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INTRODUCTION

Accurate characterization of sub-seafloor geological features
using seismo—acoustic methods is crucial for hydrocarbon
exploration (e.g. Asada et al., 2022; Ellingsrud et al., 2002),

Sourav K. Sahoo? | Laurence J. North’> | Timothy A. Minshull' |
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Abstract

We present novel experimental measurements of acoustic velocity and attenuation in
unconsolidated sand with water saturation within the sonic (well-log analogue) fre-
quency range of 1-20 kHz. The measurements were conducted on jacketed sand packs
with 0.5-m length and 0.069-m diameter using a bespoke acoustic pulse tube (a water-
filled, stainless steel, thick-walled tube) under 10 MPa of hydrostatic confining pressure
and 0.1 MPa of atmospheric pore pressure. We assess the fluid distribution effect on
our measurements through an effective medium rock physics model, using uniform
and patchy saturation approaches. Our velocity and attenuation (Q~!) are accurate to
+2.4% and +5.8%, respectively, based on comparisons with a theoretical transmis-
sion coefficient model. Velocity decreases with increasing water saturation up to ~75%
and then increases up to the maximum saturation. The velocity profiles across all four
samples show similar values with small differences observed around 70%—90% water
saturation, then converging again at maximum saturation. In contrast, the attenuation
increases at low saturation, followed by a slight decrease towards maximum saturation.
Velocity increases with frequency across all samples, which contrasts with the complex
frequency-dependent pattern of attenuation. These results provide valuable insights into
understanding elastic wave measurements over a broad frequency spectrum, particularly

in the sonic range.
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carbon dioxide and energy storage (e.g. Fawad & Mon-
dol, 2021; Li et al., 2020) and marine geotechnical surveys
(e.g. pipelines or windfarms) (Le et al., 2014; Reynolds
et al.,, 2017). These imaging methods can provide useful
information on stratigraphy (e.g. folds and faults) and fluid
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distribution, deriving physical properties from elastic wave
velocity and attenuation. Understanding controls on the com-
pressional (P-) and shear (S-) wave properties of marine
sediments at sonic frequencies of 1-20 kHz can help inter-
pretation of high-resolution seismic surveys, such as Chirp
sub-bottom profilers operating in the 1-10 kHz frequency
range (McCann et al., 2014). In addition, knowledge of these
properties at elevated confining pressures and temperatures
can help the interpretation of data from borehole sonic logs
operating at 10-15 kHz in more deeply buried sediments.

P-wave velocity and attenuation are sensitive to fluid
content and pore connectivity (Mavko et al., 2009); how-
ever, S-wave velocity remains insensitive unless fluid density
changes. Therefore, most studies focus on P-wave properties
when investigating water saturation effects. The relationship
between fluid content and elastic wave properties is often
complex, representing a challenge to interpreting seismo—
acoustic data. This relationship can be quantified in a
laboratory setting where environmental conditions can be
controlled. For instance, resonant bar studies have shown that
partial liquid saturation creates strong attenuation in porous
rocks in the kHz range (e.g. Batzle et al., 2006; Chapman
et al., 2021; Murphy, 1982). At sonic frequencies, compacted
heterogeneous soils evidence similar velocity and attenuation
versus water saturation dependencies to rocks (e.g. Barriere
etal., 2012; Cadoret et al., 1998; Dong et al., 2023). However,
there are few studies on saturation effects at sonic frequencies,
especially in unconsolidated sediments with varying water
saturation (McCann et al., 2014). Most prior research focused
on dry or nearly fully saturated media (Ayres & Theilen, 2001;
Prasad, 2002).

Theoretical model studies by Biot (1956a, 1956b), Stoll
(1985) and others have investigated fluid content effects on
elastic wave properties. Biot’s theory describes how elastic
waves induce frequency-dependent fluid motion relative to
the solid matrix in porous media, influenced by fluid viscosity,
density and rock matrix permeability, leading to frequency-
dependent velocity and attenuation. The theory predicts two
compressional waves (fast and slow) and a shear wave, with
the slow P-wave being highly attenuated and rarely observed
(e.g. Bouzidi & Schmitt, 2009). Other theoretical studies have
examined gas and liquid distribution effects, whether uniform
or patchy (e.g. Pride et al., 2004; White, 1975).

We conducted an experimental study to investigate the
effects of water saturation on frequency-dependent compres-
sional wave velocity and attenuation (expressed as the inverse
quality factor, Q') in unconsolidated sand packs at sonic fre-
quencies. These sand packs are known to conform well to
Biot’s model description of wave propagation, at least in sat-
urated samples at ultrasonic frequencies (e.g. Klimentos &
McCann, 1988). We used a water-filled acoustic pulse tube
similar to the one described by McCann et al. (2014) to mea-
sure P-wave velocity and attenuation on sediment samples
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(0.5 m length, 0.069 m diameter) at 1-20 kHz. We compared
our pulse tube data with an effective medium rock physics
model (i.e. the Biot—Stoll model) to understand the underlying
mechanisms.

Our measurements can be used to validate frequency-
dependent rock physics models, which are important for
accurately interpreting subsurface properties. The intermedi-
ate (sonic) frequency range that lies between ultrasonic and
seismic frequencies is often key to understanding theoretically
predicted velocity dispersion and attenuation peaks caused
by viscoelastic relaxation that tend to occur in this range
(Guerin & Goldberg, 2005; Sahoo & Best, 2021). These mod-
els, potentially modified to account for our data, can then be
used to interpret field seismic (including the high-resolution
method) and borehole sonic log data in relation to pore fluid
content analysis. For example, enhanced rock physics models
can facilitate monitoring of carbon storage, from the seques-
tration process, which can introduce patchy saturation, to
detecting seabed gas leaks (Azuma et al., 2013; Jedari-Eyvazi
etal., 2023).

METHODS

Sample preparation and measurement
procedure

The samples comprised clay-free quartz sand from Leighton
Buzzard with a mean grain diameter of 100 ym. We used
polyvinyl chloride (PVC) material to make cylindrical jack-
ets (outer diameter 0.069 m, inner diameter 0.063 m, length
0.5 m) and endcaps to hold the sand and enable sample
emplacement within the water-filled pulse tube (Figure 1).
The PVC’s acoustic impedance is 2.9 x 10° kg m™2 s~!
with a velocity of 2600 m s~! and density of 1120 kg m™>
(Selfridge, 1985), similar to that of water-saturated sand: 2.2—
4.2 x 10° kg m™2 s~! with a velocity of 1450-2200 m s~!
and density of 1460—1890 kg m~> (Schumann et al., 2014).
We sealed both ends of the jacket using 3-cm thick PVC end-
caps with attached O-rings. These endcaps were free to move
lengthways inside the jacket while maintaining a pressure
seal, thus allowing the external surrounding water confining
pressure to be applied evenly to the sand pack inside the pulse
tube.

To avoid inconsistencies during the preparation of sand
packs that could cause significant density and porosity vari-
ations along the sample, we developed a repeatable sample
preparation procedure. First, we oven-dried the sediment in a
60°C oven for 24 h, then we tamped and evenly compacted
the sand in successive layers into the cylindrical jacket, with
the bottom endcap fitted beforehand, mimicking the ‘Proc-
tor method’ for compacting soils (ASTM, 2007). We provide
further explanation in the Supporting Information section.
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FIGURE 1
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5cm

Components of jacket system used to hold the sand pack: (a) 50 cm length polyvinyl chloride (PVC) cylinder jacket and (b) top and

bottom PVC endcaps with O-ring seals and location of pore fluid vent port (hexagonal nut on top endcap on the right).

TABLE 1 Experimental parameters of sand pack samples.

Sample Porosity (%) Water saturation (%) Effective pressure (MPa)
A 38 +0.25 0-100 10

B 40 +0.25

C 44 +0.25

D 42 +0.25 0,1,5,10

Finally, we fitted the top cap to prevent leaks and inserted the
dry sample into the pulse tube for measurements under dry
conditions.

We measured sample mass and dimensions before each
experiment and calculated sample porosity (@) based on grain
density and sample densities (p; and p,, respectively), as
J=1- 2—”. The porosity of the four samples (A-D) ranges
from 38%dt0 44%, as shown in Table 1.

We used de-ionized water in the water saturation experi-
ments. First, we connected a vacuum pump to the downstream
pore fluid port to remove air from the sample. Upon con-
stant vacuum pressure, we opened the upstream port to enable
water imbibition from an external reservoir. Simultaneously,
we recorded the mass change in the reservoir to estimate the
pore water volume and, hence, the water saturation (i.e. water-
to—pore volume ratio). We repeated this process to achieve
several water saturation steps, up to 30%. Above this point, the
vacuum method was inefficient, so we switched to imbibition,

allowing better control of the saturation process at a higher
saturation range. Imbibition relies on the capillary pore fluid
pressure at the interface between the gas and liquid to draw
in more liquid until full saturation is reached (McPhee et al.,
2015). For each saturation step, we placed the sample verti-
cally in a water-filled acrylic container for 48 h with the water
level just above the top cap with two openings to provide water
ingress. We tilted the container to around 45° and rotated the
sample every 3—4 h to evenly distribute the water inside the
pore space under gravity. Then, we weighed the sample again
to measure the added mass of water and new saturation. We
aimed to add 50-60 mL of water for each saturation step.

As an extra measure to understand the water distribution
in the sample, we utilized an experimental microwave scan-
ner (Figure 2; the ‘Water saturation monitoring using the
microwave method’ section). If the water distribution was
not uniform, we left the sample for another 24 h for the
water to distribute further before being placed in the pulse
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FIGURE 2 Block diagram of the experimental microwave set-up: (a) complete set-up connecting to computer and (b) side-view of the

microwave set-up; (c) coaxial cell used for calibration measurements. Photographs of the microwave set-up are provided in Figure S4.

tube for measurements. We repeated the water addition pro-
cedure until the sample was fully saturated for each sample.
Please refer to Figure 5a for the complete workflow of sample
preparation and pulse tube data acquisition.

Water saturation monitoring using the
microwave method

Understanding the water distribution inside the sand sample is
essential to interpreting pulse tube results. Hence, we devel-
oped a novel microwave measurement technique to achieve
that understanding. Microwave methods have been widely uti-
lized to measure the water content of soil, for example, from
measurements of electrical permittivity or dielectric constant
(e.g. Richards et al., 2014). They are non-destructive methods
and thus can preserve the sample condition.

We used a free-space, contactless, microwave method to
monitor the water distribution utilizing a vector network anal-
yser (VNA) with two spot-focusing, curved antennae in the
1-6 GHz frequency range. We used a PicoVNA 106 Quad RX
with a frequency resolution under 10 kHz. In general, a VNA
is used to test materials by applying a test signal to the materi-
als, measuring the reflected and transmitted signals, and then
comparing them to the test signal. In our method, we only used

the transmission signals to determine the water saturation. The
system was connected to a PC to run the measurements using
PicoVNAZ2 software (Figure 2a,b).

This microwave method requires an accurate calibration
between the measured dielectric permittivity and the actual
water content of the soil (Ghodgaonkar et al., 1990), so we
conducted an in-house calibration. We obtained reference
values for the dielectric permittivity of saturated and dried
samples in the 1-6 GHz frequency range using a shorted
coaxial cell, consisting of a coaxial structure where the inner
conductor is short-circuited to the outer conductor at one end
to maximize the microwave reflection, which is critical for
determining accurately the dielectric properties of the sample
material. The cell, with an internal diameter of 16 mm and a
centre conductor diameter of 7 mm, measures 55 mm in axial
length (Figure 2c). The cell calibration was performed using
a multiple-offset short method (Glasser, 1978).

Leighton Buzzard sand was saturated with RO water in a
container outside the coaxial calibration cell, and then lightly
compacted into the coaxial cell for measurement. Subse-
quently, the saturated sample underwent oven drying at 60°C
for 48 h and was re-measured to determine the dielectric
constant for the dry sample. The cell and its contents were
weighed in both saturated and dry states to calculate saturation
and pore volume gravimetrically, assuming a grain density of
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2650 kg m~3. The pore volume of the sample was 42%, typi-
cal of uncompacted sand, with a water saturation of 88.75%.
We calibrated the system by measuring the dielectric constant
of dry and fully saturated sand, 2.5 and 22.6 F m~!. Peak
picking of wideband transmitted signal arrival time is used
to calculate group velocity and hence dielectric constant. A
comparison between the dielectric constant for dry sand and
air obtained with the coaxial cell and antenna measurement
system allowed us to deduce error bounds for the antenna
system, conservatively set at a 10% error margin. We used
these dielectric constant values to obtain the water saturation
as described in the Supporting Information section.

We monitored the water distribution in the PVC-jacketed
sand samples by conducting a microwave reading at 5 cm
intervals down the length of all samples after each water
addition step. We defined the distribution from the standard
deviation of the measured water saturations down the sample.
If the standard deviation of saturation values determined in the
sample was over 15%, we left the sample for another 24 h to
let the water evenly distribute and repeated the readings until
the requirement was fulfilled. An example of the water distri-
bution of the sample at several saturation levels is provided in
Figure 3.

As the saturation increases, a more uniform water distribu-
tion is easier to achieve. At most saturations, the bottom half
of the sample (025 cm) tends to saturate first due to the influ-
ence of gravity on the imbibition process. This phenomenon
is particularly clear at intermediate saturations, as illustrated
by the orange and yellow lines in Figure 3. This higher sat-
uration extends from 5 to 10 cm (orange lines) and up to
25 cm (yellow lines), potentially affecting the acoustic prop-
erties at higher frequencies where the acoustic wavelength is
shorter than the region of higher saturation. To assess this
effect, we calculated the wavelength from the velocity and fre-
quency (wavelength = velocity /frequency). We found that
the lengths of the regions with higher saturation correspond to
the wavelength for frequencies higher than 12 kHz (~11 cm
wavelength; orange line) and 6 kHz (~21 cm wavelength; yel-
low line). Further discussion of the effect of variable water
saturation at different frequencies is provided in the ‘Variation
of velocity and attenuation’ section.

Acoustic pulse tube
Experimental apparatus

The acoustic pulse tube utilizes an acoustic waveguide con-
cept consisting of a water-filled, thick-walled, stainless steel
cylindrical tube. This set-up is common for investigating
acoustic properties of materials using the theory of axially
propagating plane waves in a fluid-filled, rigid-walled waveg-
uide. The pulse tube has a waveguide diameter of 0.07 m,

Geophysical Prospecting

EUROPEAN

ASSOCIATION OF
GEOSCIENTISTS &

ENGINEERS

and no higher modes will propagate at frequencies less than
26 kHz (McCann et al., 2014). McCann et al. (2014) also
argued based on the theory of Dubbelday and Capps (1984)
that plane waves propagate in the sediment-jacket system. The
ratio of the tube radius to the sample radius should be smaller
than 1.03 for a low-impedance material, such as our sediment-
jacketed system. In our experiment, the ratio is 1.014, below
this critical value.

We conducted the experiment using a 4.5 m long pulse tube
at the National Oceanography Centre (NOC), Southampton
(Figure 4). The tube has an inner diameter of 0.07 m with
the capacity to hold a sample with a diameter of 0.069 m.
The designed maximum confining pressure of the pulse tube
vessel is 60 MPa, though for this study, we only tested at
a confining pressure below 12.5 MPa. A water circulation
jacket that wraps the vessel is connected to a temperature
control unit, allowing an experimental temperature within the
range of —5 to 55°C. We performed the measurements for all
samples at a controlled temperature of 4°C and a confining
pressure of 10 MPa with a pore fluid port connected to the
sample vented to atmospheric pressure through the pulse tube
top cap, thus giving an effective (differential) pressure of c.
10 MPa, analogous to subsurface depths of about 1 km in
the earth. We also performed measurements on sample D at
increasing effective pressures (Table 1).

A bespoke acoustic piezoelectric transducer located at the
bottom of the pulse tube insonified the jacketed sample in
the 1-20 kHz range using variable-frequency chirp signals
(i.e. within the working frequency of well logs). The pulse
tube has two hydrophones installed through side-wall ports
at a spacing of 1.2 m. The sample is suspended among the
hydrophones, hanging from the top cap through the pore fluid
line. We acquired the data using an Agilent 30 MHz Func-
tion/Arbitrary Wave generator producing a 6-s 20 kHz chirp
synchronized to a LeCroy WaveSurfer 200 MHz Oscilloscope
to display and record the output. We stacked the readings 16
times to improve the signal-to-noise ratio.

The confining and pore pressure are controlled by an ISCO
EX-100D syringe pump system. To minimize undesired dis-
tortions of the signal associated with trapped air, first, we
slowly lowered the jacketed sample into the tube using the
pore fluid pipe, ensuring no air bubbles were trapped at the
bottom of the sample. Then, we systematically increased the
confining pressure and opened valves in the top cap of the
pulse tube to release any air trapped inside the sample. Lastly,
we closed the pulse tube with its top cap and slowly ele-
vated (~0.01 MPa s~!) the confining pressure to the target
pressure. We stabilized the pulse tube system for ~2 h to
let the sand sample equilibrate. After completing the mea-
surements, we released the confining pressure at the same
rate as before to prevent the sample from experiencing any
stress-release-induced damage before removing the sample.
Additionally, we measured the water-filled pulse tube without
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FIGURE 3 Water saturation distributions for progressively increasing % sample saturations (see legend) using the microwave transmission

system for all samples with error bars at various saturations (a—d). The readings are every 5 cm along the sample. The top (50 cm) and bottom (0 cm)

measurements are not calculated due to the influence of the polyvinyl chloride (PVC) endcaps on microwave readings. The standard deviation for

each sample is 9.9%, 10.9%, 12% and 9.5% (Samples A-D). The differences between the microwave readings and the water saturation values
calculated from sample weight are 6.0%, 6.2%, 6.6% and 4.8% (Samples A-D).

any sample as a reference for the acoustic data processing and
calibration.

Acoustic data processing

The measurements comprised time series of signal ampli-
tude (voltage) from the sample at each saturation and from
the water-filled pulse tube. The time-domain data were
transformed into the frequency domain using a fast Fourier

transform (FFT) to then deconvolve the raw signals with the
chirp source signal, thus obtaining the impulse response. The
stimulus is monochromatic (i.e. single frequency); thus, the
equations used in the processing are evaluated at each fre-
quency coincident with those of the FFT of the measured
gated time-domain signal.

We applied time-domain gating to eliminate multiple
reflections from the pulse tube endcaps, although any reflec-
tions that coincide temporally with the time-domain gate
may degrade results. These are typically proximal reflections
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Diagram of the experimental pulse tube set-up: (a) schematic diagram of pulse tube with pressure system and data acquisition

set-up, (b) dimensions of the pulse tube in detail and (c) detail of the polyvinyl chloride (PVC)-jacketed sample inside the pulse tube with pore fluid

line (vented via high-pressure lead-throughs in the top cap of the pulse tube).

from geometrical changes in the pulse tube, for instance, the
hydrophone ports along the pulse tube. Figures 5b and 6 show
the data processing workflow and examples of the raw and
processed time-domain data.

We used nonlinear inversion to minimize the following
objective function, which uses an initial value estimated using

the time-domain signal, thus deriving the complex velocity
of the sample. We assumed a linear time-invariant system to
ensure the input and output are scaled by the same value. We
also assumed plane wave propagation so that shear moduli of
the sample (i.e. sand pack) and endcaps may be neglected,
resulting in a one-dimension transmission line system without
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FIGURE 5 Workflow diagrams for (a) sample preparation and pulse tube data acquisition and (b) data processing steps (with description) to

obtain the acoustic wave properties.
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using Chirp source signal.

Transforming deconvolved
signal into time domain.

Removing extraneous
reflections.

Obtaining complex velocity
using scattering matrix
method.
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FIGURE 6 Anexample of raw and deconvolved time-domain
acoustic data on a jacketed sand sample (Sample D) from pulse tube
measurements. The positions of Hydrophones 1 and 2 are shown in
Figure 4. Further examples for different samples are provided in
Figures S2 and S3.

any propagation at the sidewalls, multiple paths or shear-wave
coupling. The main objective function is provided in Equa-
tion (1), whereas the analytical descriptions are provided in
Equations (2)—(13) and illustrated in Figure 7:

Objective function = | Ry 04 — Ryobs| + | Romod = Roobs| »

(1
R - )
Imod = >
e Myret
R ™ 3)
2mod = >
e Moref
R M &)
lob )
o eref
R M )
20b )
o M2ref
with m; and m, as follows:
my = Phy [(1+72,S11c1) + 72,72 82161512015
1 1 Vw1 1lcl Yw1¥s ©21c1°12¢1°11c2
n =00
2
Z 7" S5 | - (6)
n=0
n =00
2
my = Ph, (leyWZySSZICIS2IC2) Z ygnSSQC]S;’]C2
n=0
(7N
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By using the concept of infinite geometric series, we could
simplify Equations (6) and (7) into

2,2
Y917s S21e1512¢15112

1=728501S1102

my=Phy | (1472,8)10) +

®
RYSIRAY
my = Phy lel/wzzys 21e1921e2 | )
1 =75820015110
In addition, m . and my,.; as follows:
Myper = Phl? (10)
Moref = Ph2Yw17’w2yw3’ (11)

where P is the incident stimulus, ~; and h, are the
hydrophones transfer functions. y is the transmission coeffi-
cient, and .S represents the scattering matrix. Small m stands
for the inversion model, whereas big M stands for the actual
measurement with ref notation referring to water-filled tube
condition (without sample).

Lastly, by taking the ratios Rj,q and R, .4, We could
remove P, h; and h,, as provided in Equations (12) and
(13). The complete description of the scattering parameters
is provided in the Supporting Information section:

2 .2
Yo1¥s S21c1512¢15 112
2
1 =785

Ripoa = (1+72,81101) + . (12

1 Ys321c15212

2 _FePolel P2l (13)
Yw3 1= 72850015112

Rymod =

We calculated the attenuation Q~! from the real and imag-
inary velocity output of the scattering matrix method using
(Mavko et al., 2009):

(14)

where v, and v, are the real and imaginary velocities,
respectively.

Acoustic pulse tube calibration

The calibration process involved several steps. First, we deter-
mined the velocity and attenuation errors by comparing the
pulse tube and theoretical transmission coefficients (McCann
et al., 2014). The theoretical model predicts the sample’s
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FIGURE 7

Description of scattering parameters used in the idealized transmission line (scattering matrix) model of the acoustic pulse tube

that are included in the numerical inversion. Refer to the Supporting Information section for the mathematical definition of symbols.

response based on plane wave transmission through an infi-
nite plate of finite thickness L and the acoustic impedance
of the sample I, inside a fluid with acoustic impedance I},
as defined in Equations (15)—(17). We determined the error
bounds as the parameter values at which the sum of squares of
the residuals between experimental and theoretical transmis-
sion coefficients reached 10% higher than the best fit solution:

411,
T = — — (5
(Il +12) e’k2L - (Il —12) e"k2L
ky=2n S _if , (16)
V, 20V,

2r
n=p2L (17

2

where T is the transmission coefficient of compressional
waves, k, is the wavenumber of the sample, V, is the velocity
of the sample and f'is frequency.

First, we used a material with well-known properties, that is
a nylon rod, to calibrate our method. Then, we used the same
method on the PVC jacketed sand packs. The comparisons are
in good agreement based on R? (or the coefficient of determi-
nation) values of 0.95 and 0.89, showing that 95% and 89% of
the variance of the experimental data were accounted for by
the theoretical model for nylon and PVC-jacketed samples,
respectively (Table 2 and Figure 8).

The error is slightly higher in the PVC-jacketed sample
compared to the nylon rod, perhaps because of the multi-
layered system of the jacketed sample, that is endcaps and a
PVC tube with the sample inside. This layering could affect

the propagating wave by introducing complexity in the scat-
tering matrix calculation, compared to the solid nylon rod
without any jacket and endcaps.

Next, we compared our data to those reported by Self-
ridge (1985) for nylon at ultrasonic frequencies. We converted
Selfridge’s ultrasonic data to sonic frequency, that is, from
0.5 MHz to 10 kHz, using the following equation from Kolsky
(1956):

1 f
V, (f1) =Y, (f2) [1+Eln<f—;>], (18)

where V,(f) and V,(f>) are the nylon compressional wave
velocities at frequencies f; and f5, respectively, and Q is
the quality factor measured by Selfridge, which is assumed
constant in the frequency range from f; to f5.

As shown in Table 3, the measured and the predicted veloc-
ities of nylon are 2546 and 2561 m s~!, indicating a good
agreement with a difference of around 1%. Lastly, we also
explored the effect of the jacket system on acoustic prop-
erty measurement by comparing the acoustic velocity of water
inside the pulse tube and the PVC jacket. We used an empty
pulse tube to calculate the water velocity from the propa-
gation time from Hydrophones 1 to 2. Then, we compared
the measured water velocity inside and outside the jacketed
sample. The results showed a 3% reduction in velocity due
to the jacket system (i.e. 1374 + 21 and 1419 + 22 m s~!
for water velocity in the PVC jacket and empty pulse tube,
respectively). Meanwhile, attenuation shows <0.001 (or <7%)
difference. For additional comparison, we calculated the
acoustic speed in water at 4°C and 10 MPa pressure using
equations from Belogol’skii et al. (1999). The theoretical esti-
mate (i.e. 1432 ms~!) is ~1% higher than the acoustic velocity
measured in the pulse tube. As a result, we have adopted a
calibration factor of 1.03 for measurements using the PVC
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TABLE 2 Errors of pulse tube measurements on two samples calculated from the comparison of pulse tube transmission coefficient with

theoretical models.

Sample Velocity (m s~!) Attenuation (Q~') R?
Nylon +1% +3.9% 0.95
PVC with sand +2.4% +5.8% 0.89
Note: R? is the coefficient of determination for the transmission loss (Figure 8).
Abbreviation: PVC, polyvinyl chloride.
(a) Model (Nylon) PT Data (Nylon) (b) —— Model (sand) PT Data (Sand)
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FIGURE 8 Experimental and theoretical transmission loss coefficient spectra (in dB) for (a) nylon and (b) jacketed sand at an effective

pressure of 10 MPa and temperature of 4°C. Dashed lines with points represent pulse tube data, and solid lines represent the theoretical result from

the transmission model.

TABLE 3 Acoustic properties of nylon from pulse tube measurements and from the ultrasonic measurements of Selfridge (1985).

Pulse tube observation

Ultrasonic P-wave observation

Velocity (m s~1) 0!

Velocity (m s~!) 0!

2546 + 25

0.008 + 0.0005 2600

0.006

Velocity comparison

Pulse tube (m s™1)

Corrected ultrasonic measurement
(ms™)

2546 + 25

2561.1

jacket and estimate that our relative experimental uncertainty
is +£2.4% and +5.8% for velocity and attenuation, respectively.

Theoretical modelling

The elastic wave properties of water-saturated sediments and
rocks can vary significantly with frequency (Williams et al.,
2002). Velocity dispersion, that is the change in velocity with
frequency, is related to attenuation through the principle of
causality (e.g. Kolsky, 1956). The velocity and attenuation of

elastic waves can be measured over a wide frequency range,
including seismic surveys, sonic well-logging and ultrasonic
laboratory experiments. Therefore, it is essential to under-
stand the entire frequency dependence to enable comparison
of measurements from various techniques.

Across various theoretical explanations of elastic wave
propagation in porous media, particularly unconsolidated sed-
iment, the theory of Biot (1956a, 1956b) is commonly used
(e.g. Cadoret et al., 1998; Chotiros, 1995; Williams et al.,
2002). This theory was developed to predict the frequency-
dependent velocity and attenuation due to the fluid viscosity
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and the inertial interaction between the pore fluid and sed-
iment matrix. Biot’s theory is relevant in unconsolidated
sediments (or sand packs) and high-porosity rocks in the
high-frequency limit, as opposed to the low-frequency limit
(i.e. below 100 Hz), where the theory of Gassmann (1951)
suffices. Therefore, we compared Biot’s model with our lab-
oratory results, in particular the Biot—Stoll model (Stoll &
Bryan, 1970) that is incorporated in the hydrate-bearing
effective sediment (HBES) model of Marin-Moreno et al.
(2017). We used this particular model because it includes
additional complex fluid flow mechanisms within the Biot
porous medium concept, namely squirt flow and gas bubble
interaction.

The HBES model is generally applicable to porous sedi-
ments with gas/liquid saturating fluids and does not require
hydrate to be present. We used this model (with a hydrate
saturation of zero) to predict how gas bubbles affect veloc-
ity and attenuation. The model is able to calculate P- and
S-wave velocities and attenuation. The model was developed
from the hydrate effective grain (HEG) model of Best et al.
(2013), which predicts velocity and attenuation dispersion
based on the clay-squirt flow mechanism in marine sedi-
ment (Leurer, 1997; Leurer & Brown, 2008). This mechanism
is incorporated in the Biot—Stoll fluid flow model to pre-
dict the frequency-dependent acoustic properties in sediment
and rocks as a function of pore content. The HBES model
extended the HEG model by adding the effects of gas. The
model included gas bubble resonance effects, based on the
work of Smeulders and Van Dongen (1997), which makes this
model suitable for our study.

To address how pore fluid distribution affected our exper-
imental data, we extended the modelled velocity and attenu-
ation by varying the effective fluid bulk modulus calculated
using the Voigt (1889), Brie et al. (1995) and Reuss (1929)
techniques. This extension allowed us to vary the patchiness.
In addition, we explored the sensitivity of the results to perme-
ability and gas bubble radius variations. First, we varied the
patchiness parameter in the model to match our experimen-
tal data using the input parameters in Table 4. Then, we used
the best fit model to explore the permeability and gas bubble
radius effects by varying permeability from 0.01 to 10 D (1
Darcy = 10"'? m?) and the gas bubble radius from 0.0001 to
10 mm (see Table 5).

We calculated the difference between the experimental and
modelled values to find the best fit using an objective func-
tion (Equation 19) at each step of the modelling process. We
minimized the objective function to find the best fit water
distribution (patchiness), permeability and gas bubble radius
parameters. When we varied one parameter, we held the
other two parameters constant until we found the best fit. For
instance, we varied the patchiness parameter first by holding
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TABLE 4 Fixed input parameters used in the hydrate-bearing
effective sediment (HBES) model.

Parameters Value References
Effective pressure 10° Pa Experimental set-up
Temperature 4°C

Sand grain properties

Bulk modulus 36 x 10° Pa Simmons (1965)

Shear modulus 45 x 10° Pa

Density 2650 kg m~3

Diameter 1074 m Measured

Coordination number 9 Murphy (1982)
Sand sediment properties

Porosity 0.41 Measured

Critical porosity 0.38 Best et al. (2013)

Tortuosity 3 Berryman (1981)

TABLE 5 Gas bubble radius size used in the hydrate-bearing
effective sediment (HBES) model.

Gas bubble type Gas bubble radius (m)
Nanobubble 1077

Microbubble 1076, 1073

Fine bubble 10~

Medium bubble 1073

Coarse bubble 1072

the permeability and gas bubble radius constant:

Vexperimental - Vmodel]ed
Objective function =
Vexperimental
-1 _ -1
experimirlltal modelled N 9)
experimental
RESULTS AND DISCUSSION

Variation of velocity and attenuation

P-wave velocity (V) increases with frequency across all
samples (A-D), with Sample D showing the least variation
(Figure 9). Attenuation patterns are more complex: Sample
A shows a significant decrease with frequency, Samples B
and C exhibit more complex behaviour and Sample D shows
little variation, particularly above 4.5 kHz. There are signifi-
cant variations with saturation level, particularly in V;,. Fully
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FIGURE 9 Measured variations in (a) P-wave velocity (V) and (b) attenuation (Qp‘l) across the acoustic pulse tube frequency range of
1-20 kHz at three saturation levels: dry (0%), partially saturated (~50% to 55%) and fully saturated (100%). The effective pressure was 10 MPa, and
the temperature was 4°C.
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saturated sand packs consistently show the highest V,, as
expected, whereas attenuation displays more variation with
frequency. Results for each sample at all saturation levels (S, )
are in Figure S5.

We observe V,, peaks in Sample A (12.5-17.5 kHz at
Sy = 100%) and Sample B (10-12.5 kHz at S,, = 50%).
The variation in Sample A can be attributed to patchiness,
as observed by others at full saturation (Dvorkin & Nur,
1998; Tserkovnyak & Johnson, 2002). Sample A also displays
increased attenuation in the same frequency range, support-
ing the interpretation because patchiness may introduce more
attenuation (Cadoret et al., 1998). The variation in Sample B
can also be attributed to patchy saturation (Figure 3). Higher
saturations extend 5—10 cm from the bottom of the sample,
which could affect V,, in the frequency range of the peak,
where the wavelength is approximately 11 cm. Variations in
both velocity and attenuation towards both ends of the fre-
quency spectrum resulting from processing artefacts due to
the time-gating process (the ‘Acoustic data processing’ sec-
tion), particularly impacting the lower frequencies, as seen in
the case of Sample C below 2.5 kHz.

Velocity and attenuation both increase with saturation at
all pressure levels (Figure 10), after a small initial reduction
in velocity from S, = 0% to about S, = 50%. However, the
rate of increase varies, particularly for Vp at S, = 75%-100%,
with higher pressures showing larger increases. This trend is
due to the compaction of air bubbles within pores near to
full saturation, significantly increasing velocity (Dvorkin &
Nur, 1998). Attenuation increases similarly with saturation
at all pressures. At lower saturation levels (e.g. S, < 50%),
attenuation may be affected by local flow mechanisms; how-
ever, at higher saturation, attenuation can be associated with
patchy fluid distribution. Additionally, at sufficiently high fre-
quencies (i.e. sonic frequencies), unrelaxed pores can increase
attenuation (Cadoret et al., 1998; El-Husseiny et al., 2019;
Mavko & Nolen-Hoeksema, 1994).

P-wave velocity increases and attenuation decreases with
increasing effective pressure (Figure 11). Using relative value
(compared to the 0 MPa condition), we highlighted the impact
of effective pressure on both acoustic parameters. Sample
compaction progressively increases from 0 to 10 MPa due to
micro-crack closure and grain movement to be a closer pack,
reflecting a non-linear Vp trend at S, = 100% (He et al., 2021;
Horikawa et al., 2021; Prasad, 2002). The compaction effect
is masked by the fluid distribution effect at intermediate S,
(e.g. Sy, = 50% in Figure 11) because the bulk modulus of
the samples is dominated by the effective fluid modulus. The
dry sample exhibits the greatest attenuation reduction with
increasing pressure, particularly from 1 to 5.5 MPa, due to
initial crack closure and reduced gas pocket volumes (e.g. Li
et al., 2014; Zhang et al., 2022). In addition, only grain con-
tact squirt flow is present in the dry sample, whereas partial
and fully saturated samples also experience other attenuation
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mechanisms, such as mesoscopic fluid flow, Biot flow and gas
bubble scattering.

In the dry sample, gas predominates in the pores, with resid-
ual water present only at grain contacts, in microcracks and
adsorbed on grain surfaces. Fully saturated samples have min-
imal residual gas saturation. However, in 50% water-saturated
samples, two co-existing fluids in the pores lead to gas bubble
formation in the water. Gas bubble resonance effects might
affect attenuation in 50% water-saturated samples, giving a
different trend than dry and fully saturated samples. Pore-
scale fluid flow mechanisms might also affect the behaviour
at intermediate saturations (Winkler & Nur, 1979; Zhan et al.,
2022).

We present data from four samples to explore the water
saturation effect on acoustic parameters (Figure 12). V,, con-
sistently decreases with saturation up to S, ~ 75%, then
increases up to full saturation, with the main differences
occurring at Sy, > 70%. V;, increases at S, ~ 80% for Samples
A and D and at S, ~ 70% for Samples B and C. However,
attenuation varies significantly among samples, with Sample
D exhibiting a lower average value.

The V|, variation with saturation resembles that previously
observed for homogeneous saturations, characterized by a
decrease followed by a sharp increase (e.g. Dvorkin & Nur,
1998). For homogeneous saturations, the compressibility of
the water—gas mixture is similar to that of air across most
saturation levels. However, as full saturation is approached
(around S,, ~ 75% in this study), the compressibility of the
mixture approaches that of water, leading to a sharp increase
in bulk modulus and, consequently, velocity. Attenuation
behaviour is influenced by fluid flow mechanism. At lower
saturations (S,, = 0%—75%), microscopic fluid flow controls
attenuation (Alkhimenkov et al., 2020; Cadoret et al., 1998),
whereas at the highest saturations, macroscopic mechanisms
such as the Biot effect dominate. At full saturation, most sam-
ples exhibit a decrease in attenuation, attributed to minimal to
no fluid movement between pores, reducing energy loss (Li,
Zhao, et al., 2020; Oh et al., 2011).

Comparison with rock physics modelling
Water distribution

The Voigt and Reuss models serve as the upper (patchy sat-
uration) and lower (uniform saturation) bounds for fluid bulk
modulus, with Brie’s model (Brie et al., 1995) considered a
more realistic estimate for patchy saturation (Mavko et al.,
2009). We adjusted Brie’s calibration constant (e), represent-
ing saturation patchiness (Lee & Collett, 2006; Papageorgiou
et al., 2016), to fit our experimental data. As e increases, the
model approaches uniform saturation, closely resembling the
Reuss approximation at e > 30. In contrast, as e decreases, a
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FIGURE 10 Variation in measured P-wave velocity and attenuation with water saturation at 10 kHz at effective pressures between 0 and
10 MPa indicated in the legend in Sample D at a temperature of 4°C.
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FIGURE 11 Variations in (a) relative velocity and (b) attenuation with effective pressure at 10 kHz in Sample D at three water saturations of
0%, 50% and 100%. The velocity and attenuation at 0 MPa were used as the reference values. The temperature was 4°C.
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FIGURE 12 Variations in (a) P-wave velocity and (b) attenuation with water saturation at 10 kHz for the four samples. The measurements
were conducted at an effective pressure of 10 MPa and a temperature of 4°C.
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effective pressure of 10 MPa and a temperature of 4°C.
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LAB MEASUREMENTS OF WATER SATURATION

patchier distribution is represented, closely approaching the
Voigt approximation at e = 1.

Our velocity data are better explained by uniform than by
patchy gas saturation, with a good fit to the Brie model for e
ranging from 5 to 10 (Figure 13). From dry to ~75% satura-
tion, the velocity data align well with the e = 10 prediction,
whereas at higher saturations (75%—100%), the best fit lies
between e = 5 and e = 10, suggesting a fluid distribution
change as saturation increases. Our attenuation data are better
explained by the Brie model with a higher e value (e > 20),
particularly below 70% saturation. At higher saturations, the
data are scattered, which complicates the interpretation. Nev-
ertheless, the data from Sample C are closely aligned with the
Brie model result for e = 10-20. Full plots for all samples can
be found in Figure S6.

Permeability

We explored the effect of permeability changes by varying the
model’s permeability from 0.01 to 10 D. These simulations
are done to match our unconsolidated sand sample data at a
centre frequency of 10 kHz, under an effective pressure of
10 MPa, and using Brie’s coefficient of e = 10 (Figure 14a).
Velocities are higher and vary less with saturation at higher
permeabilities, but the differences are too small to be resolved
by our data (Figure 14b).

In contrast, attenuation varies significantly with permeabil-
ity across all saturations (Figure 14a). Attenuation increases
with permeability, particularly below 2.5 D, with higher per-
meabilities shifting the attenuation peak from higher to lower
saturations, deviating from our data above 85% saturation.
These changes are most noticeable at permeabilities above
5 D. Based on objective function minimization, our data best
align with the model results for permeability around 5 D,
which falls within the measured range of 1-8.4 D for a clean
quartz sand pack (Wei et al., 2022; West, 1995).

Gas bubble radius

Before exploring the gas bubble radius effect on the acous-
tic properties, we calculated the pore throat size (a) for our
samples to determine the applicable radius range. Stoll (1974)
found that pore throat size values range from one sixth to one
seventh of the mean grain diameter (d), whereas Hovem and
Ingram (1979) calculated it as follows: a = @d /[3(1 — @)],
where J represents the porosity. Employing both approaches,
the result is 0.014—0.017 mm.

We used six gas bubble sizes to represent various bubble
types (Table 5). However, the results are indistinguishable
below 1 mm radius, with significant differences only for the
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FIGURE 14
with saturation for all samples at 10 kHz, referenced to the measured

(a) Variations of relative velocity and attenuation

parameters at S,, = 0%, compared to the hydrate-bearing effective
sediment (HBES) model at various permeabilities. (b) The same
models and data plotted with an expanded vertical scale. The
measurements and simulations were conducted at an effective pressure
of 10 MPa and a temperature of 4°C.

10 mm radius (Figure 15), which is much larger than the calcu-
lated pore throat size. The model predictions with a larger gas
bubble radius also deviate from our pulse tube data. Through
objective function minimization, we determined that the best
fitting gas bubble radius is around 0.001-0.01 mm, with a
0.1 mm radius also fitting well. Therefore, our data are consis-
tent with bubble sizes no larger than 0.1 mm, explaining the
lack of discernible gas bubble resonance effects on attenuation
around our simulated gas bubble sizes, especially at 10 kHz
(Gong et al., 2010).
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FIGURE 15 (a) Variations of relative velocity and attenuation with saturation for all samples at 10 kHz, referenced to the measured
parameters at S,, = 0%, compared to the hydrate-bearing effective sediment (HBES) model at various gas bubble radii; (b and c) the same models and
data plotted with an expanded vertical scale. The 0.0001-0.01 mm results are not shown because they are indistinguishable from the 0.1 mm results.
The measurements and simulations were conducted at an effective pressure of 10 MPa and a temperature of 4°C.
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TABLE 6
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Summary of the experiments and modelling key findings on acoustic properties to tested parameters.

Parameters Velocity

Attenuation Q!

Experimental data analysis

Frequency
saturation

Effective pressure
saturation

Water saturation
increased until full saturation

Modelling comparisons
Water distribution
Permeability

Gas bubble radius
0.1 mm

Generally increased, particularly at full water

Increased, particularly in dry and full water

Decreased until around 75% saturation, then

Complex relationship, but mainly decreased to
slight variation

Decreased with significant reduction from 1 to
5.5 MPa*

Increased until around 75% saturation, then
slightly decreased until full saturation®

The experimental data matched well with the tested model using the Brie approximation (e = 10)
The experimental data matched well with the tested model using a permeability value of 5 d

The experimental data matched well with the tested model using gas bubble radius values from 0.0001 to

“Based on tested effective pressure steps, that is 0, 1, 5.5 and 10 MPa.
®One sample showed little to no variation from 75% to full saturation.

Limitation of study and future direction

We selected a sample size that ensured that the sample length
(i.e. 0.5 m) extended at least half of the wavelength at the
lowest frequency, which for a velocity of 1200-1300 m s~!
is 0.75-0.81 m at 1.6 kHz, so that the measurements captured
well the sample characteristics. We conducted these lab exper-
iments to imitate natural conditions as closely as possible and
to inform field measurements and the development of robust
inversion techniques. However, our experiments focus on a
single-sand pack, whereas field conditions may involve varia-
tions in grain size distribution and lithology. In addition, field
conditions may include different types of gases with various
saturations as part of the pore fluid. Moreover, we observe
variations, particularly in attenuation, which can be attributed
to changes in the distribution of pore fluid within the sam-
ple. These limitations highlight potential directions for future
research.

CONCLUSION

This study presents novel laboratory experimental measure-
ments of P-wave velocity and attenuation Qp‘l on four quartz
sand packs in the frequency range 1-20 kHz. We conducted
the experiments at mostly an effective pressure of 10 MPa and
temperature 4°C as a function of air/water saturation using a
novel, bespoke acoustic pulse tube. The method provides con-
sistent measurements for polyvinyl chloride—jacketed samples
accurate to +2.4% and +5.8% for velocity and attenuation,
respectively. We investigated the acoustic properties under
varying frequencies, effective pressures and water saturations.
Velocity consistently increases with frequencies, whereas
attenuation patterns vary across samples.

Velocity increases with effective pressure and attenuation
decreases at all water saturations. Dry and fully saturated
samples show more pronounced velocity increases than par-
tially saturated ones, whereas the dry samples show the largest
attenuation decreases. Velocities decrease with increasing sat-
uration until around 75% saturation and then increase towards
full saturation. In contrast, attenuation initially increases with
saturation and later slightly decreases towards full saturation.

We also looked at the effects of patchy saturation, perme-
ability and gas bubble resonance by comparing predictions
from theoretical models to our experimental results. Our sam-
ples match better with more uniform saturation models, as
represented by 5 < e < 20 in Brie et al.’s (1995) equation.
Our data are best matched using a permeability of around
5 d, which is a reasonable value for unconsolidated fine
sand. Our data are matched by a gas bubble radius no higher
than 0.1 mm. Table 6 summarizes the key findings from the
experiments and modelling.

These results offer valuable insights into understanding
elastic wave measurements in a broad frequency spectrum.
The pulse tube used in this study is a laboratory measure-
ment system working in the sonic frequency range, which
can fill the gap in laboratory scale measurements in the sonic
frequency range.
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