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Abstract To test theoretical models of modulus dispersion and dissipation in fluid‐saturated rocks, we
have investigated the broadband mechanical properties of four thermally cracked glass specimens of
simple microstructure with complementary forced‐oscillation (0.004–100 Hz) and ultrasonic techniques
(~1 MHz). Strong pressure dependence of moduli (bulk, Young's, and shear), axial strain, and ultrasonic
wave speeds for dry conditions attests to essentially complete crack closure at a confining pressure of 15 MPa
—consistent with ambient‐pressure crack aspect ratios ≤2 × 10−4. Oscillation of the confining pressure
reveals bulk modulus dispersion and a corresponding dissipation peak, near 0.002 Hz only at the lowest
effective pressure (2.5 MPa)—attributed to the transition with increasing frequency from the drained to
saturated‐isobaric regime. The observations are consistent with Biot‐Gassmann's theory, with dispersion and
dissipation adequately represented by Zener model. Above the draining frequency, axial forced‐oscillation
tests show dispersion of Young's modulus and Poisson's ratio, and an associated broad dissipation peak
centered near 0.3 Hz, thought to reflect local “squirt” flow and adequately modeled with a continuous
distribution of relaxation times over two decades. Observations of Young's and shear moduli dispersion
and dissipation from complementary flexural and torsional oscillation measurements for differential
pressure ≤10 MPa provide supporting evidence of the transition with increasing frequency from the
saturated‐isobaric to the saturated‐isolated regime—also probed by ultrasonic technique. These findings
validate predictions from theoretical models of dispersion in cracked media and emphasize need for
caution in the seismological application of laboratory ultrasonic data for cracked media.

1. Introduction

The frequency‐dependent nature of seismic properties of fluid‐saturated crustal rocks complicates the
reconciliation of laboratory ultrasonic measurements of effective moduli (approximately megahertz range)
with lower‐frequency field data from borehole (approximately tens of kilohertz) and exploration (~10–100
Hz) geophysics. Significant difficulties remain in rigorously testing the theories relating the frequency‐
dependent seismic properties of the fluid‐saturated media to microstructures and fluid flow regimes.

In a homogeneous porous medium, dispersion is caused by stress‐induced redistribution of fluid within the
pore space during wave propagation. Such dispersion and associated strain‐energy dissipation reflect the fre-
quency dependence of the spatial scale over which stress‐induced gradients in pore pressure can be relaxed
by fluid flow. For example, in the low‐frequency undrained regime of Biot‐Gassmann theory (Biot, 1956a,
1956b; Gassmann, 1951), equivalent to the saturated‐isobaric regime of O'Connell and Budiansky (1977),
there is sufficient time during the wave period for pore pressure equilibration by fluid flow throughout a
representative elementary volume, whereas in the high‐frequency unrelaxed or saturated‐isolated regime,
stress‐induced pore pressure gradients between adjacent cracks/pores remain unrelaxed by fluid flow—a
condition responsible for higher stiffness/moduli often obtained from laboratory measurements at inter-
mediate to high (ultrasonic) frequencies (e.g., Dvorkin et al., 1995).

Although theoretical models have been proposed to account for the differences between laboratory and field
measurements (e.g., Mavko & Jizba, 1991; O'Connell & Budiansky, 1977), clear understanding of the
mechanism governing the dispersion of elastic properties of crustal rocks remains very topical, particularly
as the role of microstructures is yet to be clearly demonstrated by robust and conclusive laboratory investi-
gations. While it is established that the squirt/microscopic (e.g., Mavko & Jizba, 1991) flow models (which
are based on the geometries of the cracks and microstructures) can be efficient in modeling the observed dis-
persion, the necessary input for this model, that is, quantitative microstructural information such as aspect
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ratios and crack density, is not easily obtained from rocks due to the
nature of their complex depositional structures and fabrics. In addi-
tion, several of the previous laboratory measurements were made
either at low or high frequencies, with insufficient bandwidth to
clearly observe the expected transitions between the fluid flow
regimes predicted from the theoretical models (e.g., O'Connell &
Budiansky, 1977).

In recent decades, several authors have performed laboratory investi-
gation at both low and high frequencies on selected crustal rocks
(e.g., Adam et al., 2006; Adam et al., 2009; Adelinet et al., 2010;
Mikhaltsevitch et al., 2014). However, the interpretation of the find-
ings is often compromised by the complex nature of the rock's micro-

structure. Thermally cracked crystalline rocks and synthetic materials, such as glass, represent alternatives
with simpler microstructures but have so far received relatively little attention.

Sarout et al. (2017), for example, tested the seismic properties of thermally cracked marbles, in dry and satu-
rated conditions under effective pressure up to 50 MPa, using ultrasonic measurements and low‐frequency
oscillation of axial stress. They observed Young's modulus dispersion between 0.01 Hz and 500 MHz in
water‐saturated conditions with a maximum of ~26% for Swaves and ~9% for Pwaves at the lowest effective
pressure tested (1 MPa), and the highest crack density (~0.5). Schijns et al. (2018) tested the seismic proper-
ties of dry and fluid‐saturated thermally cracked quartzite with ~2% total porosity between 10 and 150 MPa
effective pressures. Ultrasonic and low frequency torsional forced oscillation measurements reveal that the
shear modulus increases by more than 70% for the two specimens from 1 to 1MHz, for water saturation at 20
MPa differential pressure. Chapman, Quintal et al. (2018) investigated moduli dispersion in dry and satu-
rated high porosity (45–47%) uncracked specimens, made of sintered borosilicate glass. The results of the
forced‐oscillation test show moduli dispersion and attenuation which were attributed to heterogeneity
and compressibility contrast in the sample's frame. Li et al. (2018) in a recent extensive laboratory study,
investigated broadband frequency dependent elastic properties of synthetic glass media. The particular
advantage of synthetic glass is that its simple microstructure is amenable to a more quantitative interpreta-
tion of the observed fluid flow‐related dispersion. Although the work of Li et al. (2018) shows evidence of
different fluid flow regimes for cracked specimen tested across a range of frequency, no direct evidence of
the transitions between the different fluid flow regimes was observed.

Following the study by Li et al. (2018) on synthetic glass media, this contribution brings in new measure-
ments on cracked glass specimens saturated with different pore fluids using different complementary
measurement techniques. We report results of newly conducted direct measurements of the dispersion of
Young's and bulkmoduli and attenuation for a suite of thermally cracked glass rod specimens involving oscil-
lation of either the axial stress or confining pressure. We also present the results of additional torsional and
flexural oscillation measurements over a range of Pd (confining‐minus‐pore) pressure with pentane or deio-
nized water as pore fluid. Together, these results capture a wide frequency interval with clear evidence of
modulus dispersion and associated attenuation that we interpret in terms of drainage and squirt flow.

This paper is organized as follows. First, we provide a brief description of the experimental methodology. In
the subsequent sections, the results for the specimen characterization, permeability and seismic properties
are presented. The observed dispersion and dissipation peaks, together with the microstructure are then
interpreted and discussed using rock physics models in the context of the fluid flow regimes in a fluid‐
saturated cracked medium. Finally, we compare our observations with data from the literature and draw
implications for the use of laboratory data in calibrating seismological models for the shallow Earth.

2. Experimental Methods
2.1. Sample Characterization

Dense soda‐lime glass rods, provided by Nadège Desgenétez of the ANU School of Art, were cut and
machine ground to obtain cylindrical specimens (see figure in Li et al., 2014). Two groups of specimens
(Table 1) were obtained depending on the required dimensions for the applicable testing techniques;

Table 1
The Properties of the Cracked Soda‐Lime‐Silica‐Glass Rods Specimens

Specimen
Length, mm
(±0.001)

Diameter, mm
(±0.001)

Crack porosity,
% (±0.02%)

ρdry, kg/m
3

(±0.09)

FDL2 76.200 38.100 0.74 2498.19
SAGR1 150.180 14.990 0.37 2507.49
SAGR2 150.290 15.000 0.36 2507.75
FDSL1 150.010 14.980 0.30 2509.26

Note. FDL2 is the large diameter specimen tested with axial and confining
stress oscillation technique. The other specimens were tested with the ANU
apparatus. Crack porosities were obtained from dimensional changes after
cracking; ρdry is the density of the dry specimen.
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large diameter (38 mm) for experiments performed at ENS Paris (FDL2) and small diameter (15 mm) for
experiments performed at ANU (SAGR1; SAGR2 and FDSL1). Note that the large diameter specimen
FDL2 has been previously tested in Li et al. (2018). Using Electron Probe Micro Analysis, the chemical
composition of the glass rod is made up of 79.6% SiO2, 12.1% Na2O, 4.9% CaO, 1.1% Al2O3, and 0.9%
K2O (Li et al., 2018).

To induce cracks, a heat procedure was applied on the intact rods. We aimed to produce thin cracks that are
very compliant (i.e., pressure sensitive). The heat treatment we have applied is as follows. We used an air‐
atmosphere box furnace. The box furnace was first preheated to 500 °C, after which the specimen was placed
in it, to dwell for 2 hr and then quenched immediately in water at room temperature (20 °C). Since our initial
materials were intact homogeneous rods, crack porosity constitutes the only porosity type in our specimens.

Before thermal cracking, we calculated the volume of each of the specimen from its diameter and length.
After the heat treatment, the volume of each specimen was re‐calculated. The crack porosities (Table 1) of
the specimens consistently obtained as <1% were then obtained as the difference in the volume of each
specimen, before and after thermal cracking. The density (Table 1) of the dry cracked specimen (ρdry) was
determined as

ρdry ¼ 1−Φcð Þρs þ Φcρair ; (1)

where Φc, ρs, and ρair represent the crack porosity, density of the soda‐lime glass frame (2515.6 kg/m3, Li,
2016), and density of air (1.2 kg/m3), respectively.

In addition, polished blocks made from the sectioned specimens were examined using light microscopy to
provide the microstructural information regarding the crack network.

2.2. Permeability

In situ measurement of permeability, prior to mechanical testing, has been performed for the following pur-
poses (1) to guarantee that complete fluid saturation conditions have been achieved (2) to ensure the unifor-
mity of the pore fluid pressure throughout the specimen, (3) to provide a value of permeability, k, to be used
in the estimation of the characteristic frequency for the drained/undrained transition. In the next section, we
discuss the details of sample preparation and jacket type, which applies to both the permeability and
mechanical testing.

We measured the permeability of the large diameter specimen, FDL2, using the steady‐flow approach at the
Laboratoire de Géologie, ENS Paris. We applied different pore fluid pressures on the two sides of the sample
(upper and lower) to create a pore pressure gradient ΔP/l , and we monitored the consequent fluid flow.
Thus, permeability can be deduced following the equation of Darcy's law:

q
As

¼ kΔP
ηL

(2)

where q is the rate of fluid flow (m3 s−1),As the sample cross‐sectional area (m2), L the sample length, and η is
the dynamic viscosity of the fluid (Pa·s). We used the standard dynamic viscosity of water, for example, from
Venard and Street (1975) and Chemistry WebBook of the National Institute of Standard and Technology
(NIST). Permeability was measured at three representative differential pressures, with Pd < 10 MPa.

For each of the other three specimens (FDSL1, SAGR1, and SAGR2), the permeability was measured with
the transient‐flow method (Brace et al., 1968). The measurements were performed at ANU on the attenua-
tion rig with either condensed fluid or compressed gas as pore fluid. The technique involves a sample,
enclosed in annealed copper jacket, bounded by two reservoirs initially of equilibrated (equal) pore pressure.
A pressure perturbation is then suddenly imposed on one of the reservoirs and the consequent pressure evo-
lution on the unperturbed reservoir is monitored. We applied a sudden pressure increase (decrease) to the
reservoir of larger volume. The exponential increase (decrease) with elapsed time of the fluid pressure in
the other reservoir, reflecting re‐equilibration by fluid flow through the specimen, allows a measurement
of the permeability (see details in Li et al., 2018). For argon, we applied the pressure‐dependent bulk mod-
ulus from Stewart and Jacobsen (1989) and pressure‐dependent bulk viscosity fromVidal et al. (1979) as used
in Li (2016). We obtained similar information for pentane from Audonnet and Pádua (2001) and Ding et al.
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(1997). For the saturation and fluid charging procedure, we applied the protocol described by Li (2016). This
comprised repeated episodes of evacuation of the pore fluid system followed by suction/injection of fluid
from an external reservoir until full saturation of the pore space was indicated by a sudden increase of
pore pressure during the advance of the intensifier piston. Finally, any gas trapped within the pore fluid
reservoirs was bled off before measurements of permeability and seismic properties.

2.3. Seismic properties
2.3.1. Oscillation of Axial Stress or Confining Pressure—E, ν, and K
Seismic properties of the glass specimen FDL2 of Li et al. (2018) were measured with the low‐frequency
apparatus at the Laboratoire de Géologie, of ENS Paris. A more detailed description of the setup has been
provided elsewhere (e.g., Borgomano et al., 2017; Chapman, Borgomano et al., 2018 and recently in Yin
et al., 2019). Here, only a summary of the essential components is provided for completeness. This apparatus
allows for (1) hydrostatic pressure using hydraulic oil as the confining medium and (2) independent control
and application of pore pressure within the cylindrical specimen. The vertical position of the axial piston can
be adjusted to allow the cell to be used for either (a) axial stress oscillation measurement when the piston is
directly in contact with the specimen or (b) confining pressure oscillation when the piston is detached from
the specimen. The dynamic moduli (Young's and bulk), Poisson's ratio, and associated attenuation are mea-
sured by applying a sinusoidally time‐varying axial stress or confining pressure to the rock, and measuring
the resulting axial and circumferential strains on the rock sample and the axial strain in the reference mate-
rial (aluminum) (Borgomano et al., 2017; David et al., 2013; Pimienta et al., 2017). This approach has been
used for the measurement of Young's modulus by several other authors, for example, Batzle et al. (2006),
except that a few components of the setup are slightly different. For example, rather than an electromecha-
nical shaker as used by Batzle et al. (2006), a piezoelectric actuator, mounted between the axial piston of the
cell and the top end platen, is used to apply a sinusoidal axial force to the jacketed cylindrical specimen of 76
mm length and 38 mm diameter. Note that, when used for a test involving axial stress oscillation, mechan-
ical coupling with the specimen is guaranteed by applying a steady small axial stress (1 MPa) on the assem-
blage. For the test involving oscillation of the confining pressure (e.g., Adelinet et al., 2010; David et al., 2013;
Pimienta et al., 2015), the pressure control system is used to perturb the confining pressure, providing low‐
amplitude hydrostatic stress oscillation around a mean value of confining pressure. The amplitude of pres-
sure oscillation ΔPc, and the resulting volumetric strain, is sufficiently low that the material's response to
stress is linear (Pimienta et al., 2015).

The aluminum end platen, located immediately above the specimen, constitutes the reference material. It is
equipped with two axial strain gauges which act as the axial stress sensor (Borgomano et al., 2017; Figure 1).
The average of the strains (εal,av) obtained from these gauges is used, together with the known Young's

Figure 1. Mosaic photomicrographs, representative of the crack microstructure of the specimens: (a) longitudinal section for SAGR1 of 15 mm in diameter; (b)
longitudinal section of FDL2 of 38 mm in diameter; (c) transverse section for FDL2. Dark more equant domains are epoxy‐filled cavities resulting from plucking
during the preparation of the section.
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modulus of aluminum (Eal,av = 72 GPa,) to obtain the axial stress, σx = E.
ɛal,av. The axial (εax) and circumferential (radial) (εrad) strains in the test
specimen were obtained from the axial and circumferential strain gauges
glued directly onto the specimen. Young's modulus E of the specimen is
thus obtained as the ratio of the axial stress to the specimen's axial strain.
Poisson's ratio ν is obtained as the ratio of the radial strain to the axial
strain, as in the form below:

E ¼ σX
εax

and ν ¼ −
εrad
εax

(3)

The estimated relative uncertainties in the measured Young's modulus
(δE/E) and Poisson's ratio (δν/ν) are around 12% and 8%, respectively,
obtained using the procedure described in Borgomano et al. (2017). As
shown, for example, in Yin et al. (2019), the uncertainties depend mainly
on the number of strain gauges, two pairs of strain gauges being used in
the present study. So for the measurements on the water‐saturated condi-
tions at 2.5 MPa, for instance, the corresponding error is ±2.9 GPa and
0.03 for E and ν, respectively, with a broadly comparable magnitude at
other confining/differential pressures.

For the forced oscillation of the confining pressure, the ratio of the hydrostatic stress to the resulting
volumetric strain εvol = εax + 2εrad provides the bulk modulus K as

K ¼ −
ΔPc

εvol
: (4)

The estimated relative uncertainty in the measured bulk modulus is 5%, derived from minor uncertainty
in the confining pressure (δP/P) and significant uncertainties in the strain measurements (δε/ε). We
obtained the associated dissipation as phase difference between the applied stress and resulting strain
(Δϕ = ϕstress − ϕstrain). So the Young's dissipation from the phase shifts between the axial stress σax
and strain εax, such that Q−1

E = tan (ϕσax − ϕεax). The bulk dissipation (Q−1
K ) for the hydrostatic oscillation

from the phase shifts between the hydrostatic stress ΔPc and the volumetric strain εvol, such thatQ−1
E = tan

(ϕΔPc − ϕεvol).

The FDL2 specimen was tested in both dry and water‐saturated conditions. The specimen was first kept in
the oven for 24 hr before being prepared for the measurement. The dry measurements were obtained at 2.5–
30 MPa confining pressure (Pc). The fluid saturation protocol involves the injection of tap water for at least
48 hrs at a relatively low differential pressure of 1 MPa (confining pressure at 4 MPa, and pore fluid pres-
sure at 3 MPa), to ensure complete saturation of the low‐permeability specimen. After the saturation pro-
cedure, a constant pore pressure (Pf) of 3 MPa was imposed and measurements were taken at differential
pressures (Pd = Pc − Pf) up to 30 MPa. At each pressure step during the measurement for the saturated spe-
cimen, confining pressure was increased in steps of 2.5 MPa, at a controlled rate of 0.01 MPa/s, and kept
constant for a period of time for the pore pressure condition to fully equilibrate. At each value of confining
(and differential) pressure, the tests involving oscillation of the confining pressure and of axial stress, and
ultrasonic wave speed and permeability measurements were then successively performed. The specimen
was then dried and prepared for multipath wave speed measurement as described below.
2.3.2. Torsional and Flexural Oscillations—G and E
Torsional and flexural forced oscillation tests have been conducted on thermally cracked glass specimens in
dry and saturated (argon, pentane, and deionized water) conditions. These experiments were performed
using the attenuation apparatus at the Australian National University (Li et al., 2018; Figure 2). This appa-
ratus is a gas‐medium rig with capacity for high‐pressure conditions (up to 200 MPa), along with indepen-
dent application and control of pore fluid pressure on a cylindrical specimen of 15 mm in diameter × 150
mm in length (Jackson & Paterson, 1993; Lu & Jackson, 1996). Li et al. (2018) and Cline and Jackson
(2016) have a more detailed description of the setup and its recent upgrades.

Figure 2. Permeability of the thermally cracked glass specimens as a func-
tion of differential pressure. Specimens FDSL1, SAGR1, and SAGR2 were
tested with the transient‐flow method, and FDL2 with the steady‐flow
method with tap water during two test campaigns, labeled (1) from Li et al.
(2018) and (2) for data obtained in this study. Specimen SAGR2 was tested
with deionized water in this study.
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Using this apparatus, the seismic properties of the test specimen at mHz‐Hz are obtained from the analysis of
the response of a composite beam to the application of an oscillating torque or bending force. The beam con-
sists of the test specimen that is connected in series to an elastic standard of known mechanical properties.
Displacement of the beam associated with its twist or flexure, upon application of torque or bending force,
respectively, is measured by two pairs of three‐plate capacitance transducers. The distortion of the specimen
assembly, containing the specimen of interest along with steel connecting rods, relative to that of the hollow
steel elastic element, provides an interim indication of the complex compliance (including the phase lag
between applied torque or force and resulting distortion), which is further processed to obtain the modulus
and associated dissipation in the specimen itself. To obtain the shear modulus of the test specimen, a similar
test on a reference assembly containing an elastic control specimen (uncracked glass) is required. The shear

modulus and dissipation (Q−1
G ) for the test specimen are computed from the complex compliance differential

between the specimen and reference assemblies, along with the known shear moduli for the control speci-
men and enclosing copper jacket. The uncertainties in the measurements of 3% in shear modulus and 0.05
log units in associated dissipation are estimated from a posteriori assessment of scatter among the measured
values. To obtain Young's modulus, a filament elongation model is used to extract the optimal Young's mod-
ulus of the specimen to match the observed displacements of the cantilevered beam subject to a bending
force at the lower end (Cline & Jackson, 2016; Jackson et al., 2011).

The test specimen is enclosed in an annealed copper jacket of 0.25 mm wall thickness for isolation from the
argon confining pressure medium. The pressure of the pore fluid (argon, pentane, or deionized water, suc-
cessively), introduced into the crack network of the specimen, taken into consideration along with the con-
fining pressure, enable the test at various differential pressures. Prior pore pressure reequilibration tests
ensured conditions of uniform pore pressure throughout the specimen interior.
2.3.3. Ultrasonic Measurements
Ultrasonic transducers embedded in each end platen of the axial oscillation set up described in section 2.3.2
were used to study the axial ultrasonic wave speeds in conjunction with the low‐frequency oscillation of
axial stress or confining pressure. The travel times of the ultrasonic pulses, of ~1MHz frequency, transmitted
through the specimen were processed to obtain the P and S wave speeds (Birch, 1961). For the arrival times
and the length of the specimen, the error is ±0.1 μs and ± 0.01 mm, respectively, while the relative uncer-
tainty on the wave velocity is about ΔV/V = 0.5%.

To evaluate the possibility of preferred orientation of the thermal cracks in our specimen, we did another
ultrasonic experiment in dry condition using another experimental apparatus that has been described in
detail in Ougier‐Simonin et al. (2011). These experiments enable us to monitor the variation with pressure
of the ultrasonic wave speeds by conducting an active multipath ultrasonic survey on the cracked specimen,
FDL2. For the multipath survey, we used 10 sources and sensors located along the axis of the specimen.
Through perforations in the neoprene jacket used to enclose the specimen, the transducers (lead zirconate,
Polytec PI 255) were glued to the specimen's surface. Two pairs of strain gauges, each with the capacity to
measure both axial and radial strain, were attached to the specimen. The resonant frequency of the transdu-
cers is around 1 MHz. An electrical pulse of 250 V with a rise time of 1 μs is generated and applied succes-
sively to each of the transducers—generating either P or S waves. The generated waveforms, transmitted
through the specimen, were received by the sensors and sampled at 50 MHz for recording by the controlling
computer systems.

3. Results
3.1. Microstructures

Microstructural analysis was performed on the cracked specimens using light microscopy. From each of the
specimens, we obtained polished sections to document the characteristics of the crack networks including
crack shapes and distribution. We obtained both longitudinal and transverse sections. The large diameter
(FDL2) specimen broke into two pieces during the removal of the neoprene jacket after the final test.
Only approximately two thirds of the entire length was recovered and was stabilized with epoxy. We took
transverse sections at 10 mm from both ends. We also prepared a vertical plane section of about 40 mm in
length. For the other specimens with 15 mm diameter (FDSL1, SAGR1, and SAGR2), we took a transverse
section right near the top and bottom and also a longitudinal section of approxismately 40 mm. Each of
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the specimens tends to have a unique network of connected cracks. Representative photomicrograph show-
ing details of the crack microstructure is given in Figure 1.

The cracks in our specimens are thin as expected (Figure 1). Estimated average crack aperture is 18 (7) μm,
while the average crack length for all crack types taken together is 5(2) mm. From these photomicrographs,
estimated averaged crack aspect ratios (defined as the ratio of mean crack aperture to mean crack length) is ~
3 × 10−3 (cf. Mallet et al., 2013) and crack density ~0.5 (defined more formally in equation (6) as 3Φc/4πα,
where Φc is the crack porosity or volume fraction of the cracks and α is the aspect ratio). In the polished sec-
tions, the crack shapes are linear to curvilinear, with cracks of different orientation forming a
connected network.

Figure 1 shows subsets of cracks with different orientations result from longitudinal, circumferential and
terminal radial tensile stresses. The transverse section reveals numerous cracks near the cylindrical surface
that tend to coalesce into a smaller number of cracks as they propagate radially inward toward the axis. The
longitudinal sections reveal a high density of transverse cracks (e.g., Figure 1a).

3.2. Permeability

In previous permeability measurements on cracked glass materials by Ougier‐Simonin et al. (2011) and Li
et al. (2018), the thermally cracked glass specimens exhibit permeabilities systematically pressure dependent
and lower than those typical of tight sandstones (Bourbié et al., 1987).

We measured permeability using both steady‐ and transient‐flow methods. Permeability was more system-
atically measured at differential pressures <10MPa than in Li et al. (2018). In order to address persistent dif-
ficulties with water containing various rust inhibitors, permeability measurement was also conducted with
deionized water. Argon and pentane, which is broadly comparable to water in viscosity but unlike water
nonpolar, were also used as pore fluid.

Figure 2 shows the permeability results for all specimens. The data are best described as defining two distinct
broad trends of systematic pressure dependence. For argon and pentane saturation, permeabilities decrease
systematically with increasing differential pressure Pd from ~10−17.5 (5) m2 for Pd near 10 MPa typically to
10−18‐10−19 m2 but remain measurable by transient flow to Pd > 40 MPa. For our measurements with rela-
tively high argon pore pressures (>5 MPa), the flow behavior of the argon is that of a viscous liquid.
Accordingly, no Klinkenberg (1941) correction is required (e.g.,Brace et al., 1968; Li, 2016; Ougier‐
Simonin et al., 2011; Zoback & Byerlee, 1975).

In marked contrast, for water saturation, permeability decreases dramatically with increasing Pd to values
~10−20(1) m2 near 10 MPa, and not measurable with the transient flow technique at higher pressure. For
all but the lowest differential pressures, the permeability is much lower with water than with the other fluids
(Figure 2). Overall relative uncertainties associated with the permeability measurements are estimated to
be ~10%.

3.3. Hydrostatic Loading—Bulk Modulus and Associated Dissipation

The results obtained by the oscillation of the confining pressure for specimen FDL2 tested dry and water
saturated are presented in Figure 3. The results show that the “dry” bulk modulus increases markedly with
increasing confining pressure from 8–10 GPa at the lowest pressure 2.5 MPa to 46–52 GPa for differential
pressure ≥15 MPa (Figure 3a). Within the low‐pressure regime, the bulk modulus increases mildly with

increasing frequency in association with modest levels (0.01 < Q−1
K < 0.02) of strain‐energy dissipation.

The pressure sensitivity of the bulk modulus is largely suppressed under water‐saturated conditions
(Figures 3a and 3b) with bulk moduli of 48–52 GPa except at Pd = 2.5 MPa and frequencies <0.04 Hz. At
Pd = 2.5 MPa, the bulk modulus decreases and the dissipation increases systematically with decreasing fre-
quency toward the lowest frequency of 0.004 Hz.

The Pseudo‐Skempton coefficient B* (Figure 3c), which represents the ratio of the amplitude of the oscilla-
tion of pore fluid pressure in the external tubing to the amplitude of the hydrostatic pressure oscillation
(Pimienta et al., 2015), shows a significant frequency dependence, particularly for Pd = 2.5 MPa. It increases
markedly with decreasing frequency especially below 0.02 Hz.
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3.4. Axial Loading—Young's Modulus, Poisson's Ratio, and Associated Strain‐Energy Dissipation

Results of the measurements involving the oscillation of the axial stress are presented in Figure 4. Here, we
present Young's modulus and associated dissipation, and Poisson's ratio, as functions of frequency for varied
differential pressures to highlight the key observations. Similarly to the bulk modulus, Young's modulus (E)
measured under dry conditions increases markedly with increasing confining pressure from ~18–24 GPa at
2.5 MPa to ~50 GPa at the highest pressure, 25 MPa. The “dry” Young's modulus increases slightly with
increasing frequency in association with significant dissipation, well resolved for frequencies <10 Hz.
Such dispersion and dissipation decrease systematically with increasing pressure.

Figure 3. Frequency‐dependent behavior of specimen FDL2 tested dry (black symbols) and water‐saturated (red to blue symbols) by oscillation of the confining
pressure. (a) Bulk modulus K; (b) dissipation Q−1

K ; (c) pseudo‐Skempton coefficient. Results are obtained for differential pressure in the range of 2.5–25 MPa.

Figure 4. Frequency‐dependent (a) Young's modulus, E, (b) associated dissipationQ−1
E , and (c) Poisson's ratio, ν, derived from the axial oscillation experiment for a

range of confining and differential pressures, for dry (black symbols) and water‐saturated conditions (red to blue symbols), respectively.
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Saturation with water results in a marked increase in Young's modulus at low differential pressure (2.5–10
MPa). At Pd = 2.5 MPa, the “water‐saturated” Young's modulus is strongly frequency dependent, especially
for frequencies between 0.2 and 0.7 Hz. This regime of strong modulus dispersion at 2.5 MPa coincides in

frequency with a strain‐energy dissipation peak of substantial amplitude (Q−1
E ~0.2). Themodulus dispersion

and dissipation both decrease markedly with increasing pressure.

The Poisson's ratio of the water‐saturated specimen decreases monotonically and strongly with increasing
frequency for Pd = 2.5 MPa from ~0.35 at 0.01 Hz to ~0.22 at 70 Hz. With further increase of Pd, Poisson's
ratio becomes frequency‐independent at much lower values approaching those of the dry material.

3.5. Flexural Oscillation—Young's Modulus and Dissipation

The flexural forced oscillation data across a range of differential pressure on the dry and fluid‐saturated
glass‐rod specimens SAGR1 and SAGR2 are plotted against effective frequency f* = (η/ηw)f in Figure 5; η
and ηw are respectively the dynamic viscosities of the pore fluid and of water, and f is the experimental oscil-
lation frequency. Use of effective, rather than experimental frequency (in Figures 5 and 6) allows greater
clarity in the presentation of the results for saturation with different pore fluids and normalizes the

Figure 5. Variation with effective frequency of the Young's modulus for SAGR1 and SAGR2 cracked glass specimens obtained using the ANU apparatus at a range
of confining and differential pressures, for dry (black symbols), argon (blue symbols), pentane (green symbols), and water‐saturated (red symbols) conditions at a
representative range of low confining/differential pressures. The Young's modulus is obtained from flexural oscillation measurements.

Figure 6. Variation with effective frequency f* of (a) shear modulus, G, and (b) shear dissipation Q−1
G , for FDSL1, SAGR1, and SAGR2 specimens, derived from

torsional forced oscillation experiments at a range of confining and differential pressures, for dry, argon, pentane, and water‐saturated conditions, respectively.
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frequencies for the influence of fluid viscosity in anticipation of the discussion related to fluid flow in the
next section. Pending the outcome of ongoing improvement of processing routine of the phase lag data for
dissipation, we will focus only on the Young's modulus data to provide a general overview of the pressure
and frequency dependence.

The Young's modulus increases systematically with increasing confining/differential pressure. Fluid satura-
tion whether by argon, pentane, or deionized water results in a systematic increase Young's modulus. The
result for dry, and argon—and (broadly for) pentane—saturated conditions are essentially frequency inde-
pendent. However, for the water‐saturated conditions, a systematic increase of the Young's modulus with
increasing frequency is observed—clearest at Pd = 5 MPa.

3.6. Torsional Oscillation—Shear Modulus and Dissipation

Next, we present data concerning the shear modulus and associated dissipation obtained using the forced
torsional oscillation technique (Figure 6).

The shear moduli for the dry conditions are consistently strongly pressure‐sensitive for pressures <15 MPa.
The shear moduli at the highest pressures vary significantly from one specimen to the other: ~25 MPa, 29
MPa, and 26 MPa for FDSL1, SAGR1, and SAGR2, respectively.

Argon and pentane saturation each tends to decrease the shear modulus measured at the lowest values of Pd
—clearest for SAGR2 but also evident for SAGR1 and FDSL1. In marked contrast, water saturation system-
atically increases the shear moduli for both SAGR1 and SAGR2 specimens.

The shear moduli measured under dry and argon‐saturated conditions are nearly frequency‐independent,
and the associated dissipation is typically <0.005. On the contrary, frequency‐dependent shear modulus
associated with substantial dissipation is observed at Pd < 10 MPa for pentane and water‐saturated condi-
tions—especially for specimen SAGR2 (Figure 6).

3.7. Ultrasonic Wave Speeds and Axial Strain

For the multipath ultrasonic measurements, specimen FDL2 was tested only under dry conditions
(Figures 7a and 7b). There are two important observations. First, there is a systematic increase in wave
speeds with increasing pressure below 15 MPa, beyond which pressure the wave speeds become

Figure 7. Pressure dependence of (a) axial strain, (b) multipath, and (c) axial ultrasonic wave speeds for the cracked specimen, FDL2. Strain and multipath wave
speeds were measured under dry conditions only. Multipath wave speeds (star symbols) were fitted to a transversely isotropic model (see section 4) represented by
the curves of different colors representing VP propagation at various angles θ of inclination from the cylinder axis (blue for the SH wave for θ = 90).
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essentially pressure independent. Second, for P< 15MPa, wave speeds vary systematically with propagation
direction leading to a compressional wave speed for transverse propagation that is substantially higher than
for axial propagation. The axial strain measured in conjunction with the multipath ultrasonic survey
increases strongly and nonlinearly with pressure below 15 MPa, beyond which a milder linear pressure sen-
sitivity is observed. Comparison of the strain versus pressure trends for loading and unloading reveals a mod-
est hysteresis of the axial stress‐strain behavior.

Figure 7c shows the pressure dependence of the ultrasonic wave speeds for axial propagation—measured in
conjunction with the axial‐loading experiments. The P and S wave speeds show significant systematic pres-
sure sensitivity at P < 15 MPa for dry conditions. The water‐saturated conditions show P‐ and S‐wave speeds
that are higher and more mildly pressure dependent than for dry conditions.

4. Discussion
4.1. Insights From Previous Studies of Cracked Glass

It is well established that the presence of compliant thin cracks strongly affects fluid flow and seismic proper-
ties of rocks. The experimental testing, however, of modulus dispersion in cracked media remains inconclu-
sive. Here, we first briefly review a recent study of cracked glass involvingmeasurements of the permeability,
elastic moduli, and associated dissipation under dry, argon‐ or nitrogen‐, and water‐saturated conditions (Li
et al., 2018), highlighting the key findings and also some outstanding issues addressed in this study. The elas-
tic moduli, in situ permeability, and crack porosity inferred from in situ X‐ray computed tomography indi-
cated strong pressure‐induced crack closure for Pd < 30 MPa, consistent with zero‐pressure crack aspect
ratios <4 × 10−4 (cf. Ougier‐Simonin et al., 2011). However, in Li et al. (2018) results of the permeability mea-
surements were somewhat inconclusive as the cracked specimens tested by transient flow at differential
pressures ≥10 MPa proved to be impermeable to water containing rust inhibitors comprising either a sus-
pension of oil and particulate matter or a fully soluble mixture of sodium dichromate and sodium hydroxide.
Furthermore, although Li et al. (2018) observed contrasting elastic properties of the saturated‐isobaric and
saturated‐isolated regimes under different experimental conditions, there was no clear observation of any
transition between fluid flow regimes. Here we have attempted an intensive sampling of conditions of low
differential pressure and extend the frequency range to explore the possibility of observing such transitions.
We have also examined the possibility of an anisotropic distribution of crack orientation suggested by the
marked difference observed by Li et al. (2018) between axial and circumferential strain below 10 MPa.

4.2. The Behavior of the Dry Cracked Medium
4.2.1. Pressure‐Dependent Crack Closure
The observations in this study of strong pressure dependence of all elastic moduli (bulk, Young's, and shear),
axial strain, and particularly the multipath ultrasonic wave speeds, consistently restricted to pressures <15
MPa, with milder pressure sensitivities for higher pressures, are plausibly attributed to crack closure. The
implication from Walsh's (1965) expression P = Eα for the crack closure pressure (with Young's modulus
E of 75 GPa) is that most cracks must have aspect ratios α < 2 × 10−4. This inference is broadly consistent
with that of Li et al. (2018) but with an even narrower distribution of crack aspect ratios. The crack aspect
ratios are an order‐of‐magnitude lower than those estimated from reflected light micrographs (Figure 1) con-
sistent with the idea (Li et al., 2018) that most of the measured crack porosity is contributed by partings of
uniform width and effectively zero aspect ratio closed at vanishingly low pressure.
4.2.2. Transverse Elastic Isotropy of the Dry Cracked Medium
As noted in the Results section, the ultrasonic compressional wave speeds vary systematically with the incli-
nation θ of the propagation direction from the cylinder axis for confining pressure < 15 MPa (Figure 7). This
observed anisotropy, along with microstructural observations, suggests that the thermal cracks may be pre-
ferentially oriented approximately normal to the cylinder axis. The isotropic elastic behavior above 15MPa is
indicative of nearly complete crack closure. The cylindrical symmetry of the stress field responsible for ther-
mal cracking of our glass specimen might reasonably result in such a preferred orientation of cracks, and an
associated elastic anisotropy plausibly modeled as transversely isotropic.

We used a first‐order perturbation method, to obtain an approximation to the optimal transversely isotropic
model. Our method (see details in Appendix A) is based on the assumption that the anisotropy can be ade-
quately modeled as a small perturbation from the isotropic case (e.g., Jech & Pšenčík, 1989; Ohanian et al.,
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2006)—an approach well known for satisfactory approximation of the
elastic constants (e.g., Mensch & Rasolofosaon, 1997; Song & Koch,
2002; Wu et al., 2017). Such a method involves the use of a linearized
procedure starting from the properties of an isotropic medium (the
uncracked glass). The multipath wave speed data [VQP (θ) for θ = 33,
53, 70 and 90° and VSH (θ) for θ = 90°] at Pc = 0–60 MPa are adequately
approximated by the resulting transversely isotropic model (Figure 7b).
4.2.3. Influence of Transverse Elastic Isotropy on the Moduli
Measured at Low Frequencies in Axial and Hydrostatic Loading
In Appendix B, we provide a derivation in terms of the Cij of the effective
elastic moduli that govern the response of a transversely isotropic medium
to axial and hydrostatic loading. For such a medium, it is shown that
Young's modulus and Poisson's ratio derived from axial loading of the
transversely isotropic medium cannot be combined, as for isotropic mate-
rial, to obtain a bulk modulus that is directly comparable with that mea-
sured with hydrostatic loading. The assumption of isotropic elasticity is
appropriate for differential pressure >15 MPa.

4.2.4. Crack Density Inferred From Effective Medium Model
Following the approach of Walsh (1965), the effective shear modulus (G) of a cracked medium with a dilute
concentration of randomly oriented crack inclusions can be expressed in the form (Zimmerman, 1991)

Gr

G
¼ 1þ 32 1−νrð Þ 5−νrð Þ

45 2−νrð Þ Γ (5)

where Gr and νr represent the bulk modulus, shear modulus, and Poisson's ratio, respectively, of the
uncracked medium. Γ is the crack density, defined as

Γ ¼ Na3 ¼ 3Φc

4πα
(6)

N represents the number of cracks per unit volume; “a” is the crack radius.Φc is the crack porosity or volume
fraction of the cracks, while α, is the aspect ratio (minimum/maximum dimension). Ultrasonic measure-
ments of elastic properties of uncracked cylinders of the same soda‐lime‐silica glass (Li, 2016) gives the
shear, Young's, and bulk moduli, and Poisson's ratio of uncracked glass rod as 31 GPa, 75 GPa, 44 GPa,
and 0.22, respectively.

Whereas dry Young's modulus derived using the ultrasonic multipath wave speeds (Figure 8) at high pres-
sure (Pc > 15 MPa) show values consistent with ultrasonic‐frequency Young's modulus for the uncracked
glass specimen in Li et al. (2018), the results of the axial oscillation measurement on FDL2 specimen show
substantial Young's modulus deficit of at least 20% remaining at the highest pressure (25 MPa) (Figure 4).
For the small‐diameter specimens tested in torsion, maximum values of shear modulus as low as ~26 GPa
were observed at the highest pressure (Figure 6). Such low shear modulus indicates that a substantial deficit
of about 6–16% remains when compared with 31 GPa for uncracked equivalent measured at an ultrasonic
frequency in Li (2016). These observations imply that the pressure‐induced closure of thermal cracks can
be greatly variable among our cracked specimens.

The crack density calculated from the pressure‐dependent shear modulus deficit for each of the specimens is
presented in Figure 8. For the small diameter specimens—FDSL1, SAGR1, and SAGR2, the shear modulus
obtained from the torsional oscillationmeasurement at dry conditions was used. However, for the FDL2 spe-
cimen the high‐frequency shear modulus derived from the axial ultrasonic shear wave speeds was used.

The crack density, Γ, for the small diameter specimens—FDSL1, SAGR1, and SAGR2—is inferred to
decrease from ~0.2, 0.1, and 0.2 at the lowest confining pressures (Pc = 5–7 MPa) to 0.05–0.1, at high pres-
sure. The pressure sensitivity of the inferred crack density decreases with increasing confining pressure
for all the three specimens. In absolute magnitude and to the extent of its pressure sensitivity, modeled crack
density for the FDSL1 and SAGR2 is markedly different from that of SAGR1. The crack density for FDSL1
and SAGR2 is higher by ~0.08 throughout the measurement range, with the pressure sensitivity

Figure 8. Pressure sensitivity of the crack density obtained using the Walsh
perturbation theory from torsional oscillation measurement under dry
conditions for FDSL1, SAGR1, and SAGR2 and from ultrasonic shear wave
speeds for FDL2
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dominantly below Pc = 20 MPa (Figure 8). The crack density for FDL2 decreases markedly with pressure
from ~0.17 to 0.05, between 4 and 15 MPa confining pressure.

Here we have assumed homogenous distribution of the cracks and have only used the shear modulus, cal-
culated from the axial shear wave velocity that was measured in conjunction with the axial stress oscillation
tests. Note that the overall crack orientation distribution for these cracked specimens may be anisotropic, as
informed by the result from the multipath wave speed measurement. Although an extension of the above
analysis to the anisotropic appropriate symmetry (Sayers & Kachanov, 1995) may seem more appropriate,
the calculation above serves to illustrate the broad variability of the pressure dependence of the crack den-
sity for our specimens.
4.2.5. Frequency Dependence of Moduli and Dissipation Under “Dry” Conditions at Low Pc

A significant level of dispersion and associated dissipation are observed even for dry conditions at 2.5 ≤
Pc ≤ 10 MPa (Figures 3 and 4). Such dispersion and dissipation (K, G, and E) associated with the “dry”
condition are possibly due to the presence of adsorbed moisture in the crack microstructure (e.g., Mavko
& Nur, 1979). At high relative humidity, condensation of water is favored in low aspect ratio cracks or
fine capillaries (Tittmann et al., 1980) typical of our cracked specimens. Such very small amount of
adsorbed water has been shown (e.g., in Clark et al., 1980; Murphy et al., 1986; Winkler & Nur,
1982) to significantly affect moduli, and increase dissipation in several sedimentary rock specimens
tested in the laboratory. The effect of such moisture adsorbed in thin layers at asperities will be fre-
quency dependent—potentially stiffening the modulus at sufficiently high frequencies and producing
dispersion and dissipation at the characteristic frequency for stress‐induced deformation of the
fluid layer.

4.3. The Behavior of the Saturated Cracked Medium
4.3.1. Permeability
Brace et al. (1968) showed that gas and water permeabilities are essentially equal in intact Westerly granite
(<1% porosity) over a range of confining pressures between 10 and 100 MPa. Ougier‐Simonin et al. (2011)
showed that the variation of permeability with differential pressure for cracked borosilicate glass is reversi-
ble and broadly similar for water and argon pore fluids. However, as previously mentioned, Li et al. (2018)
using the transient‐flow approach at Pd≥ 10MPa found that cracked glass‐rod specimens were permeable to
argon, but not to water containing alternative rust inhibitors. Even with a fully water‐soluble mixture of 0.02
wt. % sodium dichromate (Na2Cr2O7) and 0.003 wt. % sodium hydroxide (NaOH) (pH = 6.5), the cracked
glass materials proved to be effectively impermeable to water for Pd ≥ 10 MPa (Li et al., 2018; and the
present study).

Accordingly, we must consider the alternative whereby the impermeability to water might reflect chemical,
rather than purely hydraulic, interaction between the siliceous surface of the narrow crack and the polar
water molecule. To address this question we have tested the specimen with pentane—a nonpolar fluid,
broadly comparable with water in incompressibility and viscosity. Our result (Figure 2) establishes that spe-
cimen SAGR1 is similarly permeable with pentane and argon pore fluids—providing further indication that
chemical properties of the pore fluid may control fluid flow through the cracked glass specimens. Heap et al.
(2018) measured the permeability of volcanic materials with gas and water as pore fluids, showing that per-
meabilities to argon gas and deionized water can differ twofold to fivefold in two volcanic rocks (basalt and
andesite) over a confining pressure range from 2 to 50 MPa. They attributed the difference to water adsorp-
tion on the surface of the pore crack network. Such adsorption has been speculated to have reduced the effec-
tive pore throat of the thin tortuous/roughmicrocracks and therefore restricted the access for water. It seems
likely that the impermeability of the cracked glass‐rod specimens to water‐rust inhibitor solution observed
by Li et al. (2018) and in the present study is related to chemical interaction between water and the siliceous
surfaces of the very narrow cracks.

A useful measure of the strength of the chemical interaction between water and a siliceous glass surface is
the capillary pressure, Pcap (Guéguen & Palciauskas, 1994), given by the Young‐Laplace equation as

Pcap;H2O ¼ 2:γair;H2O:cos θ
r

(7)
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γair;H2O is the interfacial tension between H20 and air, θ is the contact angle for the aqueous phase on the

surface of the glass medium, and r is the characteristic radius of the pores/cracks controlling the percolation
of the pore fluid, H2O. With θ = 0° (water wets glass), γair;H2O = 72 mN m−1 (Guéguen & Palciauskas, 1994)

and r of order 1 μm, Pc;H2O ~140 kPa sufficient to support a meniscus of height 14 m. Capillary pressure
related to surface tension may therefore strongly aid the imbibition of water. Similarly, strong chemical
interaction must be responsible for restricting the redistribution of water in response to stress‐induced gra-
dients in pore pressure.

Thus, although permeability k is usually regarded as a property of the cracked medium and viscosity η as a
property of the fluid, what is actually measured (on assumption of Darcy proportionality between flux and
pressure gradient) is the ratio of k/η. In this study, water saturation results in systematically lower values of
k/η than for argon or pentane saturation—reported in Figure 2 as lower values of permeability—perhaps
more appropriately regarded as an effective permeability (based on the assumption of normal η).
Alternatively, the lower values of k/η could be explained in terms of the standard (argon‐pentane) perme-
ability and an increased effective viscosity. Our suggestion that the driving force supplied by the prevailing
pressure gradient is opposed by the chemical interaction between the polar water molecules and the silic-
eous surfaces of the narrow cracks thus calls into question the Darcy proportionality between fluid flux
and pressure gradient with standard measures of permeability and viscosity.

That said, the higher permeabilities measured with argon and pentane as pore fluids probably include a con-
tribution from bypass flow along the interface between the cylindrical specimen and enclosing annealed
copper jacket, evidently precluded for water saturation. Unavoidable scratches on the inner surface of the
copper jacket and microcracking of the near‐surface region of the glass specimen during precision grinding
provide potential conduits for bypass flow. The relatively low permeability measured on specimen FDL2
during the test involving the oscillation of axial stress or confining pressure may be related to the delivery
of fluid from a central point source. In contrast, for the measurements made on FDL2 (Li et al., 2018) in
the Lawrence Berkeley Laboratory and those on SAGR2 in the ANU laboratory involving higher permeabil-
ities, fluid was distributed over the cross section providing ready access to relatively widely spaced cracks
intersecting the end of the specimen.
4.3.2. The Sensitivity of Seismic Properties to the Nature of the Pore Fluid
The fluid sensitivity of the low‐frequency mechanical properties for our cracked specimens tends to be vari-
able for the different fluid types as summarized in the Figures 3–6. For argon‐saturated conditions, the mea-
sured moduli are broadly comparable with those of dry conditions (Figures 5 and 6), although there are two
exceptions. There is a slight reduction of shear modulus with argon saturation at the lowest values of differ-
ential pressure (Figure 6), and an apparently significant increase in Young's modulus on argon saturation of
SAGR2 (Figure 5).

For pentane‐saturated conditions, somewhat different behavior is observed—especially for SAGR2. The
Young's modulus for pentane‐saturated SAGR2 is systematically higher than for the dry conditions. On
the other hand, the shear modulus G for pentane‐saturated conditions is systematically lower than for dry
conditions. At the lowest values of Pd, the significant positive frequency dependence of G is associated with

substantial levels of dissipation (0.005 ≤ Q−1
G ≤0.02; Figure 6). Whereas reduction in shear modulus upon

water saturation has been observed by many researchers (e.g., Adam et al., 2006; Khazanehdari &
Sothcott, 2003; Spencer, 1981; Wong & Baud, 2008; Yin et al., 2019), weakening with nonpolar fluid is scarce
in the literature. Published water weakening of the shear modulus has been attributed to two main mechan-
isms: the chemical influence of pore fluids causing a reduction of the surface free energy (Yin et al., 2019)
and the mechanical role of pressurized pore fluid, which tends to modify the grain contacts and therefore
the elastic properties (e.g., Tutuncu & Sharma, 1992). Pentane is nonpolar. Therefore, the reduction of sur-
face energy due to fluid‐solid interaction is less likely the explanation. Further work with pentane as pore
fluid on our glass specimens will provide for an improved explanation for such weakening effect.

Only for water‐saturated conditions are all of the elastic moduli (bulk, Young's, and shear) and the axial
ultrasonic velocities systematically higher than for dry conditions (Figures 3–7c). Broadly consistent beha-
vior is observed for tap water, deionized water, and water containing the soluble rust inhibitor. Higher bulk
and Young's moduli are to be expected in the presence of an incompressible pore fluid such as pentane or
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water—under undrained conditions. On the other hand, the shear stiffening, observed for water but not pen-
tane saturation requires access to saturated‐isolated conditions. The following estimation of the characteris-
tic frequencies for global and local fluid flow, along with a discussion of the modulus dispersion and
associated dissipation, will provide the basis for more robust interpretation in terms of fluid flow regimes.
4.3.3. Fluid Flow Regimes
The effective elastic moduli of a fluid‐saturated cracked medium are expected to depend on the frequency at
which they are measured. A series of regimes is identified—each regime defined by the spatial scale on
which stress‐induced gradients in pore pressure can be relaxed by fluid flow. With increasing frequency,
the drained, saturated‐isobaric (undrained), and saturated‐isolated (unrelaxed) regimes are successively
expected (e.g., Cleary, 1978; Gassmann, 1951; Mavko & Nur, 1975; O'Connell & Budiansky, 1977—see Li
et al., 2018, Figure 1).

Under drained conditions, the stress‐induced perturbation in pore pressure within the pore space of the spe-
cimen can be fully relaxed by the fluid flow between the interior of the specimen and an external reservoir of
sufficient volume. Accordingly, the bulk and shear moduli are unaffected by the presence of the fluid, and
the specimen behaves as if it were dry. Under saturated‐isobaric (undrained) conditions, it is envisaged that
fluid flow allows pore pressure equilibration between differentially pressurized parts of the pore space (of
different orientation relative to the applied stress field and/or different aspect ratio) but without an exchange
of fluid with an external reservoir. The Biot‐Gassmann equations of poroelasticity relate the bulk Ku and
shear moduli Gu for the undrained regime to those of the drained conditions (Kd and Gd), in terms of speci-
men porosity Φ, the bulk modulus of the fluid (Kf) and of the matrix (Km) in the form below

Ku ¼ Kd þ
1− Kd

Km

� �2
Kf

Φþ 1− Kd
Km

� �
−Φ

� �
Kf

Km

(8)

Gu ¼ Gd

At still higher frequencies of stress application, there will be insufficient time for fluid flow to allow pressure
reequilibration between differentially pressurized parts of the pore space such as adjacent cracks of different
orientation, or adjacent cracks and pores. Accordingly, this regime is appropriately termed saturated isolated
(O'Connell & Budiansky, 1977) or unrelaxed (Guéguen &Kachanov, 2011). Relative to the saturated‐isobaric
regime, saturated‐isolated conditions will involve a higher shear modulus as a consequence of the incom-
pressibility of the fluid, and for a distribution of crack/pore aspect ratios, also a higher bulk modulus.

These fluid flow regimes (O'Connell & Budiansky, 1977) are separated by characteristic frequencies—drai-
nage frequency fdr, demarcating drained conditions from the saturated‐isobaric regime, and squirt frequency
fsq, which separates the saturated‐isobaric and the saturated‐isolated regimes. Based on the work of Cleary
(1978) and Zimmerman (1991), Li et al. (2018) suggested a modified expression for the drainage frequency,

f dr ¼
3 kG

8 1−νð ÞΓηl2 (9)

for a cracked medium saturated with condensed pore fluid, for which the compressibility of the pore space
exceeds the contribution of the pore fluid compressibility to the total pore compressibility. In the modified
expression, k is permeability of the specimen, ν is the Poisson's ratio, G the shear modulus of the specimen,
Γ is crack density, and l is the length scale over which pore fluid diffusion occurs. Similarly, the squirt fre-
quency can be written as

f sq ¼
Kα3

2πη
(10)

where K is the bulk modulus of the medium, α is crack aspect ratio, and η is the dynamic viscosity.

The fluid‐saturated glass specimens in this study show a variability in their mechanical properties—broadly
similar to those of Li et al., 2018 at higher differential pressures, but with key differences at low differential
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pressures, Pd < 10 MPa. Dispersion of the bulk modulus and associated dissipation newly observed at Pd =
2.5 MPa in the test involving the confining pressure oscillation may signal the transition with frequency
increasing beyond 0.001 Hz—from drained to saturated‐isobaric (undrained) conditions.

Results obtained at the lowest differential pressure (2.5 MPa) from the oscillation of axial stress for water‐
saturated conditions reveal dispersion of the Young's modulus and associated dissipation (Figure 4) possibly
attributable to the transition with increasing frequency between the saturated‐isobaric and saturated‐
isolated regimes. This interpretation is broadly consistent with the results of the flexural and torsional oscil-
lation tests on water‐saturated specimens at low differential pressure. As expected in theory (e.g., O'Connell
& Budiansky, 1977), and as similarly observed in Li et al., 2018, the ultrasonic measurement at ~1 MHz, and
low‐frequency water‐saturated tests, reveal systematic stiffening of the shear modulus suggestive of
saturated‐isolated conditions (Figure 7).
4.3.4. Bulk Modulus Dispersion and Dissipation at 2.5 MPa: The Draining Transition
The results of the confining pressure oscillation show marked dispersion of K and strongly associated dissi-
pation only at 2.5 MPa water saturated (Figure 9). The dispersion for the water‐saturated condition and asso-
ciated dissipation are best explained in terms of draining, that is, stress‐induced fluid flow between the
specimen and the external reservoir. (e.g., Dunn, 1987; Gardner, 1962; Morig & Burkhardt, 1989).

To gain further insight into this behavior, the Biot‐Gassmann model can be used to relate the drained bulk
modulus to the undrained low‐frequency bulk modulus, obtained from the experiment. Taking Kd as 8 GPa,
Km as 44 GPa (uncracked glass, Li, 2016), Φc= 0.0074, and Kf = 2.25 GPa, the undrained bulk modulus from
Gassmann's prediction is obtained as 39 GPa. The value of bulk modulus for the water‐saturated condition at
the lowest measurement frequency (0.004 Hz, 32 GPa) is lower than this estimate—suggesting that the Biot‐
Gassmann model suitably describes the ongoing bulk stiffening occurring with suppression of draining.

Fully undrained behavior with Ku ~49 GPa is seen only at frequencies >0.02 Hz. In addition, the ultrasonic
bulk modulus for the water‐saturated conditions is broadly comparable to the bulk modulus at 1 Hz—

Figure 9. Frequency‐dependent (a) bulk modulus, (b) bulk dissipation, and pseudo‐skempton coefficient obtained from
the test involving the forced oscillation of the confining pressure for the water‐saturated FDL2 specimen. Red, black,
and green symbols indicate the data points, whereas the blue curve represent model (Biot‐Gassmann for modulus, and
Zener rheological model for dissipation) fitted to the observed dispersion and dissipation peak.
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implying the absence of significant dispersion for 0.02 Hz < f < 0.5 MHz
(Figure 9). This observation is consistent with the expectation
(Figure 10) that the bulk modulus will be unaffected by the transition
between saturated‐isobaric and saturated‐isolated regimes in a medium
containing a narrow distribution of crack aspect ratios (O'Connell &
Budiansky, 1977). For a cracked medium with a unique crack aspect ratio
under externally imposed hydrostatic stress, all cracks will be equally
pressurized, and accordingly, there will exist no stress‐induced gradients
in pore fluid pressure to drive squirt flow. (Figure 10).

Furthermore, the standard anelastic model (Nowick & Berry, 1972) or
Zener viscoelastic model (e.g., Mavko et al., 2009) can be used to describe
the frequency‐dependent coupling of the observed dispersion and dissipa-
tion across the draining transition. The model parameters are the unre-
laxed (Ku = 49 GPa) and relaxed (Kd = 8 GPa) moduli and the
characteristic frequency (0.002 Hz), which can be estimated from the
experimental data. The Zener model evidently provides a broadly satisfac-
tory fit for the dispersion and dissipation marking the transition with
increasing frequency between the drained and saturated‐isobaric regimes
(Figure 9). Such satisfactory fit implies only one viscoelastic mechanism is
at play. Thus, the draining transition is adequately modeled with a unique
characteristic frequency.

Relating the dispersion to the characteristic frequencies for fluid flow can
provide further relevant information. For the FDL2 cracked specimen,
permeability (at Pd = 2.5 MPa) ~3 × 10−19 m2 and l the diffusion length
(i.e. half of the specimen's length) is 0.034 m. Shear modulus and

Poisson's ratio of the frame is given as 31 GPa and 0.21, respectively (Li et al., 2018). From the pressure
dependence of the wave speed which indicates crack closure at ~15 MPa, representative aspect ratio
(obtained using Pc = Eα) is ⩽ 2 × 10−4. On the basis of equation (9), the characteristic frequency for drainage
fdr (~10 mHz) is broadly consistent with the observations. Alternatively, a crack porosity near 0.0032 is
inferred by requiring that equation (9) precisely yield the observed draining frequency fdr (~2 mHz). This
is markedly less than the crack porosity at ambient conditions (0.0074)—consistent with other indications
(Li et al., 2018) that much of the total porosity may consist of uniform partings closed by negligible pressure.

Compelling support for the occurrence of draining comes from the nonzero value of the pseudo‐Skempton
coefficient (B*) at low frequencies. The marked increase of B* with decreasing frequency, especially below
0.02 Hz, provides unambiguous evidence of reversible fluid flow between the specimen and the
external reservoir.
4.3.5. Dispersion of Young's and Shear Moduli and Related Dissipation for Pd < 10 MPa: The
Squirt Transition
The complementary techniques of axial and flexural stress oscillation were used to measure Young's mod-
ulus and dissipation most comprehensively on cracked specimens FDL2, and SAGR2, under both dry and
fluid‐saturated conditions. In general, the two techniques produced similar results for the water‐saturated
conditions in that they both show systematic frequency dependence of the measured Young's modulus.
Results on water‐saturated FDL2 specimen, tested under axial loading, show dispersion of Young's mod-
ulus at Pd = 2.5–10 MPa, accompanied by different patterns of frequency‐dependent dissipation.

The observed frequency dependence of the Young's modulus and associated dissipation at higher‐than‐
draining frequencies is plausibly attributed to local (squirt) fluid flow. The marked increase in Young's
modulus with increasing frequency for the water‐saturated condition is attributed to an increasing shear
modulus associated with suppression of squirt flow (through 1/E = 1/3G + 1/9 K).

The Zener (standard linear solid) model can be used to describe the observed frequency dependence of the
dissipation across the transition from the saturated‐isobaric to the saturated‐isolated regime. The observed
strong dispersion, however, spans at least 3 orders of magnitude in frequency (Figure 11)—compared with
only 1 order of magnitude for the Zener model (Figure 9). So a single peak Zener or single element Cole‐Cole

Figure 10. Effective elastic response for a medium containing only cracks,
of random orientation with a given aspect ratio α, under hydrostatic com-
pression (left) and shear stress (right). Pf1 and Pf2 are the pore fluid pres-
sures in representative cracks with diverse orientation relative to the applied
stress. Bulk modulus for the saturated isobaric (undrained) regime will be
same as that for saturated isolated regime, whereas the difference in pore
fluid pressure in the different cracks will results in shearmodulus dispersion
between the saturated isobaric and saturated isolated regimes. Observed
in shear modulus. (after Jackson, 1991, according to the model of O'Connell
& Budiansky, 1977; c.f., Adelinet et al., 2011; Li et al., 2018).
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model (Cole & Cole, 1941) cannot capture the observed broadband
Young's dissipation—suggesting that a distribution of relaxation times is
instead required to describe the observation.

In Figure 11, the Young's modulus and dissipation data for FDL2 are com-
pared with a standard linear solid model extended to include a continuous
distribution of relaxation times across a prescribed range. Themodel satis-
factorily fits the observations—confirming that the observed Young's
modulus dispersion and dissipation can be attributed to the squirt flow
transition. That the transition is centered near 0.3 Hz rather than the
value of 55 Hz estimated from equation (10) requires a distribution of gen-
erally somewhat lower aspect ratios and/or a higher effective viscosity
resulting from chemical interaction between the water and the siliceous
surfaces of the narrow cracks.

Further support for this interpretation can be derived from the shear mod-
ulus dispersion at low Pd < 10 MPa observed for the smaller‐diameter spe-
cimens tested with the ANU attenuation apparatus. For specimen SAGR2,
which has been more intensively probed within the realm of low differen-
tial pressure than the other specimens, significant dispersion of the shear
modulus and associated dissipation are evident at 0.01–1 Hz, most clearly
at the lowest differential pressure of 5 MPa. Another indication of squirt
flow is the negative frequency dependence of Poisson's ratio, measured
during oscillation of the axial stress (Figure 4). The fluid insensitivity of
the bulk modulus for a medium with a single crack aspect ratio across
the transition between the saturated‐isobaric to saturated‐isolated
regimes implies that the expected increase in shear and hence Young's
modulus must lead to a decrease in Poisson's ratio—consistent with the
behavior observed with FDL2 in Figure 4 (cf. Pimienta et al., 2016).

Higher Young's moduli, both dry and water saturated, at megahertz frequency relative to those at lower fre-
quencies, may be best explained as a path effect. For a cracked specimen of this kind, it is possible that the
first‐arriving part of the elastic wave preferentially samples a largely crack‐free and therefore fast path,
according to Fermat's principle. The relatively wide spacing and preferred orientation of cracks (Figure 1)
supports the suggestion that much of the dispersion, observed between 200 Hz of the low‐frequency data
and the ultrasonic data, could be path related.

5. Conclusions

Both permeability and seismic properties have been measured with complementary techniques on a suite of
thermally cracked glass specimens. Whereas the ANU apparatus allows low‐frequency measurement of the
Young's and shear moduli, the ENSP set up permits low‐frequency measurements of Poisson's ratio and the
Young's and bulk moduli, through the oscillation of the axial stress and confining pressure, respectively.
Ultrasonic wave speedmeasurements constrain the behaviors at MHz frequency including elastic anisotropy
due to the thermal cracks.

Dry ultrasonic wave speeds, low‐frequency moduli (E, G, and K) and axial strain increase markedly with
increasing pressure below 15 MPa, reflecting the closure of cracks with aspect ratios <2 × 10−4.

Permeability results show distinct pressure‐dependent trends with different fluids. Argon and pentane per-
meability are broadly similar, consistently higher and more mildly pressure‐dependent than for water. The
unmeasurably low water permeability at differential pressures >10 MPa is interpreted to reflect chemical
interaction between the polar water molecule and the siliceous surfaces of the very narrow cracks.

The observed dispersions (with associated dissipation) of the bulk and Young's moduli for the water‐
saturated specimen FDL2 at Pd = 2.5 MPa suggest that the draining transition is centered near 2 mHz, with
a broad squirt flow transition centered near 0.3 Hz. The effect of increasing Pd beyond 2.5 MPa is to reduce
crack aperture such that chemical interactions between the polar water molecule and the siliceous crack

Figure 11. Frequency dependent Young's (a) modulus and (b) dissipation
obtained from the axial forced oscillation test for the water‐saturated
FDL2 specimen. Red and black symbols indicate the data points, whereas
the blue curve represent a modified Zener model extended to include a dis-
tribution of relaxation times, optimally fitted to Young's modulus and asso-
ciated dissipation data pairs to match the observed dispersion and
dissipation peak. Data at the lowest and the three highest frequencies were
excluded.
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surfaces substantially increase the effective viscosity, thereby dramatically reducing the characteristic
frequencies both for draining and squirt flow. A submillihertz squirt frequency for Pd ≥ 10 MPa is required
to explain the observation of saturated‐isolated conditions for the forced oscillation measurements on water‐
saturated specimens.

Our laboratory findings present new insight into the seismic properties of a fluid‐saturated synthetic
medium which contains only cracks with a narrow distribution of aspect ratios, rather than the mixture
of cracks and pores typical of crustal rocks. Such findings not only further confirm the predictions of theo-
retical models (e.g., O'Connell & Budiansky, 1977) but also highlight the need for care in the seismological
application of laboratory ultrasonic data for fluid‐saturated cracked media.

Appendix A: Fitting the Multipath Ultrasonic Wave Speeds to a Model of
Transverse Elastic Isotropy
For Pc < 15 MPa, the multipath wave speed vary systematically with propagation direction. Isotropic beha-
vior, however, is observed Pc > 15 MPa with independent elastic constants c11 = ρVP

2 = 85 GPa, and c12 =
c11− 2ρVS

2 = 22 GPa.

In this appendix, we describe in the following steps our approach for fitting the wave speeds data to a model
of transverse isotropy with symmetry axis parallel with the axis of the cylindrical specimen.

Amediumwith transversely isotropic elasticity has five independent elastic stiffness components (c11,c12,c13,
c33,c44) (e.g., Nye, 1985). So the stress‐strain relationship becomes

σ1

σ2

σ3
σ4
σ5
σ6

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

¼

c11 c12 c13 0 0 0

c12 c11 c13 0 0 0

c13 c13 c33 0 0 0

0 0 0 c44 0 0

0 0 0 0 c44 0

0 0 0 0 0 c66

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

ε1

ε2

ε3
ε4
ε5
ε6

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

(A1)

where

c66 ¼ 1
2

c11−c12ð Þ

The quasi‐P wave modulus is given as

MQP θð Þ ¼ 1
2

N þ
ffiffiffiffiffi
M

p� �
(A2)

with

N ¼ c11sin
2θþ c33cos2θþ c44

M ¼ D2 þ c13 þ c44ð Þ2sin22θ

D ¼ c11−c44ð Þsin2θ− c33−c44ð Þcos2θ

and

MSH θð Þ ¼ c66sin
2θþ c44cos

2θ
� �

(A3)

For small perturbations, the deviation from isotropic behavior as a linear combinations of perturbations can
be written as
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δMQP θð Þ ¼ MQP;obs θð Þ−MQP;iso θð Þ ¼ f 11 δc11 þ f 33 δc33 þ f 44 δc44 þ f 13 δc13 (A4)

δMQP(θ) is the modulus perturbations or deficit from isotropic behavior,MQP,obs(θ) is the quasi‐P wave mod-
ulus calculated from the data at Pc < 15 MPa, MQP,iso(θ) is the quasi‐P wave modulus for the isotropic condi-
tions (i.e., at Pc > 15), and fij(θ) (= ∂δMQP(θ)/∂cij) is the sensitivities for the perturbations.

Accordingly, the partial derivatives or sensitivities fij = ∂δMQP(θ)/∂cij are given by

f 11 ¼ 1
2

1þ Dffiffiffiffiffi
M

p
� �

sin2θ (A5)

f 33 ¼ 1
2

1−
Dffiffiffiffiffi
M

p
� �

cos2θ (A6)

f 44 ¼ 1
2

1þ Dcos2θþ c13 þ c44ð Þ sin22θ
	 


=
ffiffiffiffiffi
M

pn o
(A5)

f 13 ¼ 1
2

c33 þ c44ð Þ=
ffiffiffiffiffi
M

ph i
sin22θ (A7)

In the isotropic reference state, these expressions reduce to

f 11 ¼ 1
2

1−cos2θð Þsin2θ ¼ sin4θ (A8)

f 33 ¼ 1
2

1þ cos2θð Þcos2θ ¼ cos4θ (A9)

f 44 ¼ sin22θ (A10)

f 13 ¼ 1
2
sin22θ (A11)

The corresponding quantities for MSH (θ) are

MSH θð Þ ¼ ρv2SH ¼ c44cos
2θþ 1

2
c11−c12ð Þsin2θ (A12)

f 11 ¼ 1
2
sin2θ (A13)

f 12 ¼ −
1
2
sin2θ (A14)

f 44 ¼ cos2θ (A15)

We note that the sensitivities ofMQP to variation of c11 (c33) increase (decrease) monotonically and strongly
with increasing θ, whereas the sensitivities for variation of c44 and c13 are greatest at intermediate values of θ.
Moreover, for isotropic elasticity only, f44 ≡ 2f13. The existence of this relationship means that the perturba-
tions in c44 and c13 are not separately resolvable, only the combination δ(2c44 + c13) = 2δc44 + δc13. Only the
SH modulus has sensitivity to c12.

Next, the observed modulus deficits (δMQP(θ), δMSH(θ = 90)) and the sensitivities fij(θ) were
substituted into equation (A4) to yield a set of simultaneous linear equations that were solved for the
perturbations δcij.

Finally, the perturbations, δcij, obtained at each pressure are added to the isotropic cij as follows, to obtain
the estimated values of cij within the transversely isotropic model:
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c11;VTI ¼ c11;ISO þ δc11

c12;VTI ¼ c12;ISO þ δc12

c33;VTI ¼ c33;ISO þ δc33 ¼ c11;ISO þ δc33

2c44 þ c13ð ÞVTI ¼ 2c44 þ c13ð ÞISO þ δ 2c44 þ c13ð Þ ¼ c11;ISO þ δ 2c44 þ c13ð Þ

For the unresolved relative magnitudes of δc44 and δc13, the best fit was obtained with setting δc13= 0,
thereby attributing all of the perturbation δ(2c44+c13) to c44. So

c13;VTI ¼ c13;ISO ¼ c12;ISO

c44;VTI ¼ 1
2

c11−c12ð ÞISO þ 1
2
δ 2c44 þ c13ð Þ

Appendix B: Elastic Moduli for Oscillation of Confining Pressure and
Axial Stress

B.1. Introduction

In this appendix, we provide an analysis of the response of a transversely isotropic medium for the deforma-
tion under hydrostatic and axial loading, thereby obtaining expressions for themeasured bulk K and Young's
Emoduli and Poisson's ratio ν. We show that E and νmeasured by oscillation of the axial stress can be com-
bined for direct comparison with the bulk modulus, obtained through oscillation of hydrostatic pressure,
only for an isotropic medium.

B.2. The Elastic Moduli
B.2.1. For axial loading condition (σi = σδi3), equation (A1) can be solved to obtain the strains εi as

ε1 ¼ ε2 ¼ −σc13
c33 c11 þ c12ð Þ−2c213

; (B1)

ε3 ¼ −σ c11 þ c12ð Þ
c33 c11 þ c12ð Þ−2c213

; (B2)

ε4 ¼ ε5 ¼ ε6 ¼ 0

Thus, the axial Young's modulus, E, defined as σ/ε3 then becomes

E ¼ c33−
2c213

c11 þ c12
; (B3)

and Poisson's ratio ν (= −ε1/ε3) is expressed as

¼ c13
c11 þ c12

; (B4)
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B.2.2. Under hydrostatic loading conditions [σi = −P (δi1 + δi2 + δi3)] we obtain the following
strains, ε1 and ε3 required for volumetric strain (εvol = 2ε1 +ε3) as below

ε1 ¼ ε2 ¼ −P
c33−c13

c33 c11 þ c12ð Þ−2c213
; (B5)

ε3 ¼ −P
c11þc12−2 c13

c33 c11 þ c12ð Þ−2c213
; (B6)

So εvol or dV/V becomes

−P
2c33 þ c11 þ c12−4c13
c33 c11 þ c12ð Þ−2c213

: (B7)

The foregoing analysis shows that the effective moduli of a VTI medium obtained

1. Through the oscillation of the axial stress as

E ¼ c33−
2c213

c11 þ c12
; ν ¼ −

c13
c11 þ c12

: (B8)

2. Through the oscillation of the hydrostatic pressure as

Kcp ¼ −P=
dV
V

� �
¼ c33 c11 þ c12ð Þ−2c213
2c33 þ c11 þ c12−4c13

: (B9)

Combining E and ν as measured in axial oscillation for a transversely isotropic material, but with the
assumption of isotropic elasticity (where K = E

3 1−2νð Þ), leads to

Kax ¼ c33 c11 þ c12ð Þ−2c213
3 c11 þ c12−2c13½ � ;≠Kcp above: (B10)
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