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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 

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 

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

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

• 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 (Grêet 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; Grêet et al. 
2006b, a; Barnhoorn et  al. 2018) and detection of 
temporal variations is therefore difficult (Niu et  al. 
2003; Grêet 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; Grêet 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 

many applications, such as monitoring of fault zones 
(Poupinet et al. 1984; Niu et al. 2008; Chiarabba et al. 
2020b), volcanoes (Grêet 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 (Grêet 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; Planès 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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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.  1a–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 −1 . 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).

Table 1  Summary of the Red Pfaelzer samples, confining 
pressure P

c
 , porosity � , length L, diameter D, and Young’s 

Modulus E, which is calculated from the stress–strain relation-
ship

All samples were water-saturated

Sample P
c
 (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 24.94 61.70 29.65 12.44
RF68 20 23.82 61.65 29.65 15.94
RF614 20 22.72 60.40 29.55 13.39
RF69 40 22.20 60.35 29.70 13.74
RF615 40 23.25 60.55 29.75 13.44
AL ref 10 & 20 0 60 30 75

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

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 μ s 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.

Fig. 2  Schematic illustra-
tion of instrumented Hoek 
cell with S-wave transduc-
ers integrated into the 
pistons (not to scale). The 
shortening of the sample 
was recorded with two 
linear variable displace-
ment transducers (LVDT’s), 
which record the total 
(vertical) movement of the 
loading plate. The axial 
stress was measured using a 
load cell
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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 
2tw and centered around time tk , and reaches its 
maximum if the travel time perturbation �t across 
all possible perturbed paths P is �t = ts . Assuming 
the time shift is constant in the considered time 
window, the relative velocity change (dv/v) can be 
written as �v∕v = −�t∕t.

In addition to the velocity change, the decor-
relation coefficient is determined to investigate the 
changes in material scattering (Planès 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 ( up ) and unper-
turbed wavefield ( uu ), also described in Zotz-Wilson 
et al. (2019), is formulated as

To monitor the changing medium, a moving reference 
wavefield u(pj−N)(t) is used, where N is the number of 
measurements the reference wavefield is lagging 
behind the to-be correlated wavefield upj(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-
nès et al. 2014). K is related to the changes in mate-
rial scattering due to the addition of scatterers (Planès 
et al. 2014, 2015), such as the addition or removal of 
fractures. The scattering in a medium along the trans-
port mean free path l can be described using the 
cross-sectional area of a single scatterer � and the 
density of scatterers � (Planès et al. 2014). The total 
scattering coefficient as described by Aki and Chouet 
(1975) is given by g0 = �� = l−1 . Following the the-
ory in Aki and Chouet (1975), we can rewrite the 
coda decorrelation in terms of the scattering coeffi-
cient ( g0 ) between a perturbed (p) and unperturbed 
(u) medium (Zotz-Wilson 2020).

where K(t) is the theoretical decorrelation coef-
ficient, t the time in the coda and v0 the velocity in 
the medium. Using a shifting reference, the changes 
in the absolute value of |g0| 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 

(1)

K(ts) = 1 − CC(ts) = 1 −
∫ tk+tw
tk−tw

upj−N(t)upj (t + ts)dt
√

∫ tk+tw
tk−tw

u2
pj−N

(t)dt ∫ tk+tw
tk−tw

u2
pj
(t)dt

.

(2)K(t) =
v0

2
t|Δg0p−u |,

Fig. 3  Showing recorded transmission wavelets. A showing 
the arrival times of P-wave ( tP ), S-wave ( tS ), and the start of 
the coda ( tcoda ). 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 upj is the to-be correlated 
wavefield and is lagging behind the reference wavefield by N = 
2 and N = 10
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� , 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

where Ai is the Fourier amplitude, f is the frequency, 
x is the propagation distance and Gi is a scaling factor 
for spherical spreading independent of frequency. i = 
1 refers to the aluminium reference and 2 to the rock 
sample. �i is related to the quality factor by

where V is the P- or S- velocity. �1 is very small com-
pared to �2 , 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(�) = ∫ t1

t2
u2(t;�)dt , where u(t;�) 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 = |Amax| (Shree-
dharan et al. 2021), which is the maximum amplitude 
of the recorded S-wave (Fig. 3A).

(3)ln
A1

A2

= (�2 − �1)xf + ln
G1

G2

,

(4)Qi =
�

�iV
,

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 (tcoda = 2 ∗ tS) (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 |g0| , 
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.

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]sum . 
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 ET and energy of the coda EC , 
respectively. The values of each are normalized to their max 
for better comparison

◂
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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 

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-
lution 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 

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
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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 
[dv/v]sum.

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 

Fig. 6  Appearance of the peak in the energy of the full 
wave ET and coda wave EC , the cumulative velocity change 
[dv/v]sum , and the transmissivity T, as well as the minimum of 
the decorrelation coefficient K as precursor relative to the fail-
ure of the sample
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Fig. 7  Precursory signals during the deformation in A–E 
at 10 and in F–J at 20 MPa confining pressure. Showing the 
cumulative velocity change from CWI dv/vsum and decorrela-
tion coefficient K in A, F, the attenuation 1/Q and transmis-
sivity T in B, G, and the energy of the full wave ET and coda 
wave EC in C, H together with the stress–strain relation. D, I 
showing the changing frequency content of the recorded waves 

during deformation. D, I show the stage of deformation of the 
frequency content plotted, corresponding to the colours of the 
dots in C, H. E, J show a recorded waveform during deforma-
tion, the 10 decorrelation windows are visualized, with the first 
starting at 2 times the S-arrival time (tcoda = 2 ∗ tS) , and a total 
length of 0.84 ms. The coloured zones in A–C and F–H show 
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 −1 , 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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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 

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 
CO2 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 

Fig. 8  The rate of velocity change dv/v during deformation for 
each confining pressure tested. Showing the relative deforma-
tion rate changes with confining pressure

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 
ET and coda wave EC , and transmissivity T
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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.
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