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Abstract Forecasting the occurrence of natural
hazards, such as earthquakes or landslides, remain
very challenging. These hazards are often caused by
stress changes in the subsurface, therefore detecting
and monitoring these changes can help the prediction
and mitigation. Active ultrasonic transmission experi-
ments were performed on Red Pfaelzer sandstones to
investigate the monitoring and forecasting potential
of these measurements. The sandstone samples were
loaded until failure at different initial confining stress
conditions. The forecasting potential to failure of dif-
ferent analysis methods, such as coda wave interfer-
ometry or wave attenuation, is investigated and com-
pared. Our results show we can detect the forecast the
upcoming failure of the samples from 40 to 70% of its
failure point. Small differences between each analysis
method are visible, but the trend of the signal is lead-
ing and therefore a robust prediction of failure can be
made by combining analysis methods. In this paper,
we propose a traffic light forecasting system using the
precursory signals from ultrasonic monitoring. This
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system is applicable for monitoring failure at various
depths and or stress conditions, for a better predic-
tion of small stress-induced changes in the subsurface
and thus mitigation of failure (natural hazards) in the
subsurface.

Article highlights

e Multiple waveform characteristics are compared
for forecasting and monitoring potential of rock
failure at different confining pressures.

e The upcoming failure of the rock samples can be
forecasted from 40 to 70% of its failure point.

e A traffic light forecasting system using active
acoustic monitoring is proposed to monitor and
mitigate failure at various depths and or stress
conditions.

Keywords Coda-wave decorrelation - Micro-
fracture detection - Seismic attenuation - Rock failure

1 Introduction

Natural hazards, such as earthquakes or landslides,
can cause much damage. These events often result
from precursory stress changes in the medium or
along fault zones. Predicting the degree of these
stress changes, and as a result, the potential onset and
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exact location of failure or seismicity remain very
challenging.

A lot of monitoring is done passively, e.g. record-
ing seismic events after failure (Naderloo et al. 2023;
Geller 1997). Hence, developing a robust method that
can monitor these stress changes before failure is cru-
cial for a better prediction and thus mitigation of fail-
ure and seismicity in the subsurface. To monitor the
physical properties of the subsurface, remotely and
non-destructively, geophysical methods can be used.
Monitoring the seismic velocities provides insight
into mechanical (rigidity, density, etc.) evolution
(Schubnel et al. 2006). A number of geo-mechanical
properties influence the propagation of elastic waves
through a medium. Structural characteristics, includ-
ing, rock type, mineralogy, porosity, and fluid type,
but also environmental characteristics like effective
stress (Hall 2009; Zhubayev et al. 2016; Barnhoorn
et al. 2018; Sang et al. 2020), temperature (Snieder
et al. 2002), and degree of saturation (Gréet et al.
2006b) change the elastic moduli and thus influence
the wave propagation (Hall 2009). The stress changes
can be quantified by analyzing the change in acoustic
or seismic velocity (Xie et al. 2018; Sang et al. 2020).
Stress changes in the subsurface can cause micro-
crack formation (Cartwright-Taylor et al. 2022). This
crack damage can lead to a decrease in elastic wave
velocities (Barnhoorn et al. 2018; Sang et al. 2020),
shear wave splitting (Peacock et al. 1988; Crampin
and Chastin 2003), and in the development of ani-
sotropy (Schubnel et al. 2006; Zhubayev et al. 2016).
However, the sensitivity of seismic wave velocity to
stress changes in rocks is low (Nur 1971; Gréet et al.
2006b, a; Barnhoorn et al. 2018) and detection of
temporal variations is therefore difficult (Niu et al.
2003; Gréet et al. 2006a). By analyzing the direct
arrivals, dispersion envelope, the coda wave or atten-
uation (Q-factor), stress changes in the subsurface
can also be monitored (Snieder et al. 2006; Schubnel
et al. 2006; Gréet et al. 2006b; Hall 2009; Zhubayev
et al. 2016; Barnhoorn et al. 2018; Xie et al. 2018;
Sang et al. 2020; Liu et al. 2022).

The coda wave can be used to monitor small
changes in a medium, since it scatters throughout
the rock and samples a disturbed region more than a
direct wave (Snieder 2006). Therefore, small changes,
like micro-crack damage, which may be undetectable
in direct waves, are amplified by repeated sampling
and detected by the coda. Coda waves are used in
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many applications, such as monitoring of fault zones
(Poupinet et al. 1984; Niu et al. 2008; Chiarabba et al.
2020b), volcanoes (Gréet et al. 2005; Snieder et al.
2006), the integrity of concrete (Deroo et al. 2010;
Niederleithinger et al. 2018), temporal changes in the
subsurface and in-situ stress (Gréet et al. 2006b, a),
or to monitor velocity changes in laboratory experi-
ments (Hadziioannou et al. 2009; Zotz-Wilson et al.
2019; Sang et al. 2020; Liu et al. 2022) and to locate
these (Snieder and Vrijlandt 2005; Larose et al. 2010;
Rossetto et al. 2011; Planes et al. 2015).

So far, laboratory studies on investigating chang-
ing rock properties have been unconfined uni-axial
compressive strength experiments. Zotz-Wilson et al.
(2019) and Liu et al. (2022) showed the use of coda
wave interferometry to detect the yield point failure.
Sang et al. (2020) did similar work, but also inves-
tigated S-waves and concluded that these showed
higher sensitivity to structural changes in the rock
samples. Barnhoorn et al. (2018), and Zhubayev et al.
(2016) showed that attenuation factor Q can be used
to describe the start of fracture formation in similar
experiments. However, none of these studies have
combined the various analysis methods to investigate
the applicability of these properties under true sub-
surface conditions. In this study, we use S-waves to
monitor the structural changes within the evolving
medium in triaxial experiments to show both coda
wave interferometry and attenuation properties can
be used for monitoring and forecasting the failure of
rock samples in the laboratory. We propose a traffic
light forecasting system using the precursory signals
from ultrasonic monitoring to monitor rock failure at
various depths and or stress conditions and thus miti-
gation of failure (natural hazards) in the subsurface.

2 Methods
2.1 Experimental procedure

Shear wave propagation is influenced by changes
in density and elastic moduli caused by structural
changes due to deformation. We show different appli-
cations of ultrasonic transmission measurements to
monitor the structural changes within a Red Pfaelzer
sandstone sample. These sandstones are used as an
analog for Groningen reservoir rock and the proper-
ties of the individual sample are listed in Table 1. The
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Table 1 Summary of the Red Pfaelzer samples, confining
pressure P, porosity ¢, length L, diameter D, and Young’s
Modulus E, which is calculated from the stress—strain relation-
ship

Sample P,(MPa) ¢ (%) L(@mm) D (mm) E(GPa)
RF610 0 23.35 60.30 29.75 8.60
RF613 2.5 23.48 60.25 29.65 9.79
RF28 5 23.44  60.60 29.65 10.83
RF23 10 2494 61.70 29.65 12.44
RF68 20 23.82  61.65 29.65 15.94
RF614 20 2272 60.40 29.55 13.39
RF69 40 2220 60.35 29.70 13.74
RF615 40 23.25 60.55 29.75 13.44
ALref 10&20 0 60 30 75

All samples were water-saturated

porosity was determined to be between 22 and 25%,
using a gas expansion (Helium) pycnometer. The
samples have a fairly homogeneous composition of
89% quartz, 6% orthoclase (Eradus 2019) (Fig. 1h-k).
Used are cylindrical core samples with a diameter of
30 + 0.5 mm and 60 + 2 mm length, such that the
length/diameter ratio is 1:2. A total of 8 uni-axially

deformation experiments are performed at different
confining pressures ranging from 2.5 to 40 MPa and
one UCS experiment (or 0 MPa confining pressure)
(Fig. la—g). Simultaneously to the loading of the
rock, ultrasonic transmission measurements are done.
This combined setup enables us to measure the wave
properties under changing stress conditions.

The triaxial experiments were conducted using a
Hoek-cel (Fig. 2) which was placed in a homemade
uniaxial loading frame with a 500 kN loadcell. Con-
fining pressure was maintained using an ISCO pump
model 100DM. The experiments are performed on
vacuum-saturated samples at room temperature. First,
the samples are hydrostatically brought up to the con-
fining pressure in steps of 1 MPa. After reaching the
desired confining pressure, it is then set constant for
the entire experiment. The samples are deformed at a
constant strain rate of 0.005 s~!. The shortening of the
sample is recorded with two Solartron AX/1/S linear
variable displacement transducers (LVDT’s) and is
corrected for machine deformation. The axial stress

was measured using a load cell positioned above the
sample (Fig. 2).

Fig. 1 Pictures of the fractured rock samples in a—g, from
left to right fractured with 0—40 MPa confining pressure. In a
sample RF610, b sample RF613, ¢ RF28, d RF23, e RF14, f
sample RF68, g sample RF69. CT images of sample RF614 in
h-k made by CoreTOM microCT scanner in h a volume rep-

resentation of the sample with a resolution of 73.7 pm and in i
YZ slice with a resolution of 73.7 um. j, k show a higher reso-
lution zoom on the fracture and the grains in the sample with a
resolution of 12.2 pm. In j a YZ slice, and in k a XY slice

@ Springer
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Fig. 2 Schematic illustra-

tion of instrumented Hoek Load Cell

cell with S-wave transduc-

ers integrated into the S-wave

pistons .(not to scale). The transducer used

shortening of the sample

was recorded with two as source

linear variable displace- )

ment transducers (LVDT’s), Top piston

which record the total

(vertical) movement of the Sleeve to

loading plate. The axial separate

stress was measured using a . il

load cell CORTLIIIES 0L
and sample
Sample
Inlet confining
oil controlled by

isco-pump

Oil reservoir
for confining
pressure around
the sample

Bottom piston

S-wave
transducer used
as receiver

The ultrasonic transmission measurements are per-
formed using two S-wave transducers, with a peak
operating frequency of 1 MHz. An Agilent 33210A
waveform generator generated the waveforms which
were amplified by an RF Power amplifier, sent and
received using Olympus 1 MHz/.5” v153 transduc-
ers, and finally recorded using a Yokogawa DL9240L
oscilloscope. The two axial transducers are integrated
into the pistons in the loading system with a source

@ Springer

at the top and receiver at the bottom, such that the
polarization of the shear source and receiver trans-
ducers was always aligned. The ultrasonic transmis-
sion signals are recorded every 10 s for 100 ps and
are a stack of 256 (S-) waves to increase the signal-
to-noise ratio. The ultrasonic transmission monitoring
started immediately after starting the deformation and
continued during the whole duration of the deforma-
tion experiment.
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Fig. 3 Showing recorded transmission wavelets. A showing
the arrival times of P-wave (tp), S-wave (t), and the start of
the coda (¢,,,,). The range used for the energy calculation is
indicated for the energy of the total- and coda wave as well as
the maximum amplitude for the transmissivity. B shows a part

of the coda of three wavelets. Where u, is the to-be correlated

wavefield and is lagging behind the reference wavefield by N =
2and N =10

2.2 Data analysis

To monitor the onset and development of fracturing
within the rock the coda wave and the attenuation
of the recorded waves are investigated. The coda
wave is used to monitor the change in scattering
properties, while the Q-factor, energy, and trans-
missivity are all a proxy of attenuation. Coda Wave
Interferometry (CWI) is used to monitor the veloc-
ity change between two recorded waves. Comparing
the consecutive wavefields is done with a cross-cor-
relation (CC) (Fig. 3), for a time window of width
2t,, and centered around time f,, and reaches its
maximum if the travel time perturbation ¢ across
all possible perturbed paths P is 6t = f,. Assuming
the time shift is constant in the considered time
window, the relative velocity change (dv/v) can be
written as 6v/v = —6t/t.

In addition to the velocity change, the decor-
relation coefficient is determined to investigate the
changes in material scattering (Planes et al. 2014,
2015). The method of Coda Wave Decorrelation
(CWD) introduced by Larose et al. (2010) is based
on the theory of Snieder (2006). The decorrelation

coefficient K between the perturbed (u,) and unper-
turbed wavefield (u,), also described in Zotz-Wilson
et al. (2019), is formulated as

fett,

Lt
i+, o ’
(Dt /, upj(l)dt

N
(H

To monitor the changing medium, a moving reference
wavefield u(p,_N)(t) is used, where N is the number of
J

u,,/_N(t)upi(t +t,)dt

K(t)=1-CC(t)=1-

measurements the reference wavefield is lagging
behind the to-be correlated wavefield up/_(t) (Fig. 3B).
While the coda waves seem random due to the com-
plex paths they take through the medium, the changes
they are subjected to are strongly related to the posi-
tion and strength of the changes in the medium (Pla-
nes et al. 2014). K is related to the changes in mate-
rial scattering due to the addition of scatterers (Planes
et al. 2014, 2015), such as the addition or removal of
fractures. The scattering in a medium along the trans-
port mean free path [ can be described using the
cross-sectional area of a single scatterer o and the
density of scatterers p (Planes et al. 2014). The total
scattering coefficient as described by Aki and Chouet
(1975) is given by g, = po = [~!. Following the the-
ory in Aki and Chouet (1975), we can rewrite the
coda decorrelation in terms of the scattering coeffi-
cient (g,) between a perturbed (p) and unperturbed
(1) medium (Zotz-Wilson 2020).

V,
K(r) = 1lAgy | 2)

where K(f) is the theoretical decorrelation coef-
ficient, ¢ the time in the coda and v, the velocity in
the medium. Using a shifting reference, the changes
in the absolute value of |g,| are monitored as a rate
of change (Zotz-Wilson 2020). In these deformation
experiments, the change in scattering is mostly attrib-
uted to the closure or formation and growth of micro-
fractures. Closure of pre-existing pore space (such
as micro-fractures) and compaction of the medium
cause a reduction in the scattering cross-sectional
area and thus a reduction in K. During compaction
and closure of pre-existing pore space, the attenuation
is expected to decrease, and energy and transmissivity
to increase. The formation of micro-fractures, leading
to failure, results in an increase in the total scattering
cross-section ¢ and the number density of scatterers

@ Springer
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«Fig. 4 The stress—strain, and seismic parameters during defor-
mation experiment for all confining pressures. A showing the
stress—strain relations. B showing the evolution of the attenu-
ation 1/Q during deformation. C, D show the evolution of the
decorrelation coefficient K for the lower and higher confining
pressures. E shows the cumulative velocity change [dv/v]g,,.
F shows the evolution of the transmissivity T, normalized to
the maximum of each experiment for better comparison. G, H
show the energy of the full wave E; and energy of the coda E.,
respectively. The values of each are normalized to their max
for better comparison

p, both contributing to an increase of the total scatter-
ing coefficient.

The formation and growth of micro-fractures
increase the attenuation and cause the waves to lose
energy and increased arrival time. The ultrasonic atten-
uation is determined using the laboratory method by
Toksoz et al. (1979) also described in Zhubayev et al.
(2016) and Barnhoorn et al. (2018) by comparing the
rock sample to an aluminium reference. Assuming a
constant Q, the spectral ratio is written as

A G,
lnA—2 =(p,—P)xf +1n G—Z, 3)
where A, is the Fourier amplitude, fis the frequency,
x is the propagation distance and G; is a scaling factor
for spherical spreading independent of frequency. i =
1 refers to the aluminium reference and 2 to the rock
sample. f; is related to the quality factor by
T

0. =57 4)

where V is the P- or S- velocity. f, is very small com-
pared to f,, due to the very low attenuation of the alu-
minium and is henceforth ignored. The energy of
waves can be a good method for crack monitoring
(Michaels et al. 2005; Mi et al. 2006) and is approxi-
mated as E(c) = /t:‘ u*(t;0)dt, where u(t;0)is the
recorded waveform (Michaels et al. 2005; Mi et al.
2006; Sagar 2009; Khazaei et al. 2015). The transmit-
ted wave amplitudes are defined as T = |A,,,, | (Shree-
dharan et al. 2021), which is the maximum amplitude
of the recorded S-wave (Fig. 3A).

3 Results

The deformation of rock samples in the laboratory
is commonly characterized into 5 stages: crack clo-
sure, the elastic stage, stable crack growth, unstable
cracking, and rock failure (Bieniawski 1967; Eber-
hardt et al. 1999; Zhou et al. 2018). The stress—strain
curves obtained by triaxial testing at the defined
confining pressures (Fig. 4A) show a non-linear
increase at low stresses caused by the initial set-
ting of the machine, elastic compaction of the rock,
and closure of existing pore space e.g. the closure
of micro-cracks pre-existing in the sample (Walsh
1965; Bieniawski 1967; Eberhardt et al. 1999; Zhou
et al. 2018). This is followed by an elastic (revers-
ible) deformation stage, where a linear stiffening of
the rock matrix is expected, visible as a linear gradi-
ent in the stress—strain curves. After the elastic stage,
the stress—strain curve shows non-linear behaviour,
indicating the formation of the first micro-fractures
(Barnhoorn et al. 2010). The crack formation contin-
ues until the stresses drop drastically, indicating the
failure of the sample. Increasing the confining pres-
sure leads to an expected increase in the maximum
strength and Young’s modulus of the sample.

During the deformation of the sample, ultrasonic
transmission measurements were performed (Fig. 5).
Coda wave decorrelation (CWD) was used to moni-
tor structural and velocity changes in the medium,
following the results of Zotz-Wilson et al. (2019).
K shows an average of 10 independent correlation
windows, with the first starting at twice the S-arrival
time (t,,,, = 2 * tg) (Fehler et al. 1992; Pujades et al.
1997), in total the coda windows span 0.84 ms. Using
a shifting reference, the decorrelation coefficient K
is a measure of change in the absolute value of |g|,
therefore, a decreasing trend indicates a reduction in
the scattering of the waveform compared to its previ-
ous. A reduction is visible at the start of the experi-
ments for each tested confining pressure (Fig. 4C,
D). This reduction is followed by a plateau of limited
change in K, with thereafter an increase indicating
an increasing scattering coefficient, during the defor-
mation stage of formation and growth of (micro-)
fractures.

@ Springer
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Fig. 5 First 0.25 ms of all the recorded S-waves during the uni-axial 10 MPa confining pressure compression experiment. The wave-

forms are recorded every 10 s and are a stack of 256 S-waves

Additionally to K, the velocity change during the
experiment was determined using coda wave interfer-
ometry (CWI). The CWI, using a shifting reference,
gives the rate of change in velocity, by cumulative
summation of the average relative velocity change,
the velocity change during the experiment is obtained
(Fig. 4E). This shows a parabolic trend indicating the
compaction and formation and growth of (micro-)
fractures during the experiments. Similar parabolic
trends can be seen in the energy and transmissivity
data (Fig. 4F-H), where the initial increase can be
explained by the compaction of the rock matrix and
the following decrease by the formation of micro-
fractures (Shah and Hirose 2010; Zotz-Wilson et al.
2019; Zotz-Wilson 2020). Additional to the energy
and transmissivity, the evolution of the ultrasonic
attenuation (Fig. 4B) and frequency content of the
waveforms provide insight into the deformation of the
sandstones.

The energy of waves can be attenuated by fractures
in the rock sample. Changes in the ultrasonic trans-
mission waveforms are detected when the attenua-
tion effects due to fracture formation are larger than
the compaction and shortening effects due to load-
ing. During loading, the samples are subjected to a
constant strain rate. This results in shortening and
compaction and causes a shorter direct travel path, as
well as a faster path, due to increased velocity, for the
transmitted waves. Together with the closure of pre-
existing pore-space in the rock matrix these result in an
increase in energy, transmissivity, and relative velocity
(Fig. 4E-H). The fractures induced by this continued
deformation reverse this effect, decreasing the veloc-
ity of the matrix and increasing attenuation causing the
waves to lose energy and arrive at an increased arrival

@ Springer

time. The competition between these factors results in
the parabolic trends of transmissivity, velocity change,
and energy. The peak of these parabolas, the change
from an increasing to decreasing trend, is around the
point the gradient of the stress—strain curve changes to
non-linearity and shows the first indication of (micro-)
fracture formation and growth. Within these parabolic
trends, a more complex pattern in the S-wave ampli-
tudes emerges around the peak stress, for the lower con-
fining pressures. This pattern is also visible in the evo-
Iution of the Q-factor (attenuation) (Fig. 4B), which is
inversely related to the energy and transmissivity of the
S-waves. The frequency content of the recorded wave
changed during the experiment(Fig. 7D, I). The nor-
malized amplitude spectra of the frequency show a shift
towards the lower frequencies, due to the increased
presence of micro-fractures. Upon failure the high fre-
quencies are mostly attenuated and the lower persevere.

4 Discussion
4.1 Ultrasonic monitoring and forecasting failure

The first sign of permanent deformation, namely the
formation of (micro-) fractures resulting ultimately
in the failure of the sample, is the change to non-
linearity in the gradient of the stress—strain relation.
However, this stress—strain relation is impossible to
determine in-situ (i.e. landslides, earthquakes, etc.).
To detect deformation without stress and/or strain
measurements, we focused on the change in seismic
response throughout deformation, using the advan-
tage that active source methods do not rely on acous-
tic emission to detect any deformation, and thus can
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ure of the sample

be used to monitor both aseismic and seismic defor-
mation. The attenuation and scattering properties of
the waves change due to the formation and growth of
the (micro-) fractures in the samples.

Precursors to failure were determined from these
waveform attributes. The evolution of the energy E,
relative velocity change dv/v, and transmissivity T
show a clear change in slope as the fractures formed
are detected (Fig. 4E-H). The decorrelation coeffi-
cient K shows an increase in scattering when the frac-
tures are formed and detected by the coda (Fig. 4C,
D). Therefore, the minimum before this increasing
trend in the K, and the peaks of E, dv/v, and T are
used as the earliest precursor to the imminent failure
of the sample. The occurrence of these precursors is
plotted relative to the failure of the sample, where at
100% failure occurs according to the stress—strain rela-
tion (Fig. 6). For the uniaxial compressive strength
(UCS) experiments, the precursors obtained from
coda wave decorrelation (CWD) are significantly ear-
lier than the precursors based on attenuation proper-
ties. They range from 65 to 72% for K and dv/v and
between 84 and 88% for the attenuation parameters
E, dv/v, and T. This changes with increasing confin-
ing pressure, where the precursors based on attenua-
tion are generally earlier. Which of the precursors to
failure is the first varies and comes as early as 40%
of failure for 40 MPa confining pressure. At higher

confining pressures, the precursors are relatively ear-
lier but also show a bigger spread.

To forecast the upcoming failure of the sample, we
deployed a traffic light warning system (TLS) based
on the interpretation of the processed waveform data
and the occurrence of the precursors (Fig. 7).

1. According to our traffic light, it is green or safe
when our sample is far from its failure. The clo-
sure of pre-existing pore space, stiffening, and
compaction of the rock is indicated by a decrease
in scattering K, and an increase in the E, T, and
[AV/V]gm-

2. The orange stage can be classified as a stage of
higher alert in which failure of the sample is
expected, and be used to forecast the upcoming
failure. This stage starts at the first occurrence of
precursors of the waveform attributes. In Fig. 7,
E, dv/v, and T change to a decreasing trend indi-
cating the attenuation effect due to newly formed
(micro-) fractures is stronger than the continued
compaction and shortening of the sample. This
is at around 50% of the final failure point of the
sample (Fig. 6).

3. The last stage represents that failure is immi-
nent. The warning stage starts when K shows an
increase in scattering, giving a clear indication
(micro-) fractures are formed. A clear indication
of fracture formation and thus upcoming fail-
ure is present when the energies, transmissivity,
and relative velocity change show a decreasing
trend and the decorrelation coefficient starts to
increase. Additionally, the frequency content of
the recorded wave shifts towards the lower fre-
quencies as the higher frequencies are attenuated,
due to the increased formation and growth of
(micro-) fractures.

From experiment to experiment, the first precur-
sor varies (Fig. 6), but for monitoring and forecast-
ing purposes, not one precursory signal is superior
over the other. By combining the various analy-
sis techniques on a single wavelet, the impact of
the sensitivity of a single parameter is limited and
a more robust TLS forecast can be made. Even
though precursory signals vary for confining pres-
sure, the results show that the trend in the processed
data of the S-waves is very similar for all tested
confining pressures. It is, therefore, suggested that
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the three stages of the traffic light warning system (TLS)
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these techniques could be deployed for monitoring
the failure of rocks, at any depth or pressure condi-
tion. Monitoring is possible at any arbitrary point in
time or stress condition, using a shifting reference,
and by using the traffic light system, the frequency
of measurements can be increased near failure to
obtain an even more accurate forecast.

The precursors we showed in this paper, could be
used to forecast at approximately 70% of the failure
point. In a laboratory setting, this might be seconds
or minutes, at the field scale, this could be hours,
days or longer, which can provide time for mitiga-
tion measures. The application and scalability of
ultrasonic monitoring from laboratory to field scale
will have to be researched. However, research has
shown precursory signals could be measured at a
field scale. Niu et al. (2008), showed stress-induced
changes in crack properties during co-seismic slip
using active source cross-well experiment at the San
Andreas Fault or Chiarabba et al. (2020a), showed a
local P-wave velocity reduction near the hypocentre
for a few weeks before the mainshock using seismic
tomography at the fault zone which participated in
the 2016 M6.5 Norcia earthquake, Italy.

4.2 Effect of pressure

The competition between the attenuation and scatter-
ing effect of fracture formation and compaction and
shortening of the sample results in a clear precursory
signal for all tested confining pressures. The differ-
ence between confining pressures tested, for our pur-
pose of monitoring and forecasting failure, is of lesser
importance but gives us some more insight into the
process of deformation and sensitivity of the used
S-waves in the detection of micro-fractures.

4.2.1 Deformation rate

The experiments are all performed with a loading
rate of 0.005 s~!, at high confining pressure, larger
stresses are needed to achieve failure of the sample.
As a result, these rock samples have a lengthier elas-
tic stage and a slower fracture formation. Due to the
(relative) slower deformation at high pressure, rela-
tively more waveforms are recorded per deformation
stage. Consequently, less change in the scattering in
the medium from waveform to reference waveform is
detected.

This also implies that, at higher confining pres-
sures, the deformation is better monitored than at
low confining pressures, as a constant sampling rate
of 10 s was used. Therefore, the deformation at 40
MPa confining pressure was sampled best. During
the deformation, K shows several sharp peaks show-
ing rapid, but short changes in the sample (Fig. 4D).
From the nature of the shifting reference, these peaks
can be interpreted as the change from the signal
before. Crack formation increases the amount of scat-
tering, thus K. If, at the sampling time, no new crack
is formed, no additional scattering is created, thus
K goes down again. Hence, we interpret these peaks
at the start of the experiment as the sharp closure of
larger or a couple of pre-existing fractures present in
the rock sample. During a later stage of deformation,
these peaks indicate the formation of micro-cracks,
large enough to be sampled by the ultrasonic waves
and frequency used. When deformation is fast, crack
formation follows each other in quick succession,
resulting in an increase in scattering and K, without
individual crack formation visible. This implies that
for slow deformation and a high sampling rate, the
separate crack formation can be monitored, contin-
gent on wave sensitivity.

This relative deformation speed is also clearly vis-
ible in the velocity change during deformation, when
plotted cumulative to represent the absolute velocity
change the graphs differ from pressure to pressure,
however when we plot the derivative, the rate of the
velocity change decreases with confining pressure,
showing a slower rate of deformation at higher pres-
sure (Fig. 8).

4.2.2 Deformation around peak strength

The difference in deformation due to confining pres-
sure is also visible in the maxima of the waveform
attributes (Fig. 9), At higher pressures fractures form
with small or closed apertures causing less additional
scattering and attenuation opposed to open tensile
fractures. The maximum value of K obtained during
the failure of the sample shows a decreasing trend
with increasing pressure. Opposite, the maximum
energy and transmissivity measured increase with
confining pressure. The source wavelet for all experi-
ments remained constant, due to increased compac-
tion more of the initial wave energy is preserved at
higher initial confining stresses. A reduced scattering
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Fig. 9 The maximum value recorded for each precursor.
Showing decreasing trend with pressure in decorrelation coef-
ficient K, and an increasing trend in the energy of the full wave
E; and coda wave E, and transmissivity T

effect of the shear compared to tensile fractures
results in decreasing values of K. This implies that
tensile fractures or fractures with a bigger aperture
are better detected, due to the higher scattering nature
of the tensile fracture.

Near the failure point of the stressed rock sam-
ples, the formed micro-fractures start to connect and
form larger-scale shear fractures. At lower confining

@ Springer

pressures, a more complex pattern in the transmis-
sivity emerges around the peak stress (Fig. 4B, F-H).
The attenuation (Q-factor), energy, and transmissivity
for the lower confining pressures oscillate. We sug-
gest this oscillating behaviour observed in our data,
is the detection of the connecting shear fractures near
failure. The transmissivity and energy increase due to
the continued shortening and compaction of the sam-
ple. The moment the fractures are formed and con-
nected into larger ones, the attenuation increases, and
the energies and transmissivity drop. While the sam-
ple is not failing yet and is still shortened and com-
pacted, the formed fractures (partially) close and the
attenuation decreases until the next local failure forms
the next larger fracture, resulting in the observed
oscillations. This oscillation is only visible when the
sample shows less brittle behaviour, when the sample
collapses at or very close to peak strength this oscilla-
tion is not observed suggesting all the micro-fractures
connect rapidly in one large shear fracture. At higher
confining pressure the potential to form fractures with
aperture is very small, therefore we state that this
oscillation is not present due to the lack of sensitivity
of the waves and less brittle behaviour of the samples
at higher pressures.

5 Conclusion

In projects such as underground storage of gas or
CO, or geothermal energy, especially near densely
populated areas, there is an increased need for robust
monitoring system for a safe use of the subsurface.
Our experimental results demonstrate the monitoring
potential of active seismic measurements and offer a
traffic light system to safely manage the subsurface.
Ultrasonic experiments have been conducted on
Red Pfaelzer sandstones (analog to the Groningen
reservoir rock) to investigate the potential of shear
wave transmission measurements in monitoring the
upcoming failure. Ultrasonic monitoring can monitor
the changes in the subsurface, while passive acous-
tic emission methods could be late in detecting the
upcoming failure. Our results show the failure of the
tested samples can be forecasted from 40 to 70% of
the failure point. A robust prediction can be made by
combining the various analysis techniques, without
having to do multiple measurements. Which precur-
sor to failure first varies, and comes as early as 40% of
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failure at high pressure, but for forecasting purposes,
not one precursory signal is superior over the other.

In this study, the stress—strain relations were availa-
ble, therefore the small details in the waveforms could
be explained by relating the signals to the deforma-
tion stages of the stress—strain relation. The precur-
sors show small differences between tested confining
pressures, but as the trends are very similar, we argue
that the proposed traffic light monitoring system is
applicable for forecasting failure at various depths
and or stress conditions. Monitoring can be started at
any arbitrary point in time or stress condition using
a shifting reference. For field measurements, addi-
tional research and feasibility studies will have to
be performed, but the shown monitoring methods in
this paper can be applicable in field situations when
stress—strain measurements are not possible. Contrib-
uting to a robust monitoring technique that can detect
small stress-induced changes in the subsurface and
use these for a better prediction and thus mitigation of
failure (and seismicity) in the subsurface.

Acknowledgements We would like to thank the laboratory
support staff at TUDelft, specifically Marc Friebel and Karel
Heller for their guidance in the lab.

Author contributions AV: Conceptualization, methodology,
experiments, visualization, writing original draft, and editing;
MN: methodology, writing: review and editing, experiments;
AB: conceptualization, supervision, grant acquiring, writing:
review and editing.

Funding This research was funded by NWO Science domain
(NWO-ENW), Project DEEP.NL.2018.048.

Data availability The laboratory facilities at TU Delft were
used to perform the experiments and record the data (load-
ing data and waveforms) used in this publication. This data is
accessible at the 4TU.ResearchData repository under a CC BY
4.0 licence. https://doi.org/10.4121/21557910 (Veltmeijer et al.
2023).

Declarations

Conflict of interest The authors declare no conflict of inter-
est.

Ethics approval Not applicable.

Consent for publication All authors have seen the manu-
script and approved to submit to the journal.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

Aki K, Chouet B (1975) Origin of coda waves: source, attenu-
ation, and scattering effects. J Geophys Res 80(23):3322—
3342. https://doi.org/10.1029/jb080i023p03322

Barnhoorn A, Cox SF, Robinson DJ, Senden T (2010) Stress-
and fluid-driven failure during fracture array growth:
implications for coupled deformation and fluid flow in the
crust. Geology 38(9):779-782. https://doi.org/10.1130/
G31010.1

Barnhoorn A, Verheij J, Frehner M, Zhubayev A, Houben M
(2018) Experimental identification of the transition from
elasticity to inelasticity from ultrasonic attenuation analy-
ses. Geophysics 83(4):MR221-MR229. https://doi.org/10.
1190/ge02017-0534.1

Bieniawski ZT (1967) Mechanism of brittle fracture of rock.
Part I-theory of the fracture process. Int ] Rock Mech Min
Sci. https://doi.org/10.1016/0148-9062(67)90030-7

Cartwright-Taylor A, Mangriotis MD, Main IG, Butler IB, Fus-
seis F, Ling M, Magdysyuk OV (2022) Seismic events
miss important kinematically governed grain scale mecha-
nisms during shear failure of porous rock. Nat Commun.
https://doi.org/10.1038/s41467-022-33855-z

Chiarabba C, De Gori P, Segou M, Cattaneo M (2020) Seis-
mic velocity precursors to the 2016 Mw 6.5 Norcia (Italy)
earthquake. Geology 48(9):924-928. https://doi.org/10.
1130/G47048.1

Chiarabba C, De Gori P, Segou M, Cattaneo M (2020) Seis-
mic velocity precursors to the 2016 Mw 6.5 Norcia (Italy)
earthquake. Geology 48(9):924-928. https://doi.org/10.
1130/G47048.1

Crampin S, Chastin S (2003) A review of shear wave splitting
in the crack-critical crust. Geophys J Int 155(1):221-240.
https://doi.org/10.1046/j.1365-246X.2003.02037.x

Deroo F, Kim J-Y, Qu J, Sabra K, Jacobs LJ (2010) Detection
of damage in concrete using diffuse ultrasound. J Acoust
Soc Am 127(6):3315-3318. https://doi.org/10.1121/1.
3409480

Eberhardt E, Stead D, Stimpson B (1999) Quantifying pro-
gressive pre-peak brittle fracture damage in rock

@ Springer


https://doi.org/10.4121/21557910
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1029/jb080i023p03322
https://doi.org/10.1130/G31010.1
https://doi.org/10.1130/G31010.1
https://doi.org/10.1190/geo2017-0534.1
https://doi.org/10.1190/geo2017-0534.1
https://doi.org/10.1016/0148-9062(67)90030-7
https://doi.org/10.1038/s41467-022-33855-z
https://doi.org/10.1130/G47048.1
https://doi.org/10.1130/G47048.1
https://doi.org/10.1130/G47048.1
https://doi.org/10.1130/G47048.1
https://doi.org/10.1046/j.1365-246X.2003.02037.x
https://doi.org/10.1121/1.3409480
https://doi.org/10.1121/1.3409480

93 Page 14 of 15

Geomech. Geophys. Geo-energ. Geo-resour.

(2024) 10:93

during uniaxial compression. Int J Rock Mech Min Sci
36(3):361-380.  https://doi.org/10.1016/S0148-9062(99)
00019-4

Eradus D (2019) Petrographical description and petrophysical
measurements on the Red Felser sandstone (B.Sc. Thesis).
Delft University of Technology

Fehler M, Hoshiba M, Sato H, Obara K (1992) Separation of
scattering and intrinsic attenuation for the Kanto-Tokai
region, Japan, using measurements of S-wave energy ver-
sus hypocentral distance. Geophys J Int 108(3):787-800.
https://doi.org/10.1111/j.1365-246X.1992.tb03470.x

Gréet A, Snieder R, Aster RC, Kyle PR (2005) Monitoring
rapid temporal change in a volcano with coda wave inter-
ferometry. Geophys Res Lett 32(6):1-4. https://doi.org/10.
1029/2004GL021143

Geller RJ (1997) Earthquake prediction: a critical review. Geo-
phys J Int 131(3):425-450. https://doi.org/10.1111/j.1365-
246x.1997.tb06588.x

Gréet A, Snieder R, 6zbay U (2006) Monitoring in situ stress
changes in a mining environment with coda wave interfer-
ometry. Geophys J Int 167(2):504-508. https://doi.org/10.
1111/5.1365-246X.2006.03097.x

Gréet A, Snieder R, Scales J (2006) Time-lapse monitoring of
rock properties with coda wave interferometry. J Geophys
Res Solid Earth 111(3):1-11. https://doi.org/10.1029/
2004JB003354

Hadziioannou C, Larose E, Coutant O, Roux P, Campillo M
(2009) Stability of monitoring weak changes in multiply
scattering media with ambient noise correlation: labora-
tory experiments. J Acoust Soc Am 125(6):3688-3695.
https://doi.org/10.1121/1.3125345. arXiv:0904.3384

Hall SA (2009) When geophysics met geomechanics: imaging
of geomechanical properties and processes using elastic
waves. In: Kolymbas, D., Viggiani, G. (eds.) Chapter VIII.
Springer

Khazaei C, Hazzard J, Chalaturnyk R (2015) Damage quanti-
fication of intact rocks using acoustic emission energies
recorded during uniaxial compression test and discrete
element modeling. Comput Geotech 67:94-102. https://
doi.org/10.1016/j.compgeo.2015.02.012

Larose E, Planes T, Rossetto V, Margerin L (2010) Locating a
small change in a multiple scattering environment. Appl
Phys Lett 96(20):1-4. https://doi.org/10.1063/1.3431269

Liu S, Ma B, Ma Z, Sun J, Wang Q, Liu K (2021) Evaluation of
the compressional damage evolution of ancient fired clay
bricks using coda wave analysis. J Build Eng 49:104071.
https://doi.org/10.1016/j.jobe.2022.104071

Mi B, Michaels JE, Michaels TE (2006) An ultrasonic method
for dynamic monitoring of fatigue crack initiation and
growth. J Acoust Soc Am 119(1):74-85. https://doi.org/
10.1121/1.2139647

Michaels JE, Michaels TE, Mi B, Cobb AC, Stobbe DM
(2005) Selfcalibrating ultrasonic methods for in-situ
monitoring of fatigue crack progression. AIP Conf Proc
760(2005):1765-1772. https://doi.org/10.1063/1.1916884

Naderloo M, Veltmeijer A, Jansen JD, Barnhoorn A (2023)
Laboratory study on the effect of stress cycling pattern
and rate on seismicity evolution. Geomech Geophys Geo-
Energy Geo-Resour 9(1):1-18. https://doi.org/10.1007/
s40948-023-00678-1

@ Springer

Niederleithinger E, Wang X, Herbrand M, Miiller M (2018)
Processing ultrasonic data by coda wave interferometry to
monitor load tests of concrete beams. Sensors (Switzer-
land). https://doi.org/10.3390/s18061971

Niu F, Silver PG, Nadeau RM, McEvilly TV (2003) Migra-
tion of seismic scatterers associated with the 1993 Park-
field aseismic transient event. Nature 426(6966):544—-548.
https://doi.org/10.1038/nature02151

Niu F, Silver PG, Daley TM, Cheng X, Majer EL (2008) Pre-
seismic velocity changes observed from active source
monitoring at the Parkfield SAFOD drill site. Nature
454(7201):204-208. https://doi.org/10.1038/nature07111

Nur A (1971) Effects of stress on velocity anisotropy in rocks
with cracks. J Geophys Res 76(8):2022-2034. https://doi.
org/10.1029/jb076i008p02022

Peacock S, Crampin S, Booth DC, Fletcher JB (1988) Shear
wave splitting in the Anza Seismic Gap, southern Califor-
nia: temporal Variations as possible precursors. J Geophys
Res Solid Earth 93(B4):3339-3356. https://doi.org/10.
1029/JB093iB04p03339

Planes T, Larose E, Margerin L, Rossetto V, Sens-Schonfelder
C (2014) Decorrelation and phase-shift of coda waves
induced by local changes: multiple scattering approach
and numerical validation. Waves Random Complex Media
24(2):99-125.  https://doi.org/10.1080/17455030.2014.
880821

Planes T, Larose E, Rossetto V, Margerin L (2015) Imaging
multiple local changes in heterogeneous media with dif-
fuse waves. J Acoust Soc Am 137(2):660-667. https://doi.
org/10.1121/1.4906824

Poupinet G, Ellsworth WL, Frechet J (1984) Monitoring veloc-
ity variations in the crust using earthquake doublets: an
application to the Calaveras fault, California ( USA). J
Geophys Res 89(B7):5719-5731. https://doi.org/10.1029/
JB089iB0O7p05719

Pujades L, Ugalde A, Canas JA, Navarro M, Badal FJ, Cor-
chete V (1997) Intrinsic and scattering attenuation from
observed seismic codas in the Almeria Basin (south-
eastern Iberian Peninsula). Geophys J Int 129:281-291.
https://doi.org/10.1016/j.pepi.2004.02.004

Rossetto V, Margerin L, Planes T, Larose E (2011) Locating
a weak change using diffuse waves: theoretical approach
and inversion procedure. J Appl Phys 10(1063/1):3544503

Sagar RV (2009) An experimental study on acoustic emission
energy and fracture energy of concrete. In: Proceedings
of the national seminar and exhibition on non-destructive
evaluation, pp 225-228

Sang G, Liu S, Elsworth D (2020) Quantifying fatigue-damage
and failure-precursors using ultrasonic coda wave interfer-
ometry. Int J Rock Mech Min Sci 131(February):104366.
https://doi.org/10.1016/j.ijrmms.2020.104366

Schubnel A, Benson PM, Thompson BD, Hazzard JF, Paul
Young R (2006) Quantifying damage, saturation and ani-
sotropy in cracked rocks by inverting elastic wave veloci-
ties. Pure Appl Geophys 163:947-973. https://doi.org/10.
1007/s00024-006-0061-y

Shah AA, Hirose S (2010) Nonlinear ultrasonic investigation of
concrete damaged under uniaxial compression step load-
ing. J Mater Civ Eng 22(5):476-484. https://doi.org/10.
1061/(asce)mt.1943-5533.0000050


https://doi.org/10.1016/S0148-9062(99)00019-4
https://doi.org/10.1016/S0148-9062(99)00019-4
https://doi.org/10.1111/j.1365-246X.1992.tb03470.x
https://doi.org/10.1029/2004GL021143
https://doi.org/10.1029/2004GL021143
https://doi.org/10.1111/j.1365-246x.1997.tb06588.x
https://doi.org/10.1111/j.1365-246x.1997.tb06588.x
https://doi.org/10.1111/j.1365-246X.2006.03097.x
https://doi.org/10.1111/j.1365-246X.2006.03097.x
https://doi.org/10.1029/2004JB003354
https://doi.org/10.1029/2004JB003354
https://doi.org/10.1121/1.3125345
http://arxiv.org/abs/0904.3384
https://doi.org/10.1016/j.compgeo.2015.02.012
https://doi.org/10.1016/j.compgeo.2015.02.012
https://doi.org/10.1063/1.3431269
https://doi.org/10.1016/j.jobe.2022.104071
https://doi.org/10.1121/1.2139647
https://doi.org/10.1121/1.2139647
https://doi.org/10.1063/1.1916884
https://doi.org/10.1007/s40948-023-00678-1
https://doi.org/10.1007/s40948-023-00678-1
https://doi.org/10.3390/s18061971
https://doi.org/10.1038/nature02151
https://doi.org/10.1038/nature07111
https://doi.org/10.1029/jb076i008p02022
https://doi.org/10.1029/jb076i008p02022
https://doi.org/10.1029/JB093iB04p03339
https://doi.org/10.1029/JB093iB04p03339
https://doi.org/10.1080/17455030.2014.880821
https://doi.org/10.1080/17455030.2014.880821
https://doi.org/10.1121/1.4906824
https://doi.org/10.1121/1.4906824
https://doi.org/10.1029/JB089iB07p05719
https://doi.org/10.1029/JB089iB07p05719
https://doi.org/10.1016/j.pepi.2004.02.004
https://doi.org/10.1016/j.ijrmms.2020.104366
https://doi.org/10.1007/s00024-006-0061-y
https://doi.org/10.1007/s00024-006-0061-y
https://doi.org/10.1061/(asce)mt.1943-5533.0000050
https://doi.org/10.1061/(asce)mt.1943-5533.0000050

Geomech. Geophys. Geo-energ. Geo-resour. (2024) 10:93

Page 150f 15 93

Shreedharan S, Bolton DC, Riviére J, Marone C (2021) Com-
petition between preslip and deviatoric stress modulates
precursors for laboratory earthquakes. Earth Planet Sci
Lett  553:116623.  https://doi.org/10.1016/j.epsl.2020.
116623

Snieder R (2006) The theory of coda wave interferometry.
Pure Appl Geophys 163(2-3):455-473. https://doi.org/10.
1007/s00024-005-0026-6

Snieder R, Vrijlandt M (2005) Constraining the source sepa-
ration with coda wave interferometry: theory and applica-
tion to earthquake doublets in the Hayward fault, Califor-
nia. J Geophys Res Solid Earth 110(4):1-15. https://doi.
org/10.1029/2004JB003317

Snieder R, Gréet A, Douma H, Scales J (2002) Coda wave
interferometry for estimating nonlinear behavior in seis-
mic velocity. Science 295(5563):2253-2255. https://doi.
org/10.1126/science.1070015

Snieder R, Prejean SG, Johnson JB (2006) Spatial variation in
Mount St. Helens clones from coda wave analysis. Centre
Wave Phenom Consort Project 2006:247-252

Toksoz MN, Johnston DH, Timur A (1979) Attenuation of
seismic waves in dry and saturated rocks -I. Laboratory
measurements. Geophysics 44(4):681-690. https://doi.
org/10.1190/1.1440970

Veltmeijer A, Naderloo M, Barnhoorn A (2023) Supporting
data for the article “forecasting of rock failure in the labo-
ratory using active acoustic monitoring methods” [data-
set]. 4TU.ResearchData. https://data.4tu.nl/datasets/f3785
220-65f0-4e13-8659-5cd1d258ed63

Walsh JB (1965) The effect of cracks on the compressibility
of rock. J Geophys Res 70(2):381-389. https://doi.org/10.
1029/JZ070i002p00381

Xie F, Ren Y, Zhou Y, Larose E, Baillet L (2018) Monitoring
local changes in granite rock under biaxial test: a spati-
otemporal imaging application with diffuse waves. J Geo-
phys Res Solid Earth 123(3):2214-2227. https://doi.org/
10.1002/2017JB014940

Zhou S, Xia C, Zhou Y (2018) A theoretical approach to quan-
tify the effect of random cracks on rock deformation in
uniaxial compression. J Geophys Eng 15(3):627-637.
https://doi.org/10.1088/1742-2140/aaalad

Zhubayev A, Houben ME, Smeulders DM, Barnhoorn A
(2016) Ultrasonic velocity and attenuation anisotropy of
shales, Whitby, United Kingdom. Geophysics 81(1):D45-
D56. https://doi.org/10.1190/GE02015-0211.1

Zotz-Wilson R (2020) Coda-wave monitoring of continuously
evolving material properties. Ph.D. dissertation, Delft
University of Technology. https://doi.org/10.4233/uuid:
9c0b2f03-040b-4ec8-b669-951cSacf1{3b

Zotz-Wilson R, Boerrigter T, Barnhoorn A (2019) Coda-wave
monitoring of continuously evolving material properties
and the precursory detection of yielding. J Acoust Soc Am
145(2):1060-1068.  https://doi.org/10.1121/1.5091012.
arXiv:1808.02732

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.1016/j.epsl.2020.116623
https://doi.org/10.1016/j.epsl.2020.116623
https://doi.org/10.1007/s00024-005-0026-6
https://doi.org/10.1007/s00024-005-0026-6
https://doi.org/10.1029/2004JB003317
https://doi.org/10.1029/2004JB003317
https://doi.org/10.1126/science.1070015
https://doi.org/10.1126/science.1070015
https://doi.org/10.1190/1.1440970
https://doi.org/10.1190/1.1440970
https://data.4tu.nl/datasets/f3785220-65f0-4e13-8659-5cd1d258ed63
https://data.4tu.nl/datasets/f3785220-65f0-4e13-8659-5cd1d258ed63
https://doi.org/10.1029/JZ070i002p00381
https://doi.org/10.1029/JZ070i002p00381
https://doi.org/10.1002/2017JB014940
https://doi.org/10.1002/2017JB014940
https://doi.org/10.1088/1742-2140/aaa1ad
https://doi.org/10.1190/GEO2015-0211.1
https://doi.org/10.4233/uuid:9c0b2f03-040b-4ec8-b669-951c5acf1f3b
https://doi.org/10.4233/uuid:9c0b2f03-040b-4ec8-b669-951c5acf1f3b
https://doi.org/10.1121/1.5091012
http://arxiv.org/abs/1808.02732

	Precursors to rock failure in the laboratory using ultrasonic monitoring methods
	Abstract 
	Article highlights 
	1 Introduction
	2 Methods
	2.1 Experimental procedure
	2.2 Data analysis

	3 Results
	4 Discussion
	4.1 Ultrasonic monitoring and forecasting failure
	4.2 Effect of pressure
	4.2.1 Deformation rate
	4.2.2 Deformation around peak strength


	5 Conclusion
	Acknowledgements 
	References


