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In presented paper, we describe the technical and physical aspects of the application of a low-frequency (LF) apparatus based on a longitudinal type of forced oscillations. In particular, we investigate the influence of the strain gauge position on a tested sample on measurement results, we also examine the creep effect associated with the mineralogy of rocks, as well as the dispersion and attenuation in a liquid-saturated rock sample caused by the presence of the volume of pore fluid exterior to the sample (dead volume). The effect of the position of the strain gauges is investigated using a cylindrical acrylic sample and two pairs of strain gauges fixed in the middle and at one of the sample ends under a uniaxial pressure of 15 MPa. The obtained results demonstrate that elastic and anelastic parameters of the tested sample are independent from the location of the strain gauges. The impact of the creep phenomenon on elastic moduli was studied using three room-dry samples of Savonnieres limestone, Berea sandstone and Eagle Ford shale. The measurements were conducted for 120 h at a frequency of 2 Hz under a uniaxial pressure of 10 MPa and demonstrated that the LF moduli of all rocks were noticeably reduced with time. The effect of dead volume was investigated at seismic frequencies using limestone saturated with n-decane. It was found that the Young’s and bulk moduli exhibit strong dispersion at frequencies above 10 Hz if the dead volume is close to or greater than the pore volume of the sample. We also found that the characteristic frequency of dispersion corresponding to the attenuation peak is independent of the size of the dead volume and determined only by the physical parameters of the sample and pore fluid. We present also the results of the Young’s modulus and attenuation measurements conducted at seismic frequencies on vertical and horizontal shale samples saturated with water. It was shown that the relationship between the extensional attenuation and the Young’s modulus dispersion observed in the samples saturated at a relative humidity of 97.5% is consistent with the Kramers–Kronig relation.
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INTRODUCTION

In the past decades, a variety of forced-oscillation (FO) methods have been employed to measure the mechanical properties of rocks, in which dissipated energy is characterized by a phase lag between stress and strain. The upper frequency of the FO methods, generally covering the frequency range from 10–5 to 100 Hz, is limited by spurious acoustic resonances in the tested sample or in the mechanical parts of the instrument (D’Anna and Benoit, 1990; Lakes, 2004).

The first FO measurements of the intrinsic attenuation and elastic parameters of rocks were performed by Bruckshaw and Mahanta (1961); Peselnick and Outerbridge (1961), and Usher (1962). Bruckshaw, Mahanta and Usher developed à forced vibration method where the Young’s modulus of a specimen is estimated by measuring the magnitude of vibration for an exciting sinusoidal force at a frequency much less than the resonant frequency of the measurement system, and the attenuation is determined as the phase shift (loss angle) between the specimen vibrations and the applied force. Peselnick and Outerbridge (1961) designed a torsion pendulum, where a tested specimen is submitted to a harmonic torque at frequencies of 1 to 10 Hz, that enables measurements of attenuation and shear moduli of coherent rocks. Bruckshaw and Mahanta (1961) observed an increase of 2% in the Young’s modulus of various dry rocks at frequencies between 40 and 120 Hz. A similar result for dry sedimentary and igneous rocks was obtained by Usher (1962) at the frequency range from 2 to 40 Hz. Usher also observed a decrease in the Young’s modulus of the rocks containing moisture, accompanied by a large increase in attenuation with frequency. Peselnick and Outerbridge (1961) combined attenuation data for dry Solnhofen limestone obtained using the torsional pendulum (4–10 Hz) and a bar resonance setting (10 kHz) with the results of the ultrasonic attenuation measurements (10 MHz) of Peselnick and Zietz (1959) conducted on the same sample. They found that the shear internal friction in the dry limestone increases fivefold with an increase of frequency from 4 to 10 MHz, while the shear modulus remains constant.

In all first FO experiments the amplitude of strains in rocks was not controlled. Later in a number of studies (Gordon and Davis, 1968; Mavko, 1979; Winkler et al., 1979), it has been reported that frictional attenuation in rocks depends on strain amplitude but it becomes strain-independent for amplitudes <10–6, which more adequately represent seismic-wave strains in real fields. Therefore, to meet the reservoir conditions, laboratory measurements should be performed with strains below 10–6.

Another requirement, which should be taken into account when constructing an FO device, is related to the boundary conditions. As was shown by Dunn (1986) and White (1986) in their analysis of the experiments carried out by Spencer (1981), the attenuation in a fluid-saturated rock sample with open boundaries can stem from radial fluid flow due to the pressure difference between the central and peripheral parts of the sample (the Biot–Gardner effect). Hence, to avoid the distortion of the attenuation associated with intrinsic absorption mechanisms by the Biot–Gardner effect, the boundaries of the tested samples have to be closed with the membrane impenetrable for fluids and sealed by the confining pressure which has to be higher than the pore pressure in the sample.

The low-frequency (LF) laboratory tests that have been considerably developed in recent decades, utilize a stress-strain relationship and differ by the type of the forced oscillations applied to a specimen under investigation: torsional (Jackson and Paterson, 1987; Paffenholz and Burkhardt, 1989; Nakagawa, 2013; Saltiel et al., 2017), longitudinal (Spencer, 1981; Paffenholz and Burkhardt, 1989; Batzle et al., 2006; Takei et al., 2011), and volumetric (Adelinet et al., 2010). However, the devices based on torsional types of oscillations are not capable to measure the complete set of elastic properties of rocks.

The FO laboratory apparatuses, which are capable of measuring the complete set of elastic moduli, such as Young’s, bulk and shear moduli, and also satisfy the strain-amplitude and boundary conditions, were designed by Spencer et al. (1994); Batzle et al. (2006), Mikhaltsevitch et al. (2014); Pimienta et al. (2015), Szewczyk et al. (2016); Sun et al. (2018), and Borgomano et al. (2020).

In the devices proposed by Spencer et al. (1994); Batzle et al. (2006) and Sun et al. (2018) the hydrostatic confining pressure is exerted by pressurized nitrogen gas. An axial periodical dynamic force is applied to the sample by an electromechanical shaker at a frequency of 0.2–155 Hz (Spencer et al., 1994), 5 Hz–2 kHz (Batzle et al., 2006), or 1 Hz–2 kHz (Sun et al., 2018). Since the shaker is unable to operate under high load, the entire device, including the jacketed rock sample with two strain gauges (Batzle et al., 2006) or capacitive displacement transducers (Spencer et al., 1994) to measure axial and radial strains, is mounted inside a gas pressure vessel. This design creates significant limitations on the dimensions of mechanical assembly of the device. The insufficient mass of the mechanical assembly is a source of spurious resonances (Batzle et al., 2006; Sun et al., 2019).

Another FO laboratory apparatus with the longitudinal type of the forced oscillations and hydraulic oil as a confining-pressure medium was built at the Department of Exploration Geophysics of Curtin University and at the Department of Civil Engineering of Pontifical Catholic University of Rio de Janeiro (Mikhaltsevitch et al., 2014). The apparatus operates at seismic frequencies and measures Poisson ratio and Young modulus by comparing the strains in a rock and in a standard with well-known parameters. The dynamic strains generated in the rock by a piezoelectric actuator do not exceed 10–6. The extensional attenuation is measured as a phase lag between the phases of the applied stress and strain in the sample.

The setups reported by Pimienta et al. (2015) and Szewczyk et al. (2016) are conceptually similar in design to the devices presented by Spencer et al. (1994) and Batzle et al. (2006). A few modifications in the instrument proposed by Pimienta et al. (2015) and Szewczyk et al. (2016) include the replacement of the medium for confining pressure by hydraulic oil and using a piezoelectric actuator instead of an electromechanical shaker. The setup described by Pimienta et al. (2015) is built on the basis of the apparatus presented earlier by Adelinet et al. (2010) and allows to measure bulk modulus using oscillations of the confining pressure at teleseismic frequencies (0.01–0.1 Hz). An upgraded version of this setup reported by Borgomano et al. (2020) is able to measure the complex bulk modulus up to 1 Hz, and Young’s modulus and Poisson ratio up to 1 kHz at temperatures of 20–100°C.

The widespread use of LF measurements of elastic and inelastic properties of rocks based on the FO method in laboratory research has led to the need to summarize the special features of such measurements. Due to certain differences in the utilized techniques underlying various LF apparatuses based on different aspects of the general FO method, and also in medium used to create confining pressure, such generalizations, apparently, should be carried out for each technique separately. In this paper, we describe the technical and physical peculiarities of the application of a LF apparatus based on a longitudinal type of forced oscillations and using a liquid (hydraulic oil) to create confining pressure. In particular, we investigate the influence of the position of the strain gauges on the measurement results, the creep effect associated with the mineralogy of the sample, as well as the dispersion and attenuation in a liquid-saturated sample caused by the presence of the so-called dead volume, i.e., the volume formed by the parts of the fluid line adjoined to both ends of the sample. The effect of the position of the strain gauges was investigated on a 15 cm length cylindrical acrylic sample using two pairs of strain gauges fixed in the middle and at 2 cm from one of the sample ends under an axial pressure of 15 MPa. The impact of the creep phenomenon on elastic moduli was studied using three sedimentary rocks represented by three room-dry samples of Savonnieres limestone, Berea sandstone and Eagle Ford shale. The LF measurements were conducted for 120 h at frequencies of 0.1–120 Hz under a uniaxial pressure of 10 MPa and demonstrated that the moduli of all rocks were reduced with time, upon that the largest reduction was observed in Eagle Ford shale, where the bulk and shear moduli were decreased by 12 and 8%, correspondingly. Furthermore, we present the results of the measurements of the transversely isotropic Young’s moduli and extensional attenuation obtained for two Wellington shale samples as a function of water saturation at frequencies between 0.1 and 100 Hz. The samples were cored along vertical and horizontal directions with respect to the formation bedding and saturated with water at four values of relative humidity ranging from 12 to 97.5%. Peaks of attenuation were found for both samples at relative humidity of 97.5% Hz. Our analysis demonstrates the applicability of the Kramers–Kronig relations for the quantitative analysis of the relationship between the extensional attenuation and the transversely isotropic Young’s moduli of Wellington shale.



EXPERIMENTAL FORCED-OSCILLATION SETUP

The mechanical assembly of the experimental setup is presented in Figure 1. The assembly comprises the frame formed by two steel platforms, four poles connecting and supporting the platforms, and a column of units located in the center of the frame (the total mass of the frame is 650 kg). The column is formed by hydraulic and piezoelectric actuators, a Hoek’s triaxial cell, an aluminum standard, a rock sample mounted inside an elastomer sleeve and placed in a Hoek’s cell and two plugs with passages for pore fluid (Figure 1). The Hoek’s cell and the hydraulic actuator are connected with two manual hydraulic pumps, which provide lateral and longitudinal static forces applied to the sample. The dynamic stress applied to the rock sample by the piezoelectric actuator and strains in the rock are controlled by three semiconductor strain gauges (type KSP-6-350-E4, Kyowa Ltd). One gauge attached to the aluminum standard is oriented in the axial direction and the other two, attached to the sample, are orientated to measure radial and axial strains. All strain gauges are connected with electric bridges (BCM-1 Wheatstone Bridge, Omega Engineering) via a feedthrough assembly.


[image: image]

FIGURE 1. The seismic frequency laboratory rig.


The electrical schematic of the apparatus is presented in Figure 2. The periodic voltage of a generator is converted by the piezoelectric actuator into mechanical stress, which induces displacements in the standard and the rock. The displacements modulate the resistance of the strain gauges. The electric bridges transform the modulated resistance into electric signals, which are digitized by an analog to-digital converter (model 100, InstruNet, Omega Engineering) and then averaged and processed in a data acquisition computer. The extensional attenuation is found as the phase delay between the dynamic stress and the strain in the rock.


[image: image]

FIGURE 2. The electrical schematics of the seismic frequency laboratory apparatus.




METHOD AND OPERATION

Measurements are performed using the stress-strain technique developed by Spencer (1981); Paffenholz and Burkhardt (1989), and Batzle et al. (2006). Our approach is outlined below in more detail.

The Young’s modulus E of the rock sample is obtained as

[image: image]

where εst and εax are the axial strains measured on the standard and rock sample, correspondingly, Est is the known Young’s modulus of the standard.

The Poisson ratio ν is found using the relation

[image: image]

where εrad is the radial strain in the rock. For isotropic rocks, the bulk K and shear μ moduli of the sample can be found as

[image: image]

P- and S-velocities are given by

[image: image]

where ρ is the rock density.

To derive the relationship for the extensional attenuation [image: image] related to internal frictions in the rock, let us consider the viscoelastic material with the complex Young’s modulus E equal to

[image: image]

where E0 is the absolute value of the Young’s modulus, ϕ is the phase angle between the stress applied to the sample and the strains in the sample (loss angle), σ is the applied stress. Assuming that the loss angle in aluminum is negligible, the Eq. 5 can be rewritten as

[image: image]

where E0 = Estεst/ε0, ε = ε0exp⁡(−iϕ) is the complex amplitude of the strain in the rock, εst and ε0 are the absolute values of the axial strain amplitudes in the standard and rock sample, respectively.

Thus, the extensional attenuation [image: image] can be presented as

[image: image]

The phase angle ϕ can be found as the phase difference between the strains in the aluminum standard and in the sample.

The uncertainty of the phase measurements in our experiments is ±0.003 rad.



EFFECT OF THE STRAIN GAUGE POSITION ON MEASUREMENTS

In a FO laboratory apparatus, a sample to be measured, which is usually cylindrical, is placed between metal plugs under high static pressure. Presumably, due to the cohesion between the sample and plug ends under applied pressure, the measured specimen can be deformed non-uniformly along its axis, resulting in a “barrel” geometry (Figure 3). In this study, we investigate the “barrel shape” effect using a cylindrical viscoelastic sample of a 15 cm length (acrylic material ASTM-D-5436, Spartech Townsend). To enhance the effect, the ends of the sample were glued to the adjacent metal plugs and only axial pressure was applied in this experiment. The measurement tests were carried out at a uniaxial pressure of 15 MPa. Two pairs of semiconductor strain gauges were attached to the sample, one of which was glued in the middle of the sample, and the other at a distance of two centimeters from one of the ends, and one strain gauge was glued on the standard. The strain gauges of each pair attached to the sample are orientated to measure axial and radial strains.


[image: image]

FIGURE 3. The “barrel” effect under uniaxial static pressure.


The results of the direct measurements of the Young’s modulus and Poisson ratio are presented in Figure 4. The bulk and shear moduli calculated using Eq. 3 and the value of extensional attenuation [image: image] derived from the phase difference between the strains in the sample and the standard in accordance with Eq. 7 are shown in Figure 5. The error bars for the moduli estimates were computed in accordance with the uncertainty analysis procedure elaborated for LF stress-strain measurements in Adam et al. (2009).


[image: image]

FIGURE 4. The frequency dependences of the Young’s modulus (A) and Poisson ratio (B) of the acrylic sample measured at a uniaxial of 15 MPa.



[image: image]

FIGURE 5. The frequency dependences of the bulk and shear moduli (A) and the extensional attenuation (B) measured on the 15-cm acrylic sample in the middle and at a distance of 2 cm from the lower end of the sample at a uniaxial pressure of 15 MPa.


As can be seen from Figures 4, 5, the results of the measurements are not affected by the position of the strain gauges.

Therefore, we can conclude that the location of the strain gauges on the sample does not affect the results of the LF experiment. Also note that the results of the attenuation measurements demonstrate that the extensional attenuation is also independent of the position of the strain gauges.

The results of our study demonstrate that elastic and anelastic parameters of a cylindrical solid sample made of a relatively soft material such as acrylic are independent of the location of the strain gauges on the sample. However, it should be noted that, as shown by Sun et al. (2020), in the case of fluid-saturated rock samples, the measurement results can be dependent on the position of the strain gauges due to local squirt flow.



CREEP EFFECT IN LOW-FREQUENCY EXPERIMENTS

The time-delayed deformation under constant stress, or the creep effect, is one of the most fundamental properties of sedimentary rocks. The creep effect, which originates from viscoelastic properties of the solid framework of a rock, has been extensively studied in recent decades [see, e.g., Lexcellent (2018)]. A significant portion of the experimental techniques developed for the laboratory study of the creep effect is focused on the static and quasi-static aspects of the viscoelastic behavior of a rock (Brantut et al., 2013). However, the influence of the creep effect on the results of LF laboratory measurements of elastic moduli of rocks has not been pursued in detail in rock physics research. As was noted by Takei et al. (2011), the LF methods are sensitive to the contact conditions between a tested rock and surrounding metal plugs, which to a considerable degree depend on the creep properties of the rock. Takei et al. (2011) found that nearly perfect contact for plastic materials can be achieved after a plastic sample experiences a few days of creep under a stress to minimize dislocations. It can be also noted that taking into account the creep effect is important for comparing the results of LF measurements with the results of ultrasonic tests. The latter usually last no longer than a few hours, while LF experiments take in general several days, and therefore creep drifts can have a significant effect on the difference in the measured values of the elastic properties of rocks. Since the LF techniques become common practices in many rock physics laboratories (Subramaniyan et al., 2014; Ògúnsàmì et al., 2020), the influence of the creep effect on the results of the LF measurements becomes an important object of research.

In this section, we present the results of our experimental study conducted on three sedimentary rocks, Savonnieres limestone, Berea sandstone and Eagle Ford shale, at a seismic frequency of 2 Hz, which demonstrate that viscous deformation of the solid framework noticeably affects the dynamic elastic moduli of rocks measured at a relatively low (10 MPa) constant uniaxial pressure.


Creep Experiment

Our experiments were performed using the uniaxial version of the FO apparatus at strain amplitudes of 10–8–10–7. The measurements were carried out for 120 h on three room-dry sedimentary rocks, which are represented by Savonnieres limestone, Berea sandstone and Eagle Ford shale, at a frequency of 2 Hz under a constant uniaxial pressure of 10 MPa. The physical characteristics of the specimens used in our measurements are summarized in Table 1.


TABLE 1. Physical characteristics of the specimens.

[image: Table 1]


Results of Creep Measurements

The time dependences of the dynamic elastic moduli obtained at 2 Hz using the FO method for three specimens are presented in Figures 6–8. We found that the changes in elastic moduli obtained after 120 h of the experiment were as follows: Eagle Ford shale–9% (Young), 12% (bulk) and 8% (shear); Savonnieres limestone–5% (Young), 10% (bulk) and 4% (shear); Berea sandstone–3% (Young), 5% (bulk), and 2.5% (shear). The observed decrease in the Poisson ratio was 1% in Eagle Ford shale, and 6% in Savonnieres limestone and Beria sandstone. Our results also show that for all tested rocks the change in both bulk and shear moduli measured 24–30 h after commencing the experiments does not exceed 2%.


[image: image]

FIGURE 6. The dependencies of the Young’s modulus (A) and Poisson ratio (B) on time measured for three rock samples. The measurements are conducted at a uniaxial pressure of 10 MPa.



[image: image]

FIGURE 7. The time dependencies of the bulk (A) and normalized bulk (B) moduli of three tested samples. The measurements are conducted at a uniaxial pressure of 10 MPa.



[image: image]

FIGURE 8. The time dependencies of the shear (A) and normalized shear (B) moduli of three tested samples. The measurements are conducted at a uniaxial pressure of 10 MPa.


The time dependences of the extensional attenuation and P- and S-wave velocities are presented in Figure 9. As can be seen from Figure 9B, the dispersion of the S-wave velocity is less than the dispersion of the P-wave velocity for all rocks. Thus, the decrease of the P- and S-velocities is, correspondingly, 5 and 4% in Eagle Ford shale, 4 and 2% in Savonnieres limestone, and 2 and 1% in Berea sandstone.


[image: image]

FIGURE 9. The dependencies of the extensional attenuation (A) and P-wave and S-wave velocities (B) on time. The measurements are carried out at a uniaxial pressure of 10 MPa.


Our study of the influence of the creep on the dynamic elastic moduli of three room-dry sedimentary rocks (Savonnieres limestone, Berea sandstone, and Eagle Ford shale), which was carried out at a seismic frequency of 2 Hz under a constant uniaxial pressure of 10 MPa, demonstrates that the creep effect can have a significant impact on the values of the measured moduli that should be taken into consideration, in particular, when comparing the results of ultrasonic and LF measurements.



THE EFFECT OF THE BOUNDARY CONDITIONS IN THE FORCED-OSCILLATION DEVICES ON LOW FREQUENCY MEASUREMENTS

The dispersion of moduli and attenuation observed in the LF experiments based on the FO method are often crucially depend on the boundary conditions of the tested rock sample, whether the sample surface is properly sealed (Dunn, 1986; White, 1986) or surrounded by rigid pore-fluid containers connected with the pore space of the rock, so-called “dead” fluid volumes (Cheng, 2016). As a rule, these dead volumes are represented by the segments of the fluid line located between the sample ends and the nearby valves. Dunn (1986) and White (1986) showed that open boundary conditions cause radial fluid flow due to the pressure difference between the center and the surface of the tested sample, which results in the observed dispersion of moduli and the attenuation (Dunn, 1986). Using the results of the experiments carried out on water- and glycerol-saturated Fontainebleau and Berea sandstones with a dead volume of 6.6 ml at frequencies of 0.004–0.4 Hz (Pimienta et al., 2015), Pimienta et al. (2016) demonstrated that the dead volume can also be accountable for the flow of the pore fluid even under conditions of à fully saturated rock and a closed pore-fluid line, and, as a consequence, for the observed attenuation and bulk modulus dispersion.

The purpose of this study is to quantify the dead volume effect in a seismic frequency range of 0.1–120 Hz. We estimate the impact of the size of the dead volume on the frequency dependences of the elastic moduli.


Experiments With Dead Volume

In this study, the LF experiments were carried out on a Savonnieres limestone sample at a differential pressure of 7 MPa. The physical parameters of the dry sample are as follows: the density is 1920 kg/m3, porosity and permeability are 29% and 14.3 mD, correspondingly. The diameter of the sample is 38 mm, the length is 71 mm, and the pore space is 23 ml.

In our FO apparatus, the storage capacity of the pore fluid can be varied from 2 to 270 ml. We used this capacity as a variable dead volume to estimate the impact of the dead volume on the measured elastic moduli of the sample. The pore fluid used in our experiments was n-decane. The parameters of n-decane at 20°C are as follows: the density is 730 kg/m3, viscosity is 0.92 mPas, the bulk modulus is equal to 1.15 GPa (Prak et al., 2017).

Here we present the frequency dependences of the elastic moduli measured with dead volumes equal to 2, 30, and 100 ml at a pore pressure of 3 MPa, as well as with the open fluid line, in the frequency range of 0.1–120 Hz. The confining pressure was 10 MPa in the experiments with the dead volumes and 7 MPa when the fluid line was open.



Results of Experiments With Dead Volume

The frequency dependences of the Young’s modulus and Poisson ratio measured with three dead volumes and with the open fluid line are given in Figure 10.


[image: image]

FIGURE 10. The frequency dependences of the Young’s modulus (A) and Poisson ratio (B) measured at dead volumes of 2, 30, and 100 ml, as well as with the open fluid line. All measurements are performed at a differential pressure of 7 MPa.


The frequency dependences of the extensional attenuation, bulk and shear moduli obtained in accordance with Eq. 3 for the open line are presented in Figure 11. The dependencies of the bulk moduli demonstrate strong dispersion at frequencies above 20 Hz when the dead volume is close to the pore volume of the sample or exceeds it. Our measurements show that the size of the dead volume does not affect the characteristic frequency of the Young’s/bulk modulus dispersion associated with the attenuation peak, but completely determines the magnitude of this dispersion. As can be seen in Figure 11B, the dispersion of the shear modulus is negligible at all dead volumes.


[image: image]

FIGURE 11. The frequency dependences of the extensional attenuation (A) and the bulk and shear moduli (B) obtained for dead volumes of 2, 30, and 100 ml and for the open fluid line. The measurements are carried out at a differential pressure of 7 MPa.




Analysis of the Experiments With Dead Volume

To estimate the characteristic frequency of the dispersion in a fluid-saturated homogeneous and isotropic porous rock caused by the presence of the dead volume VD, we consider the change in the volumetric strain εV in response to the change in the confining pc and fluid pf pressures. According to Cheng (2016), εV, pc, and pf are connected by the following constitutive equation of poroelasticity

[image: image]

where Kd is the drained bulk modulus, n is the pore pressure coefficient.

Pimienta et al. (2016) developed a poroelastic model for LF experiments with dead volume by solving the one-dimensional diffusion equation. Based on this model, they obtained the following expression for the pore fluid pressure pf in a fully saturated specimen connected to a dead volume container in response to the applied harmonic stress pc = Δp0eiωt with an amplitude of Δp0 :

[image: image]

where B is the Skempton coefficient, L is the length of a rock sample, z is the distance from one of the sample ends, [image: image] with D = k/(Ssη) being the fluid pressure diffusivity, Ss = n/(B⋅Kd), k is the rock permeability, η is the fluid viscosity, [image: image], A is the cross-sectional area of the rock sample, S = VD/Kf, Kf is the bulk modulus of fluid, ω = 2πf, f is the frequency of the harmonic stress applied to the rock.

After substituting Eq. 9 into Eq. 8, we find the volumetric strain εV in the sample subjected to the harmonic stress pc :

[image: image]

The local effective bulk modulus Ke(z,ω) of the combined fluid-saturated sample–dead volume system can be found as

[image: image]

Since, as demonstrated by our experiments, the characteristic frequency of dispersion does not depend on the size of the dead volume, let us consider only the case with the open fluid line, i.e., when Vd→∞ and c→0:

[image: image]

where εAV(z,ω) is the volumetric strain amplitude, [image: image] corresponds to the strain amplitude in the undrained regime

[image: image]

εVD is the strain amplitude associated with pressure diffusion

[image: image]

where [image: image].

The attenuation [image: image] corresponding to the effective bulk modulus Ke is

[image: image]

As follows from Eqs 12, 14, Im(εV) = Im(εDV) = 0 at both ends of the sample z = 0 and z = L, and, as a consequence, the bulk attenuation is also equal to 0 at both sample ends.

The amplitude of the bulk strain at the location of the strain gauges, in the middle of the sample, is

[image: image]

As follows from Eq. 16, [image: image] at ω→0 and ε(L/2)→ε0 at ω→∞. In accordance with Eqs 11, 16, the ratio of the undrained bulk modulus Ku and the local drained modulus [image: image] measured at z = L/2 and ω→0 can be expressed as

[image: image]

If we consider the results of our measurements for bulk moduli presented in Figure 11B and assume that the bulk modulus measured at a dead volume of 2 ml is a good approximation for the undrained bulk modulus Ku, we obtain

[image: image]

Therefore, the attenuation [image: image] can be estimated as

[image: image]

The analysis of the function −1/cosh⁡((1 + i)x) with real variable [image: image] shows that the maximum of its imaginary part is reached at

[image: image]

With good accuracy, Eq. 20 can be approximated as follows:

[image: image]

Thus, the characteristic frequency of the dispersion fC corresponding to the attenuation peak is

[image: image]

As was demonstrated by Chandler and Johnson (1981), if the drained bulk and shear moduli of a rock are much larger than the bulk moduli of fluid Kf, the diffusivity D is

[image: image]

In this case, Eq. 22 can be rewritten as

[image: image]

Substituting the n-decane viscosity η = 0.92 mPas (Prak et al., 2017) and parameters of the sample into Eq. 24, we obtain

[image: image]

As can be seen in Figure 11A, the analytical solution given by Eq. 24 underestimates the frequency of the attenuation peak observed in the experiment. This can be explained by using the one-dimensional approach in our calculations, which takes into account only the fluid movements along the axis of a sample and neglects the movements orthogonal to the axis. However, the found analytical solution is a reasonably good estimate for the characteristic frequency of the dispersion and attenuation observed in the experiment. The advantage of this solution, besides its simplicity, is that it is based only on the physical parameters of the sample and fluid.

Let us note, that the frequency of the attenuation peak in the case of the open fluid line can also be considered as the cut-off frequency associated with the transition between drained and undrained regimes. As follows from dimensional analysis of diffusion process, this frequency is proportional to the diffusion coefficient D and inversely proportional to a squared characteristic length l (Cleary, 1978):

[image: image]

Combining Eqs 23, 26, we obtained (David et al., 2013):

[image: image]

For axial diffusion, l is equal to half the length of the sample L, which yields

[image: image]

After substituting the parameters of n-decane and the sample, we obtain the estimate of the frequency of the attenuation associated with diffusion along the saturated sample

[image: image]

which is higher than the frequency of the attenuation peak obtained in the experiment.

Therefore, Eqs 24, 28 can be considered as the lower and upper bounds for the observed frequency of the attenuation peak fexp

[image: image]

The important finding of our experiments with dead volume, carried out in the seismic frequency band on Savonnieres limestone saturated with n-decane, lies in the fact that the characteristic frequency of dispersion does not depend on the size of the dead volume and is completely determined by the parameters of a tested sample and saturating fluid.



APPLICATION OF THE KRAMERS–KRONIG RELATION TO THE MEASUREMENTS ON WELLINGTON SHALE AT SEISMIC FREQUENCIES

As was pointed out in Mikhaltsevitch et al. (2016b), one of the main issues encountered when using an FO apparatus is the intrinsic spurious resonances occurring in the mechanical parts of the apparatus, which can significantly affect the signals obtained from a tested specimen (Adam et al., 2009; Sun et al., 2019; Li et al., 2020). This issue can be resolved by using a diagnostic tool, such as the Kramers–Kronig relation, which can verify the quality of the measurement results and control the signal distortions stemming from the external interference or intrinsic spurious resonances.

Mikhaltsevitch et al. (2016b); Chapman et al. (2019), and Sun et al. (2020) demonstrated that the Kramers–Kronig relation in the form found by Mikhaltsevitch et al. (2016b) can be used for verification of the laboratory measurements carried out on solid isotropic specimens at low frequencies. Here we illustrate the applicability of the Kramers–Kronig relation to validate the experimental data obtained for the transversely isotropic (TI) medium represented by Wellington shale. It is shown that the relationship between the measured TI Young’s moduli and extensional attenuation can be validated using the Kramers–Kronig relation.

In this study, we present the results of the measurements of the TI Young’s moduli and extensional attenuation obtained for two smectite-bearing Wellington shale samples drilled at 0° (V-sample) and 90° (H-sample) angles with respect to the bedding plane and saturated with water at relative humidity (RH) of 12, 44, 72, and 97.5%. To avoid a laceration of strain gauges due to the high compressibility of the shale, the laboratory tests were carried out at a relatively low confining pressure of 6 MPa.


Description of Wellington Shale Samples

The Wellington shale samples used in this study are described previously in Mikhaltsevitch et al. (2018). The helium gas permeability and porosity of both samples were estimated at <1 μD and 9%, correspondingly. The XRD analysis of the samples shows that the mineralogy of the shale is as follows: smectite–6%, illite-smectite–19%, kaolinite–9%, quartz–22%, calcite–31%, mica–5%, dolomite–3%, and albite–2%. The shale samples were saturated in desiccators with salt solutions providing RH of 12, 44, 72, and 97.5%. The time of saturation at each HR was 7 weeks. The length of the V- and H-samples is 71 mm and 65 mm, correspondingly, the diameter of both samples is 38 mm, the density is ∼2500 kg/m3 at 44% RH. The TI Young’s moduli and extensional attenuation are evaluated in accordance with expressions (1) and (7), correspondingly.



Results of the Measurements on Wellington Shale

The dependences of the TI Young’s moduli and attenuation on the frequency of stress oscillations obtained at frequencies of 0.1–100 Hz for RH of 12, 44, 72, and 97.5% are shown in Figures 12, 13, respectively. The noticeable Young’s modulus dispersion and attenuation were observed only at saturation corresponding to 97.5% RH. The peaks of attenuation were found at frequencies 2 and 6 Hz for the V- and H-samples, respectively (Figure 13). An estimate of the characteristic frequency fC corresponding to a peak of attenuation is given by the following expression (Dutta and Seriff, 1979)


[image: image]

FIGURE 12. The TI Young’s moduli measured on the horizontal (A) and vertical (B) shale samples saturated at relative humidity of 12, 44, 72, and 97% under a confining pressure of 6 MPa.



[image: image]

FIGURE 13. The extensional attenuation measured on the horizontal (A) and vertical (B) samples at a confining pressure of 6 MPa and relative humidity of 12, 44, 72, and 97.5%.


[image: image]

where Kw is the bulk modulus of water, ϕ is the rock porosity, ηw is the water viscosity, k is permeability of the sample, and h is the characteristic size of the water patches in the sample.

Based on Eq. 31, the difference in the peak frequencies observed in the V- and H-samples can be explained by the anisotropy of the permeability of Wellington shale.

Inasmuch as the measurements of Young’s modulus and attenuation were performed synchronously and independently in the frequency range covering most of the attenuation peaks, we can verify the consistency of the experimental data with the causality principle presented by the Kramers–Kronig relations, as described in detail by Mikhaltsevitch et al. (2016b). The Kramers–Kronig relation linking the extensional attenuation [image: image] with the Young’s modulus E measured at a frequency f and at some reference frequency f0 can be expressed as

[image: image]

The Young’s moduli computed from the attenuation data are presented in Figure 14. Good agreement between the measured and computed Young’s moduli indicates that the measurements are consistent with the causality principle and confirms the physical nature of the observed attenuation and Young’s modulus dispersion. Let us note that the obtained results are qualitatively similar to those previously reported for Mancos shale (Mikhaltsevitch et al., 2016a).


[image: image]

FIGURE 14. The frequency dependences of the TI Young’s moduli measured on the H- and V-samples at 97.5% RH and the Young’s moduli computed using the Kramers–Kronig relation.




CONCLUSION

In this paper, we give a detailed description of the technical characteristics and main features of operation of a LF apparatus based on a longitudinal type of forced oscillations, and also present the results of our study of some physical aspects associated with the application of the FO method to the measurements of elastic and anelastic properties of rocks. Specifically, we investigated the effect of the strain gauge position on a solid specimen under test on the measurements, we also studied the effect of creep on the elastic moduli of three different rock specimens, as well as the elastic modulus dispersion and attenuation in liquid-saturated sandstone associated with the presence of a dead fluid volume, i.e., the volume of fluid located outside the rock, but connected with its pore space.

The influence of the strain gauge position on the elastic moduli and attenuation measurements was studied using a cylindrical acrylic sample with a length of 15 cm and two pairs of strain gauges glued in the center of the sample and at a distance of 2 cm from the lower end of the sample under a uniaxial pressure of 15 MPa. The results of our tests show that elastic and anelastic parameters of the acrylic sample are independent from the location of the strain gauges on the sample. The effect of creep on the LF moduli was studied on three dry samples of Savonnieres limestone, Berea sandstone and Eagle Ford shale. The tests were carried out for 120 h at a frequency of 2 Hz under a uniaxial pressure of 10 MPa. It was shown that the moduli of all rocks decrease with time. The largest decrease was found in Eagle Ford shale, where the bulk and shear moduli decreased by 12 and 8%, correspondingly, and the lowest decrease was observed in Berea sandstone, where the reduction of the bulk and shear moduli were 5 and 2.5%.

We also present the results of the laboratory tests conducted at seismic frequencies on an n-decane saturated limestone sample with the dead volume gradually changed from 2 to 100 ml, as well as with the open pore-fluid line. It was shown that the Young’s and bulk moduli exhibit strong dispersion accompanied by attenuation at frequencies exceeding 10 Hz, if the dead volume is comparable to or exceeds the pore volume of the sample. Using a one-dimensional poroelastic model, we found that the characteristic frequency of dispersion is determined only by the parameters of the rock sample and saturating fluid.

Furthermore, we demonstrate of the applicability of the Kramers–Kronig relation for verification of the TI Young’s modulus and extensional attenuation measurements on shale. The TI Young’s moduli and attenuation were measured on two Wellington shale samples, vertical and horizontal, saturated with water at four values of relative humidity in the range from 12 to 97.5%. It was shown that the relationship between the extensional attenuation and the TI Young’s modulus dispersion observed in the shale samples saturated at a relative humidity of 97.5% is consistent with the Kramers–Kronig relation.
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