafloor sediment. When the

porosity of seafloor sediment is the same, the seafloor sediment
could be consisted of complicated the mean grain sizes and the

RMS roughness. The measured porosity of seafloor sediment in

the SCS lie between the theoretical minimum porosity (0.37) and

maximum porosity (0.92).

3)

The relationship between the measured porosity and density
of seafloor sediment is linear. Thus, the density can be
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calculated directly by the porosity when the fluid density
and the grain density of seafloor sediment are given.
Additionally, the mean grain size and the RMS roughness
affect the density. Even though the density is constant, the
mean grain sizes and RMS roughness of seafloor sediment may
vary. The measured density of seafloor sediment is between
1.21 and 1.78 g/cm®, which is between the theoretical
minimum density (1.13 g/cm®) and theoretical maximum
density (2.01 g/cm?).

The intergranular friction model and the measured data
(compressional wave speed, porosity, density and mean grain
size) are agreement. When the mean grain size is greater than
10" um, the compression wave speed of seafloor sediment is more
sensitive to the mean grain size; The compression wave speed is
more sensitive to the porosity when the porosity is less than 0.6;
And, the compression wave speed is more sensitive to the density
when the density is more than 1.6 g/cm’. Moreover, the
intergranular friction is an important parameter in determining
the compression wave speed.
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