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Introduction
It is well established that seismic properties of fluid-saturated crustal rocks are frequency-dependent (O’Connell & Budiansky, 1977). Such frequency dependence renders it difficult, to reconcile laboratory ultrasonic measurements of effective moduli (~MHz range) with lower frequency field data from borehole (~tens of kHz) and exploration (~10–100 Hz) geophysics. While carefully-executed laboratory broadband measurements appear promising for such reconciliation, significant difficulties still 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 recent development, Li et al. (2018) conducted an   intensive laboratory study of the mechanical behavior of cracked and fluid-saturated glass media. They reported broadband measurement of seismic properties on synthetic glass specimens of simpler microstructure, conducted using a combination of experimental techniques.  In this abstract, we report preliminary results from on-going follow up study, involving further measurements of seismic properties with different pore fluids and different measurement techniques. New measurements are reported of shear and bulk modulus on the cracked specimens involving oscillation of either the axial or confining-stress. The measured seismic properties and observed dispersion is interpreted in the context of the fluid flow regimes in a fluid-saturated cracked medium. 

Methodology
Two soda-lime-silica glass specimens, SAGR1 and FDL2 were tested. FDL2 was previously investigated by Li et al. (2018), so the fabrication, thermal cracking and microstructure  characterization has been described with much detail. The crack porosities, consistently <1%, were  calculated from the difference in dimensions of each specimen, before and after thermal cracking. We used a combination of techniques to measure the seismic properties; oscillation of axial stress for Young’s modulus and Poisson’s ratio (e.g. Batzle et al.,  2006), oscillation  of confining-pressure  for  bulk modulus  (e.g. Borgomano et al.,  2017), and torsional forced-oscillation for shear modulus (e.g. Li et al., 2018 ).  Measurements were made at differential pressures (Pd = Pc - Pf) as low as 2.5 MPa to  better document the behavior of the low-aspect-ratio cracks. Argon, pentane, and water were successively introduced as pore fluids.
Results and Discussion
Overall, the measured shear and bulk moduli exhibit significant sensitivity to pressure, particularly for P < 15 MPa predominantly in dry than for the fluid-saturated conditions (Figs. 1 and 2). Such observation is attributed to the progressive closure of cracks  (Walsh, 1965).  Next, we focus on the behavior under fluid-saturated conditions. The results obtained using the ANU’s torsional forced-oscillation technique are presented in Fig. 1. The shear moduli for both argon- and pentane-saturated conditions are broadly consistent with the ‘dry’ values – indicating no systematic increase in modulus (i.e. stiffening) upon fluid saturation.   However, for the water-saturated conditions, a systematically higher shear modulus, i.e., stiffening, is observed. Broadly consistent values of the water-saturated shear modulus were measured during the loading and the unloading phases, accessed by varying the pore pressures while the confining pressure was kept constant. 
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Figure 1: Pressure dependence of the shear modulus of the cracked glass-rod specimen SAGR1, for dry-, argon-, pentane- and water-saturated conditions. For each differential pressure, the shear modulus is averaged in the frequency range from 0.01 Hz to 0.25 Hz.
Such general insensitivity of the shear moduli of the cracked glass rod to saturation with either argon or pentane indicates a saturated isobaric (or drained) condition, if we consider a medium of randomly orientated cracks (Adelinet et al., 2011). In contrast, a marked increase in shear modulus is observed for the water-saturated condition even at the sub-Hz frequencies of these measurements.  Such systematic increase in shear modulus on fluid saturation implies saturated isolated conditions.  The The contrast of behavior with water, i. e maintenance of pore-pressure   gradients apparently unrelaxed by squirt flow is possibly related to the persistent impermeability of the specimen of SAGR1 to water as pore fluid, in marked contrast with the behavior of argon and pentane pore fluids. 
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(d) Shear Modulus attenuation
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Figure 2. Frequency dependence of the bulk and shear modulus of the cracked glass-rod specimen FDL2, for dry, and water saturated conditions over an extended range of differential pressures. The bulk modulus results are direct measurements, while the shear modulus derived from directly measured Young’s modulus and Poisson’s ratio assuming isotropic conditions. The arrow indicates increasing pressure.
Next, we discuss the result obtained using oscillation of either the confining pressure or axial stress (Fig. 2). For bulk modulus, K, water saturation results in markedly higher, almost pressure-independent values of K, except at the lowest differential pressure (Pd = 2.5 MPa) where K increases systematically with frequency within the interval 0.004-0.02 Hz. Such dispersion of the bulk modulus at Pd = 2.5 MPa corresponds with a peak in dissipation of bulk strain energy (Fig. 2b).
The shear modulus, obtained from the measured Young’s modulus and Poisson’s ratio for the cracked glass rod specimen systematically increases with frequency (Fig. 2c). The strong shear modulus dispersion and associated attenuation peak centered near 0.6 Hz at Pd = 2.5 MPa (Fig. 2c, d) for the water-saturated condition indicates a transition with decreasing frequency from saturated isolated to saturated isobaric conditions. The nearly identical values of shear modulus at frequencies <0.03 Hz for dry and water-saturated conditions provide support for this interpretation. This transition further seems to occur at lower frequencies at Pd = 5 MPa  – perhaps as a result of lower effective aspect ratio, seemingly consistent with the marked decrease in  permeability by almost two orders of magnitude from 10-19 m2 at Pd = 2.5 MPa to 10-21 m2 at Pd = 5 MPa.  Thus, for Pd > 2.5 MPa, water saturation systematically increases the shear modulus - consistent with the saturated isolated regime as for the torsional oscillation measurements on specimen SAGR1 (Fig.1)
Conclusions
We have measured the shear and bulk moduli of cracked and fluid-saturated glass specimens using different measurement techniques. Both specimens exhibit pressure and frequency dependent variations of both modulus and dissipation. The measurements at low frequency on these specimens of low crack porosity (< 1%), sample various fluid-flow regimes. A shear modulus, increased by water saturation and diagnostic of saturated-isolated conditions, is found in the torsional oscillation tests and the axial oscillation measurements with Pd > 2.5 MPa.  The axial oscillation tests at 2.5 MPa reveal the transition with decreasing frequency below 0.6 Hz between saturated-isolated and saturated isobaric regimes, whereas the draining transition is evident at frequencies < 0.04 Hz in the results of confining pressure oscillation.
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