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Abstract:
Offshore infrastructure stability is controlled by deep-water shallow sediments, and the
geotechnical-acoustic correlation between the two enables geological property prediction
from acoustic waves. However, existing models often rely on limited sediment types or
regional data, constraining their generalizability across a range of marine environments.
This study presents a novel predictive model that uses a theoretical framework extending
Biot’s theory to integrate key geotechnical properties-clay content, density, water content,
and shear strength-with acoustic parameters. By establishing the theoretical relationship
between sediment parameters and acoustic responses, P-wave velocity and attenuation
coefficients are computed under a range of conditions. Single-factor predictive models for
each geotechnical property are derived through numerical fitting and rigorously validated
against experimental data. These individual models are subsequently integrated into a
comprehensive multi-factor model using multiple linear regression. Analysis of variance
and Spearman’s correlation analysis statistically confirm that these four parameters exert
a significant and substantial influence on acoustic wave behavior. The capability of the
model to simultaneously invert for multiple geotechnical properties from acoustic datasets
makes it a practical tool for pre-drilling sediment characterization, enabling a more reliable,
non-invasive method for site investigation that can reduce planning risks and costs. By
improving the accuracy of sediment property assessment, the model contributes directly
to enhanced geohazard identification and mitigation strategies, thereby promoting greater
safety in the development of deep-water marine resources.

1. Introduction
Deep-water shallow sediments, defined as unconsolidated

strata within 1,000 m below the mudline, consist primarily of
weakly cemented silts, clays, sands, and sandy clays (Stow and
Piper, 1984; Aird, 2018). These formations are characterized
by high water content and plasticity compared to deeper
sediments (Palix et al., 2013; Baeten et al., 2014; Wang et
al., 2023b), and their engineering strength is critical for ensur-
ing the stability of subsea infrastructure-including wellheads,
conductors, pipelines, and foundations, as well as for mitigat-

ing geological hazards such as collapse and subsidence (Jin et
al., 2010; Wang et al., 2022; Liao et al., 2023). The accurate
prediction of their geotechnical properties relies on two main
approaches: Direct measurement via sampling or in-situ testing
and acoustic parameter-based inversion (Schnaid, 2005; Xie et
al., 2024). However, direct sampling methods have significant
limitations. For instance, gravity coring is typically restricted
to the upper 10-m layer below the mudline (Skinner and
McCave, 2003), while the more penetrating borehole coring
is costly and inevitably causes soil disturbance (Ruda, 2005),
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which can compromise the accuracy of subsequent laboratory
measurements. This is of critical concern when measuring sen-
sitive properties like undrained shear strength (Khadge, 2000),
where different testing methods on samples from the same
location can yield large variations in the results, such as in
the Gulf of Mexico (Francisca et al., 2005). Despite the value
of core data in establishing initial correlations, the inherent
drawbacks of sampling highlight the need for robust acoustic
inversion techniques (Horne, 2000) that can minimize reliance
on extensive and potentially disturbed physical samples.

Over the recent decades, the establishment of acoustic-
geotechnical relationships has motivated the development of
numerous empirical correlations, largely centered on single-
parameter predictive models (Richardson et al., 1997; Stokes
and Dunn, 2001). In terms of ocean exploration, as sea water
has no shear elasticity, shear waves cannot propagate in sea
water and only longitudinal waves can be used to detect the
shallow soil properties of the seabed (Chen et al., 2015). The
acoustic characteristics in this study refer to the characteristics
of acoustic longitudinal waves. A clear relationship between
the acoustic characteristics and sediment properties has been
established, creating a basis for this indirect approach. Initial
research successfully demonstrated that key sediment prop-
erties, such as clay content or porosity (Anderson, 1974),
could be empirically linked to acoustic velocity. Subsequent
studies expanded this line of inquiry into diverse environments,
ranging from carbonate terrains to siliciclastic shelves (Vieira
et al., 2019). Multi-regression techniques had been employed
to predict parameters like porosity, density, and grain size from
acoustic data (Endler et al., 2015; Meng et al., 2018; Wang et
al., 2023a). Although this extensive body of empirical work
has firmly validated the acoustic-proxy concept, a significant
limitation persists: The derived formulas are often highly
specific to their source region and sediment type. This context-
dependency restricts the broader applicability of these tech-
niques, underscoring a clear need for a generalized theoretical
framework that can transcend localized empirical fittings.

Building upon the recognition that acoustic characteristics
are governed by the combined effect of multiple sediment
properties rather than single factors, research has progres-
sively shifted from region-specific single-parameter models
(Clarke, 1994) toward multi-parameter relationships (Xu et
al., 2025) grounded in theoretical frameworks. Early em-
pirical work in various marine settings confirmed that the
acoustic properties can be quantitatively linked to several
geotechnical parameters, such as porosity (Liu et al., 2013),
density (Uyanık et al., 2019), and mean grain size (Han-
suld et al., 2012) through multivariate regressions. More
recently, studies have sought to integrate theoretical models
with experimental data to enhance the predictive accuracy and
mechanistic insights, such as by coupling imaging techniques
(Chen et al., 2023) with wave theory to estimate elastic moduli
(Izotova et al., 2020) or using wave velocity to assess sediment
strength indices (Xia et al., 2022; Khajevand, 2023; Zhu et
al., 2024). However, most models remain largely empirical
and fail to adequately account for the combined influence
of key geotechnical parameters (e.g., clay content, density,
water content, shear strength) on both acoustic velocity and

attenuation (Kumar et al., 2020). Given the complex interplay
(Jaber, 2022; Ali et al., 2024) among these variables, studies
dedicated to multi-parameter fitting formulations, particularly
those simultaneously addressing velocity and attenuation, re-
main notably scarce. Consequently, further investigations are
essential to establish a generalized quantitative relationship
between acoustic and geotechnical properties in deep-water
shallow sediments.

Based on Biot’s theory for porous media, this study devel-
ops a theoretical framework that connects acoustic properties
with key geotechnical parameters in deep-water shallow sedi-
ments. Wave velocity and attenuation are calculated based on
engineering parameters derived from Biot’s equations. Single-
parameter models relating acoustic characteristics to clay con-
tent, density, water content, and shear strength are established
through fitting and validated via laboratory experiments. Fur-
thermore, single-factor and Spearman’s correlation analyses
are employed to determine the inter-parameter relationships.
Finally, the multi-factor model between the acoustic charac-
teristics and geophysical parameters of shallow sediments in
deep-water is established by using function transformation and
multiple linear regression.

2. Methodology

2.1 Theory
Based on the theory shown in the Supplemental file (Ap-

pendix A), the acoustic velocity v and attenuation coefficient
α can be calculated by numerous parameters of shallow sed-
iments, encompassing particle density, porosity, wet density,
particle size, and various other variables, all of which are
ascertained through physical property assessments, references
from scholarly works, or calculations employing empirical
formulae. The detailed values for these input parameters for
acoustic wave computations in shallow sediments within deep-
water are presented in Table 1. Furthermore, the physical
characteristics, such as particle density, pore size and porosity,
have been determined based on geotechnical data collected
from shallow sediments in the South China Sea. Values for
the remaining parameters (e.g., particle, pore water, and frame
bulk moduli, and sediment shear modulus) were first deter-
mined from established literature, then they were optimized
within their predefined plausible ranges (Foti et al., 2002;
Williams et al., 2002; Yoon and Lee, 2010).

To elucidate the correlation between the engineering pa-
rameters and acoustic characteristics, the relationship between
engineering parameters and theory parameters outlined in
Table 1 can be initially proposed. By substituting certain
variables in Table 1 with engineering parameters, the acous-
tic velocity and attenuation can be calculated with different
engineering parameters.

2.1.1 Relationship between clay content and theory
parameters

Shallow sediments in deep-water regions predominantly
comprise silty clay. To investigate the correlation between the
individual clay content and acoustic properties, it is essential to
maintain a consistent density and water content. Consequently,
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Table 1. Input parameters of the Biot-Stoll model for
deep-water shallow formations.

Input parameter Value

Density of grain (kg/m3) Obtained by measuring

Density of fluid (kg/m3) 1,023

Porosity (-) 0.25-0.80

Grain bulk modulus (Pa) 14.70×109

Modulus of pore fluid (Pa) 2.25×109

Real part of frame bulk modulus (Pa) 3.70×107

Real part of frame shear modulus (Pa) 2.22×107

Viscosity coefficient (Pa·s) 0.001

Permeability (m2) 1.0-10−11

Tortuosity (-) 1.25

Particle size (mm) Obtained by measuring

any variations in clay content will inevitably lead to changes
in the porosity of shallow sediments.

Under the condition of constant water content, the math-
ematical relationship between porosity and clay content can
be articulated as follows, and the derivation process of the
formula is provided in the Supplemental file (Appendix B):

φ = 1− ρ(1− c)
ρs(1+ϖ)

− ρc
ρc(1+ϖ)

(1)

where φ represents the porosity, ρ represents the density of
sediments, c represents the clay content, ρs represents the
density of sand particles, ϖ represents water content, and ρc
is the density of clay particles.

When the sedimentary clay content increases, several as-
sociated factors exhibit alterations, including an increase in
the size of smaller particles, a reduction in pore size, and a
subsequent decrease in the permeability of shallow sediments
in deep-water environments (Zhang et al., 2015). On the basis
of Navier-Stokes equations, Bruschke and Advani (1993) pre-
sented a mathematical analysis that integrates the Lubrication
model and Cell model to establish a correlation between per-
meability and porosity within porous media featuring a circular
particle framework. In this context, our analysis assumes ho-
mogeneity in the size of both sand and clay particles, allowing
us to articulate the relationship between clay content and the
permeability of shallow sediments in deep-water (Bruschke
and Advani, 1993):

K
M2

Z
= λ1

Kl

M2
Z
+λ2

Kc

M2
Z

(2)

where

Mz = cdc +(1− c)ds (3)
λ1 = 1− e0.8φ(φ−1) (4)

λ2 = 1− e
0.8φ

φ−1 (5)
where K represents permeability, Kl and Kc are the perme-
ability values under the Lubrication model and Cell model,

respectively, Mz denotes the average radius of soil particles,
dc and ds are the particle sizes of clay and sand, respectively,
and λ1 and λ2 are the two characteristic coefficients.

Utilizing the above formula, as opposed to employing the
parameter configurations delineated in Table 1, the acoustic
characteristics can be calculated according to the clay content.
The present study employs the mathematical computation soft-
ware Matlab to ascertain both acoustic velocity and acoustic
attenuation. Through the scrutiny and synthesis of authentic
data pertaining to deep-water shallow formations in the South
China Sea, it has been observed that the clay content pre-
dominantly ranges from 0.25 to 0.75. Consequently, for the
purposes of this investigation, the extremities of clay content
are postulated to be 0.8 and 0.2, with a fixed water content of
0.5 and a density value of 1.75 g/cm3.

2.1.2 Relationship between density and theory parameters

Density exhibits an intricate interdependence with particle
size, pore volume, and pore fluid composition. Therefore,
when the clay content and water content remain unaltered,
any variations in density invariably influence the porosity
parameter encapsulated within the Biot-Stoll theoretical for-
mulation. By integrating Eq. (1) into the corresponding pa-
rameters outlined in Table 1, the acoustic velocity and acoustic
attenuation coefficients of shallow sediments were computed
in deep-water settings under varying density conditions. Upon
meticulous analysis and the synthesis of authentic deep-water
shallow formation data collected from the South China Sea,
it is evident that the density typically spans the range of 1.45
to 1.97 g/cm3. Hence, for this investigation, the upper and
lower bounds for density were set as 1.4 g/cm3 and 2.1 g/cm3,
respectively, while a water content of 0.5 and a clay content
of 0.48 were maintained.

2.1.3 Relationship between water content and theory
parameters

With an increase in water content, the adhesive forces
between soil particles diminish, leading to a reduction in the
average stress within the soil framework. This phenomenon
induces the weakening of soil stiffness and triggers a cor-
responding decrease in the shear modulus, as reported by
Wheeler et al. (2003). Furthermore, the augmentation of mois-
ture content results in an increase in movable water content
within the interstitial spaces among soil particles, accompanied
by a corresponding decrease in irreducible water content.
This decrease reduces the liquid meniscus curvature at the
interparticle contacts, thereby diminishing the normal stress
acting between the soil particles. For the studied silt-sand
sediments with very low liquid limits, the increased water
content leads to a looser soil fabric and a successive decline in
shear modulus. Drawing upon findings from Rujikiatkamjorn
et al. (2012), this relationship is defined as follows:

µb0 = 3.7×106
ϖ

−1.97 (6)
where µb0 represents the shear modulus of shallow sediments.

A meticulous examination and synthesis of empirical data
on shallow formations in the deep-water regions of the South
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China Sea clearly shows that the prevailing water content in
such formations typically falls within the range of 0.216 to
0.875. Therefore, the upper and lower limits of water content
are set as 0.2 and 0.9. Additionally, the density parameter has
been consistently set at 1.75 g/cm3, while the clay content
has been firmly fixed at 0.48. Instead of the corresponding
parameter Settings in Table 1, Eqs. (1) and (6) were used
to calculate the acoustic velocity and attenuation coefficient
of shallow soil in deep-water under different water content
conditions.

2.1.4 Relationship between shear strength and theory
parameters

The variation in shear strength arises from changes in the
soil properties. Specifically, the shear modulus and strength
of water-saturated soil are primarily influenced by the pore
ratio and effective consolidation pressure. Thus, a fundamen-
tal relationship exists between the shear strength and shear
modulus of sediments found in shallow formations within
deep-water environments. Several scholars have established
empirical formulae between the shear strength and shear wave
velocity through experiments and theoretical analyses (Yun et
al., 2006; Moon and Ku, 2016), such as:

s = 5×10−4v2.5
s (7)

where vs represents the shear wave velocity and s is the shear
strength of the sediment. According to the principle of soil
dynamics, the relationship between the shear modulus and
shear wave velocity is expressed as:

µb0 = ρv2
s (8)

By applying Eqs. (7) and (8) simultaneously, the relation-
ship between the real part of the shear modulus and the shear
strength can be written as:

µb0 = 437ρs0.8 (9)
The equation derived herein exhibits a notable similarity

with the overarching structure of the relationship between
µb0 and s previously established by Hara et al. (1974) and
Alshameri (2022). These studies derived their respective for-
mulations through intermediate numerical calculations or the
empirical fitting of experimental data. In contrast to earlier
research, the findings derived from this study place a greater
emphasis on the role of density in characterizing soil behavior.
Thus, the relationship utilized within this study aligns more
closely with the intrinsic shear characteristics of soil, enhanc-
ing its consistency with empirical soil mechanics.

By substituting Eq. (9) into the corresponding parameter
configurations as outlined in Table 1, the acoustic velocity and
attenuation of deep-water shallow sediments under different
shear strength conditions were calculated. A comprehensive
analysis of actual stratigraphic data from deep-water shallow
regions within the South China Sea indicated that the consol-
idated undrained shear strength consistently ranged from 12.7
to 150 kPa. Therefore, the upper and lower bounds for shear
strength in this study were set as 10 and 150 kPa, respectively.

2.1.5 Single-factor geotechnical-acoustic relationships

On the basis of the calculated influence trend of each
engineering parameter on the sound velocity and attenuation
coefficient, four popular mathematical models were selected
to simulate the relationship between each engineering param-
eter and acoustic characteristics. Utilizing numerical analysis
methods (Montgomery et al., 2021), the Sum of Squares
of Errors (SSE), the Root Mean Square Error (RMSE), the
Degrees of Freedom of the Error (DFE), and the coefficient of
determination (R2) were used to evaluate the accuracy of each
model fit. For each engineering parameter, upon the analysis
and evaluation of the four models by the aforementioned man-
ner, the preliminary fitting formula between the engineering
parameters and acoustic characteristics can be determined as:

SSE = ∑(yi − ŷl)
2 (10)

RMSE =

√
∑(yi − ŷl)2

n
(11)

DFE = n− p−1 (12)

R2 = 1− ∑(yi − ŷl)
2

∑(yi − ȳl)2 (13)

where ∑ represents the summation symbol, indicating that
the squared errors of all data points are added together, yi
represents the actual value of the i-th observation, ŷi represents
the predicted value for the i-th observation generated by the
model, (yi − ŷi) represents the residual for the i-th data point,
which is the difference between the actual and predicted
values, n denotes the total number of observations, p denotes
the number of independent variables in the model, and ȳl is
the mean of the observed values.

2.2 Experiment
To comprehensively investigate the factors exerting an in-

fluence upon the acoustic characteristics of deep-water shallow
sediments with precision, field test data were collected and a
series of laboratory simulation experiments were carried out.
Based on the field measured data and the experimental results,
the single factor relationship fitted by the above calculation
and numerical method could be verified, and then a single
factor model of each engineering parameters and acoustic
characteristics could be established.

2.2.1 Parameter setting

Since it is not feasible to directly prepare soil samples with
specific shear strength values, soil samples with different clay
content, density and water content were first prepared, then
the shear strength and acoustic characteristics of different soil
samples were tested. Among them, the acoustic characteristics
include acoustic velocity and attenuation coefficient. From the
comprehensive analysis of the data of the shallow sediments
in the deep-water sediments of the South China Sea, this study
employed a systematic experimental design to investigate the
individual effects of three key sediment parameters: Clay
content, density, and water content. The parameters were
varied in three distinct groups while keeping the other two
constant: For Group 1 (Experiments 1-7), clay contents from



Li, L., et al. Advances in Geo-Energy Research, 2025, 18(3): 257-271 261

1

3 415 cm

2

5

6

(a)
5

6

60 cm

20 cm

30 cm

40 cm

50 cm
3 4

7

(b)
8

1

2

(c)

Fig. 1. Schematic of the experimental measurement system: (a) Acoustic-velocity-measuring container, (b) acoustic-attenuation-
measuring container and (c) shear strength measurement method. (1: Acoustic velocity measurement of the formation vessel;
2: Sound insulation board with length scale; 3: 50-kHz acoustic transmitter; 4: Acoustic wave receiver; 5: Multi-channel data
collector; 6: Data-acquisition and processing computer; 7: Formation vessel for acoustic attenuation measurement; 8: Vane
Shear Tester with digital display).

0.2 to 0.8 were examined at a fixed density of 1.75 g/cm3 and
water content of 0.5. Subsequently, for Group 2 (Experiments
8-15), densities varying from 1.4 to 2.1 g/cm3 were analyzed
with constant clay content (0.48) and water content (0.5);
for Group 3 (Experiments 16-23) water content from 0.2
to 0.9 was explored with constant clay content (0.48) and
density (1.75 g/cm3). This approach, encompassing a total of
23 experiments, ensured that the influence of each parameter
could be isolated and accurately assessed.

2.2.2 Sample preparation

Due to the difficulty in obtaining undisturbed samples of
deep-water shallow sediments, simulated soil samples with
comparable physical properties were prepared using quartz
sand and bentonite based on the component analysis of cut-
tings from a South China Sea deep-water well. The target
sediments primarily consisted of quartz and clay minerals.
Grain size determination was based on geotechnical data from
the Ledong Formation in a deep-water well located in the
Qiongdongnan Basin. The interval at 700 m below the mudline
mainly comprised sand and silt, with silt particles smaller
than 200 mesh. To simulate the weak cementation and high
porosity of in-situ sediments, 80-mesh (0.115 mm) quartz sand
was selected to represent the sandy fraction, while 1250-mesh
bentonite was used as the clay component. Finer quartz sand
was avoided to ensure that the porosity of the simulated soil
matched that of the actual formation.

2.2.3 Experimental apparatus

The experimental setup (Fig. 1) enabled the simultaneous
measurement of acoustic velocity, attenuation coefficient and
shear strength within a simulated formation vessel, utilizing
integrated acoustic transducers, a shear strength tester and a
data acquisition system.

Acoustic velocity was determined by the transmission
method using a “sonic detector”. Acoustic transceivers were
horizontally arranged at fixed distances: 15 cm for velocity
measurement and 20-60 cm for attenuation assessment. An
acoustic digital instrument was used to trigger the wave, record
the P-wave arrival time, and compute the velocity. Acoustic
attenuation was measured using the coaxial gap attenuation

method (Hou et al., 2015). Transducers with matching fre-
quencies were aligned horizontally and co-axially at varying
distances. This configuration minimizes energy loss at the
sediment-transducer interfaces, thereby reducing measurement
error. Shear strength was measured with a portable digital Vane
Shear Tester. Its metal disc with radial blades was inserted
into the sediment and rotated at an increasing rate until shear
failure occurred. The resulting torsion force was monitored to
quantify the shear strength.

2.2.4 Acoustic data processing

After measuring P-wave propagation in the simulated
sediments, the acoustic velocity and attenuation coefficient
were calculated. Accurate velocity determination relies on the
precise identification of the first arrival wave. The arrival time
was measured as the interval between signal emission and
this waveform discontinuity. To minimize errors from manual
time reading and accurately determine the first arrival time, a
wavelet analysis method was introduced, thus improving ve-
locity calculation accuracy. Details of this method are provided
in the Supplemental file (Appendix C).

The acoustic attenuation coefficient was calculated in
accordance with China’s National Standard GB/T 12763.5-
2007 based on the acoustic signal amplitude measured at two
discrete distances. The formulation for calculating the acoustic
attenuation coefficient is articulated as follows:

α =
20log A2

A1

L2 −L1
(14)

where α represents the acoustic attenuation coefficient, A1 is
the acoustic pressure amplitude measured at a fixed distance
L1, and A2 denotes the acoustic pressure amplitude measured
at a fixed distance L2.

Following the experimental parameters, 23 sediment sam-
ples were prepared. Acoustic data were collected from seven
independent measurements for each sample. To improve statis-
tical reliability, the average value of these measurements was
used to validate the theoretical models. Single-factor models
were established by fitting modified formulas to relate each
engineering parameter to the acoustic properties.
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Fig. 2. Calculation results of acoustic properties with different engineering parameters: (a) clay content, (b) density, (c) water
content and (d) shear strength.

2.3 Established multi-factor model
Previous analyses developed single-factor models to de-

scribe the influence of clay content, water content, density, and
shear strength on acoustic properties. However, these param-
eters are interrelated and collectively affect acoustic behavior,
necessitating the construction of a multi-factor model. This
study established such a model in three steps:

1) Comparing parameter influence
ANOVA was applied to evaluate the relative impact

of each parameter on the acoustic characteristics (see
Appendix D in the Supplemental file).

2) Correlation analysis
Since variables are continuous but not normally

distributed and may exhibit nonlinearity, Spearman corre-
lation coefficients were used to quantify inter-parameter
relationships.

3) Multi-factor model formulation
A multi-factor regression model was developed us-

ing a combined dataset of theoretical, experimental and
field data. To better capture the nonlinearity, input factors
were replaced with functions derived from the single-
factor relationships before performing regression.

3. Results and discussion

3.1 Calculation results
Taking the theoretical calculation model presented in this

paper as a basis, the calculation results of acoustic character-
istics of soil layers with different clay content, density, water
content, and shear strength are shown in Fig. 2. An increase
in clay content correlates with a decrease in P-wave velocity
and a simultaneous rise in the acoustic attenuation coefficient
(Fig. 2(a)). Notably, the range of variation in acoustic velocity
spans from a minimum to a maximum of 10 m/s, while the
corresponding variation in acoustic attenuation encompasses a
maximum-to-minimum difference of 0.65 dB/m. In light of the
discerned trends governing the behavior of acoustic velocity
and attenuation concerning clay content, a selection of four
prevalent mathematical models, namely the polynomial model,
exponential model, power function model, and logarithmic
function, were employed to model the association between
clay content and acoustic parameters.

Employing rigorous numerical analysis and adhering to
established statistical principles, a comprehensive summary of
the derived statistical insights is concisely tabulated in Table
S1 in the Supplementary file (Appendix E), where several
pertinent statistical metrics are presented for evaluation.

Upon analysis and evaluation of the four models, it is
ascertained that the association between clay content and
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acoustic velocity adheres most closely to the polynomial
model. Conversely, the optimal fit for the relationship between
clay content and the acoustic attenuation coefficient is found
to be represented by the Exponential model. The precise math-
ematical formulations for these relationships are articulated as
follows:

v = 1344−16.96c (15)
α = 0.02e4.39c (16)

The analysis of the relationship between density and acous-
tic properties, as shown in Fig. 2(b), indicates that an evident
trend emerges where both acoustic velocity and attenuation
coefficient exhibit monotonic variations with increasing den-
sity: The former demonstrates a progressive increase, while
the latter shows a systematic decrease. Specifically, the P-wave
velocity variation spans 190 m/s between the extreme values,
accompanied by a 23 dB/m maximum differential in acoustic
attenuation. Following the analytical methodology applied in
the clay content study, four established mathematical models
were employed to characterize these acoustic parameter varia-
tions. The corresponding statistical parameters quantifying the
model fitting effectiveness are comprehensively summarized in
Table S2 in the Supplementary file (Appendix E).

A systematic evaluation of the four candidate models
shows that the density-acoustic velocity relationship conforms
to a second-order polynomial function and the density-acoustic
attenuation coefficient correlation is optimally characterized by
a second-order polynomial model. These functional dependen-
cies are mathematically formalized as:

v = 400ρ
2 −1279ρ +2247 (17)

α = 17.31ρ
2 −80.21ρ +92.28 (18)

To quantify the acoustic response to varying water content,
four established mathematical models were employed. The ob-
served trend (Fig. 2(c)) shows a systematic decrease in P-wave
velocity and a proportional increase in attenuation, with total
measured variations of 4.3 m/s and 0.85 dB/m, respectively.
To characterize these variations, four established mathematical
models were utilized to quantify the water content-dependent
acoustic responses. A quantitative comparison of model fitting
performance is compiled in Table S3 in the Supplementary file
(Appendix E).

A systematic evaluation of the four candidate models
indicates that the water content-acoustic velocity relationship
follows a power-law dependency, while the water content-
acoustic attenuation coefficient correlation adheres to an ex-
ponential power-law model. The precise mathematical expres-
sions for these relationships are delineated as follows:

v = 1322+0.16ϖ −2.074 (19)
α =−0.035ϖ

−0.2027 +1.116 (20)
To mathematically characterize the coupling of shear

strength with the acoustic parameters, four canonical models
were evaluated. The observed trends (Fig. 2(d)) show that P-
wave velocity increases proportionally with shear strength,
while the attenuation coefficient exhibits an inverse rela-
tionship. To mathematically characterize these dependencies,

four canonical models (polynomial, exponential, power-law,
and logarithmic functions) were systematically evaluated.
The quantitative metrics assessing model fidelity, including
determination coefficients and root-mean-square errors, are
comprehensively listed in Table S4 in the Supplementary file
(Appendix E).

According to the systematic evaluation of the four candi-
date models, the shear strength-acoustic velocity relationship
follows a power-law dependency, while the shear strength-
attenuation correlation is optimally described by a second-
order polynomial function. The precise mathematical formu-
lations for these relationships are elucidated as follows:

v = 1333+0.0156s1.74 (21)

α = 0.0011s2 −0.4909s+50.91 (22)

3.2 Establishment of a single factor model
This section validates the theoretical predictions against

experimental measurements to develop univariate models link-
ing acoustic properties to geotechnical parameters in shallow
sediments. The theoretical framework underwent systematic
calibration through iterative comparison with empirical data,
optimizing model fidelity for engineering applications.

3.2.1 Clay content

Acoustic velocity measurements from seven distinct sim-
ulated strata with varying clay contents were averaged and
cross-validated against field observations. As shown in Fig. 3,
the theoretical predictions calculated using Eqs. (15) and (16)
demonstrate strong concordance with the experimental results.
This is consistent with established empirical relationships
(Buchan et al., 1972; Stokes and Dunn, 2001), though the
derived slope differs regionally due to sediment composition
variability. The observed correlation arises from two coupled
mechanisms: (1) Increased clay content enhances sediment
porosity through clay micropore proliferation, directly reduc-
ing acoustic velocity; (2) Structural lattice disruption in clay-
rich sediments decreases bulk modulus, thereby lowering P-
wave propagation speed. Minor deviations were observed in
a small number of data points, which are attributed to in-
consistencies in sediment-transducer coupling. This agreement
confirms the validity of the theoretical formulation, requiring
only parametric optimization as follows:

v = 1341−16.17c (23)
A comparative evaluation against conventional linear mod-

els (Hamilton, 1970; Buchan et al., 1972; Wang et al., 2023a)
confirmed the superior predictive performance of our theo-
retical framework, which aligns more closely with the ex-
perimental measurements (Fig. 3(b)). The P-wave attenuation
coefficient exhibits a two-phase clay content dependence:
Gradual growth below 0.5 clay content (Phase I) followed by
accelerated attenuation above this threshold (Phase II). This
phase transition arises from two synergistic mechanisms: (1)
At elevated clay concentrations, reduced particle size increases
particle density and the contact surface area, amplifying in-
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Fig. 4. Validation of the theoretical relationship between acoustic characters and density: (a) Acoustic velocity and (b)
attenuation.

terparticle friction forces by 0.62-0.75 as dominant energy
dissipation pathway; (2) Growing sand-clay particle size dis-
parity generates additional heterogeneous acoustic interfaces,
exacerbating reflection losses through enhanced waveform
scattering and mode conversions at mineralogical boundaries.

The observed relationship between the acoustic attenuation
coefficient and clay content in practical measurements closely
aligns with the theoretical trend, thereby affirming the relia-
bility and accuracy of the theoretical calculations presented
in this study. Although the homogeneity of the formation is
ensured as much as possible in the experiment, a full real-
ization of uniform compaction in both the preparation of ex-
perimental sediments and the natural deposition of formations
is inherently challenging. Consequently, the actual acoustic
attenuation values may exceed their theoretically calculated
counterparts. Taking the empirical and field-derived data as
bases, it becomes evident that the theoretical formulations for
acoustic attenuation as a function of clay content can benefit
from minor refinements. Thus, the formulations are modified
as follows:

α = 0.019e0.492c (24)

3.2.2 Density

To validate the theoretical framework, acoustic velocity
measurements from seven simulated strata with controlled
density variations were averaged and integrated with field
measurements. As shown in Fig. 4, theoretical predictions
derived from Eqs. (17) and (18) demonstrate a consistent
agreement with experimental and field observations.

A transition in the P-wave velocity trend is observed near a
density of 1.7 g/cm3, marking a shift from a gradual increase
to a regime of accelerated quadratic growth (Fig. 4(a)). This
behavior arises from two principal mechanisms: (1) Porosity
reduction enhances skeletal bulk modulus, directly amplifying
P-wave propagation; (2) Nonlinear modifications to interparti-
cle forces (Coulomb, van der Waals, and cementation effects)
induce density-velocity coupling. The theoretical framework
(Eq. (17)) aligns with established models (Hamilton, 1970;
Buchan et al., 1972; Richardson et al., 1997) in its functional
form, though regional geological variations necessitate para-
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Fig. 5. Validation of the theoretical relationship between acoustic characters and water content: (a) Acoustic velocity and (b)
attenuation.

metric recalibration. Experimental validation confirms that the
core theoretical structure requires no substantive revision, with
optimized formulations achieved through localized parameter
adjustments as follows:

v = 400ρ
2 −1297ρ +2236 (25)

Density-dependent pore size reduction in soil matrices
serves as the primary mechanism governing the observed
inverse correlation between density and the attenuation co-
efficient (Fig. 4(b)). This occurs because higher density di-
minishes the acoustic interfaces responsible for P-wave re-
flections and refractions, thereby reducing attenuation from
waveform transformation. The proposed theoretical model (Eq.
(18)) exhibits superior agreement with the experimental data
compared to existing approaches (Richardson et al., 1997;
Wang et al., 2023a). Comprehensive validation confirms that
the theoretical framework requires no structural or parametric
modifications, yielding the following definitive formulation:

α = 17.31ρ
2 −80.21ρ +92.28 (26)

3.2.3 Water content

The average values were computed on the basis of seven
sets of acoustic characteristic data acquired from measure-
ments conducted in simulated sediments featuring varying
water content levels. Subsequently, these experimental findings
were integrated with data obtained from field measurements.
The comparison and analysis of the theoretical results were
visually presented in Fig. 5. The theoretical acoustic velocity
and attenuation results were derived from Eqs. (19) and (20),
respectively. A progressive decline in P-wave velocity with
increasing water content is observed, characterized by an
initially rapid reduction transitioning to gradual attenuation at
higher saturations (Fig. 5(a)). This behavior arises from two
key mechanisms: (1) The water-induced displacement of solid
particles reduces skeletal density, weakening the mechanical
framework of the formation; (2) The absence of shear modulus
in water diminishes the rigidity of the composite medium,
directly lowering P-wave propagation efficiency. Comparative

analysis with established models (Buchan et al., 1972; Lu et
al., 1998) confirms the structural validity of the theoretical
framework through experimental and field validation, eliminat-
ing the requirement of parametric recalibration. The definitive
water content-velocity relationship is formalized as:

v = 1322+0.16ϖ
−2.074 (27)

The acoustic attenuation coefficient exhibits a marked
augmentation with increasing water content, as illustrated in
Fig. 5(b). Different from the theoretical model proposed by
Buchan et al. (1972), when water content remains low, there is
a pronounced acceleration in the rate of increase in the acoustic
attenuation coefficient, whereas at higher water content levels,
this rate of increase diminishes. This phenomenon can be
attributed to the following underlying mechanism: As the
water content rises, pores within the soil become saturated with
water, resulting in the formation of acoustic interfaces. Conse-
quently, P-waves undergo multiple reflections, refractions and
waveform transformations at these interfaces, leading to an
increase in acoustic attenuation.

The relationship observed between the acoustic attenuation
coefficient and water content aligns closely with the theoretical
curve derived through calculation, affirming the accuracy of
the theoretical model and analytical approach proposed in this
study. Notably, an anomaly is observed at a water content of
0.7, where a substantial discrepancy between experimental and
theoretical data arises. However, this does not significantly
impact the overall trend exhibited by the dataset. Plausible
attributions for this anomaly include the potential for con-
tact instability within the internal electrical components of
the acoustic transmitting and receiving transducers under the
condition of elevated water content. Upon comprehensive eval-
uation of the measured data in conjunction with the theoretical
outcomes, it is evident that no fundamental adjustments to
the form and functional type of the theoretical formula are
warranted. Instead, minor parameter adjustments are deemed
sufficient, yielding the following modified model:

α =−0.035ϖ
−1.965 +1.116 (28)
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Fig. 6. Validation of the theoretical relationship between acoustic characters and shear strength: (a) Acoustic velocity and (b)
attenuation.

3.2.4 Shear strength

The experimental protocol generated 23 sediment samples,
each undergoing seven acoustic measurement cycles. The
systematic analysis focused on 13 representative shear strength
groups selected from this dataset. The acoustic velocity and
attenuation coefficients were averaged across simulated for-
mation replicates within each group, then combined with field
measurements for comparative analysis against theoretical
predictions (Fig. 6). The theoretical velocity and attenuation
values were calculated using Eqs. (21) and (22), respectively.
The dual influence of shear strength on formation properties
gives rise to a nonlinear correlation with acoustic velocity
(Fig. 6(a)), a relationship that contrasts with the linear model
proposed by Lu et al. (1998). This behavior originates from
the dual influence of shear strength on the formation prop-
erties: (1) Density enhancement through porosity reduction
elevates the bulk modulus, directly amplifying acoustic wave
propagation; (2) Interparticle force modifications (Coulomb,
van der Waals, and cementation effects) induce nonlinear
stiffness responses. Concurrently, shear modulus augmentation
at higher shear strengths further accelerates acoustic velocity,
particularly above 110kPa where rapid escalation occurs due
to the synergistic density-stiffness coupling. Systematic valida-
tion against experimental and field measurements confirms the
structural and parametric robustness of the theoretical frame-
work. The observed congruence between empirical trends and
model predictions obviates the need for functional or para-
metric revisions. The validated single-factor acoustic velocity-
shear strength relationship is formalized as:

v = 1333+0.0156s1.74 (29)
Increasing shear strength corresponds to a decrease in

the acoustic attenuation coefficient, as evidenced in Fig.
6(b). This behavior arises from shear strength-induced den-
sity enhancement, which reduces sediment pore dimensions
and consequently diminishes acoustic interfaces driving wave
reflections, refractions, and waveform transformations. The
experimental measurements exhibit good agreement with the
theoretical predictions, though parametric optimization of the

theoretical framework enhances the predictive accuracy. The
refined formulation is expressed as:

α = 0.0024s2 −0.62s+42 (30)

3.3 Establishment of multi-factor model
3.3.1 Comparative influence of parameters

One-way ANOVA was performed on acoustic velocity
and attenuation coefficients across four geotechnical param-
eters using experimental and field data. The statistical results
(Tables 2 and 3) present the following key metrics: Sum
of squared deviations (SS), degrees of freedom (DF), mean
squares (MS), between-group to within-group variance ratio
(F-statistic), probability associated with observed F-statistic
(P-value), and threshold at χ confidence level for d fA and
d fe degrees of freedom (F critical value).

The single-factor ANOVA analysis of clay content, water
content, density, and shear strength reveals their hierarchical
influence on acoustic velocity. Shear strength dominates as the
primary determinant, followed sequentially by density and clay
content. Although water content exhibits the weakest correla-
tion, all four parameters demonstrate statistically significant
effects (P < 0.001) through rigorous hypothesis testing.

Shear strength persists as the dominant determinant of
acoustic attenuation coefficient variability, with density and
water content exhibiting secondary influences in a decreasing
order of magnitude. While clay content demonstrates the
weakest correlation, all four geotechnical parameters show
statistically significant effects through rigorous hypothesis
testing, confirming their collective impact on the attenuation
characteristics.

3.3.2 Correlation analysis

Given the non-normal distributions and nonlinear depen-
dencies among the investigated continuous variables, Spear-
man’s coefficient emerged as the optimal metric for assessing
geotechnical-acoustic interactions. Fig. 7 presents the mul-
tivariate correlation matrix visualizing the interdependencies
between acoustic velocity and key engineering parameters
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Table 2. One-way ANOVA of acoustic velocity with different engineering parameters.

Parameter Difference source SS DF MS F P-value F-crit

Clay content

Between groups 585.2 6 97.54 172.1 6.4×10−28 2.324

Within-group 23.81 42 0.5668 172.1 6.4×10−28 2.324

Total 609.1 48 / / / /

Density

Between groups 224,529 10 22,452 202.9 5.4×10−38 2.018

Within-group 5,751 52 110.6 202.9 5.4×10−38 2.018

Total 230,281 62 / / / /

Water content

Between groups 102.9 7 14.69 22.43 3.9×10−13 2.207

Within-group 31.44 48 0.6549 22.43 3.9×10−13 2.207

Total 134.3 55 / / / /

Shear strength

Between groups 255,810 12 21,317 263.3 7.6×10−58 1.878

Within-group 6,315.7 78 80.97 263.3 7.6×10−58 1.878

Total 262,126 90 / / / /

Table 3. One-way ANOVA of acoustic attenuation with different engineering parameters.

Parameter Difference source SS DF MS F P-value F-crit

Clay content

Between groups 2.918 6 0.4863 98.81 3.8×10−23 2.324

Within-group 0.2067 42 0.0049 98.81 3.8×10−23 2.324

Total 3.124 48 / / / /

Density

Between groups 11,322 10 1,132 232.28 2.2×10−47 1.977

Within-group 321.7 66 4.874 232.28 2.2×10−47 1.977

Total 11,644 76 / / / /

Water content

Between groups 4.514 7 0.6449 84.98 7.6×10−25 2.207

Within-group 0.3643 48 0.00758 84.98 7.6×10−25 2.207

Total 4.878 55 / / / /

Shear strength

Between groups 14,938 12 1,244 307.8 2×10−60 1.878

Within-group 315.5 78 4.04517 307.8 2×10−60 1.878

Total 15,254 90 / / / /

(clay content, water content, density, shear strength). Specif-
ically, velocity exhibits an inverse correlation with clay and
water contents, consistent with the theoretical predictions
of porosity-mediated wave attenuation. Conversely, positive
correlations manifest with density and shear strength, re-
flecting bulk modulus enhancement and interparticle force
optimization. All parameters demonstrate a non-negligible
influence (correlation magnitude > 0.1), necessitating their
inclusion in predictive regression frameworks. Critically, inter-
parameter correlations remain subcritical (absolute values <
0.75), confirming statistical independence and precluding mul-
ticollinearity concerns in multivariate modeling.

To analyze and visualize the correlation between the acous-

tic attenuation coefficient and the engineering parameters,
namely clay content, water content, density, and shear strength,
this study utilized the Spearman correlation coefficient matrix.
The results of this analysis are presented in Fig. 8. The acoustic
attenuation coefficient exhibits distinct positive correlations
with clay and water contents, aligning with the theoretical
models of porosity-driven scattering and fluid-solid interaction
losses. Conversely, inverse relationships manifest with density
and shear strength, reflecting pore reduction and interparticle
contact optimization. All parameters exhibit a non-negligible
influence, necessitating their inclusion in predictive frame-
works. Critically, interparameter correlations remain subcrit-
ical, confirming statistical independence and precluding mult-
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Table 4. Dependent variable and input feature substitution relationship of multiple regression.

Dependent variable Independent variable Initial input Input after function replacement

Acoustic velocity

Clay content x1t x1 = 1341−16.17x1t

Density x2t x2 = 400x2
2t −1297x2t +2236

Water content x3t x3 = 1322+0.16x−2.074
3t

Shear strength x4t x4 = 1333+0.0156x1.74
4t

Acoustic attenuation

Clay content x1t x1 = 0.019e4.92x1t

Density x2t x2 = 17.31x2
2t −80.21x2t +92.28

Water content x3t x3 =−0.035x−1.965
3t +1.116

Shear strength x4t x4 = 0.0024x2
4t −0.62x4t +42
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icollinearity concerns in multivariate regression modeling.

3.3.3 Multi-factor model of acoustic characteristics

This study integrates theoretical, experimental and field-
derived data to develop multi-factorial equations for acoustic
velocity and the attenuation coefficient through multivariate
regression analysis. Correlation analysis identifies clay con-
tent, water content, density, and shear strength as essential
predictors for both acoustic parameters, with identical variable

sets selected to ensure model symmetry and comparative
consistency.

The multivariate regression framework, comprising four
independent variables and one dependent parameter, neces-
sitates nonlinear parameterization to address inherent nonlin-
ear dependencies between geotechnical factors and acoustic
properties. Given these nonlinear interactions, traditional linear
regression assumptions prove inadequate. To enhance model
fidelity, functional substitutions of input variables, derived
from single-factor relationships (Table 4), are incorporated
using an enhanced algorithm. This transformation yields up-
dated formulations for both acoustic velocity (Eq. (32)) and
attenuation (Eq. (34)), derived from their initial multivariate
expressions (Eqs. (31) and (33)), while preserving physical
interpretability:

v = β0 +β1x1 +β2x2 +β3x3 +β4x4 (31)

v =β0 +β1 (1341−16.17x1i)

+β2
(
400x2

2i −1297x2i +2236
)

+β3
(
1322+0.16x−2.074

3i

)
+β4

(
1333+0.0156x1.74

4i
) (32)

α = β0 +β1x1 +β2x2 +β3x3 +β4x4 (33)

α =β0 +β1
(
0.019e4.92x1i

)
+β2

(
17.31x2

2i −80.21x2i +92.28
)

+β3

(
−0.035x−1.965

3i +1.116
)

+β4
(
0.0024x2

4i −0.62x4i +42
) (34)

where β0, β1, β2, β3, and β4 are the coefficients to be
determined by the regression analysis.

By integrating theoretical, experimental and field data, the
multi-factorial acoustic model was analyzed through multi-
variate linear regression with functional parameterization. The
derived acoustic velocity formulation is formalized as:

v =1962.09+0.93c+266ρ
2 −862.5ρ +151.58ϖ

−2.074

+0.0189s1.74 (35)

The inclusion of the ρ2 term is not merely a statistical art-
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ifact but is intended to capture the non-linear effects of
sediment compaction and grain-to-grain contact stiffness. At
higher densities (greater compaction), the increase in acoustic
velocity is nonlinear because the sediment frame becomes
significantly stiffer. Shear strength is a direct macroscopic
measure of the shear modulus and cohesion of the sediment
frame. It quantifies the ability of the skeletal frame to sus-
tain shear stresses, which is critical for the propagation of
shear waves and significantly influences the compression wave
velocity through frame elasticity: A stronger frame reduces
energy loss due to irreversible grain sliding and friction.

This study evaluates multivariate regression models using
two key metrics: RMSE and R2. The established acoustic ve-
locity multi-factor model demonstrates an excellent goodness
of fit, with an R2 of 0.9691. Fig. 9 shows a strong agreement
between the predicted and measured acoustic velocities. These
results confirm the high predictive accuracy and robust data
fidelity of the multivariate regression model.

Similarly, the multi-factor regression model of acoustic
attenuation coefficient is obtained as:

α = 171.18+0.00019e4.72c +33.93ρ
2 −157.21ρ

−211.33ϖ
−1.965 −0.00047s2 +0.1207s−8.17

(36)

Parameters like clay content and water content are di-
rectly linked to viscous dissipation. Clay content affects pore
fluid viscosity and the specific surface area for fluid-particle
interaction, while water content defines the volume of the
viscous fluid. Together, these parameters control the Biot-type
viscous damping as the pore fluid moves relative to the solid
skeleton under acoustic excitation. The predictive performance
of the acoustic attenuation model is demonstrated in Fig. 10,
showing strong agreement between theoretical predictions and
experimental measurements. Combined analysis of the correla-
tion plot and evaluation metrics (RMSE = 3.77, R2 = 0.8863)
validates the robust predictive capability and strong empirical
concordance of the multivariate acoustic attenuation model.

4. Conclusions
This study established predictive models for the acoustic

properties of deep-water shallow sediments by integrating
Biot’s theory with theoretical calculations, laboratory simu-
lations, and field measurements.

The developed single-factor models revealed distinct rela-
tionships: P-wave velocity decreases linearly with clay content
but increases nonlinearly with density, while the acoustic
attenuation coefficient grows exponentially with clay con-
tent and decreases with increasing density. Meanwhile, water
content exhibits an inverse exponential correlation with both
velocity and attenuation. Shear strength critically influences
both properties, accelerating P-wave velocity exponentially
and reducing attenuation quadratically.

Sensitivity analysis identified shear strength and density
as the dominant controlling factors, followed by clay and
water contents. All four engineering parameters showed strong
correlations with the acoustic properties while maintaining
statistical independence. An optimized multivariate linear re-
gression model, incorporating functionally transformed clay
content, density, water content, and shear strength, have been
established. This model achieves high predictive accuracy.

This model provides an innovative tool for deep-water
engineering, enabling the precise prediction of shear strength
via acoustic parameter inversion. This capability significantly
enhances the reliability of subsea pipeline routing and platform
foundation design. As a limitation of the multi-factor model
developed in this study, it does not account for interactions
between parameters. Future work could incorporate such in-
teraction terms and involve the development and validation
of models for different frequency ranges and sediment types.
Furthermore, the validation of both in-situ shallow samples
and laboratory-prepared specimens in the future will enhance
the reliability of the proposed method.
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