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a b s t r a c t

Knowledge about the seismic elastic modulus dispersion, and associated attenuation, in fluid-saturated
rocks is essential for better interpretation of seismic observations taken as part of hydrocarbon identi-
fication and time-lapse seismic surveillance of both conventional and unconventional reservoir and
overburden performances. A Seismic Elastic Moduli Module has been developed, based on the forced-
oscillations method, to experimentally investigate the frequency dependence of Young's modulus and
Poisson's ratio, as well as the inferred attenuation, of cylindrical samples under different confining
pressure conditions. Calibration with three standard samples showed that the measured elastic moduli
were consistent with the published data, indicating that the new apparatus can operate reliably over a
wide frequency range of f2[1e2000, 106] Hz. The Young's modulus and Poisson's ratio of the shale and
the tight sandstone samples were measured under axial stress oscillations to assess the frequency- and
pressure-dependent effects. Under dry condition, both samples appear to be nearly frequency inde-
pendent, with weak pressure dependence for the shale and significant pressure dependence for the
sandstone. In particular, it was found that the tight sandstone with complex pore microstructure
exhibited apparent dispersion and attenuation under brine or glycerin saturation conditions, the levels of
which were strongly influenced by the increased effective pressure. In addition, the measured Young's
moduli results were compared with the theoretical predictions from a scaled poroelastic model with a
reasonably good agreement, revealing that the combined fluid flow mechanisms at both mesoscopic and
microscopic scales possibly responsible for the measured dispersion.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Attenuation and dispersion of seismic waves in poroelastic
sedimentary rocks saturated by fluids are of significant interest as it
), hbingli@petrochina.com.cn

y Elsevier B.V. on behalf of KeAi Co
has been recently reported that unconventional hydrocarbon res-
ervoirs have often shown high attenuation and dispersion over a
broad range of frequencies and scales (e.g., Chapman et al., 2019).
Seismic attenuation, defined here as the inverse quality factor (1/Q),
corresponds to the mechanical energy absorption of wave ampli-
tudes with distance, whereas dispersion refers to the variations of
elastic behavior with frequency. In the absence of scattering or
inertial effects, the frequency dependence of elastic properties in
fluid-saturated rocks is thought to mainly stem from the physical
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mechanismwidely known as the wave-induced fluid flows (WIFFs)
caused by the fluid pressure diffusion in the rocks' porous space
due to a passing wave. A direct comparison of rocks' elastic prop-
erties inferred from the laboratory ultrasonic (i.e., ~MHz) mea-
surements with those at intermediate to low frequencies, such as
those utilized in the field (i.e., 1e10 KHz for sonic logging, and
10e100 Hz for reservoir prediction), is difficult due to the different
frequency bands. Once their trends are well quantified, neverthe-
less, the frequency-dependent characteristics of dispersion and
their related attenuation are to be considered as a powerful diag-
nostic attribute to aid existing inversion approaches in reservoir
characterization of the microstructure and pore pressure, as well as
seismic monitoring of variations in inhomogeneous fluid saturation
distributions and injected CO2 volume in porous rocks (e.g., Batzle
et al., 2006; David et al., 2013; Pimienta et al., 2015, 2016; Li et al.,
2019). Various theoretical or modelling solutions have been pro-
posed to understand the frequency effects of wave propagation in
fluid-saturated reservoir rocks and their underlying mechanisms
(e.g., White, 1975; Gurevich et al., 2010; He et al., 2021; Chen et al.,
2022). To the authors’ knowledge, however, the experimental
verification of the frequency dependence of these models is limited
by the lack of experimental data at low frequencies under
controlled and comparable conditions.

Most experimental measurements in the laboratory have been
traditionally carried out at static (zero-frequency) and ultrasonic
(high-frequency) conditions to characterize the dispersive properties
of porous rocks. At high frequencies, the stiffest elastic behavior is
expected as pore pressures usually have no time to equilibrate,
corresponding to the passing of an ultrasonic wave in the laboratory.
Owing to the experimental complexities, it has been difficult to
obtain laboratory data between these two frequencies under well-
designed and controllable experimental conditions with well char-
acterized samples. Over the last few decades, nevertheless, several
experimental techniques, including the resonant bar method (e.g.,
Winkler and Nur, 1979; Gordon and Davis, 2012), the differential
acoustical resonance spectroscopy method (e.g., Harris et al., 2005;
Wang et al., 2012; Zhao et al., 2015) and the stress-strain method
(e.g.,O'Connell and Budiansky, 1978; Batzle et al., 2006; Tisato and
Madonna, 2012; Madonna and Tisato, 2013; Mikhaltsevitch et al.,
2014; Subramaniyan et al., 2014), were proposed to measure the
seismic attenuation and the corresponding complex elastic modulus
dispersion in additional frequency ranges using specific devices. In
particular, the stress-strain measurement technique based on the
axial forced oscillationmethod shows great prospects that allows for
directly characterizing the dispersive properties of rocks over broad
frequency and pressure ranges and, has recently been the subject of
much experimental efforts (e.g., Pimienta et al., 2016; Spencer and
Shine, 2016; Szewczyk et al., 2016; Yin et al., 2017; Sun et al., 2018;
Borgomano et al., 2020; Lozovyi and Bauer, 2019). Rock samples,
installed in a triaxial setup, are subjected to forced oscillations
generated by piezoelectric actuators (PZTs) or dynamic shakers (e.g.,
Adam et al., 2009; Yin et al., 2017; Sun et al., 2020). And thus, the
determination of frequency-dependent attenuation and elastic
moduli can be achieved using the phase angle and the ratio,
respectively, between the directly measured stress and strain. The
stress-strain forced oscillation method, which consists of the
vibrating system and sensitive strain transducers, allows for mea-
surements at small-magnitude axial strain oscillations (<10�6)
measured locally on the samples by the bonded strain gauges, to
leave out the non-linear influences associatedwith crack closure and
reopening. Using axial oscillation technique, Spencer (1981) made
the first attempt to obtain Young's modulus and attenuation mea-
surements in the frequency range of interest (4e400 Hz) on vacuum
dry and fluid-saturated rock samples. A similar experimental appa-
ratus based on the torsional forced oscillations was developed by
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Jackson and Paterson (1987) under pressure (25e300 MPa) to
measure dispersion and attenuation of shear modulus on calcite
within low seismic frequencies, and later modified to conduct the
torsional and flexural oscillations (Jackson et al., 2011). Batzle et al.
(2006) presented a set of elastic moduli measurements on a dry
and glycerin-saturated sandstone over a large frequency and effec-
tive pressure range up to about f2[5e2500] Hz and Pc2[7e17]MPa,
respectively. Their results show that the low-frequency saturated
velocities are substantially lower than the high-frequency mea-
surements at ultrasonic frequencies, whereas no frequency depen-
dence of elastic waves and very small pressure dependence are
observed under dry conditions as expected. Through a series of
laboratory experiments over the range of 1e200 Hz, Spencer and
Shine (2016) presented a comprehensive investigation on the ef-
fects of permeability and fluid viscosity on modulus dispersion and
the associated attenuation in sandstones. The previous laboratory
device at the China University of Petroleum (Beijing) can operate at
strain amplitude of <10�6 and was able to obtain Young's modulus
and Poisson's ratio over the 2e200 Hz band.

The improved laboratory device reported herein allows for
combined measurements of ultrasonic velocities and the complex
elastic moduli of cylindrical samples over awide range in frequency
(f2[1e2000,106] Hz) and pressure (Pc2[0e40]MPa) via the stress-
strain forced oscillation method, under temperatures between
e35 �C and 120 �C. Several stress-strain experiments performed on
fluid-saturated sandstones or carbonates have been reported
recently (e.g., Yin et al., 2017; Zhao et al., 2019; Long et al., 2020;
Sun et al., 2020; He et al., 2022). The main objective of the paper is
to present the experimental device itself and report the related
measurements on frequency-dependent Young's modulus, Pois-
son's ratio and their corresponding attenuation. The experimental
device and experimental procedure are first descried. Then, several
experiments are carried out to obtain the frequency- and pressure-
dependent measurements on three standard samples for calibra-
tions, a shale sample, as well as on the tight sandstone sample
successively saturated with nitrogen, glycerin and brine. The lab-
oratory results mostly speak for themselves and are interpreted in
the light of poroelastic and fluid-flow theories.

2. Low-frequency experimental methods

2.1. Seismic elastic moduli module (SEMM)

2.1.1. The broad frequency band elastic moduli setup
In this section, the design of an improved Seismic Elastic Moduli

Module located at China University of Petroleum (Beijing), aiming
at measuring simultaneously high-frequency (HF) ultrasonic P- and
S-wave velocities along the sample axis and low-frequency (LF)
dynamic elastic properties (Young's modulus E and Poisson's ratio
v) at low frequencies, is described. The broad frequency band elastic
moduli laboratory apparatus SEMM, which is conceptually com-
parable with the device developed at Colorado School of Mines
(Batzle et al., 2006), is theoretically based on the forced oscillation
approach. High-frequency properties are measured utilizing the
pulse transmissionmethod, while elastic moduli at low frequencies
are determined with the use of the stress and strain technique of
small axial deformations of <10�6 locally measured with resistive
strain gauges bonded directly on the sample. A schematic illustra-
tion of the mechanical assembly and the photograph of the
experimental apparatus SEMM are shown is Fig. 1. SEMM can
operate at frequencies of 1e2000 Hz, appropriate for investigating
modulus attenuation and the associated dispersion behaviors due
to wave propagation in fluid-saturated rocks.

The newapparatus that may be divided into threemain units: (i)
the multi-frequency band module, (ii) the pressure manifold and



Fig. 1. Schematic representation (a) and photograph (b) of the typical experimental apparatus SEMM. The forced oscillation setups for frequency-dependent elastic dispersion and
attenuation measurements (c) are composed of three main components: (i) the multi-frequency band setup, (ii) the pressure manifold and, (iii) the temperature control system. A
vessel was designed for loading pressure and temperature. The mechanical unit (b) can be put into the vessel for mimicking in situ high-pressure, high-temperature measurements.
An actuator is applied as the stress load to generate displacement modulations at seismic frequencies. Two endcaps with built-in compressional and shear wave ultrasonic
transducers with central frequency of 1 MHz are settled on the top and bottom surfaces of the sample. (d) Photograph of the computer system for laboratory data acquisition and
processing.
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(iii) the temperature control system, are strengthened in its mea-
surement repeatability, stability and accuracy with few modifica-
tions, compared with a previous module by Batzle et al. (2006). The
ambition was to design a laboratory technique for comprehensive
determination of frequency dependence of the dynamic Young's
modulus E and Poisson's ratio v for core plugs under isotropic
conditions at different confining pressures. In our design, we
employ the electromagnetic actuator as the force loading a low-
level oscillating sinusoidal axial stress to the jacketed sample,
avoiding the bonding together with the core plug using the glue in
the initial apparatus. Fig. 1c illustrates the mechanical units of the
low-frequency apparatus, in which our utilized oscillator (Brüel &
Kjær, type 4810) with an enhanced load capacity transfers a sinu-
soidal signal, provided from a computer-controlled function
generator (Agilent, type 33210A) and amplified by a source signal
amplifier (Brüel & Kjær, type 2718), into the mechanical stress that
generates strains in the column assemblage stacked by the test
sample, two pairs of PZTs and two endcaps of standard aluminum.
In Fig. 2a, the column assemblage is equipped with six pairs of
semiconductor strain gauges (BCM, SB-1000-5-P-2) of high gauge
factor to provide more reliable strain signals. Two pairs of large
strain gauges (i.e., 5 mm length) are bonded on the sample in axial
direction and the other two in the radial direction acting as Poisson
gauges. The non-dispersive aluminum standard, the strain of which
is in phasewith the acted stress, is equippedwith two gauges in the
direction of axial deformation for the phase shift measurements
between the radial and axial strain-gauge signals of the sample and
the aluminum standard. Identical strain gauges, which are moun-
ted to a one-fourth Wheatstone bridge, are utilized here to elimi-
nate possible bias due to varied gauges. An analog-digital converter
(NI, PXI-1033) is utilized to convert the continuous analog-signals,
which are outputted from a strain signals amplifier for the weak
signals obtained with an electric circuitry (Wheatstone bridge)
connecting gauges on the opposite sides of the column assemblage,
into digital-signals that are processed and acquired with a signal
processing system (Fig. 1d). A classical processing algorithm, fast
Fourier transform, is employed to compute the amplitude and
phase of the measured signals at each single frequency.
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To carry out stable experiments with effective utilization of pore
and confining pressures, the test sample is sealed from the nitrogen
gas confining pressure via an impermeable fluorinated ethylene
propylene film (FEPF) covered by a thin layer of epoxy, rather than a
single thick layer of epoxy used initially. The sticky epoxy may
spread gently and uniformly across the surface of the gauges
bonded sample, which is coated with a piece of heat shrink plastic
tube that can shrink and expel any air bubbles from the epoxy
during heating in an oven. Owing to the excellent airtight and
nonadherent features of FEPF over which strain gauges are glued,
our developed sample sealing technique using two outer coatings
contributes to a good isolation of the test sample from nitrogen as a
confining gas and a great relief of contact friction between the
epoxy and the strain gauges.

Anomalous laboratory measurements due to the non-axial
perturbations induced resonances are one of the major concerns
when designing the axial stress oscillation apparatus. According to
previous analysis (see Sun et al., 2018), a solution is introduced to
mitigate the resonance impact in the new apparatus, via replacing
the material of supporting rods to alloy steel and regulating their
length of approximately 235.2 mm with several pieces of shims
made of the same material for the test sample of length round
72 mm (Fig. 1). The enhanced laboratory module leads to a robust
and stable measurement of stress and strain of rock samples over a
broader frequency band through shifting the first resonance fre-
quency beyond the range f2[1e2000] Hz, which is crucial for a
more quantitative investigation of frequency dependence of dy-
namic elasticities related to pore fluid effects.

Meanwhile, active ultrasonic velocity surveys were conducted
using the typical pulse transmission approach at high frequency.
Two pairs of in-house built compressional (P) and shear (S) wave
piezoelectric ultrasonic transducers with the central resonant fre-
quency of ~1 MHz (rise time of 1 ms) of ~8 mm diameter and ~2 mm
height mounted inside the top and bottom aluminum endcaps (see
Fig. 2a), allow recording the total send-receive travel time DT and
the received waveforms of an ultrasonic wave along the sample
vertical axis. At a considered pressure, the ultrasonic measure-
ments for P- and S-wave velocities of testing cores are performed in



Fig. 2. Schematics of the column assemblage, the key component of the low-frequency system, consisting of the test sample, two pairs of piezoelectric transducers, two aluminum
endcaps and a Wheatstone bridge for the weak strain signal output (a) and, typical recordings of axial stress (sax) and the standard Aluminum's axial strain (εal-ax) as well as the test
sample's axial and radial strains (εs-ax and εs-rad) varying with acquisition time for the dynamic axial-stress oscillations for the lucite sample for a confining pressure of 2 MPa (b) and
(c). The linear regressions between the recorded stress and strain curves (c) are employed to calculate frequency-dependent elastic moduli (e.g., Young's modulus ELF and Poisson's
ratio yLF) of the test sample, given the reference aluminum endcaps with the Young's modulus Eal of 70 GPa. The test sample, which is attached with semiconductor strain gauges for
determining strain in axial and radial direction, is a cylinder of length L ¼ 65e85 mm and diameter d ¼ 38.1 mm. The aluminum standard is equipped with two pairs of axial strain
gauges for phase shift measurements. Note that the epoxy coating around the sample seals the sample from the nitrogen gas in the cell used for applying confining pressure.

Y.-X. He, S.-X. Wang, G.-Y. Tang et al. Petroleum Science 21 (2024) 162e181
sequence, and followed by forced-oscillation measurements in
axial direction under undrained conditions to measure elastic
dispersion and attenuation in seismic frequencies.

The vessel equippedwith both electronic feedthroughs and fluid
lines allows for independent confining and pore pressure control.
To study the dynamic elastic properties at varying effective pres-
sures and at elevated temperatures, experimental measurements
may be performed via placing the entire mechanical units of Fig. 1b
inside a nitrogen gas confining vessel that is used for exerting the
confining pressure up to 70 MPa on the column assemblage,
through a servo-controlled confining pump linked to the vessel
chamber. The confining pressure feedback is obtained with a
pressure sensor (Omega, PX602-20KGV) located at the top of the
vessel to ensure that the pressure measurement is completely
equivalent to that acted to the testing sample. Using a servo-
regulated heating bath circulation thermostat placed around the
confinement vessel, the laboratory system can adjust vessel tem-
peratures between e30 �C and 120 �C, which is directly measured
with a thermal transducer (Omega, SA1XL-K-SRTC) that is placed
inside the heating vessel.

2.1.2. Pore pressure setup
For low-porosity and low-permeability shale and tight sand-

stones, the successful pore pressure regulation may be ascertained
with the presented sample sealing technique that provides the
sample side drainage condition. Both pore fluid pipes linked to the
two aluminum endcaps, small-volume pore pressure sensor with
PP~0.001 MPa accuracy and pneumatic valves together constitute
the pore pressure unit in the SEMM that is manipulated externally
and independently of the confining pressure, by a connected servo
syringe pump (Teledyne ISCO, Model 100DM) of pressure and fluid
volume measurement accuracy of about PP~0.001 MPa and
0.001 mL, respectively. Since macroscopic fluid flows through rock
sample's boundaries can result in great errors for low-frequency
experimental measurements, it is therefore crucial to reduce the
possible pipeline's fluid volume outside the sample (dead volume),
as addressed in Pimienta et al. (2015) and Szewczyk et al. (2016). In
the improved laboratory device, we utilize small-sized pore pipes
with inside diameter of 0.5 mm, and the pore pressure sensor and
valves are placed as close as possible to the test sample. In such a
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manner, the measured total dead volumes are minimized to about
3.6 mL, a value sufficiently small for most experimental measure-
ments. In addition, the valves can be closed during the dynamic
axial oscillating experiments, such as to carry out undrained ex-
periments as the fluid volumes (sample pore þ dead volume)
remain constant in the system. This configuration has been proved
to be appropriate for most applications (e.g., Batzle et al., 2006;
Subramaniyan et al., 2015; Pimienta et al., 2016; Yin et al., 2017; Sun
et al., 2020), as any possible uncertainties related to an extrinsically
caused differed fluid flow can be eliminated. It is also important to
note that because of the existence of fluids within the sample's
pores and the pipes, the test sample may remain drained under low
frequencies (~1 Hz) axial stress oscillation conditions.

2.2. Experimental procedures

2.2.1. Sample preparation
At China University of Petroleum (Beijing), core plugs with a

diameter of about 38.1 mm and a length of 65e85 mmwere drilled
using water as a drilling fluid and trimmed with a surface grinder.
This tends to wear grains of weak cementation from the core and,
thus, the surface roughness is about ~30 mmwhile the two ends of
the sample are flat and parallel to ~10 mm. Offcuts from these cores
were employed for sample characterization in terms of mineralogy,
microstructural evaluation, grain density, grain size distribution
and porosity.

In this presented work, three standard samples, a synthetic
lucite sample and both pure aluminum and Titanium samples, were
chosen to examine the reliability of the SEMM and procedure. It can
be generally assumed that these samples, which have been broadly
studied in frequency-dependency parameter measurements, are
essentially homogeneous and isotropic materials at the sample
scale without porosity, indicating that their elastic moduli are not
expected to vary with confining pressure or additional axial pres-
sure. In particular, the elastic properties of aluminum and titanium,
being much stiffer than aluminum, are believed to be independent
of frequency which makes them good test media for dynamic
stiffness measurements, whereas lucite made of viscoelastic ma-
terials possesses significant frequency dependency and usually is
employed as a mean to examine the performance of an attenuation



Table 1
Rock material parameters of the tight sandstone sample used in this experimental
study. Porosity and permeability were measured at 2 MPa effective pressure and at
23.1 ± 0.2 �C.

Porosity, % 8.83 Clays, % 5.42
Density, kg/m3 2360 Calcite, % 5.16
Helium permeability, mD 0.032 Muscovite, % 2.31
Length, mm 75.2 Dolomite, % 4.1
Diameter, mm 38.1 Bulk modulus of solid grains, GPa 42.6
Quartz, % 72.8 Shear modulus of solid grains, GPa 30.26
Feldspar, % 7.6 Solid grain density, g/cm3 2.763
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device (e.g., see Batzle et al., 2006; Pimienta et al., 2016; Yin et al.,
2017; Sun et al., 2018). For our sample, the viscous lucite is made of
acrylicplastic or polymethylmethacrylate, which has a lower elastic
modulus than sandstones. The material has a negligible porosity
and the bulk density of about 1195 kg/m3, and its Young's modulus
increases by about 38% as frequency increases from 1 Hz to
2000 Hz.

In addition, two porous and elastic core samples, an overburden
shale and a tight sandstone, were utilized to study how pressure
and pore fluid affect the dynamic elastic properties of tight rocks
using the new experimental device. The used dry shale (L shale),
which has a porosity less than 3.1%, was extracted from a drill core
(3502e3513 m deep) of a caprock formation overlying gas-bearing
sandstones. Quantitative mineralogy analysis taken from the X-ray
powder diffraction (XDR) tests of the oven-dry shale core shows the
studied L shale core consists of about 45% clay, 25% quartz and
around 8% carbonates. To assess the frequency-dependent elastic
properties of the anisotropic shale core, experiments were per-
formedwith three differently oriented cylindrical core plugs drilled
from a single batch of overburden materials: the angle between the
sample axis and the symmetry axis of the shale (perpendicular to
the sedimentary bedding) was 0�, 45� and 90�. Once cored and
followed by drying in an oven for 24 h at 76 �C, the specimens were
exposed to an environment with controlled relative humidity (RH)
for 48 h and then placed inside the desiccators tomaintain the pore
fluid saturation. Laboratory experiments were prepared and con-
ducted in their native state (corresponding to approximately 66%
saturation) after the core plugs were stabilized at room tempera-
ture of ~20 �C and themass variations did not varymore than 0.01 g
over the course of 1 week for about 4 weeks.

Furthermore, the tight sandstone specimen used in this study
was sampled from an onshore well drilled from a hydrocarbon
reservoir in Eastern China at a depth of 3221e2230 m. XDR data
shows that the tight sandstone sample, with mineral compositions
and physical properties listed in Table 1, is mainly made of around
76.8% quartz, 7.6% feldspar and 5.16% calcite. Via the Voigt-Reuss-
Hill average, elastic moduli of solid grains were determined using
the volumetric contribution of each mineral and their respective
elastic properties. The interconnected porosity, 4 ¼ 8.83%, and
permeability, k¼ 0.032mD, of the dry sample were quantified with
helium as the reference fluid. Note that the non-measurable
porosity must be constituted by exceedingly thin pore throats
that helium is not capable of penetrating through them. The rock's
fluid transport property is an important factor controlling the fluid-
flow effects at sample scale. The experimental determination of
tight core sample's permeability was accomplished using the fluid
pressure gradient approach, which consists of measuring the fluid
flow after applying a pressure gradient. Rock permeability can be
EHF ¼9KHFmHF = ð3KHF þmHFÞ and nHF ¼ð3KHF �2mHFÞ = ð2ð3KHF þmHFÞÞ; (2)
directly calculated based on Darcy's law (e.g., see Pimienta et al.,
2015), with the sample's dimensions and the gas viscosity being
input parameters.

For the laboratory investigation of the influence of fluid on
frequency-dependent elastic characteristics in tight core samples, it
is crucial that the pore fluid saturation state of the specimens is
preserved appropriately, which thus requires fast sample
mounting. The designed clamp holder for ease of sample and strain
gauges bonding operation (see Yin et al., 2017), together with the
proposed sample sealing technique, allows minimizing the test
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sample mounting time within less than 30 min after exposing the
core plugs to air from the desiccators. In our designed device, strain
gauges are bonded onto the sample surfaces with sticky epoxy to
keep the gauges fixed during the sample sealing and, in particular,
to achieve a better coupling between the sample and gauge during
dynamic oscillation experiments over several months under in-
fluences of different saturation fluid, pressure and temperature,
although the actual mechanical coupling is primarily exerted by the
confining pressure. In addition, for the ease of sample gluing and
sealing with the prepared epoxy resin, a mould made of plexiglass
was developed to ensure that the 12 electric wires connected to the
6 pairs of strain gauges bonded on the sample are able to be fed out.
Plenty of measurements prove that this sample sealing technique
provides the seals with great air tightness.

2.2.2. Dispersion and attenuation measurements
In the SEMM, combined with the length of the testing sample L,

the high-frequency compressional and shear-wave velocities (i.e.,
VP-HF and VS-HF) in the axial direction of the core are determined
from the laboratory standard measurements (~1 MHz) by

VP;S ¼
L� DL
T � T0;

(1)

where DL represents the sample length change due to the
applied axial force and T0 represents the correction for the system
travel time. The average times of a repetition of four times are used
as the finalmeasured values. The relative errors between successive
compressional and shear velocity measurements using the SEMM
are roughly less than 1% and 2%, respectively. The corresponding
bulk modulus KHF, shear modulus mHF, Young's modulus EHF and
Poisson's ratio nHF can be inferred from the measured ultrasonic
velocities throughout the following equations

KHF¼rV2
P�HF�4=3rV2

S�HF andmHF ¼ rV2
S�HF;
here bulk density of the saturated rock r¼rf�4þrm�(1�4) is
defined with the known densities of the dry matrix (rm) and
saturating fluid (rf), and the rock porosity (4).

As described above, the low-frequency measurements
depending on the stress-strain method can directly yield the dy-
namic elastic moduli KLF, mLF, ELF and yLF. When a sinusoidal stress at
a specific frequency is exerted to the test sample, strain modula-
tions at both radial and axial directions can be measured by the
bonded gauges and acquired by the computer. In the SEMM, four
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pairs of strain gauges are mounted in a one-fourth Wheatstone
bridge, allow averaging the strains on the opposite side of the
sample. Typical recorded measurements of axial stress (sax) as well
as strains in axial (εal-ax and εs-ax) and radial (εs-rad) directions
during continuous axial-stress oscillations are displayed in Fig. 2b
and 2c. The axial stress value (sax), which is equally loaded along
the assemblage (the sample þ the aluminum endplate) and is
controlled by the exerted force magnitude (F) and the cross-
sectional area of core sample (S), can be calculated by

sax ¼ss ¼ sal ¼ F=S: (3)

In addition, during the low-frequency measurements, changes in
length of the strain gauges, due to continuous forced-oscillations
induced strains, lead to resistance variation in this way that
strains ε on the standard aluminum and on the rock sample result
in changes of output voltage Vout through the Wheatstone bridges
with the half-bridge configuration, and can be extracted by

ε¼2*Vout = ðVex*SC*AMÞ; (4)

where Vout denotes output, Vex denotes the supply voltage for the
bridges, SC denotes the sensitivity coefficient of strain gauges, and
AM denotes the magnification of signal amplifier. From our expe-
rience, the recorded strains ε in the low-frequency measurements
are normally round 10�8e10�7, less than 10�6.
Q�1
S ðuÞ ¼ Q�1

E ðuÞ þ nðuÞ=ð1þ nðuÞÞ*Q�1
n ðuÞ

Q�1
P ðuÞ ¼ ð1þ nðuÞÞ=ðð1� nðuÞÞ*ð1� 2nðuÞÞÞ*Q�1

E ðuÞ � 2nðuÞ*ð2� nðuÞÞ*Q�1
S ðuÞ

.
ð1� 2nðuÞÞ

Q�1
K ðuÞ ¼

�
3*Q�1

E ðuÞ � 2*ð1þ nðuÞÞ*Q�1
S ðuÞ

�.
ð1� 2nðuÞÞ

(9)
With both axial and radial strain amplitudes, εs-ax(u) and εs-

rad(u), sensed dynamically by the strain gauges bonded on the
samples' surface (Fig. 2b), the low-frequency Young's modulus
ELF(u) of the stressed sample is extracted using the Young's
modulus of the aluminum standard Eal and the ratio between the
aluminum and rock strains (Batzle et al., 2006),

ELFðuÞ¼ss=εs�ax ¼ sal=εs�ax ¼ Eal*εal�axðuÞ=εs�axðuÞ; (5)

where the complex modulus Eal relates the stress sal to its resulting
strain εal via sal¼Eal*εal, which can be estimated from the known
Young's modulus of the aluminum standard Eal with its measured
strain εal. Furthermore, Poisson's ratio yLF(u) of the stressed sample
can be estimated using the strain amplitudes of the sample,

nLFðuÞ¼ � εradðuÞ
εaxðuÞ : (6)

In addition, wave attenuation is often characterized using the in-
verse quality factor Q�1, which can be used to measure the dissi-
pated elastic energy during low-frequency stress oscillation
measurements. Considering the pure elasticity of the aluminum
endplate, its strain is exactly in phase with the exerted force. The
phase of the applied stress can be represented with the phase of
strain of the aluminum endplate. And thus, for the complex Young's
modulus E, the corresponding extensional attenuation 1/QE can be
calculated using the relation
167
Q�1
E ¼ ImðEÞ =ReðEÞ¼ Imðsal = εs�axÞ =Reðsal = εs�axÞ¼ tanðqεal�ax � qεs�axÞ; (7)

here qεal-ax�qεs-ax represents the phase shift between the axial
strains of the standard aluminum and the sample. Analogically,
Poisson's ratio associated attenuation 1/Qy can also be inferred 1/
Qy ¼ tan(qεs-rad � qεs-ax), where qεs-ax� qεs-rad denotes the phase
shift between the axial and radial strains on the sample. Note that
1/Qy may not considered as an attenuation factor, as the elastic
Poisson's ratio y is not a stiffness.

Via assuming thematerial is homogeneous and isotropic, we can
calculate P-wave, bulk and shear moduli (i.e., PLF(u), KLF(u) and
mLF(u)), the two independent elastic parameters, from the
measured complex Young's modulus and Poisson's ratio using the
well-known relations

KLFðuÞ¼ EðuÞ = ½3*ð1�2nðuÞÞ�

mLFðuÞ¼ EðuÞ = ½2*ð1þ nðuÞÞ�

PLFðuÞ¼KðuÞ þ 4mðuÞ=3: (8)

The associated bulk, compressional and shear wave attenuation
can be estimated using the following relations (e.g., see Adam et al.,
2009; Spencer and Shine, 2016)
here QP, QS, and QK are the P-wave, S-wave and bulk quality factors,
respectively. Furthermore, it is easy to infer the compressional and
shear wave velocities, VP(u) and VS(u), from Eq. (8) with the ob-
tained bulk density r as follows

VPðuÞ¼ ðPðuÞ=rÞ1=2 and VSðuÞ¼ ðmðuÞ=rÞ1=2: (10)

Through the integration of the ultrasonic pulse transmission
technique and the forced-oscillation based stress-strain approach,
on the whole, the SEMM at China University of Petroleum (Beijing)
has the capability of carrying out modulus dispersion and attenu-
ation experiments of saturated core samples with different fluids
over a wide range of frequency and confining pressure.
2.2.3. Possible sources and magnitudes of experimental errors
Throughout this presented work, there is no editing of the

measured results at ultrasonic and low-frequency. The estimated
errors in the ultrasonic P- and S-wave velocities may stem related
to: (i) the uncertainties in the true length of the test sample due to
the acted axial stress, (ii) the misalignment of the ultrasonic
transducers with respect to the bedding orientation, (iii) the un-
certainties in manual first arrival time pick-up of the compressional
and shear waves during successive velocity surveys. Deviations in
the measurements of VP-HF and VS-HF are propagated to the esti-
mations of high-frequency elastic moduli KHF and mHF. It is chal-
lenging to evaluate the typical values of the accuracy for the
measured elastic properties, as the SEMM performance relays on
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the chosen core sample itself and sample preparation, as well as
factors related to noise magnitude of the electronic signals and
strain sensor responses. Although possible bias associated with
advice electronic noises may be successfully discarded via using the
half-bridge strain-gauge interchanged circuits (Wheatstone
bridges), strain gauges themselves can introduce gross errors of 5%
considering that their gauge factor and resistivity are very sensitive
to pressure and temperature. The perturbations in strain gauge
responses lead to deviated output voltage and hence, affecting the
Young's modulus and Poisson's ratio measurements. In addition, as
all crustal rocks are inhomogeneous and/or anisotropic to a certain
extent at the representative elementary volume (REV), sample
heterogeneity is potentially the most obvious source of deviations
in the axial forced-oscillation experiments. The obtained low-
frequency elastic properties via using such local strain measure-
ments by the gauges directly bonded on the sample, which have a
maximum resolution of 0.5 � 10�7, are often inconsistent with
those measured moduli at ultrasonic frequency from the bulk
average of an entire sample's properties. Under favorable circum-
stances, the large dispersion of dynamic rock moduli between ul-
trasonic and low-frequency results in ourmeasurements are largely
attributed to the sample heterogeneity effect on a size larger than
the scale of the strain gauge, especially for dry cores. Meanwhile,
the presence of a fluid dead volume at samples' endplates, as well
as the associated fluid over-pressure that cannot be relaxed
completely, can possibly cause measuring errors at low frequencies.
During our forced-oscillation measurements, the sample intrinsic
fluid storage and the minimum dead volume that holds 6.8% of the
total pore volume of the sand sample are both kept constant via
closing the servo pumps and the valves outside the manifold.

Possible misalignment of the device with the axial stress, which
is often associated with the sample surface roughness caused tilt of
the sample, is another important source of error in experimental
measurements via generating nonuniform distribution of stress
and strain states in the column assemblage. Polishing the top and
bottom surfaces of the plug sample is necessary to ensure that its
two flat ends are rectified to be perfectly parallel in this way the
misalignment error can beminimized. In our experiments, the non-
parallelism deviation for the core sample preparation
is � 0.001 mm, within the tolerable measurement errors. In addi-
tion, sample preparation issues (bad strain gauges bonding,
damaged epoxy coatings, etc.) and the possible system resonances
(see Sun et al., 2018) may cause strong disrupting responses. Tests
on non-porous materials of the aluminum sample with its known
elastic properties, for quantifying all possible errors, indicate that
the experimental errors for Young's modulus and Poisson's ratio are
within about ±3.1%.

2.2.4. Measurement protocol
Once the sample preparations (i.e., bonding strain gauges on the

sample surface, coating the sample with epoxy, mounting between
the endplates, and linking gauges with Wheatstone bridges) have
been done, the column assemblage in Fig. 2a is placed inside the
confinement vessel, so that both confining and pore pressures can
be exerted to the test sample with independent controls. The
confining pressure can be set as high as 30 MPa, based on the
Table 2
Physical properties of pore fluids used in this experimental study (at 1.2 MPa and
23 �C).

Pore fluid Bulk modulus, GPa Viscosity, 10�3 Pa s Density, kg/m3

Nitrogen (gas) 1.36 � 10�3 0.0172 11.50
Glycerin 4.586 1410.063 1252.2
Brine 2.28 1.0226 1013
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maximum pressure bearing capacity of the dynamic shaker. The
pore pressure that is manipulated by a servo syringe pump linked
to the sample via pipelines is maintained constant at PP ¼ 1.5 MPa.
The effective pressure that is defined here as Peff ¼ PC � PP, is
changed generally by changing the confining pressure at a regu-
lated rate of round 0.41 MPa/min. To avoid the occurrence of
instantaneously high pore pressure region during pressurization
process, pressures exerted by compressed nitrogen gas are main-
tained constant over ~60min that allows for complete equilibration
of the pore pressure. A series of experiments have been carried out
in which fluid effect on the elastic moduli over a wide pressure and
frequency range are investigated, using natural cored porous rocks
including shale cores and a tight sandstone sample that was
measured sequentially under dry (nitrogen gas), brine and glycerin
saturated conditions. The physical properties of the pore fluids are
summarized in Table 2. In addition, in order to achieve stable
measurements at low frequencies, it is necessary to calibrate the
laboratory device using elastically homogeneous and isotropic
samples with known elastic moduli prior to carrying out forced-
oscillation measurements on porous core plugs. Under normal
conditions, according to previous applications on tight sandstones
(e.g., Yin et al., 2017; Zhao et al., 2019; Sun et al., 2020), the mean
errors in the modulus dispersion and attenuation (inverse quality
factor) are roughly �3.5% and within about ±0.0005, respectively.
Please also note that all the experimental tests were conducted at
the air conditioning of the room temperature of 23 �C and at
various differential pressures, instead of attempting to imitate the
true subsurface conditions, which is impossible given the depth of
the drilled core samples.

A procedure similar to the previous applications (e.g., Pimienta
et al., 2015; Yin et al., 2017) was proposed to evaluate the pres-
sure and frequency dependence of the dynamic elastic properties of
core plugs dry and then saturated with fluid. Starting from an
effective pressure of round Peff~1 MPa, two to three times forced-
oscillation measurements (Fig. 1) of the elastic moduli on the
purely elastic and homogenous aluminum, titanium and lucite
samples (primarily for calibration), and porous core plugs of dry
(humidified), saturated with liquid glycerin and brine were con-
ducted in sequence at each given effective pressure level step up to
the maximum confining pressure. Following these low-frequency
measurements, ultrasonic arrival times of compressional and
shear waves between the top and bottom surfaces (Fig. 2) were
measured to extract the corresponding high-frequency velocities
and elastic moduli.

Experimental measurements on humidified sample saturated
with nitrogen gas were performed first to examine the frequency
effects on the average of elastic moduli of the dry sample. Owing to
the truth that even gas reservoirs usual have irreducible water
content in the pore volume of no less than ~1%, which may
significantly affect the rock elastic moduli and attenuation via
weakening the rock frame, we introducewater vapor of around ~1%
saturation in pore space to the oven dry sample. Dry core samples
were initially humidified via storing them in a humidifying cham-
ber at 99% humidity over a period between 7 and 14 days, to obtain
matrix softening due to moisture in the pores. Note the length of
the duration relies on the permeability and pore surface area of the
sample that determines the rock sensitivity to water vapor (e.g.,
Adam et al., 2009).

Subsequently, dynamic elastic properties of the glycerin-
saturated sandstone were measured in the SEMM at the same
temperature and effective pressures as the dry condition, via
injecting liquid glycerin into the tight core plug. A vacuum pump
connected to the top sample end is utilized to create a vacuum
condition inside the sample, at which the feedbacked pressure PP
reaches a stable negative level of round �0.5 MPa. And then,
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glycerin is injected into the sample through the connected pipe to
the bottom sample under vacuum condition via the vacuum pump.
In this way the injection procedure relieves the density effect by
expelling air with the denser fluid and hence, allowing for a glyc-
erin full saturation. The fluid injection rate is regulated by con-
nected servo syringe pumps to strictly quantify the liquid volume
flowed into the sample. When there has no more flow from the
fluid pump through the sample, we assume that a full saturation
state is achieved.

Finally, brine full saturation is ascertained by directly injecting
the brine solution with salinity of 18,000 ppm NaCl in the glycerin-
saturated sample plug. Considering liquid glycerin may almost
momentarily and completely dissolves in water, thus converting to
Fig. 3. Measured pressure and frequency dependence of the elastic properties for the three
SEMM. The two standard samples' Young's modulus (a) and Poisson's ratio (b) at four differ
pressures up to 20 MPa. The inferred bulk (c) and shear (d) moduli of the two standard sam
(e.g., Batzle et al., 2006; Huang et al., 2015; Szewczyk et al., 2016; Yin et al., 2017). The calibr
for the lucite sample as a function of frequency at a confining pressure of 2 MPa are illustra
Pimienta et al. (2015) for a comparison. Parametric fits are applied to the experimental data
on the Cole-Cole and Kramers-Kroing relations, respectively.

169
nonviscous fluid, the full brine saturation can be accomplished via
flushing two to three times the pore volume. The sample was then
tested the same procedure as for the glycerin saturation case.

3. Calibration results: measurements under different
pressures

3.1. Effects of confining pressure and frequency on the reference
samples

The three completely homogeneous and isotropic samples
(aluminum, titanium and lucite) described above for calibration
were utilized to assess the measuring accuracy of the new
reference samples of titanium, aluminum and lucite from axial-stress oscillations with
ent oscillation frequencies of f ¼ 1, 5, 20, 200 Hz are directly measured at all confining
ples are compared with the earlier measurements on the nonporous standard samples
ation results of Young's modulus (e) and the corresponding extensional attenuation (f)
ted, together with the literature data from Batzle et al. (2006), Huang et al. (2015) and
and subsequently employed to calculate Young's modulus E and attenuation 1/QE based
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laboratory apparatus SEMM and the proposed procedure. Two pairs
of orthogonal biaxial strain gauges were bonded at the length
center of the sample. The results of laboratory measurements for
the three standard samples as a function of confining pressure for
given frequencies are demonstrated in Fig. 3, along with the static
values in previous literatures. The measured high-frequency data at
1MHz are estimated using Eq. (2). Please also note that a small axial
stress of about 0.3 MPa was applied during all measurements to
avoid the possible stress-induced non-parallelism of the column
assembly and ascertain the experimental stability (e.g.,
Subramaniyan et al., 2015).

For the nonporous aluminum and titanium samples with known
elastic properties, the Young's modulus (Fig. 3a) and Poisson's ratio
(Fig. 3b) measurements are independent of the exerting confining
pressure, which are in a good agreement with the published results.
Moreover, the absence of modulus dispersion is confirmed for both
samples at all measuring frequencies within the seismic band. The
results are in accordance with the non-dispersive properties of
aluminum and titanium, which can be considered as purely elastic
materials under the applied pressure and the measured frequency
range and thus valuable test media for dynamic elastic
measurements.

In addition, the bulk modulus KLF and shear modulus mLF, which
can be inferred by combining the measured ELF and yLF under the
assumption of elastic and isotropic materials using Eqs. (5) and (6),
are summarized in Fig. 3c and 3d, respectively. For the two standard
samples, bulk and shear moduli computed in this study are
compared with the previous measurements (e.g., Batzle et al.,
2006; Szewczyk et al., 2016; Yin et al., 2017). We observe that KLF
and mLF measurements in the SEMM fit well with values in previous
measurements using different laboratory apparatuses, indicating
that the stability and repeatability of the measurements using
different devices can be achieved.

Furthermore, the frequency dependence of lucite is examined
here, via the measured Young's modulus ELF and its associated
attenuation 1/QE, to further assess the reliability and reproduc-
ibility of our new device. As illustrated in Fig. 3e, we find that
Young's modulus of lucite increase from low seismic to high ul-
trasonic frequencies. The modulus dispersion measurements are
mainly related to the viscoelastic dispersive characteristics of lucite.
Please note the continuously increasing trend of Young's modulus
ELF over the higher frequencies of 200e2000 Hz is observed in the
SEMM of sufficiently broad frequency range, compared to the
measurements in Yin et al. (2017). Although the frequency
dependence of this synthetic lucite may vary from sample to
sample considering the materials are not exactly the same, the
values presented in literatures on this material (e.g., Batzle et al.,
2006; Huang et al., 2015; Pimienta et al., 2015) are displayed for
comparisons with our measurements. We find a similar trend be-
tween our measurements and the published data, although with
observable discrepancies probably due to the difference in the
sample media and the different conditions of each laboratory
measurements.

In addition, considering that the measurements of Young's
modulus and the extensional attenuation occur in the same fre-
quency band and are independent in the SEMM, it is necessary to
examine whether the quantitative relation between the measured
ELF and 1/QE are consistent with the causality principle. To the au-
thors' knowledge, the causality principle is often mathematically
described via Kramers-Kronig relations (KKR), which link real and
imaginary compartments of a complex elastic modulus that con-
trols wave propagation in a medium. We fit the Young's modulus
results based on the real part of Cole-Cole relation, as it extrapolates
unknown data between the low- and high-frequency limits (Cole
and Cole, 1941). And then the imaginary part of the Young's
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modulus E
00
LF is determined from its real part E0LF through the typical

Kramers-Kronig relationship (e.g., Mikhaltsevitch et al., 2016b)

E
00
LFðuÞ¼

p
2
dE0LFðuÞ

du
: (11)

Given the real and imaginary parts of Young's modulus E, the
extensional attenuation (inverse quality factor) Q�1

E�KKðuÞ related to
the phase shift 4(u) between the applied stress and the resulting
strain can be determined by (e.g., see Nowick and Bery, 1972;
Chapman et al., 2016)

Q�1
E�KKðuÞ¼

E
00 ðuÞ
E0ðuÞ ¼ tanð4Þ: (12)

The parametric fit of the Young's modulus and the extensional
attenuation curves extracted from Eqs. (11) and (12) are displayed
in Fig. 3e and 3f. Although the fitting approach considers the fre-
quency dependence of Young's modulus E, we observe that the
estimated attenuation curve is good in line with the measured data
over the broad frequency range. This demonstrates that the quan-
titative relation between our laboratory measurements of Young's
modulus and extensional attenuation is consistent with the cau-
sality principle in terms of the KKR. This implies that our mea-
surements for the lucite sample are causal, and thus the modulus
dispersion and attenuation behaviors can reflect the intrinsic na-
ture of the sample considered.
3.2. Sample size and sealing effects for the aluminum sample

Forced-oscillation experimental measurements were further
carried out on the aluminum sample, with the aim to check the
sample size and sealing effects on the frequency dependency of the
Young's modulus and the Poisson's ratio measurements. For the
two aluminum samples of the same material with known Young's
modulus E¼ 70 GPa, the Young's modulus ELF(u) and Poisson's ratio
yLF(u) measurements under a confining pressure of 2 MPa are in-
dependent of frequency over awide range of f2[1e1000,106] Hz, as
shown in Fig. 4a and 4b. In particular, we notice that the measured
Young's modulus and Poisson's ratio for the aluminum plug-1 of
diameter D ¼ 38.1 mm and length L ¼ 75.6 mm are slightly larger
than the corresponding measurements for the aluminum plug-2 of
25 mm diameter and 51.3 mm length. And the described laboratory
device SEMM herein uses relatively large sample plugs of 38.1 mm
diameter and length L z 2 � D (about 65e85 mm). In this way, the
possible effects of multimillimeter- and centimeter-scale hetero-
geneities up to the sample length (microstructure of the grain
contacts and cracks) on the frequency- and pressure-dependent
elastic properties can be measured subtly, according to the
studies in Spencer and Shine (2016) and Sun et al. (2020).

Furthermore, we performed a duplicate set of low-frequency
experiments to assess the accuracy and repeatability of the SEMM,
for two aluminum standards without and with coating the sample
with an epoxy via the new sealing technique. It was found that the
differences between the Young's modulus and Poisson's ratio mea-
surements on the two aluminum standards without and with
coating layers, nevertheless, are negligible. Thus, the new coating
can be utilized appropriately in the SEMM, as the influence of the
epoxy layer on dynamic elastic moduli is insignificant (having errors
of within ±1.6%) for the homogeneous and nonporous material
(Fig. 4c and 4d). Hence, calibration of the new device with the three
nonporous standard samples indicates that the Young'smodulus and
Poisson's ratio and the associated attenuation can be measured
accurately over a large frequency and effective pressure range, up to
about f2[1e1000, 106] Hz and Pc2[0e20] MPa, respectively.



Fig. 4. Frequency-dependent Young's modulus ELF (a) and Poisson's ratio yLF (b) from the standard aluminum core of diameters d ¼ 25 and d ¼ 38 mm measured for samples with
coated epoxy (crosses) and non-coated epoxy (squares). The experimental measurements were conducted under a confining pressure of 2 MPa in the SEMM. The corresponding
relative differences between the measurements obtained with coated and non-coated epoxy for Young's moduli (c) and Poisson's ratios (d) are illustrated.

Fig. 5. Numerical model (a) designed to simulate the working process of the experimental apparatus SEMM in Fig. 1, and (b) the corresponding unstructured triangular mesh. The
mechanical measurement system, whose materials are purely isotropic and elastic, is solved using finite-element modelling algorithm in the frequency domain for the distribution
of the radial displacements. Comparisons of the radial displacements between two non-resonant frequencies of (c) 15 Hz and (d) 300 Hz. In addition, Positions 1, 2 and 3 are three
platforms corresponding to the top and bottom of the oscillator housing and the bottom of the vessel head.
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3.3. Numerical simulation and frequency dependence analysis

As addressed in Madonna and Tisato (2013), in the context of
forced-oscillation experiment the presence of sample heterogene-
ities in the solid and/or fluid phase may result in a measuring error,
considering that the rock volumetric strain and the local strain
collected using gauges with dimension of about 1 � 5 mm2 bonded
on the sample can possess important differences. It is thus
reasonable to believe that the local dynamic elastic moduli mea-
surements, which can be precisely extracted with these strain
gauges, may often differ from the bulk average. To understand the
position (z) dependence of frequency-dependent stress and strain,
we conducted numerical simulations on the same aluminum
171
sample for calibration (diameter D ¼ 38.1 mm, length L ¼ 75.6 mm,
Young's modulus E ¼ 70 GPa, and Poission's ratio y ¼ 0.33), based
on the finite-element commercial software COMSOL Multiphysics.
Our modelling of the relevant parts of the experimental module
and the sample's dynamic responses follows the philosophy of Sun
et al. (2018) and Borgomano et al. (2020). Specifically, we created a
numerical model to represent the main mechanical compartment
of the SEMM made of alloy steel (Young's modulus E ¼ 204 GPa,
Poisson's ratio y¼ 0.28, and density r¼ 7.84 g/cm3) and the column
assemblage (Fig. 5a). The fixed boundary condition is mechanically
fulfilled, which is possible due to the simulated fixed boundaries at
Position 1, Position 2 and Position 3. Meanwhile, boundary condi-
tions of continuous stress and displacements are employed at the
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interfaces of the column assemblage, whichwere bonded hardwith
epoxy. Additionally, as introduced earlier, an axial preload of
0.3 MPa was exerted to ensure a good contact between each other.
In this way, the test sample and the aluminum endplates can freely
expand radially, while the lateral displacements are not allowed.

An unstructured mesh composed of tetrahedral elements was
employed to discretize the whole numerical model (Fig. 5b). The
numerical solution for displacements at each node were obtained
in the frequency domain. Analogous to the laboratory experiments,
the test sample's radial and axial strains were calculated from the
grids' displacements at specific position on the sample's local sur-
face. As well, the axial strains of the aluminum endplates were
deduced from the surface node at a specific position on the end-
plate. The stress and strain state of the vertical column can be
represented using the following relations

�ru2U ¼ V � S and S ¼ Cε ¼ CVU; (13)

here u ¼ 2pf denotes the angular frequency, C denotes the elastic
tensor related to the model materials, and U and S denote the
displacement and stress tensors, respectively. In the simulations,
the fixed boundary condition at the surface at position 1 is provided
by the pressure vessel, and the surfaces indicated as position 2 and
position 3 are fixed with two added fixators (Fig. 5a), which can be
expressed as

Uposition1 ¼Uposition2 ¼ Uposition3 ¼ 0: (14)

In Fig. 5c and 5d, the simulated axial displacement distributions for
the measurement system performing at two non-resonant fre-
quencies of 15 Hz and 300 Hz are illustrated. Since the loaded axial
stress from the source platform as indicated by the red arrow is
assumed to be uniform through the sample and the aluminum
endplate along the column's central axis (Fig. 5a), we solely focus
on stress and strain state evolutions recorded by strain gauges
bonded at the five positions on the vertical column due to axial
stress oscillations performed by the shaker, using all possible
Fig. 6. Numerically simulated frequency-dependent (a) stress and (b) strain at five reference
standard aluminum sample and (d) Poisson's ratio v at five positions, inferred from the simul
the E and v measurements on the same sample of diameter D ¼ 38.1 mm, length L ¼ 75.6
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known parameters of the laboratory device. And finally, the Young's
modulus and Poisson's ratio of the aluminum sample were inferred
from the average numerical results based on Eqs. (5) and (6).

The simulated stress and strain amplitude results, deduced from
the virtual strain gauges at five reference positions of the column
assemblage, are displayed in Fig. 6a and 6b, respectively, over the
frequency range of interest f2[1e2000] Hz. It appears that there
are no differences between the exerted stresses from gauges
bonded at the 3 different positions on the aluminum sample (i.e., B,
C, and D in Fig. 6a) up to 1000 Hz. As well, we observe that the
sample's axial strains at the 3 positions are identical, and the cor-
responding radial strains have the same magnitude. The strain
amplitude results between the 2 endplates show slight divergency.
These simulation results verify the assumption that the exerted
axial stress is uniformly distributed through the test sample, and
illustrate that the induced strain magnitudes in axial and radial
directions may not be significantly affected by changing the sam-
ple's strain gauges position z within the frequency range of interest
for the standard aluminum.

The inferred Young's moduli (E(u) ¼ Eal*εal-ax(u)/εs-ax(u)) of the
aluminum sample and the Poisson's ratios (y(u) ¼ �εrad(u)/εax(u))
at five positions of the column assemblage are compared with the
E(u) and y(u) measured experimentally on the same sample. Via
using the same εal-ax of the endplate, we find that the simulated
Young's moduli results from the three strain gauges at different
positions have the identical magnitude. It appears that E(u) using
the εal-ax of position E, which is consistent with the laboratory
measurement, is slightly larger than the inferred E(u) using εal-ax of
position A. As no obvious phase shift between the strains on the
sample and the aluminum endplate was induced by the homoge-
neous stress and strain fields in the vertical column at normal
frequencies (Fig. 6c and 6d), we observe theoretically expected
negligible dispersion characteristic of the sample's Young's
modulus.

Furthermore, the simulated Poisson's ratio y(u) of the aluminum
sample, which fits the measured y(u) and has no divergency for the
three positions, is slightly larger compared to y(u) at Position E of
positions in the column assemblage shown in Fig. 5. The (c) Young's modulus E of the
ated stress and stain over a wide frequency range of f2[1e3000] Hz, are compared with
mm, Young's modulus E ¼ 70 GPa, and Poission's ratio y ¼ 0.33.
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the aluminum endplate. We mention here again that the simulated
results, as well as the experimental measurements, are based on
the recorded signals using the strain gauges occupying a very
localized region (1 � 5 mm) of the sample. Although the strain
gauges may precisely measure the point elastic properties of the
homogeneous media, these obtained local measurements may not
be representative of the entire sample in the case of an inhomo-
geneous media. Nevertheless, the numerical simulation suggests
that the Young's modulus and Poisson's ratio have negligible de-
viations with respect to the experimentally measured values for the
aluminum sample at normal frequencies, although the broad-
frequency-band laboratory module will inevitably be affected by
resonant frequencies above 2000 Hz.
Fig. 7. Laboratory measured frequency dependence of (a, c, and e) the Young's modulus ELF
shale core plugs exposed to seven different confining pressures: 0 MPa, 1 MPa, 3 MPa, 5 MPa
illustrated in (g). Low frequency results were measured directly, while ultrasonic values we
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4. Laboratory results on the dispersion of elastic waves in
porous rock samples

The frequency and pressure dependence of the two main pa-
rameters, Young's modulus ELF and Poisson's ratio yLF, have been
investigated for two sets of shale and sandstone samples.
4.1. Frequency dependence of the dry shale sample's elastic
properties

An as-received L shale cores, used in the experiments, were
assumed to be transverse isotropic (TI) (e.g., Han et al., 2020; Chen
et al., 2023). Laboratory experiments similar to the procedure
described for the calibration with three standard samples were
carried out on three differently oriented (0�, 45� and 90� with
and (b, d, and f) the Poisson's ratio yLF ( � symbols) for the 0� , 45� and 90� oriented L
, 10 MPa, 15 MPa, and 20 MPa. The deduced seismic (E90/E0)/(y90/y0) for TI symmetry is
re determined with the use of the measured directional P- and S-wave velocities.
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respect to the symmetry axis) shale samples. These core plugs from
the same batch of material have a very low porosity, and a series of
experimental measurements were carried out in which pressure
and fluid effects on seismic dispersion were investigated. In this
presented work, only some selected measurements on moist (i.e.,
room-dry) shale samples are summarized in Fig. 7, in order to
testify the measuring capabilities of the new experimental appa-
ratus. Note the laboratory experiments were performed without
any pore pressure regulation, and a constant axial stress of
~0.3 MPa was loaded on the core plug to maintain an improved
signal quality for the stress-strain measurements.

Fig. 7 shows the measured directional Young's moduli ELF and
Poisson's ratios yLF on the L shale core plugs having three different
orientations at low and ultrasonic frequencies and under different
confining pressures. The corresponding ultrasonic values were
determinedwith the use of the measured directional P- and S-wave
velocities. We see from Fig. 7a, 7c and 7(e) that the 0�-orientiated
sample possesses slightly apparent dispersion in Young's modulus,
compared with the measurements on 45�- and 90�-orientiated
samples. It appears that directional Poisson's ratios in Fig. 7b and 7d
have negligible frequency dependence, while measurements in the
45�-orientiated sample in 7f possess sizeable dispersion at the low
frequencies between 1 and 50 Hz. Note that the Young's moduli and
Poisson's ratios at ultrasonic frequency are slightly larger than their
measurements at low frequencies. We observe clearly that the
stress sensitivity of measured Young's moduli and Poisson's ratios
are different. While the Young's moduli increase with increasing
pressure in three samples, the measured Poisson's ratios are less
sensitive to the confining pressure variations at seismic and ultra-
sonic frequencies for uniaxial loading. As the confining pressure
increases from 0 MPa to 20 MPa for intance, the Young's modulus
increases from 32.2 GPa to 34.3 GPa by ~6.5% for the 45� oriented
core at frequency f ¼ 20 Hz, the Poisson's ratio increases from 0.187
to 0.193 by ~3.2%. It is also interesting to find that for three core
plugs, the changes in Young's modulus are similar at low seismic
and high ultrasonic frequencies.

Themeasurement results in Fig. 7 also illustrate features that are
characteristic for the transversely isotropic (TI) materials: (I) the
vertical Young's modulus obtained with the 0� sample, E0, is
distinctly smaller than the horizontal one loading parallel to
bedding plane, E90; (II) the Young's modulus for the 45� sample, E45,
lies in between measurements obtained with 0� and 90� samples,
i.e., E0 < E45 < E90; and (III) the measurements satisfy the symmetry
of TI rocks described as (e.g., Szewczyk et al., 2016)

n0ðuÞ
E0ðuÞ

¼ n90ðuÞ
E90ðuÞ

; (15)

where y0(u) and y90(u) are Poisson's ratio measured from the
0� and 90� samples, respectively. As indicated in Fig. 7g, it seems
that ðE90ðuÞ =E0ðuÞÞ =ðn90ðuÞ =n0ðuÞÞz1 is independent of fre-
quency within the tolerant experimental errors, indicating that L
shale can be considered as transversely isotropic rocks. And this
further provides us confidence in the capability of measuring
pressure induced changes in Young's modulus and Poisson's ratio
using the new laboratory device. The experimental measurements
will be further described and physical interpretations will be pro-
vided in more details in our forthcoming publications.

4.2. Effect of fluid and pressure on sandstone sample's elastic
moduli

The detailed experimental procedures are then tested on the
tight sandstone sample under dry-, brine- and glycerin-saturated
conditions, to demonstrate how the fluid and pressure changes
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influence the rock's evolution of the frequency dependence of
Young's modulus, Poisson's ratio and their corresponding
attenuation.

4.2.1. Tight sandstone sample
For the low-porosity and low-permeability tight sandstone

investigated in this study, the pore microstructure may have a
significant role on dynamic elastic behaviors than the porosity (e.g.,
Subramaniyan et al., 2015; Yin et al., 2017). While the cylindrical
core plug of 38.1 mm in diameter and 75.2 mm long is similar to
that used in He et al. (2021), its permeability is about 1 order-of
magnitude lower. As qualitatively illustrated from the thin section
photomicrograph and SEM image of the original core plugs in Fig. 8,
the selected rock, whose approximate mineral contents are sum-
marized in Table 1, exhibits a relatively compact and random grain
orientation and is well sorted. From the thin section image in
Fig. 8a, different colors indicate different minerals and pores. The
white and dark areas represent quartz and pores, respectively,
while the yellow region represent the cement. Especially, the rock
sample used in this study possesses, respectively, mineral size
ranging from around 120 mm up to 250 mm and pore size ranging
from about 100 mm to 180 mm, which are small compared with the
used strain gauges of 5 mm length. Thus, the core sample can be
considered isotropic and homogeneous at the REV scale (i.e.,
volume » volume of grains), and hence allowing for a good appli-
cation of the forced-oscillation technique tested in this study.
Moreover, the section SEM image (Fig. 8b) shows that the rock's
pore microstructure is complicated and consists of couple different
kinds of pores and cracks with varied size and shape. From this thin
section, the estimated pore-throat size of the tight sandstone
sample is mainly around 0.3e4.2 mm, and this reveals that the pore
geometry of this tight core sample possesses a possible porous-
cracked microstructure.

4.2.2. Laboratory measurements on pressure and frequency
dependence of elastic moduli in saturated sample

In Fig. 9, the pressure dependence of Young's modulus ELF and
Poisson's ratio yLF, as well as their corresponding attenuation (or
inverse quality) 1/QE and 1/Qn, respectively, which were obtained
via the stress-strain technique at 1e2000 Hz and using ultrasonic
method at 1 MHz, is reported for the core sample under dry or
nitrogen gas saturated condition. It is indeed expected that there
has negligible frequency dependency in the experimental mea-
surements at each confining pressure. For measured ELF (Fig. 9a)
and yLF (Fig. 9a), however, a distinct dependence to confining
pressure can be observed. Consistently, within the measured fre-
quency range of f2[1e2000,106] Hz, an increase in both ELF and yLF,
from 15 GPa to 20 GPa and from 0.08 to 0.16, respectively, were
measured with an increasing value of effective pressure Peff from
0 MPa to 20 MPa. It seems that these strong pressure dependencies
obtained on Young's modulus and Poisson's ratio may be attributed
to a significant variation in the rock's compliant pores. According to
previous studies (e.g., see Pimienta et al., 2015; Spencer and Shine,
2016; Yin et al., 2017), the measured dry ELF and yLF are expected to
increase with increasing Peff for homogenously isotropic rocks. The
exerted confining pressure PC increase causes gradual closure of the
horizontal compliant porosity or microcracks with small aspect
ratio, thus strengthening the rock stiffness. Moreover, the corre-
sponding attenuation, 1/QE and 1/Qn, are small and exhibit weak
pressure dependence.

The frequency dependence of elastic moduli, measured on the
tight sandstone core saturated by brine, is demonstrated in Fig. 10.
Large frequency-dependent variations of ELF and yLF, as well as 1/QE
and 1/Qn, are observed. As the bulk modulus of low-compressibility
pore fluid increases, the measured ELF and yLF, significantly increase



Fig. 8. Microscopic image of a thin section of the tight sandstone with parallel light showing a cross section of the core sample (a), and scanning electron microscopy (SEM) images
of a thin section of the sandstone (b).

Fig. 9. Demonstrations of the applications of the modified experimental apparatus for seismic dispersion and attenuation measurements: measured frequency dependence of the
Young's modulus ELF and Poisson's ratio yLF and the corresponding attenuation 1/QE and 1/Qn for the tight sandstone saturated with nitrogen gas at different effective pressures. The
core sample was investigated at the air conditioning of the room temperature, during isotropic loading with atmospheric pore pressure. Solid curves in (a) show a parametric fit to
the experimental measurements based on the Kramers-Kronig relationship (e.g., Mikhaltsevitch et al., 2016b).
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with respective to the dry case. It is also interesting to notice that at
effective pressure Peff higher than 8 MPa, ELF exhibits negligible
frequency dependence at frequencies f ¼ [1e2000] Hz. It appears
that the value of ELF increases with the increasing effective pressure
as the dry rock measurements, while yLF is reversely correlated as
effective pressure increases and all measured results converge to a
yLF level around 0.23. This reveals that the effective pressure
strongly damps the differences in Poisson's ratio between the dry
and fluid-saturated core sample. Here, 1/QE and 1/Qn decrease with
increasing effective pressure over the measured frequencies. For a
given effective pressure Peff, we find that 1/QE (Fig. 10b) increases
when frequency increases; on the contrary, 1/Qn decreases with the
increasing frequency (Fig. 10d). Furthermore, it seems that the 1/QE
peak has a maximum at round f~80 Hz for all effective pressures.

For the tight sandstone under glycerin saturation (Fig. 11), we
observe strong frequency dependence of elastic moduli and the
associated attenuation. As the frequency increases from 1 to
2000 Hz, at a given effective pressure Peff¼ 3MPa, themeasured ELF
increases significantly from ~25 GPa to ~34 GPa by 36%, while a
continuous increase in yLF from ~0.23 to ~0.28 by 21.7% is discov-
ered. Overall, with increasing frequency, yLF gradually increases up
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to a magnitude close to the value deduced from the measured ul-
trasonic velocities using Eq. (2). We notice that the frequency-
dependent 1/QE decreases when increasing Peff, which is consis-
tent with the fact that the horizontal small aspect ratio microcracks
gradually close as the effective pressure increases. In particular, a
high attenuation peak of approximately 1/QE ¼ 0.09, is extracted
from the measurements for about f ¼ 11 Hz and at the lowest
effective pressure Peff ¼ 0 MPa. As reported in Yin et al. (2017), the
peak of 1/QE is moved to higher frequencies due to the temperature
increase caused decrease in viscosity of glycerin. The experimental
measurements were carried out at a temperature around T ¼ 23 �C,
which may account for the low characteristic frequency measured
in the peak that was highly fluid viscosity dependent. We also find
that the pressure-dependent 1/Qn peak possesses the nearly iden-
tical characteristic frequency (i.e., fz11 Hz) with 1/QE. Furthermore,
it seems that the characteristic frequency corresponding to the
attenuation peak was not strongly affected by effective pressure
and fluid viscosity for this specific sandstone.

The pressure-dependent increase of ELF results under different
fluid saturation, in Figs. 9a, 10a and 11a, show that the Young's
moduli computed using KKR are in a good agreement with the



Fig. 10. Demonstrations of the applications of the modified experimental apparatus for seismic dispersion and attenuation measurements: measured frequency dependence of the
Young's modulus ELF and Poisson's ratio yLF and the corresponding attenuation 1/QE and 1/Qn for the tight sandstone saturated with brine at different effective pressures. The core
sample was investigated at the air conditioning of the room temperature, during isotropic loading with atmospheric pore pressure. Solid curves in (a) show a parametric fit to the
experimental measurements based on the Kramers-Kronig relationship (e.g., Mikhaltsevitch et al., 2016b).

Fig. 11. Demonstrations of the applications of the modified experimental apparatus for seismic dispersion and attenuation measurements: measured frequency dependence of the
Young's modulus ELF and Poisson's ratio yLF and the corresponding attenuation 1/QE and 1/Qn for the tight sandstone saturated with glycerin at different effective pressures. The core
sample was investigated at the air conditioning of the room temperature, during isotropic loading with atmospheric pore pressure. Solid curves in (a) show a parametric fit to the
experimental measurements based on the Kramers-Kronig relationship (e.g., Mikhaltsevitch et al., 2016b).
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laboratory measurements. This illustrates that the modulus
dispersion and attenuation measurements are consistent with the
causality principle and can faithfully represent the intrinsic prop-
erties of the considered sample. Thus, we conclude here that our
experimental data on the tight sandstone of dry, brine-saturated
and glycerin-saturated conditions demonstrate that the new lab-
oratory module is reliable and can be employed to precisely extract
modulus dispersion and attenuation for viscoelastic media. In a
short summary, dispersion in the measured Young's modulus and
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Poisson's ratio, as well as their associated attenuation, are almost
negligible for the N2 saturated core. However, observable frequency
dependence was found for the tight sandstone filled with brine or
glycerin under different effective pressures. Measured Young's
moduli of the sandstone with brine saturation are significantly
larger than those with gas saturation, but smaller compared to the
glycerin saturation case. The measured results exhibit the declining
tendency of dispersion and attenuation with increasing pressure.
Furthermore, the estimated characteristic frequency of glycerin



Fig. 12. Laboratory elastic measurements for the tight sandstone sample under dry, brine and glycerin saturation conditions, as a function of effective pressure. (a) and (b) represent
P- and S-wave velocities at ultrasonic frequency of 1 MHz, and (c) and (d) represent high-frequency bulk and shear moduli calculated from elastic wave ultrasonic velocity
measurements. (e) and (f) are the mean results for bulk and shear moduli and their standard error bars at low frequencies of 1 and 10 Hz, using the seismic elastic moduli
measurement system for oscillation of confining pressure. At these frequencies, bulk and shear moduli are significantly affected by pore fluid. The frequency effect is apparently
demonstrated.
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saturated sample is shifted towards lower frequencies compared to
the brine saturated sample, in agreement with potential influence
for declined fluid viscosity.

In Fig. 12, the pressure and pore fluid dependences of bulk
modulus K and shear modulus m on tight sandstone is presented for
two measuring low frequencies of f ¼ [1; 10] Hz using Eq. (8), as
well as the ultrasonic frequency f¼ 1MHz using Eq. (2). The K and m

measurements under dry conditions are compared with the values
under glycerin and water saturations. Overall, the pressure
dependence is very large for both elastic moduli. For ultrasonic
velocitymeasurements (Fig.12a and 12b), increasing pressure leads
to increased P- and S-wave velocities, as well as the bulk and shear
moduli. It is therefore likely that the contained numerous micro-
cracks in the test sample progressively close during pressurization
cycle. We find that the P- and S-wave velocities reach a plateau at
the high pressure, at which the experimental measurements
should faithfully represent the elastic characteristics of the back-
ground matrix and the non-closeable pores. Both P- and S-wave
velocities, as well as the extracted EHF and mHF (Fig. 12c and 12d),
exhibit strong sensitivities to variations in the bulk modulus of pore
fluid (see Table 2). As the pore fluid bulkmodulus increases, we find
the high-frequency P-wave velocity shows higher magnitude and
less pressure dependence. Different with that, an increase in the
bulk modulus of pore fluid caused the S-wave velocity to exhibit
higher magnitude at low pressures only. At the intermediate
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pressures of Peffz18 MPa for this specific core sample, there has an
obvious “crossing point” between the dry and brine-saturated S-
wave velocities, after which brine-saturated S-wave velocities take
lower values than the dry ones. Overall, the measured “crossing
point” corresponds to the point at which the acoustic characteris-
tics become affected strongly by non-closable pores. It is important
to note that these observations were reported by numerous re-
searchers on many sandstones and other kinds of rocks (e.g., David
et al., 2013; Yin et al., 2017).

Measured results of low-frequency bulk and shear moduli, ob-
tained from the axial stress oscillation at two frequencies, are
presented in Fig. 12e and 12f, respectively. It appears that at each
effective pressure, the dry, glycerin- and brine-saturated low-fre-
quency bulk and shear moduli present significant deviations. It is as
expected that the dry sample has the lowest value of low-frequency
bulk modulus, while bulk modulus of the brine-saturated sample
lies in between the values of the dry and glycerin saturation cases
(Fig. 12e). Interestingly, two “crossover point”, at low and high
pressures, respectively, are observed on the measured low-
frequency shear modulus of the glycerin-saturated sample
(Fig. 12f). This demonstrates that an increase in the pore fluid bulk
modulus results in larger mLF values at pressures higher than about
3 MPa. It is also clearly observed that mHF of brine-saturated sample
is slightly smaller than the one of glycerin-saturated sample at
pressures higher than about 18 MPa, which is related to the fluid's
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viscosity and the sample's overall compressibility. Please also note
that the extracted elastic moduli are independent of the oscillation
amplitude, considering that the exerted strain levels on the sand-
stone during forced oscillating tests are less than about 10�6. Under
glycerin or brine saturation, it was found that the obtained elastic
moduli at the frequency f ¼ 10 Hz possess slightly less pressure
dependence than the values at f ¼ 1 Hz. Here, the obvious errors on
the measurements, as indicated with the error bars, may arise from
the bonding of strain gauges on the samples, as well as the accuracy
limit of applied strain gauges.

4.3. Interpretation of the frequency effects for the fluid-saturated
tight sandstone

The strong frequency- and pressure-dependent variations in
elastic moduli and attenuation measurements in fluid-saturated
sandstones are often considered as a result of fluid flow at
various scales which causes transitions between the various elastic
regimes (e.g., Müller et al., 2010; Pimienta et al., 2016; He et al.,
2023). Three main regimes investigated are separated by two
characteristic frequencies, corresponding to the drained/undrained
transition f1 and the undrained (relaxed)/unrelaxed transition f2,
respectively, can be defined as follows (e.g., Pimienta et al., 2016)

f1 ¼ 4kKd

hfL2
and f2 ¼ a3Kd

hf
; (16)

where hf represents the fluid viscosity, k represents the rock
permeability, Kd represents the rock drained bulk modulus, L rep-
resents the sample's length, and a represents the characteristic
aspect ratio of microcracks. It can be found that the characteristic
frequency f2, associated with the pore-scale squirt flow phenome-
non, relies strongly on microcrack aspect ratio a. Moreover, since
both drained and undrained regimes are considered to be poroe-
lastic and relaxed at the REV scale, the characteristic frequency f1
cannot be higher than f2.

Since the poroelastic model of Biot (1956), numerous effective
medium theories have been introduced to explain the fluid effect
on rock's different elastic properties (e.g., Johnson, 2001; Gurevich
et al., 2010; Adelinet et al., 2011; de Paula et al., 2012; Zong et al.,
2022 to name just a few). Our main purpose is to examine the
consistency of the experimental measurements, with the poroe-
lastic models in the framework of fluid flow theories. The local or
pore-scale squirt flow, caused by a passing wave induced unequal
pore-fluid pressure between pore spaces of different shapes or
compliance, is usually taken as the main mechanism for the un-
drained/unrelaxed transition (e.g., Rubino and Holliger, 2013). For
the glycerin-saturated sandstone sample, nevertheless, the
observed extensional attenuation peak does not shift towards a
lower frequency with an increase of effective pressure, indicating
the measured results may not be fully understood with the squirt
flow phenomenon solely. Thus, a poroelastic model with the
combined effects of different inter-dependent attenuation mecha-
nisms (e.g., squirt flow mechanism and mesoscopic mechanism)
may possibly help to better account for the results that we acquired
for the glycerin saturation. Here, a scaled poroelastic model (SPM),
similar to the model proposed in He et al. (2021) that accounts for
the wave-induced fluid flow mechanisms at both microscopic and
mesoscopic scales, was employed to calculate the ELF and 1/QE
values over the investigated frequency range.

Via combining a generalized 1D model in Müller and Gurevich
(2004) of 3D random patchy saturation scale (Toms et al., 2007)
with the microscopic squirt flow effects, we aim to compare the
frequency dependence of laboratory measurements in the tight
sandstone sample with predictions of the poroelastic model.
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Experimental observations indicate that mesoscopic fluid hetero-
geneities of the irregular geometries and random distributions in
space produce significant impacts on moduli dispersion and
attenuation. On the basis of an approximation for the coherent
wavefield in 3D randomly heterogeneous porous media, a contin-
uous random model was developed to characterize seismic
dispersion and attenuation when fluid patches possess complex
distribution. For an exponential correlation function with a corre-
lation size b that describes the characteristic length of heteroge-
neous patches, the effective complex elastic modulus can be
represented as (Toms et al., 2007)

CðuÞ¼C0

 
1� D2 �

D1k2�b2

ðik�b� 1Þ2
!2

; (17)

here D1¼(L/H) D2, D2 ¼ a2Ms2/2H, N ¼ ML/H, k_¼(iuh/kN)1/2,
M¼ [(a�4)/KSþ4/Kf]�1, a¼1�Kdry/KS, L¼ Kdryþ4/3m, H¼ Kdryþ4/3m,
and C0 indicates the mean elastic modulus of rock matrix. k denotes
permeability, h denotes fluid viscosity and, m represents dry rock
shear modulus. KS and Kf are bulk moduli of solid grain and pore
fluid and, Kdry and Ksat are bulk moduli of dry ad saturated rocks,
respectively. Therefore, the frequency-dependent P-wave phase
velocity and attenuation can be obtained

VPðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ReðCÞ=r

p
; and Q�1

P ðuÞ ¼ ImðCÞ
.
ReðCÞ: (18)

Specially, the simple squirt model derived by Gurevich et al.
(2010), which considers the influences of the crack aspect ratio
and crack porosity, is practically suitable for explaining the
measured results on tight sandstones having the porous-cracked
microstructures. For a modified rock frame in which the stiff
pores are drained whereas the compliant pores are completely
fluid-saturated, partially relaxed bulk modulus Kmf and shear
modulus mmf associated with squirt flow mechanism can be esti-
mated as functions of frequency and pressure (Gurevich et al., 2010)

1
Kmf ðP;uÞ

¼ 1
Kh

þ 1
1

1
KdryðPÞ

� 1
Kh

þ 1

4cðPÞ

 
1

K*
f
ðP;uÞ�

1
Km

!; 1
mmf ðP;uÞ

¼ 1
mdryðPÞ

� 4
15

"
1

KdryðPÞ
� 1
Kmf ðP;uÞ

#
;

(19)

where 4c(P) is the compliant porosity, Kh is the bulk modulus of the
dry frame for an assumptive rockwhere compliant pores are closed,
and Km is the mineral bulk modulus. Kdry(P) and mdry(P) represent
the bulk and shear moduli of the dry frame, respectively, inferred
from the measured ultrasonic velocities. The frequency-dependent
bulk modulus of a modified fluid filling the compliant pores, Kf*,
which relies on the aspect ratio a of the compliant pores and fluid
viscosity h, can be defined as

K*
f ðP;uÞ¼

�
1� 2J1ðkaÞ

kaJ0ðkaÞ
�
Kf ; (20)

here Kf denotes the pore fluid bulk modulus, ka¼(�3iuh/Kf)1/2/a,
and J0 and J1 denote the 0th and 1st Bessel function, respectively.
Using the approach in de Paula et al. (2012), compliant porosity
4c(P) and stiff porosity 4s(P) (i.e., 4 ¼ 4sþ4c) are obtained from the
pressure dependency of dry ultrasonic measurements of the
compressional and shear velocities. Through simply incorporating
the frequency-dependent moduli of the modified dry frame (Eq.



Fig. 13. Laboratory experimental measurements of Young's modulus E as a function of apparent frequency fC (Eq. (21)) for the tight sandstone saturated with brine (squares) and
glycerin (circles) at two effective pressures of (a) 1 MPa and (b) 10 MPa. The measured results are compared with the corresponding predictions from the squirt flow model (dashed
red curves) and the scaled poroelastic model (solid red curves) that considers microscopic and mesoscopic fluid flow effects. In addition, the undrained E is obtained from the
drained modulus using the Biot-Gassmann (BeG) equation and is plotted as the dashed black curve. The measured results displayed here represent a selection of data illustrated in
Figs. 10a and 11a.
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(19)) into the 3D random porous media (Eq. (17)), the scaled
poroelastic model is able to help understand the combined in-
fluences of fluid flows at both microscopic and mesoscopic scales
on elastic moduli and the associated attenuation of the saturated
tight sandstone.

In Fig. 13, the laboratory measured and the predicted Young's
modulus E for the brine- and glycerin-saturated tight sandstone
under two effective pressures of 1 and 10 MPa are compared. Note
the measured results are plotted as a function of apparent fre-
quency fC, which is a key parameter allows accounting for the fluid's
viscosity hf effect on the corresponding scaled values in a broad
frequency range and is defined as (e.g., Pimienta et al., 2015;
Spencer and Shine, 2016; Yin et al., 2017)

fC ¼ f *
hf
h0

; (21)

with h0 denoting viscosity of brine and f2[1e2000, 106] Hz
denoting the measurement frequency. Thus, the apparent fre-
quency for glycerin can be obtained fC ¼ 1379*f2
[1.4 � 103e2.8 � 105, 1.4 � 109] Hz, assuming the in situ brine
viscosity h0 ¼ 1.0226*10�3 Pa s. Here, the characteristic patch scale
was assumed to be b ¼ 18 mm. Compliant porosity and aspect ratio
of 4c ¼ 0.00002 and a ¼ 0.0001, respectively, are extracted and
employed for the squirt flow modelling.

In general, it appears that the predicted Young's modulus E from
the squirt flow model (SFM) show the similar overall behaviors as
the laboratory measurements, while the ones from the SPM are in a
reasonably good fit with the experimental results. Thus, it is likely
that the combined mesoscopic and microscopic flow mechanisms
are responsible for the measured dispersion. Note further that the
predicted E of glycerin saturation remains constant at frequencies
beyond 2 � 106 Hz. For glycerin saturation, owing to the influence
of fluid flow mechanism at mesoscopic scale, it seems that the E
prediction using the SPM is significantly below the one using the
SFM at frequencies low than 3 � 104 Hz. Moreover, we observed
that the SPM prediction properly fits the data frequency depen-
dence at the low-frequency measurements, but it underestimates it
in the case of ultrasonic measurements. In addition, although the
SPM predicted Young's modulus is well consistent with the
measured E under brine-saturated condition at effective pressure of
10 MPa, it deviates from it in the case of an effective pressure of
1 MPa. This indicates that the measured frequency dependence is
more spread out than expected in the case of a unique frequency
influence, and hence implying the possible intrinsic viscoelastic
effect of the clay content and the influences of heterogeneous
distributions of the aspect ratios of microcracks, as well as the
microcrack density, in the tight sandstone sample. Therefore, future
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efforts are required to develop a theoretical model that can be used
to more accurately account for the measured frequency
dependence.
5. Discussions

A new laboratory apparatus allowing for combined measure-
ments of elastic properties at high frequency and at low frequency
under various confining pressure conditions was described in this
presented work. The following arguments might arise considering
the experimental apparatus and procedure and the interpretation
of measured results. First, to better evaluate its measuring accuracy
and capability, three standard samples (i.e., aluminum, titanium
and lucite) were utilized to calibrate the experimental apparatus.
The results illustrate that for axial strain magnitudes as low as 10�6,
reliable measurements can be obtained at frequency range of f2
[1e2000] Hz, using the same strain gauges with higher gauges
factors and resistance provided by the manufacturer. It should be
noted that the observed strain amplitudes may be strongly affected
by the resistance deviations up to 10%, resulting in magnified errors
in experimental measurements. A major drawback of the stress-
strain technique employed here to obtain seismic dispersion and
attenuation is that the measurements at oscillating frequencies
lower than 1 Hz cannot be reliably performed because of the
applied actuator which may not continuously generate stable me-
chanical stress at very low frequencies condition.

In addition, reduction of experimental errors and consistent
results in modulus dispersion and attenuation can be obtained for
isotropic homogeneous samples. It should also be noted that the
introduced experimental technique relying on the local moduli
measurements is dependent on the degree of fluid saturation and
the distribution of fluid phase, and also the frequency dependence
of the measured elastic moduli seems to be affected significantly by
these factors, as argued by others (e.g., Mikhaltsevitch et al., 2016a;
Li et al., 2019). Although the fluid injection procedure in the SEM,
which is one of the most commonly used ways to conduct fluid
displacement during experiments, can regulate the fluid injection
rate, it is very difficult to ascertain either a perfectly homogeneous
distribution of concerned fluid or a complete saturation due to the
existing capillary force effects at microscopic scale that might affect
the effective bulk moduli of pore fluid and also possibly the rock
stiffness.

Furthermore, laboratory ultrasonic measurements are some-
times performed as part of time-lapse seismic monitoring of
reservoir and overburden performance during fluid depletion and/
or injection. Taking no account of the frequency dependence of
elastic moduli, in case of fluid-saturated sandstone, however,
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people may come up with a conclusion that time-lapse seismic
attributes (e.g., time shifts and amplitude differences) related to the
expected elastic property variations in the field would be too weak
to be identified. Nevertheless, in reality, 4D seismic attributes could
be well detected owing to the enhanced elastic moduli within
seismic frequencies. This again highlights the significance of
experimental measurements, especially for those carries out at the
low seismic frequency range.

Finally, although the theoretically calculated data can fairly well
reproduce the measured frequency dependence of the Young's
modulus from the fluid-saturated tight sandstone sample at low
frequencies and at two low effective pressures, the calculated de-
viations from experimental results indicate that the effects of
porosity change with pressure, microstructure heterogeneity, and
microcrack density and distribution, as well as additional fluid flow
mechanism, should be considered. Future work will focus on un-
derstanding the source and nature of the measured dispersion and
attenuation behaviors and how to model them, especially for
partially fluid saturation conditions.

6. Conclusion

We introduce a new experimental system to investigate the
pressure and fluid effect on the elastic moduli dispersion and atten-
uation at low seismic and ultrasonic frequencies on natural cored
porous rocks. Calibration measurements of the forced oscillation
device have been successfully carried out with aluminum, titanium
and lucite samples at room temperature condition, demonstrating
that the SEMM can perform stably in the effective pressure and fre-
quency ranges of Pc2[0e40] MPa and f2[1e2000, 106] Hz, respec-
tively. A numerical model was also employed to assess the dynamic
limits of the device, revealing that the induced axial and radial strain
amplitudes were not affected by the strain gauges' position for the
standard aluminum sample. Moreover, two sets of laboratory mea-
surements using axial stress oscillations were designed on shale and
tight sandstone samples, based on the experimental procedures, to
explore the influences related to anisotropy, pressure and fluid on
frequency-dependent elastic parameters. It was found that the
measured Young's modulus and Poisson's ratio, for the humidified
core samples, show negligible dispersion as expected. Nevertheless,
we observe that the measured Young's modulus ELF and Poisson's
ratio yLF, as well as the corresponding attenuation 1/QE and 1/Qn, on
the tight sandstone saturated with glycerin at various effective
pressures possess different frequency dependence, compared with
those results on the brine saturation case. Our analysis of the Young's
modulus dispersionmeasurements on the fluid-saturated sandstone
illustrates that elastic modulus dispersion is possibly dependent on
the combined fluid flowmechanisms atmesoscopic andmicroscopic
scales, although the heterogeneous aspect ratio distributions of
microcracks of the coremay also play a significant role on controlling
the observed elastic parameters.
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