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Abstract

When two waves interact within a rock sample, the interaction strength depends strongly on the sample’s
microstructural properties, including the orientation of the sample layering. The study that established this
dependence on layering speculated that the differences were caused by cracks aligned with the layers in the
sample. To test this, we applied a uniaxial load to similar samples of Crab Orchard Sandstone and measured
the nonlinear interaction as a function of the applied load and layer orientation. We show that the
dependence of the nonlinear signal changes on applied load is exponential, with a characteristic load of
11.4-12.5 MPa that is independent of sample orientation and probe wavetype (P or S); this value agrees with
results from the literature, but does not support the cracks hypothesis.
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Introduction

When low-amplitude waves interact with a material with a complicated structure, linear elasticity theory
explains the resulting waveforms well. The system is well described by the linear wave equation, derived
from Hooke’s law and conservation of translational momentum and the wave speed is determined by the
second-order elastic constants. However, as the wave amplitude gets larger, nonlinear effects become
important. In particular, a large wave can change the properties of the material, resulting in speed changes of
other waves traveling within the sample simultaneously. The magnitude and variability of these wavespeed
changes are known to be sensitive to the microstructure of the material, but the details of that dependency
are not completely understood. These phenomena are particularly important in rocks, as studied here.
We use wave mixing experiments wherein a strong PUMP wave perturbs the properties of a rock
sample. We sense those perturbations by measuring the traveltime change of a smaller-amplitude probe
wave. This is a type of PUMP/probe experiment, which is a classic (Hughes & Kelly, 1953), yet powerful,
style of experiment that includes the relatively new dynamic acousto-elastic testing (DAET) method (Lott
etal.,, 2016a; 2016b; 2017; Muir et al. 2020; Remillieux et al., 2017; Renaud et al., 2008; 2012; Riviére et al.,
2013; 2015; Sens-Schonfelder & Eulenfeld, 2019). In DAET, a resonant mode (PUMP) is excited in the
sample, and then analyzed with a high-frequency probe wave. Instead of resonant modes, we use
transient waves (Gallot et al., 2015). Earlier work suggests that the nonlinear response depends on the
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sample’s layering orientation (TenCate et al, 2016). Modeling for this particular experiment is a
challenge because the sample experiences two dynamic forces (PUMP, probe) and one static force
(press); the closest existing models consider only the PUMP and probe (Gallot et al., 2015; Rusmanu-
groho et al., 2020).

We aim to separate the crack-induced signals from the intrinsic anisotropy by running PUMP/probe
experiments repeatedly on a layered rock sample under different uniaxial loads. We use two samples of
the same Crab Orchard Sandstone—with different layering orientations, as used by TenCate et al. (2016).
Applying a load to the samples, we look for differences in the evolution of the signals with load that
correlate with layering orientation; these kinds of correlations would be evidence supporting cracks as the
driving mechanism. Viswanathan et al. (2022) give a thorough literature overview related to crack
behavior 2022.

Ours is the first instance of this particular experimental configuration being performed under applied
load, and the first to look at the orientation dependence of the responses; some data presented herein were
part of a conference presentation by Hayes et al. (2018). It builds on: classical nonlinear resonance studies
under different loads and saturation conditions (Zinszner et al., 1997), pressure-dependent DAET
studies (Riviere et al., 2016), and experiments that monitor velocity changes with different confining
pressures (Simpson et al., 2021). These earlier works suggest an exponential decrease in nonlinearity with
increasing load, with a characteristic pressure ~10 MPa for sandstones (Riviére et al., 2016) and ~1 MPa
for rocks from an active fault zone (Simpson et al., 2021).

Theory

Our experiments measure the change, AM, one wave makes in the elastic modulus, M, sensed by
another wave (S-wave probe has M = y; P-wave probe has M =1+ 2u, where u is the shear modulus
and A the Lamé paramter). The modulus time dependence has already been studied (Gallot et al., 2015).
We focus on how AM changes with applied load, P, with experiments at different values of P. We use
the maximum of AM over time ¢ to recover AM(P), and fit our data to an exponential model (Riviére
et al, 2016),

AM

- (P)=Ae ™, )

where Py is the characteristic load.

Sample description

We examine two samples of Crab Orchard Sandstone (COS) from Cumberland, Tennessee, which is
beige, fine-grained, and cross-bedded with subrounded grain shapes and no preferred grain alignment.
The rock is compositionally and texturally mature (composition: 80% quartz, 10% orthoclase, 9% cement
(clays and micas), 1% mica). Though the bedding layers have thicknesses in millimeter range, this
alignment is not visible in sub-mm-scale scanning-electron micrographs. Sample parameters (length in
each dimension, density, P- and S-wave velocities, and x- and y-anisotropy) are listed in Table 1. Sample
1 has horizontal layers, and sample 2 has vertical layers. Pictures of the samples and scanning electron
microprobe images are given in Figure S.1 in the Supplementary Material.

Methods

Figure 1 shows our experimental setup and Table 2 summarizes the experimental parameters. We use an
established experimental setup (Gallot et al., 2015; Khajehpour Tadavani et al., 2020; TenCate et al., 2016)
and place it inside a hydraulic press. Using this setup, we report two types of data.
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Table 1. Physical sample parameters

Ly (mm) Ly (mm) L, (mm) p Vpy Vpy Visx Vsy 7P Vs
Sample 1 126 155 52 24 32 305 224 222 51%  0.85%
Sample 2 125 154 52 25 327 323 225 219 11%  25%

Note. Dimensions were measured with calipers. Velocities were measured via probe transducers by measuring the P- and S-wave traveltimes
across the sample in all three dimensions. L; is the length along the jth axis; Vyy; is the velocity of wave mode M (P or S) propagating in direction j;
yu is the M-mode anisotropy.

The first data are velocities and anisotropies as a function of applied load (shown in Figure 2). These
are computed from measured traveltimes of the corresponding wave. Anisotropy is defined as the
percentage difference in velocities between the two horizontal directions. Note that there is a difference in
frequency between velocities measured along the x- and y-directions.

The second data are from PUMP/probe experiments that use a high-amplitude S-wave PUMP signal
(propagating along the x-direction with polarization in the y-direction) to perturb the rock. We measure
the resulting traveltime delay using two different probes: a P-wave (propagating and polarized along the
y-direction), and an S-wave probe (propagating along the y-direction with polarization in the z-
direction). These delays are measured by cross-correlating signals recorded with and without the PUMP
wave. A single traveltime delay measurement gives one data point on the plots in Figure 3. Each
measurement (each point on the x-axis) represents a different transmission delay between when the
PUMP wave is sent into the rock sample and when the probe wave is sent into the rock sample. As such, it
measures traveltime delays caused by different phases of the traveling PUMP wave. Further experimental
details, including rationales for frequency choices and travel time delay details, are discussed in Section
S.1 in the Supplementary Material, and detailed parameter settings are given in Section S.2. in the
Supplementary Material.

This design is similar to DAET, except that our PUMP wave is a propagating S-wave, not a resonance
mode. A detailed experimental protocol is available here: https://doi.org/10.17504/protocols.io.14
egn71zyv5d/v1. We use a probe signal that is two orders-of-magnitude weaker in strain (~10~°) relative
to the PUMP (10~ °). Details of this strain measurement appear in Section S.3. in the Supplementary
Material.

Loading protocols

We repeated our experiments at 5-6 uniaxial loads for each sample and probe type. A hydraulic press
provided the load (Figure 1). The sample, along with spacers, was placed in the cell between two stainless
steel plates to promote uniform load distribution. The press pistons applied a constant force with a
sequence of hydraulics, with the applied load being this force divided by the sample area. We applied the
load in steps: raising the force to have a 1 MPa load on the sample and collecting data for both the Pand S
probes, then releasing the force, then raising the force to 2 MPa and recording the next data set,
continuing up to 15 MPa for sample 1 and 18 MPa for sample 2. The additional load for sample
2 was necessary because of the reversal between 10 and 15 MPa. Although the steel plates help to
distribute the strain uniformly throughout the sample, we do not expect the strain to be uniform
throughout. We do expect it to be distributed similarly at different loads and among different samples.

Results
Velocities and amplitudes

As a precursor to the nonlinear wave mixing data, we first assessed changes in velocity, anisotropy, and
PUMP amplitude with applied load (Figure 2).
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Figure 1. (a) The experimental setup, including the coordinate system to be used later. Sample dimensions and physical
properties are given in Table 2. In all experiments, the PUMP source is connected to the function generator and amplifier. Solid
lines denote connections for P-probe experiments; dashed lines correspond to S-probe experiments; dotted lines correspond
to PUMP recording only. When we record the PUMP waveform to analyze it, we use the receiver setup indicated with the
dotted lines, otherwise, all signals are recorded on the corresponding probe receiver. The polarization directions are noted on
each receiver for convenience; the corresponding sources have the same polarizations. (b) Summary of experimental
protocols. The line style on the boxes (solid, dashed, or dotted) indicates the receiver setup, as described for (a)

We measured the travel times of four waves from which we obtained four velocities: v, (P-probe), v,
(S-probe), vy, (S-PUMP), and vy, (P-wave generated by S-PUMP transducer). We use a standard method
for these measurements (Yurikov et al., 2019), which is summarized in Section S.1 in the Supplementary
Material. In Figure 2a, all measured velocities increase as a function of applied load, except for a slight
decrease for sample 1 velocities at low loads.
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Table 2. Summary of experimental parameters
Transducer Driving Polarization Propagation Amp
Wave resonance frequency  Cycles direction direction (V) ~strain A (mm)
PUMP 100 kHz 90 kHz 4 y X 10 10°° 24
P-probe 1 MHz 1 MHz 1 y 0.1 1078 3.6
S-probe 1 MHz 1 MHz 1 z y 0.1 1078 2.2

Abbreviations: amp, amplitude (peak-to-peak voltage) of the input signal before going through the (50x) amplifier; 2, wavelength.
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Figure 2. Comparison of (a) velocity, (b) anisotropy, and (c) recorded PUMP amplitude with applied load. (a) All measured
velocities increase as a function of applied load, except for a slight decrease for sample 1 velocities at low loads. (b) Anisotropy is
most significant for P-waves in sample 1, as expected. All measures of anisotropy increase slightly and then plateau or decrease
at higher applied loads. Nevertheless, all are within the errors of the estimated velocities. (c) PUMP amplitude differences are
quite consistent on the same sample (with different probes), but evolve quite differently as a function of load between the two
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samples. Overall, the amplitude changes are 9-20% of the average PUMP amplitude. The legend in (b) also applies to (c).
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Nonlinear responses

For each sample and applied load, we performed two kinds of nonlinear wave-mixing experiments:
P-wave probe, and S-wave probe. Figure 3 shows measured travel time delays (in ns) as a function of the

transmission delay time (in us) between when the PUMP and probe waves were initiated.

Figure 3 shows two clear frequency components in the time delay versus transmission delay data
(as reported in similar experiment designs (Gallot et al., 2015; TenCate et al., 2016)). The first component
follows the total envelope of the PUMP wave pulse, while the second higher-frequency component

matches the period of the PUMP wave (90 kHz).

The component due to the PUMP envelope explains why there is a net rise in time delay with
transmission delay for only some PUMP/probe combinations (cf. Figure 3(a) and (b)). The probe senses
the increasing or decreasing part of the PUMP envelope depending on sample geometry and the relative
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Figure 3. Time delay versus transmission delay time data for different applied loads. (a) Sample 1 (vertical layers) with a

P-probe, (b) sample 1 with an S-probe, (c) sample 2 (horizontal layers) with a P-probe, and (d) sample 2 with an S-probe. Note

that, with the exception of the data in (d), the delay time decreases with applied load. (e) The maximum delay time as a
function of applied load. (f) The maximum of the 90 kHz signal component as a function of applied load.
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locations of the PUMP and probe transducers. Thus, (a) shows the onset of the PUMP/probe interaction,
whereas (b) shows the tail-end of the interaction as the PUMP pulse passes out of the interaction region in
the center of the sample. In this envelope part of the time delay versus transmission delay data, others
have found changes with sample orientation (TenCate et al, 2016). We discuss this orientation
dependence further in Section S.6 in the Supplementary Material.

For the second, higher-frequency (90 kHz) component, we filtered the travel time delay data
(Butterworth bandpass filter, corner frequencies 50 and 150 kHz), and then recorded the maximum.
However, there is no consistent trend in this 90 kHz component; previous work has also shown this
component to be independent of sample orientation (TenCate et al., 2016). What controls the signal at
90 kHz remains an open question.

In summary, the envelope of the travel time delays decreases as a function of applied load for all
experiments, except for the S-probe in sample 2.

Linking modulus to applied load

Since we measured traveltime (and thus modulus) change for many different transmission delays, we
reduced these data to a single number as a function of applied load. To do this, we extracted the maximum
traveltime delay (and thus change in modulus) for each applied load, and fit the resulting data sets to this
simple model (Figure 4). For sample 2 with the S-probe, there is no modulus change before 10 MPa; thus,
the fit includes only 10, 15, and 18 MPa. The characteristic load for each probe and sample type are shown
in the insets of Figure 4; these are consistent within our experimental errors. The values agree with those
recovered on sandstones (Riviere et al., 2016), but they are different from those recovered for meta-
morphic rocks (Simpson et al., 2021).
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Figure 4. Fits to the model in equation (1) for (a) sample 1 (vertical layers) with a P-probe, (b) sample 1 with an S-probe,
(c) sample 2 (horizontal layers) with a P-probe, and (d) sample 2 with an S-probe. For all cases, the characteristic load P,y
(insets) is the same within error.
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Conclusions

We present a data set showing the evolution of the nonlinear interaction of different wave types as a
function of applied uniaxial load. We find a characteristic load that is consistent with literature results for
other samples measured with different experimental configurations. We observe no dependence on layer
orientation in the response to load. Although we do observe dependence of the nonlinear response on the
direction of layering, we cannot exclude differences between samples as the cause of this difference. This
indicates that the controlling mechanism may not be cracks, but another structure aligned with the
layering.
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