<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Chandra, D., Naderloo, M., Grande, L., Griffiths, L., & Barnhoorn, A. (2026). Linking Ultrasonic Velocity and
Microseismic Monitoring During Laboratory Triaxial Deformation of Reservoir Sandstones from a North Sea CO2
Storage Site. Rock Mechanics and Rock Engineering. https://doi.org/10.1007/s00603-026-05478-z

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1007/s00603-026-05478-z

Rock Mechanics and Rock Engineering
https://doi.org/10.1007/500603-026-05478-z

ORIGINAL PAPER q

Check for
updates

Linking Ultrasonic Velocity and Microseismic Monitoring During
Laboratory Triaxial Deformation of Reservoir Sandstones from a North
Sea CO, Storage Site

Debanjan Chandra'2® . Milad Naderloo? - Lars Grande® - Luke Griffiths® - Auke Barnhoorn?

Received: 2 July 2025 / Accepted: 18 March 2026
© The Author(s) 2026

Abstract

Subsurface fluid injections cause rapid thermal and stress changes near wells, potentially compromising reservoir integrity.
Effective monitoring and mitigation strategies are essential to ensure safe operations. This study investigates highly porous
North Sea sandstones under low confining pressures (1 and 3 MPa), replicating near-wellbore stress conditions for a saline
aquifer during CO, injection. Using triaxial deformation experiments, we analyze the evolution of ultrasonic velocities,
amplitudes, and acoustic emission (AE) signals to track deformation processes. Our results demonstrate that combined ultra-
sonic and AE monitoring effectively captures and forecasts the transition from elastic to inelastic deformation. An empirical
relationship is proposed demonstrating a proof-of-concept correlation between microseismic event counts and ultrasonic
velocity during irreversible deformation, which, upon calibration can be used for site-specific stress state monitoring. Higher
confinement leads to increased AE activity due to intensified grain crushing and interparticle locking. At constant confine-
ment, more porous samples also show greater AE activity, indicating enhanced damage accumulation. Spectral analysis
reveals increased attenuation at higher confining pressures and a shift toward lower frequencies near failure, suggesting
dominant shear deformation. Notably, deformation patterns vary with confinement: low confinement induces frictional slip
and distinct failure planes, while high confinement promotes distributed damage and porosity reduction through grain crush-
ing. This results in a non-linear failure envelope shaped by the dominant deformation mechanisms. These findings enhance
our understanding of pore fluid-induced changes in reservoir rocks and offer new strategies for monitoring CO, storage and
other subsurface injection operations, especially in heterogeneous, porous formations under varying stress regimes.

Highlights

e Combined ultrasonic and microseismic monitoring tracks stress buildup and failure in reservoir sandstones.

e A clear link is shown between the decrease of wave velocity and increasing microseismic events during progressive
deformation.

e High porosity and confinement promote grain crushing and wider damage zone, increasing microseismicity.

e An empirical relationship connects ultrasonic velocity and microseismicity during irreversible deformation.

¢ Findings help predict and monitor safe stress limits for CO, storage and other fluid injection operations.
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1 Introduction

Stress-induced rock deformation is one of the major risks in
subsurface CO, and energy storage applications (Ramesh
Kumar et al. 2023). Injection of CO, in depleted hydrocar-
bon reservoirs and saline aquifers alters the effective stresses
from changes in pore pressure and temperature, which may
cause harmless elastic expansion of the reservoir and poten-
tial uplift (Rutqvist et al. 2010; Teatini et al. 2011; Li et al.
2015), but also unwanted fault reactivation, induced seismic-
ity, or irreversible deformation of the reservoir rock. Stress
changes from both pore pressure increase and cooling due
to injection of CO, need to be accounted for when scoping
a storage site. Reduction in effective stress from elevated
pore pressure is linked to the injection pressure and limited
by the capacity of the sealing formation. Injection of non-
isothermal fluids like CO,, depending on the reservoir depth
and thermal gradient between injected CO, and reservoir
formation, can also lead to rapid cooling of the formation
near the wellbore which may cause a reduction in total and
effective horizontal stresses due to thermo-elasticity (Fjer
et al. 2008). For some cases of deep stiff reservoirs with a
high difference between injected fluid and reservoir tempera-
ture, this can lead to large reduction in effective horizontal
stresses and increased shear stresses with a potential for
micromechanical damage and failure (Grande et al. 2024).
Therefore, understanding the reservoir deformation behavior
at low effective stresses is important to mitigate risks for
containment.

Norway has been at the forefront of subsurface CO,
storage, with the success of the Sleipner project motivat-
ing many other countries to venture into subsurface CO,
storage programs (Kongsjorden et al. 1998; Holloway et al.
2000). The Northern Lights CCS project, situated in offshore
Norway, is the world’s first cross-border CO, transport and
storage facility with a potential injection rate of 1.5 mil-
lion tons of CO, per year. CO, injection into saline aqui-
fers must ensure successful containment over a long period,
and several studies have focused on the characterization of
in situ stress (Thompson et al. 2022), thermal stress changes
in caprock (Thompson et al. 2021), and reservoir (Grande
et al. 2024) and the geomechanical properties of the reser-
voir and caprock (Griffith et al. 2025; Grande et al. 2024).
In a deep saline aquifer setting such as 2.6 km deep Aurora
reservoir in the Northern Lights project, it has been found
that both pore pressure and temperature in combination may
contribute to a low effective stress in the reservoir sand-
stone formation near the wellbore due to a large cooling of
80 °C (Thompson et al. 2021; Grande et al. 2024). Generally,
elevated pore pressure is first expected to develop locally
and transiently, particularly in the near-wellbore region and
in zones experiencing rapid pore pressure increase during
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ramp-up phases of injection, or during pressure transients
associated with operational changes. However, maximum
injection pressure is also limited by the operational margins
not to exceed the capacity of the sealing formation. Addi-
tionally, reduced effective horizontal stress from cooling
may lead the stress path into a damage and failure regime in
the low effective stress range. It is therefore relevant to study
the details of the failure criteria in the low effective stress
range. Laboratory tests conducted at low confining stress
(low effective stress) therefore provide a mechanistic analog
for these stress states, allowing deformation processes that
may not be activated at higher confining stress to be directly
investigated under controlled conditions. From a mechanical
perspective, deformation at low confining stress is domi-
nated by brittle processes such as frictional sliding, tensile or
mixed-mode cracking, and strain localization along discrete
failure planes, with limited grain crushing and strong sensi-
tivity to small changes in effective stress (Wong et al. 1997;
Baud et al. 2000; Fortin et al. 2009). In contrast, higher
confinement suppresses tensile cracking and promotes dis-
tributed cataclastic deformation, pore collapse, and grain
crushing, resulting in more diffuse damage zones, reduced
stress drops, and a transition toward ductile behavior (Wong
et al. 1997; Baud et al. 2000; Fossen et al. 2007; Zhang
et al. 2015). Consequently, low-confinement experiments
are particularly suited to isolating deformation mechanisms
relevant to near-wellbore stress state, where localized brittle
damage and early irreversible deformation may occur well
before a potential larger-scale failure in reservoir or caprock
is expected. If the damage process is well understood and
captured by monitoring, such damage may be used to char-
acterize the state of stress and deformation in the reservoir
for safe injection.

However, direct monitoring of stress conditions in the
subsurface during and following CO, injection remains
challenging. Techniques including time lapse 3D seismic,
gravity, and electromagnetic surveys, as well as micro-
seismic array, tiltmeter, and InSAR monitoring, have
been commonly employed in many CO, storage projects
worldwide (Eiken et al. 2011; Ringrose et al. 2013; Will
et al. 2014; Goertz-Allmann et al. 2014; Furre et al. 2017;
Liith and Liebscher 2017). A poor cost—benefit ratio of the
chosen monitoring technique can jeopardize the economic
viability of the project (Mathieson et al. 2011). Recent
works on improvement of borehole and cross-well seis-
mic monitoring (Chalaturnyk et al. 2006; Lawton et al.
2006; Daley et al. 2007, 2008; White et al. 2021; Pevzner
et al. 2021), supported by laboratory-scale experiments to
determine stress-dependent changes in elastic properties
(Barnhoorn et al. 2018; Agofack et al. 2018; Zotz-Wilson
et al. 2019; Veltmeijer et al. 2023, 2024; Holt et al. 2023;
Lozovyi et al. 2024; Chandra and Barnhoorn 2025; Chan-
dra et al. 2025), have established active acoustic surveys
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as a cheaper and effective alternative for monitoring, espe-
cially for near-wellbore stress alterations. Passive micro-
seismic monitoring, on the other hand, is extensively used
for reservoirs with high risk of fault reactivation (Goertz-
Allmann et al. 2014; Bauer et al. 2016). Fracture formation
and small-scale displacement along a fault plane within
the reservoir complex can be picked up by the acoustic
sensors, allowing source location and providing insights
into the underlying deformation mechanics (Sellers et al.
2003; Naderloo et al. 2023; Heimisson et al. 2024). At the
laboratory scale, experiments on stress-induced ultrasonic
acoustic emission (AE) measurement provide insights into
the impact of pore fluid, porosity, grain size, and confine-
ment on inelastic deformation of sandstones (Biot 1962;
Siggins and Dewhurst 2003; Mayr et al. 2011; Komijani
et al. 2019; Baizhanov et al. 2019; Yang et al. 2020). From
a monitoring perspective, although active seismic veloc-
ity or attenuation measurements indicate deformation in
a rock mass, it fails to locate the zones of weakness or
the type of deformation event (tensile or shear). These
insights are helpful for operators to employ targeted reme-
diation plans. Microseismic monitoring can provide direct
information of stress state, during inelastic deformation,
provided there is a good array of sensors, which can locate
the events (Vavrycuk 2001; Griffiths et al. 2019), also with
an assumption that induced seismicity can be segregated
from natural ones. However, limited information can be
extracted during elastic deformation, where the number
of detectable microseismic events is too low. Therefore,
a combination of both active seismic and microseismic
monitoring has a strong scope for robust monitoring of
subsurface CO, injection.

Experiments have shown a strong relationship between
porosity, confining stresses, and acoustic emission behavior
in sandstones. For low-porosity sandstones, the deforma-
tion mechanism is primarily shear localization, whereas,
for high-porosity sandstones, an increase in the number
of microseismic events is caused by grain crushing, cata-
clastic compaction, and pore collapse (Fortin et al. 2009).
Therefore, with increase in porosity, sandstones produce an
order of magnitude more cumulative events during inelastic
deformation. An increase in confinement on the other hand
promotes ductile deformation, causing microseismic events
to be temporally spread out with suppressed magnitudes
(Yang et al. 2018; Huang et al. 2021). An increase in con-
finement also transforms nature of damage from predomi-
nantly tension type to shear type and produces less diffused
and smoother crack surfaces post-failure (Huang et al. 2021).

This study investigates the deformation behavior of
porous reservoir sandstones (23-32% porosity) belonging
to a saline aquifer located offshore Norway to assess their
mechanical properties at low confinements (low effective
horizontal stress), compare with their respective failure

behavior at higher confinement using experimental data from
Grande et al. (2024), and provide indications on how active
and passive sonic monitoring could be employed to quantify
and forecast irreversible deformation in the reservoir. Note
that the direct impact of temperature on micromechanical
processes and related effects on velocity and AE is not tested
in this study and not discussed here. This is avoided due to
the practical complexity of combining temperature change
and thermal stress paths into such experiments. However,
we use the expected effective stresses induced by a combina-
tion of pore pressure increase and cooling in the field as the
low effective stress boundary condition for our laboratory
experiments.

2 Methodology
2.1 Sample Description

The core samples used in this work are sourced from differ-
ent depths of the Eos 31/5-7 exploration well (https://factp
ages.sodir.no/en/wellbore/pageview/CO2storage/8951) in
the Aurora CO, injection site in North Sea, offshore Nor-
way. The samples used for this study belong to the Johansen
and overlying Cook Formations, which are identified as the
primary and secondary CO, storage formations, respectively,
with the overlying Drake Formation being the primary seal
(Halland et al. 2011; Andfossen et al. 2012; Meneguolo et al.
2020, 2022). The Johansen Formation, part of the Early
Jurassic Dunlin Group, is a high-energy shallow-marine
sandstone sequence located in the eastern and central Horda
Platform of the northern North Sea, gradually pinching out
westward (Meneguolo et al. 2022). The Johansen Formation
serves as the primary CO, storage target for the Northern
Lights project (https://norlights.com/), owing to its favorable
lateral connectivity, high porosity, and permeability, which
facilitate efficient plume redistribution. The Cook Forma-
tion, also part of the Dunlin Group, extends over a larger
area than the Johansen Formation, reaching further north,
west, and south across the Horda Platform. The lower part
contains high-angle cross-stratified sandstones with well-
sorted grains, while the upper portion shows increased tidal
influence, marked by fining-upward sequences and thinner
foreset beds (Meneguolo et al. 2022).

The geomechanical properties, strength, and stiffness
from laboratory tests and logs are described previously
for the Johansen and Cook formation (Grande et al. 2024;
Griffiths et al. 2025) and for the caprock (Thompson et al.
2021, 2024; Griffiths et al. 2025). The specimens received
(Table 1) were saturated with in situ reservoir brine (salin-
ity similar to 8% NaCl solution), pre-cut, and with a 1”
diameter and 2” length for the triaxial tests. Samples were
not subjected to any treatment before testing. We received
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2 plugs each of seal peels (SP), SP2 and SP4 and one from
SP3, which were extracted from a larger 12.25” diameter
core. The plugs of the three SPs were drilled out in a previ-
ous testing campaign at NGI and triaxial tests performed on
the same plugs at higher confinement have been reported in
various papers (Grande et al. 2024; Griffiths et al. 2025).
Data are available on the CO, Datashare platform (Northern
Lights JV 2023).

Porosity values derived from X-ray CT images (Poros-
ity*) represent only resolvable pore space at the chosen
voxel resolution (15 um) and therefore exclude pores and
pore throats smaller than approximately 30 um (detailed
in Sect. 2.3). As a result, CT-derived porosity significantly
underestimates total porosity compared to bulk measure-
ments reported in the literature (Porosity#; Griffiths et al.
2025), particularly for fine-grained and clay-rich sandstones
(SP3). Due to the availability and control on pre- and post-
deformation CT images, we have used Porosity* for rela-
tive comparison of deformation-induced changes within the
same sample, rather than for absolute or cross-sample quan-
titative porosity comparison.

2.2 Experimental Protocol

An instrumented Hoek cell attached to a servo-controlled
500 kN uniaxial loading setup was used for the experiments
in this study (Naderloo et al. 2023; Chandra and Barnhoorn
2025; Chandra et al. 2025). Confining stress was applied
using a high-pressure ISCO-100DX syringe pump which
can be programmed to maintain a constant flow or pressure
gradient. The lower piston of the 500 kN load frame applied
axial stress on the sample and was programmed to move
vertically upward at a slow rate of 0.2 um/s (4 uS/s). Vertical
displacement of the piston was measured using two high-
precision linear variable differential transformer (LVDT)
sensors placed on either end of the Hoek cell (Fig. 1).
Resonant-type piezo sensors with a resonant frequency
of 1 MHz, a diameter of 5 mm, and a thickness of 2 mm
were embedded within the sleeve of the Hoek cell such that
the core plug remains in contact with the sensors through-
out testing (Fig. 1). A 12-sensor array was used for these

Table 1 Samples used for this study along with their origin and lithology

Datalogger

Data

[
g cable
:
c

:'g Pressure
§ intensifier

Richter acoustic
Load frame sysiom

B Acoustic sensors
I Acoustic sensor with triggering

Fig.1 Schematic of the core plug showing arrangement of acoustic
sensors (top). Experimental setup used for this study containing the
loading, active and passive sonic measurement system (bottom). The
Richter multichannel acoustic system can act in both triggering and
‘listening” mode

experiments where ten sensors were placed radially, and
two sensors were housed within the top and bottom pistons
(oriented in the axial direction). A multichannel Richter
acoustic system with a 16-bit analog to digital converter
was used to detect AE during the experiments. Synchronous
sampling from all input channels was performed using the
ExStream software which also allows the sensors to alter-
nate between ‘listening’ and triggering mode. In ‘listening’
mode, all sensors detect AE events from the specimen due
to microcrack formation, whereas in ‘triggering’ mode,
selected sensors transmit sonic pulses at a defined frequency,
which travel through the sample and are recorded by the
receiving sensors. For our experiments, we programmed
one sensor (within the bottom piston) to trigger in 1-min
intervals, with the remaining sensors acting as receivers

Seal peel Formation Plugs Depth (m) Porosity” Porosity” Lithological description

Cross-bedded sandstones, medium grained Possibility of bioclasts or mud

lining along lamina

Bioturbated sandstones, very fine grained. High resistivity indicative of

bioclasts or mud-lined trace fossils

SP2 Cook 2 2680.25 13% 23%
SP3 Johansen 1 2726.87 7.2% 24%
SP4 Johansen 2 2762.90 11.5% 32%

Massive sandstones, medium grained. No apparent structures or bioclasts

Porosity* values calculated from CT images (details in Sect. 3.3). Porosity# values are sourced from Griffiths et al. (2025)
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throughout the experiment. The pulse frequency was set at
1 MHz, and the continuous waveforms were recorded with
a 2 MHz sampling frequency throughout the experiment. A
5 V peak amplitude and 50 ohm (€2), input impedance was
set for recording the waveforms. We ensured that the peak
amplitude did not exceed a 5 V threshold by performing a
pencil lead break (PLB) test on each sensor (De Almeida
et al. 2015). The InSite software suite (from ASC) was used
to separate the waveforms from the active acoustic surveys
from the passive monitoring data used to identify AE events.

Prior to axial loading, background noise levels were
quantified during a static listening period, showing peak
voltages typically below ~0.3—0.4 V. Based on this assess-
ment, a conservative trigger threshold of 0.7 V was selected
to ensure that only signals clearly exceeding the ambient
electronic and mechanical noise were recorded. In addition,
requiring a minimum of six sensors to exceed this threshold
within a 480 ps time window effectively suppresses spuri-
ous triggers caused by electrical noise, single-sensor ring-
ing, or local coupling effects. This multi-sensor coincidence
criterion ensures that recorded events represent genuine,
sample-generated acoustic emissions rather than system or
environmental noise. A separate processing workflow was
adopted for the active acoustic waveforms. Ultrasonic active
acoustic waveforms were recorded in all 11 sensors, where
1 sensor acts as source; however, as our interest lies in the
elastic properties along the axial direction, we analyzed
only waveforms recorded in the sensor at the top piston for
further processing. The ultrasonic waves were measured
across the length of the sample, where the source, receiver,
and their distance at each moment are known. The wave-
forms were exported to RadexPro for determining Vp, Vs,
as well as picking P wave peak amplitude (Pamp) and S wave
peak amplitudes (Samp). To calculate Pamp and Samp, we
selected a 10 us symmetric window around P and S wave
arrival picks, respectively, and the absolute maximum ampli-
tude was determined for each trace.

Prior to the tests, CT scans of the samples were per-
formed (details in Sect. 2.3). The samples were saturated as
received with reservoir brine and wrapped in cling film to
retain moisture. After removing the film, the samples were
vacuum saturated for 12 h with a brine solution (80 g/l NaCl
solution) analogous to the in situ reservoir brine and then
loaded into the Hoek cell. The tests were performed at a
fixed confining stress; therefore, the samples were slowly
brought to an equivalent isotropic stress manually before
starting programmed axial loading and sonic recording. The
in situ reservoir stresses at the EOS well and Aurora site
(Thompson et al. 2022), and stress changes due to injection
considering both pressure change and cooling provide the
basis for the selected stress levels 1 and 3 MPa effective
confining stresses for the test program. Effective horizontal
stress is around 11 MPa for Cook and Johansen Formations.

It should be noted that downhole injection pressure estimates
from Aurora are not available to calculate the more exact
stress changes from pore pressure; however, a maximum
of 10 MPa can be the operational limit not to exceed the
capacity of the caprock. This value is just for demonstration
and is not necessarily used by operators at the Aurora site.
The temperature changes of 80 °C and elastic properties of
rock are used with the thermo-elastic equation (Fjer et al.
2008) to calculate the expected changes in stress induced
from temperature (documented in Grande et al. 2024). The
1 and 3 MPa effective stresses were selected to bridge the
gap in failure criteria between zero and the lowest effective
confining stress of 5 MPa from previous tests (5, 10, and
15 MPa were used in previous tests). Sonic and mechanical
data recording is terminated once core plugs fail axially,
indicated by sudden drop in axial stress. A drainage line
was connected to the perforated pistons to allow pore fluid
drainage during compression.

2.3 Imaging and Image Processing

The samples were scanned with a Tescan CoreTom labo-
ratory CT scanner before and after testing to assess the
microstructural changes due to deformation. To scan the
entire sample at the highest possible resolution, a voxel size
of 15 um was selected and the imaging was performed at
140 kV and 15 W with an exposure time of 3 s. Each con-
stitutive image of the 3D volume was created by averag-
ing three images to minimize instrumental artifacts. Post-
reconstruction, the images were further processed in the
ORS Dragonfly software to calculate porosity and visualize
grain scale deformation. The raw images were first trimmed
with a cylindrical mask to remove the contribution of the air
and sample holder from the image volumes. Pores and cracks
appear darker under X-ray illumination due to their low
phase density. Utilizing an adaptive thresholding method
based on greyscale values, the porosity (volumetric and per-
slice) of each of the samples before and after the deforma-
tion experiments was calculated.

3 Results
3.1 Ultrasonic Velocity and Deformation

The objective of the tests was to assess the deformation
behavior of highly porous reservoir core plugs at low con-
fining pressure and simultaneously use active ultrasonic and
AE measurements to monitor the physics of deformation.
The experiments were named according to their seal peel,
followed by the confining stress in each case (e.g., SP2-1
represents SP2 tested at 1 MPa confinement). Figure 2 shows
the axial stress, axial Vp and Vs, plotted against axial strain.
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The stress—strain profile of the sandstones up to the point of
failure indicates that higher confining stress leads to a higher
peak load (Fig. 2) and also a slightly higher Young’s modu-
lus (E). For SP4-3, between yield point and failure, there is
a period where axial stress remains unchanged, which might
result from local stress relaxation prior to macroscopic fail-
ure in the specimen.

The axial Vp and Vs show constant increase until the
elastic—plastic transition zone, where microcracks start to
form, leading to increased wave attenuation and a steep
decrease in the velocities. At failure, the drop in Vs is
more rapid compared to Vp, especially at higher confining
stresses, where Vs reaches values close to the isotropic stress
condition (Table 2). The more rapid decrease in Vs com-
pared to Vp reflects the higher sensitivity of shear waves
to reductions in shear stiffness. Vs is directly controlled
by the shear modulus, which is preferentially degraded by
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Fig.2 Change in Vp and Vs as a function of stress change till the
point of failure during the triaxial tests. Peak Vp and Vs are marked
with triangles for each experiment. Numbers after the dash (-) of
each test indicate corresponding confining stresses. Young’s modulus
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shear microcracking, specifically caused by cracks appear-
ing parallel to the loading direction, frictional sliding, and
loss of intergranular contact during inelastic deformation. In
contrast, Vp depends on both bulk and shear moduli, and is
therefore less sensitive to early damage. As a result, defor-
mation mechanisms dominated by shear and grain-boundary
processes lead to an earlier and steeper decline in Vs.

A similar trend is observed for Pamp and Samp, both
increasing until the axial stress surpasses the elastic defor-
mation limit (Fig. 3). From this point onward, both Pamp
and Samp continue to decrease. For tests performed at low
confinement, the drop in Samp is a bit delayed compared to
Pamp. Since S wave transducers were used as source and
receiver, the magnitudes of Samp are higher than those of
Pamp. When samples from the same seal peel are tested
under different confining stresses (SP2-1, SP2-3 and SP4-1,

50 {E=4.6 GPa ’YI \ S
401 iy laa]
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204 :_14‘ +2.45
101 * lao|
. SP2-3 |
00 04 08 12 16 20
"®E=1.2 GPa h S AUPRIO
Ly 3 L 208
124 ., (40206
94 | 2.04
Rio 2.92
- I L2090
SP4'1 [ :288
o r = T 4 L
0.0 04 0.8 1.2 1.6
Axial strain
= Axial stress (MPa)
* Ve (km/s) [ Elastic zone
" Ns(xmia) |:| Plastic zone
V¥ PeakVp
V¥ PeakVs
V¥ Failure

(E), as well as elastic and plastic deformation zones for each experi-
ment, is also indicated. The microcrack closure zone precedes elastic
deformation
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Table2 Vp and Vs prior to axial loading (isotropic stress), at the
peak stress (yield point,) and after failure for each experiment (all val-
ues in km/s)

Sample ID At start Peak After failure
SP2-1 Vp: 3.88 Vp: 4.31 Vp: 4.13
Vs: 2.4 Vs: 2.47 Vs: 2.45
SP2-3 Vp: 4.0 Vp: 4.37 Vp: 4.16
Vs: 2.41 Vs: 2.54 Vs: 2.41
SP3-3 Vp: 4.43 Vp: 4.75 Vp: 4.69
Vs:2.59 Vs: 2.7 Vs: 2.58
SP4-1 Vp:3.79 Vp: 4.09 Vp: 3.98
Vs: 2.88 Vs:2.99 Vs:2.95
SP4-3 Vp: 3.83 Vp:4.13 Vp: 4.07
Vs:2.52 Vs: 2.61 Vs: 2.59

SP4-3), lower confinement results in lower velocities and
amplitudes.

3.2 Acoustic Emissions and Deformation

As described in Sect. 2, continuous monitoring of AE was
performed using an array of 12 sensors during the failure
experiments. During each experiment, a greater number of
microseismic events were recorded with increasing differ-
ential stress [axial stress (o;)-confining stress (o3)] (Fig. 4).
Across experiments, a significantly higher number of cumu-
lative events are observed at higher confinement.

The rate of events and their magnitudes increase exponen-
tially after the yield point, which correlates with the decreas-
ing trend in shear wave velocity. For the SP3-3 sample, the
number of events is significantly lower compared to the other
tests, even at higher confinement. During the experiments
performed, we observe close correlation between ultrasonic
shear wave velocity, event counts, as well as energy of the
events. Here, the acoustic energy of each event is calcu-
lated from their amplitude (Khazaei et al. 2015; Grosse et al.
2022; Naderloo et al. 2023) (Eq. 1).

gl

1
E = E/Vi(t)zdt, (1)

fy

Where V; is the voltage of each trace point that exceeds
the threshold amplitude; ¢, and ¢, are the starting and end-
ing times of the transient voltage record; and R is equal to
50 Q representing the input impedance of the AE system.
In most cases, the peak in Vs appears earlier than the events
of higher energy (also change in the AE rates), signifying
that the mechanism during initial plastic deformation is
primarily aseismic (silent in terms of large energy events),
which leads to more high-energy (large magnitude) events

as deformation progresses (Fig. 5). At higher confinement
(for SP2 and SP4), the maximum energy released per event
is lower, whereas the events are more distributed temporally.
The reduction in peak AE energy with increasing confine-
ment can also be interpreted within the framework of the
well-established inverse relationship between b-value and
deviatoric stress (Scholz 1968; Amitrano 2003; Goebel,
et al. 2013). As rocks approach failure under low confine-
ment, the deviatoric stress increases more rapidly, which is
typically associated with a decrease in b-value and a relative
enrichment of larger-magnitude events. Laboratory acous-
tic emission studies have demonstrated that b-value system-
atically decreases as differential stress approaches failure,
reflecting an increasing contribution from larger source
dimensions and higher stress drops (Scholz 1968; Goebel
et al. 2013). Mechanistically, low-confinement conditions
favor localized brittle processes such as rapid grain-bound-
ary slip and enhanced tensile microcrack propagation (Wong
et al. 1997; Baud et al. 2000). These processes promote
crack coalescence into discrete failure planes, generating
fewer but higher-energy AE events and consequently lower
b-values. In contrast, higher confinement suppresses tensile
opening and promotes distributed cataclastic deformation
and pore collapse (Wong et al. 1997; Baud et al. 2000; Ami-
trano 2003; Huang et al. 2021). Under such conditions, strain
is partitioned into numerous small-scale failure episodes
characterized by reduced stress drops and limited source
dimensions. Experimental studies on sandstones have shown
that increasing confining pressure results in higher b-values
and suppression of large-magnitude AE events, consistent
with a transition toward more distributed damage (Huang
et al. 2021; Yang et al. 2018). Consequently, stored elastic
energy is released more incrementally through many smaller
events and frictional dissipation rather than a few large inter-
granular fracture or slip events, leading to lower maximum
energy per event despite higher cumulative event counts. It
can also be observed that the acoustic emission events do not
occur immediately after the onset of axial loading, which is
expected, since the events in acoustic emission originates
from mostly irreversible damage (grain crushing or crack
formation).

Figure 5 also indicates that the increase in ultrasonic Vs
starts earlier than the AE events. Comparing energy released
during each AE event against the change in Vs over time
shows that the drop in Vs precedes the higher-energy events.
Only in case of SP2-3, trend reversal in Vs and the highest-
energy event occurred concurrently. Since energy emitted
during deformation is directly proportional to the magnitude
of a seismic event, the onset of plastic deformation does
not directly translate to high seismicity. Interestingly, the
maximum energy of each event generally decreases with an
increase in confinement. It is also observed from the slope
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of the cumulative event (Fig. 5) that since the onset of the
highest-energy event, the event rate increases drastically.

3.3 3D X-ray Imaging Pre- and Post-deformation

Images of the samples before and after deformation helped
us get an idea of the microstructures including heterogene-
ity, grain size distribution, grain angularity, and porosity.
One objective of this exercise was to compare the change
in porosity after deformation. In CT image processing, it is
difficult to decouple the effect of porosity and cracks, since
they both exhibit similar grayscale values. In context of
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fluid flow, these smaller and larger cracks also contribute as
connected pores. Along the primary fault plane, there is an
obvious increase in porosity due to the generation of larger
cracks and distributed microcracks (Fig. 6). Any change in
porosity in the bulk volume is contributed by grain crushing,
grain reorientation, smaller cracks, and pore collapse. Deter-
mining grain rotation is difficult due to challenges in image
registration pre- and post-deformation. However, a signifi-
cant increase in porosity of the bulk rock mass was observed
post-failure with increasing confinement (Table 3). Note that
the scan resolution (15 um) is a limiting factor for porosity
estimation, and any pores smaller than 30 um will not be



Linking Ultrasonic Velocity and Microseismic Monitoring During Laboratory Triaxial. ..

35
30
25
20
15
10
: 5
0 1000 2000 3000 4000
Time (s) 375-40
°I1SP3-3 -
4 130
N 225 .
n 1150
N L t e[ s 10
0 E x~~*"‘§2§¢5§ o Lo
0 1000 2000 3000 4000 5000
5SP4 3 Time ( S) 7000 e
16000
4 L 5000} 20
3 . 14000 45
| ¢ 553000 "
2000
11 L1000[ 3

0 . »! = - 2 O
0 1000 2000 3000 4000 5000 6000
Time (s)

12000
A L50
¥ 10000}
i L40
% 8000 |
L6000 |30
8 14000 [20
2000 10
- ‘ 2 o ‘o
0 1000 2000 3000 4000 5000
Time (s) , »
5.SP4_1 2500 16
: L2000/
“ | L12
3. 1 1500¢
b 1 8
2. 1000|
11 500 [4
T T 'v . T O O
0 1000 2000 3000 4000
Time (s)

+  Amplitude (V)
——— Cumulative events
—— Axial stress (MPa)

Fig.4 Amplitude of each acoustic emission events recorded during the failure experiments and evolution of cumulative events over time

reflected in the porosity calculation, which causes a signifi-
cant underestimation compared to the porosity reported in
Griffiths et al. (2025) (Table 1). As noted in Sect. 2.1, the
limit in scan resolution leads to systematic underestimation
of bulk porosity. Nevertheless, the CT data reliably capture
relative porosity changes and spatial damage patterns, which
are the focus of the post-deformation imaging analysis. It is
evident from Fig. 6 that failure at higher confinement con-
tributes to diffused crack and more grain crushing, whereas
at lower confinement, the crack influence zone is smaller,
and cracks mostly follow grain boundaries.

Post-failure samples were unloaded by slowly releasing
stresses and carefully dismounting samples from the Hoek
cell to minimize alteration of porosity by improper handling.
The samples were intact after unloading and immediately
imaged with the CT scanner (Supplementary Fig. Al). How-
ever, as the stresses on the core plug are removed, the matrix
‘relaxes’, causing the smaller cracks and failure surfaces to
open up which results in a higher porosity estimation. It is
also evident that SP3 has significantly smaller grain and pore
sizes compared to SP2 and SP4. SP3 has clasts of bigger grains
embedded within the matrix, which influences the deformation
behavior (lack of porosity increase between slice 350—400).
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velocity reversal

SP4 has coarser and more angular grains than SP2, however,
both are mostly homogeneous, unlike SP3.

4 Discussion

4.1 Failure Behavior as a Function of Confinement
Grande et al. (2024) performed triaxial failure experiments
on the same set of samples at higher confinements (5, 10,

and 15 MPa) and found a linear correlation between confin-
ing stress and shear stress at failure. However, combining the
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low-confinement experimental data (from this study) with
their dataset, we can see a non-linear behavior between con-
fining and shear stress at failure, which is also highlighted
in other studies for different rock types (Wong et al. 1997;
Baud et al. 2000). In classical Mohr—Coulomb assumption,
the failure envelope is often assumed to be linear, which
does not hold true for porous reservoir rocks. Sandstones
and limestones with higher porosity (11-35%) require much
lower mean stress to undergo pore collapse than low-poros-
ity rocks (Baud et al. 2000), and once pore collapse initiates,
the material behavior changes from dilatant to compactive,
causing shear-enhanced compaction. The traditional linear
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Fig.6 Snapshot of X-ray CT images for all samples post-failure highlighting a small section of primary crack zones (bounded by white lines)

failure criterion (Mohr—Coulomb) holds true when the defor-
mation mechanism is primarily controlled by shear deforma-
tion and frictional sliding, whereas for highly porous rocks,
at low confinement, pore collapse plays a dominant role,
which causes failure at lower shear stresses than expected,
causing deviation from linearity. Therefore, deformation
in the low-confinement regime can be more appropriately
modeled using the Hoek—Brown criterion, where parameters
such as intact rock constant, geological strength index (GSI),
and disturbance factor represent rock type and porosity more
accurately (Hoek et al. 2002) (Fig. 7). Without considering
the low-confinement data points, the studied samples show
a linear failure envelope as reported in Grande et al. (2024).
Similarly, other porous sandstones (Wong et al. 1997), where
low-confinement (< 5 MPa) tests were not performed, show
a linear failure envelope (Fig. 7).

This deviation from linearity in Fig. 7 at low confinement
underlines the requirement of comprehensive experimental
study to understand the complex deformation behavior of
reservoirs while modeling the long-term viability of safe
storage. Injection of CO, in the reservoir reduces effective
stresses, which causes deviation of the failure criterion from
linearity (Fig. 7). Importantly, pore pressure increase during
injection shifts the reservoir stress state into a low effective
stress regime where failure behavior becomes strongly non-
linear. Our results show that this transition is accompanied
by early irreversible deformation and pronounced changes
in elastic properties, well before macroscopic failure (also
observed by McBeck et al. 2026), underscoring the need to
account for non-linear stress—strain behavior when defining
safe injection pressures.

4.2 Combining Ultrasonic Velocity
and Microseismicity: Improved Monitoring

Laboratory experiments have shown that crack formation
in porous sandstones is usually seismic, since it is governed
by local stress concentrations and is abrupt in nature (Zhao
et al. 2021). Depending on the stress configuration, mineral-
ogy, and pore fluid saturation, cracks once formed seismi-
cally can grow aseismically below critical stress intensity
and at much slower velocities than dynamic rupture velocity
(Smeraglia et al. 2017), as seen in post-yield deformation
behavior in our experiments (Fig. 8).

Laboratory studies coupled with time lapse CT imaging
indicates that around 1/3rd of the bulk shear fracture energy
is contributed by aseismic deformation including crack and
grain rotation (Cartwright-Taylor et al. 2022). Their experi-
ments prove that seismic events with higher energy come
from small local strains and vice versa. In our experiments
(Fig. 5), after the onset of plastic deformation, although
there is a considerable increase in the number of events,
the energy of individual events does not increase drastically
compared to the ones observed in an elastic deformation
zone. There are few events after the onset of plasticity which
are of exceptionally higher energy, but these events precede
the point of failure, which indicates the possibility of them
originating from small local strains. At higher confinement,
the number of high-energy events increases as failure is
accommodated by a more spatially distributed system of
small cracks, which form under lower local strain but accu-
mulate collectively to release larger seismic energy (Fig. 6).
Post-failure events recorded at the end of each experiment
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Table 3 Change in bulk porosity and porosity across the length of the studied core plugs before and after failure experiments

Sample ID  Porosity (pre-deformation) Porosity (post-deformation) Porosity profile
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starts increasing after dV approaches zero (Fig. 8). For tests
conducted at higher confinement, dV is smaller than that at
lower confinement, whereas Vp and Vs are higher through-
out elastic loading (Fig. 2). At higher confinement, the
pore space in the plugs is already more compressed hydro-
statically, which results in a higher net velocity throughout
the experiment, but a smaller change in dV during elastic
deformation (Chandra et al. 2025). Based on the drop in
dV, the event rate, and energy of each event, we defined
three distinct zones of deformation relevant for subsurface
operations (Fig. 8). In the green zone, we have a low and
constant event rate, which is primarily due to grain rotation
and closure of pre-existing cracks. At higher confinement,
the event rate is also higher; however, energy released during
each event is lower. Following the initial crack-closure (seat-
ing) stage, Vp and Vs increase approximately linearly with
strain; accordingly, dV is positive but typically decreases
toward a near-constant value as the rock frame stiffens. As
damage initiates near the elastic limit, dV approaches zero
and then becomes negative at velocity reversal, coincident
with a marked increase in AE rate (Fig A2). For the sake of
easier representation (Fig. 8), we have only used the magni-
tude of dV; therefore, increasing values of dV below 0 is also
represented as positive. This drop in dV (both dVp and dVs
used as indicators) signifies the limit of linear deformation
and thus colored in yellow (early-warning zone). Beyond the
yield stress, the growth of stable microcracks triggers higher
event rates and higher-energy events, finally leading to fail-
ure. Therefore, this zone is marked in red (critical zone).
This traffic light scheme complements the one proposed by
Chandra et al. (2025), where only active acoustic indicators
were used. Event rate as an exclusive indicator would only

detect irreversible deformation after its onset. Using micro-
seismic energy as an indicator would be ineffective, since
most high-energy events occur much later after the onset of
irreversible deformation.

In all tests, the reversal/decline in Vs occurs prior to the
appearance of the highest-energy AE events (Fig. 5), indi-
cating that the earliest inelastic deformation is partly aseis-
mic with limited radiated energy. We interpret this phase
as dominated by progressive loss of shear stiffness through
stable microcrack growth and intergranular processes includ-
ing grain-boundary sliding, frictional microslip, and contact
debonding which can result in Vs attenuation while pro-
ducing only low-energy or spatially distributed AE. Under
higher confinement, the CT observations show a wider, more
distributed damage zone with pervasive grain fragmenta-
tion and microcracking (Fig. 6), consistent with cataclastic
deformation and pore collapse-assisted compaction. Such
distributed damage is expected to evolve through many
small-scale contact failures and crushing episodes, delay-
ing the emergence of distinct, high-energy events associated
with rapid crack coalescence or localized slip. In contrast, at
low confinement, damage localizes earlier into a narrower
fracture process zone (Fig. 6), promoting fewer but more
energetic events once a dominant rupture surface develops.
The confinement cases characterized by a wider damage
zone in CT (Fig. 6) also exhibit a longer interval between
Vs reversal and the onset of the highest-energy AE events
(Fig. 5), consistent with distributed cataclastic damage accu-
mulating aseismically before macroscopic localization.

Fig. 7 Criterion for shear failure 70
for porous sandstones at dif- = SP2
ferent confinements. The data e SP3
points within the blue box are 604 Ao SP4
from this study, whereas the v Adamswiller
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4.3 Correlating Active and Passive Acoustic
Observations as a Function of Stress

We attempted to analyze if there is any relationship between
the increase in cumulative events (CE) with Vp and Vs. Ide-
ally, CE is positively related to crack formation and spread-
ing, whereas crack formation attenuates wave propagation,
causing a drop in velocities. To determine the relationships
between CE increase and velocity decay due to plastic defor-
mation before failure, we chose the interval between yield
point and peak stress (Fig. 9).

Vp and Vs peaks around the same time, which is a bit ear-
lier than the time when CE increases rapidly. From the linear
fits, we derived correlations that govern Vp and Vs decrease
as a function of time. In brittle regimes approaching instabil-
ity, crack interaction leads to stress amplification at crack
tips, producing positive feedback in damage evolution.
Continuum damage mechanics and fracture models predict
accelerating crack growth, commonly expressed as expo-
nential or time-to-failure power-law acceleration of acoustic
emission rate (Lockner et al. 1991; Fortin et al. 2009). In
contrast, ultrasonic velocity decreases approximately lin-
early with accumulated crack density, as predicted by effec-
tive medium theory (Walsh 1965; O’Connell and Budiansky
1974). Eliminating time between these relations yields a log-
arithmic dependence of velocity on cumulative event count.
Therefore, an InCE-V formulation is more consistent with
fracture physics in accelerating damage regimes than CE-V
assumption, which implicitly neglects crack interaction and
critical acceleration effects. Similarly, an exponential fit-
ting between the increase in CE and time were determined
for each experiment. Since these experiments maintain a
constant deformation rate over time, strain and time can be
interchanged in the following formulations. Let us assume
the exponential fit of CE versus time is represented as

CE = AeP' + ¢, )

. 11 CE — ¢,
_Ron A ’ )

where A is the background cumulative event (above base-
line) at the start of the fitting window, Ry, is the growth rate
of events, ¢ is the time (between yield point and peak axial
stress), and c, is the extrapolated baseline cumulative event
at t;. Similarly, the linear best fit of time versus Vp’s can be
expressed as

Vs =—m,d+c. 4)

Replacing t from Eq. 3,
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v m‘”’sl CE — ¢,
=c— n| —— |,
b= R S ®)
m
V,, =c— R”’”‘ [In(CE - ¢;) - In(4)]
m m ©)
s s
=|c+ InA ) — ln(CE—cl),
Ry Ry
where m, ; is the slope and ¢, ; is the intercept of the linear

fit for velocity—time relationship. The resulting empirical
relationships between CE and velocities for each experiment
are displayed in Table 4. The relationship effectively reduces

to a linear function where (c + ";ﬂlnA) is the intercept and
0
% is the sensitivity factor. For tests done at low confine-
0

ment, we observe a higher R, and m, ; and lower A. How-
ever, we find that R, is more sensitive to confinement com-
pared to the slope of velocity change, resulting in a
significantly higher value of sensitivity factor < ”;% ) at higher
0
confinement. We can ignore c,, due to the assumption that
background microseismicity is non-existent at #,. In the

intercept, (mR#lnA> plays the most influential role. Although
0

c is higher at higher confinement, the difference in this case
(comparing 1 and 3 MPa) is not as significant. Since these
equations are derived from the plastic deformation zone,
CE,VCc N

The confinement dependence of the velocity—AE rela-
tionship reflects both (i) the kinetics of event accumula-
tion and (ii) the sensitivity of elastic moduli to evolving
microdamage. Because CE accelerates toward failure, we
fit CE with an exponential law and express the velocity cor-
relation in logarithmic form, V, ; = a, In(CE) + B, ;. Here,
a = dV /dInCE measures the velocity drop associated with
an exponential increase in event count and is controlled by
the ratio between the linear velocity degradation rate and the
AE acceleration rate. Higher confinement promotes cata-
clastic deformation and a wider damage zone, leading to
progressive reduction in effective moduli sampled by the
ultrasonic ray path; this is reflected in stronger sensitivity of
V, relative to V,,. In contrast, low-confinement deformation
localizes into narrower fracture bands, and CE accelerates
more strongly near peak stress, making linear V-InCE slopes
sensitive to the chosen window. The steeper slopes observed
for SP3-3 are consistent with its lower porosity and fine-
grained/heterogeneous fabric, which can enhance stiffness
degradation once damage initiates, while threshold-limited
AE detection may also steepen the apparent V-InCE depend-
ence. Accordingly, these coefficients should be treated as
calibration parameters tied to stress path and microstructure
rather than universal constants.
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These relationships provide an indication that a physics-
based correlation might exist between microseismic and
velocity monitoring for subsurface CO, injection opera-
tions. However, such correlations should be determined
using laboratory experiments on a case-by-case basis, as
multiple factors including grain size, mineralogy, porosity,
heterogeneity, fluid composition, etc., can cause deviation
from the proposed relationships. Site-specific calibration can
be obtained by combining (i) core-scale triaxial tests under
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and critical zones, respectively. For the sake of easier representation,
we have only used the magnitude of dV; therefore, increasing the val-
ues of dV below 0 is also represented as positive (Color figure online)

representative effective stress paths, (ii) concurrent AE mon-
itoring to build CE-strain (or CE—stress) relations, and (iii)
active ultrasonic measurements to quantify the correspond-
ing velocity/attenuation evolution. The resulting calibrated
coefficients can then be mapped to field observables by
matching the relevant stress-path regime and by using base-
line sonic-log to constrain intercepts. Where field microseis-
micity is sparse, active time-lapse velocity changes can still
be interpreted within the calibrated envelope. Conversely,
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where active surveys are limited, microseismic event trends
can be interpreted in terms of expected stiffness degradation
within the same calibrated regime.

4.4 Frequency-Dependent Attenuation due
to Fracture-Induced Scattering

There are multiple lines of evidence for understanding defor-
mation of sandstones and other crystalline rocks during labo-
ratory tests using ultrasonic waves. Application of ultrasonic
and seismic waves to understand deformation behavior in
sandstones and other rock material is extensively seen in
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laboratory experiments, where parameters like P and S wave
velocity, their amplitudes, and coda are utilized to character-
ize deformation behavior (Lockner et al. 1991; Fortin et al.
2009; Barnhoorn et al. 2018; Sang et al. 2020; Janssen et al.
2023; Lozovyi et al. 2024; Chandra et al. 2025). Similar to
wave velocity and amplitudes, the frequency response also
changes as a function of deformation (Li et al. 2023). In our
experiments, we observed that high-frequency components
of the waveforms generally arrive earlier and are less affected
by evolving deformation, whereas lower-frequency compo-
nents exhibit greater sensitivity to damage. We use the term
frequency-dependent attenuation (spectral reshaping) to
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Table 4 Relationship between compressional and shear wave veloci-
ties and acoustic emission during triaxial deformation tests

Test ID Empirical relationship
SP2-1 V, = —138In(CE) + 4342
V, = —146In(CE) + 2646
SP2-3 V, = =746In(CE) + 5246
V, = =781In(CE) + 3531
SP3-3 V, = —236In(CE) + 4986
V, = =251In(CE) + 2901
SP4-1 V, = =54In(CE) + 4154
V, = —61In(CE) + 3111
SP4-3 V, = —98In(CE) + 4248

V. = —131In(CE) + 2753

s

Here CE stands for Cumulative Events

describe these observations. Although ‘dispersion’ is some-
times used broadly to describe frequency-dependent wave-
form changes, our characteristic wavelength (~4-5 mm) is
far larger than grain size, pore scale, and fracture apertures,
so the medium is effectively homogeneous at the scale of
propagation and classical scattering-induced phase-velocity
dispersion is unlikely. Instead, progressive damage through
evolving contact stiffness, distributed microcracking, and
grain crushing can increase scattering, reduce coherence,
and preferentially remove higher-frequency components,
producing an apparent downshift of spectral centroid/peak
frequency without implying resolvable intrinsic dispersion.
Therefore, our interpretation focuses primarily on how
frequency-dependent scattering and energy loss reflect pro-
gressive damage mechanisms—especially as deformation
transitions from brittle to cataclastic across increasing con-
finement. Failure at low confinement promotes brittle defor-
mation, resulting in sharp and distinct crack planes, usually
passing through the grain boundaries, with minimal grain
crushing (Zhang et al. 2015). However at higher confine-
ment, failure is accommodated by a wider, more distributed
damage zone composed of many small fractures and exten-
sive grain comminution, rather than a single sharp fracture
plane, resulting in cataclastic deformation (Fig. 6) as also
mentioned in Fossen et al. (2007) and Zhang et al. (2015). At
the core of the failure plane, grains appear to be pulverized,
representing a stark difference compared to surrounding rock
mass. However, the presence of more competent and larger
grains can truncate cracks (SP3-3), promoting branching
of cracks to distribute accumulated stress. Such different
microstructural changes affect wave propagation through the
media. The contrasting spectral evolution between low and
high confinement is consistent with the dominant deforma-
tion mechanism. At low confinement, failure localizes into a
sharp fault plane with a comparatively narrow damage zone
(Fig. 6). In this case, the fixed active-source ray path can

remain largely within relatively intact material during much
of loading, so the spectrum mainly shows overall attenu-
ation rather than a systematic downshift of the dominant
frequency. At higher confinement, deformation is more dis-
tributed and cataclastic (grain crushing, pore collapse, and
pervasive microcracking), producing a thicker damage zone
that the active wavefield must traverse. Such a distributed
crack network increases scattering and reduces waveform
coherence, and because higher frequencies are more sensi-
tive to small-scale heterogeneity, the medium behaves as an
effective low-pass filter, preferentially suppressing higher-
frequency components and shifting the spectral peak (or
centroid) toward lower frequencies (Fig. 10). Due to the
directional preference of compressional and shear waves,
the chance of these waves getting affected by crack forma-
tion is greater at higher confinement, as the cracks are more
diffused throughout the rock mass, which also entails wave
scattering. On the other hand, we have acoustic waves emit-
ted from cracks, appearing from unknown locations in the
rock mass, which therefore samples different parts of the
rock mass in the ray path. Fourier transform of the active
acoustic waves helps us quantify the frequency content of
individual waves having the same ray path, and it is evident
that the low-frequency content of the waves moves toward
even lower frequency with progressive deformation at higher
confinement (Fig. 10). As mentioned before, the attenuation
also depends on whether the waves encounter the cracks,
which has a low probability at lower confinement. This may
be a possible reason why the spectral amplitudes in SP4-1
show the least change during deformation. We have excluded
SP3-3 from these plots, as we do not have data to compare
low-confinement and high-confinement deformation. At
3 MPa confinement, in both SP2 and 4, the peak amplitude
at~750 kHz shifts toward the left due to the presence of
diffused cracks, whereas the low-confinement counterparts
only show attenuation, but no spectral shift.

Looking at the spectral content of the AE waves (Fig. 11),
a good similarity can be observed with the active acoustic
waveforms (Fig. 10), where dominant frequencies can be
observed around 0.75 and 1.25 MHz. For all experiments,
since the onset of plasticity, more events start appearing
and higher-frequency signals are more dominated in the AE
waveforms, which can be attributed to propagation of crack
tips as new cracks start opening up (Madariaga 1977; Li
et al. 2017). Since failure at higher confinement promote
generation of more shear fractures, low-frequency com-
ponents naturally increase as more cracks start appearing.
####0n the other hand, due to the diffused nature of crack
formation, there are some higher-frequency components as
well originating from newly formed crack tip (Griffith 1921).
It has been experimentally shown that a slow rate of loading
generally produces longer events, resulting in a lower rise
angle (RA) (Naderloo et al. 2023), which is evident in our
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experiments (Fig. 11). For failure at low confinement, before
the elastic—plastic transition, there are fewer events and they
have comparatively higher average frequencies (AF) com-
pared to the spectral content of events after the onset of
plastic deformation.

A direct comparison of the active and passive obser-
vations reinforces this interpretation. The active spectra
(Fig. 10) are measured along a fixed raypath and therefore
isolate how evolving damage along that path reshapes the
waveform; consequently, at higher confinement the prefer-
ential loss of high-frequency energy manifests as a clear
downshift of the dominant peak. In contrast, AE signals
(Fig. 11) originate from multiple, migrating sources and
traverse variable paths through regions of variable degree
of damage. This spatial averaging can reduce the visibility of
a single systematic peak shift in the aggregated AE spectral
metrics, even though the AE population still shows increased
low-frequency contribution at higher confinement (heatmap
skewness). Together, these results indicate that confinement-
driven transition from brittle localization to distributed
cataclastic damage produces stronger frequency-dependent
attenuation in both active and passive acoustics, but it is
expressed more cleanly in the controlled-path active meas-
urements. For failure at higher confinement, insignificant
changes in AF can be observed unlike the observation in

active acoustic waveforms (Fig. 11). Cracks at higher con-
finement are more diffused and it might therefore be possible
that the events originating from multiple locations average
out the spectral content by sampling most of the rock mass
in their ray path. Nevertheless, the heatmaps after the onset
of plastic deformation show skewness toward the low-fre-
quency domain at higher confinement, suggesting a low-fre-
quency contribution. However, a more concrete assessment
can only be provided by locating the events, which is not
within the current scope of work. Isolating the spectral con-
tent of grain crushing and crack formation is challenging and
has been acknowledged to be a difficult matter to deal with
by previous studies (Li et al. 2017, 2023; Wang et al. 2018).
Theoretical and numerical approaches have been proposed
using generalized wave motion and cracking dynamics (Ono
and Ohtsu 1984; Lisjak et al. 2013; Dubuc 2024); however,
they are not fine-tuned for understanding rock materials. Bi
et al. (2024) through extensive failure experiments on sand-
stones, proposed that tensile and shear events in the AF-RA
space can be delineated by the following equation (Eq. 7)

AF =37.41RA + 107.88. @)

Events above this transition line originate from tensile
cracks, whereas the ones below signify shear cracking.
Applying this relation, we can see that predominantly tensile

Fig. 10 Spectral content of

the active acoustic waveforms
recorded during the failure
experiments. Dark green and
red lines represent waveforms
recorded at the start and end
of the experiments, respec-
tively. The dark green and red
vertical lines indicate the peak
amplitude and corresponding
frequency of a waveform at the
start and end of the experi-
ment, respectively (Color figure
online)
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events appear at lower deviatoric stress, whereas more shear
cracks appear since the onset of plasticity. An increase in
confinement increases the proportion of shear events at both
low and high deviatoric stresses. This follows the observa-
tions in previous research, which indicates that at low con-
finement, shear failure is a more dominant mechanism in
sandstones (Kong et al. 2018; Huang et al. 2023), which is
also observed in our X-ray CT images. Deformation due to
stress relaxation is an extremely slow process even compared
to creep and promotes aseismic crack coalescence (Zafar
et al. 2022), also resulting in more tensile cracking than
shear or mixed-mode cracking.
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Fig. 11 Frequency versus rise angle heatmaps showing the difference
of deformation mechanism before and after the onset of plasticity.
The white dotted line indicates transition between tensile and shear
events with the percentage contribution indicated on both sides of the
line. The elastic and plastic zone of each deformation experiment is
marked in Fig. 2 (Color figure online)

4.5 Relevance for Stress Monitoring and Limitations

The experiments performed in this study shed light on the
relationship between deformation, sonic velocity and AE
at low effective stresses for highly porous sandstones. The
outcome is based on 2.6 km deep sandstones of the Aurora
CO, storage site and are also relevant for stress monitor-
ing during CO, injection in similar sites around the world.
The traffic light system (Fig. 8) proposed in this study using
sonic velocity and AE monitoring can help identify critical
stress buildup and associated irreversible deformation in the
reservoir. The correlation derived in Table 4 can help predict
the number of microseismic events based on changes in Vp
and Vs during irreversible deformation, which is an essen-
tial early-warning indicator for areas away from the injector
which is at risk for induced seismicity. Although post-failure
deformation behavior, frictional sliding, and AE are impor-
tant to characterize seismic potential (Cartwright-Taylor
et al. 2022), it is not the focus of this study. The effective-
ness and principles of borehole sonic monitoring illustrated
in this work and earlier works by Chandra and Barnhoorn
(2025) and Chandra et al. (2025) will find increasing appli-
cability with rapid implementation of downhole fiber optics
for monitoring changes in acoustic properties (distributed
acoustic sensing or DAS), strain (distributed strain sensing
or DSS) and temperature (distributed temperature sensing
or DTS) in new storage areas.

Laboratory studies related to scoping potential for CO,
reservoirs should also include tests at or toward low-confine-
ment pressure to better capture the non-linearity in failure
criterion, inelastic strain, and failure mechanisms in reser-
voir sandstone. Further in situ testing in downhole condition
gives us more details about the thermo-hydro-mechanical
consideration in a real CO, injection scenario, i.e., to poten-
tially better interpret monitoring results. The deformation
mechanisms documented in this study are most relevant to
localized near-wellbore regions where pore pressure increase
and cooling reduce effective horizontal stress during injec-
tion. Note that the direct impact of temperature on the
micromechanical processes and related effects on velocity
and AE is not tested in this project and not discussed here.
This is avoided due to the practical complexity of combining
temperature and thermal stress paths into such experiments.
However, we use the expected low effective stress induced
by pore pressure and temperature changes in the field as the
low effective stress boundary condition for the laboratory
experiments. The results presented here are derived with a
focus on the mechanical response during conventional tri-
axial compression stress paths, keeping isotropic stress con-
stant and increasing the axial stress. This is also a simplifica-
tion, and in the field and near-wellbore region, other stress
paths are also possible, e.g., reducing effective horizontal
stress and increasing effective vertical stress simultaneously.
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The results are also relevant for analysis considering the
area with stress redistribution and typical low effective stress
very close to the borehole wall.

Under these low-confinement conditions (1 MPa), our
experiments show that the transition from elastic to inelas-
tic behavior is first expressed by a pronounced reversal in
ultrasonic velocities (particularly Vs), followed by a rapid
increase in AE rate. This response indicates that deformation
is initially governed by localized frictional sliding and crack
opening along grain boundaries, with limited grain crushing,
resulting in discrete and spatially confined damage zones
observed in post-deformation CT images. In contrast, experi-
ments at 3 MPa confinement exhibit delayed velocity rever-
sal, substantially higher cumulative AE counts, and lower
peak energy per event, consistent with distributed cataclas-
tic deformation, pore collapse, and grain crushing, evident
from the post-failure 3D imaging. The temporal spreading of
acoustic activity and reduced stress sensitivity at higher con-
finement suggest that damage accumulation is more diffused
and less localized than under low-confinement conditions.
These confinement-dependent differences in deformation
physics imply that near-wellbore regions subjected to rapid
effective stress reduction are more prone to early irreversible
deformation that may not be accompanied by pronounced
microseismic energy release. Consequently, the combined
ultrasonic velocity—AE signatures identified in this study are
particularly relevant for monitoring near-wellbore integrity
during early injection and pressure transients, where local-
ized brittle damage may precede reservoir-scale failure. In
a reservoir, stress change is relatively slow compared to the
laboratory scale, and the mode of deformation may vary
from our observations based on the temperature, fluid com-
position, and rate of deformation. A better understanding
through monitoring stress change signatures in reservoirs
may help to ensure safe operating limit for CO, injection
projects.

Similar to our experimental observations (Fig. 4), many
studies performed at reservoir scale indicate that stress
perturbation does not immediately trigger microseismicity
(Walsh and Zoback 2015; Shirzaei et al. 2016; Goebel et al.
2017; Deng et al. 2020). Moreover, monitoring microseis-
micity alone can be misleading for high-porosity reservoir
rocks, where many events are produced during elastic defor-
mation due to grain crushing, grain sliding, clay mineral
compaction (Griffiths et al. 2021), and reconfiguration of
pre-existing cracks (Bernabé et al. 1994; Pijnenburg et al.
2019). The purpose of monitoring is to accurately categorize
elastic and inelastic deformation behavior in reservoirs to
have a better understanding of the stress state during and
after injection. One way of determining the transition from
elastic to plastic deformation is by assessing the increase
in event rate as a function of injection rate. The traffic light
system in Fig. 8 is derived from laboratory ultrasonic (MHz)

@ Springer

velocities and acoustic emission, whereas field-scale moni-
toring (e.g., DAS, borehole, or surface seismic) operates at
much lower frequencies (Hz—kHz) and samples a larger, het-
erogeneous volume. Consequently, the absolute thresholds
identified here are not directly transferable. However, the
underlying diagnostic sequence is scale robust. In the labo-
ratory, the green—yellow transition is marked by a reversal
or sharp reduction in the rate of change of Vs, reflecting
degradation of shear stiffness and the onset of irreversible
deformation; at field scale, this is expected to appear as per-
sistent relative travel-time delays, velocity reductions, or
waveform decorrelation inferred from time-lapse seismic
or DAS measurements. The yellow—red transition, defined
by a rapid increase in AE rate and energy, corresponds at
reservoir scale to the emergence of sustained microseismic
or DAS-detected event clusters. Field responses are spatially
averaged and strain-rate dependent, such that localized dam-
age may produce weaker, but more persistent precursors.
Therefore, application of the traffic light framework requires
reservoir-specific calibration against baseline conditions,
rather than direct adoption of laboratory-derived numerical
thresholds. The empirical relationships proposed in Table 4
and Fig. 9 will be essential for linking reservoir scale veloc-
ity and microseismicity measurements. Such relationship
(based on reservoir specific calibration and wide array of
measurements) can also help to isolate event signatures of
induced seismicity and natural seismicity, avoiding false
alarms in the microseismic monitoring workflow.

5 Conclusions

This study addresses the deformation behavior of highly
porous sandstones from the North Sea at low confinement
to highlight the deformation behavior by integrating pre-
and post-deformation 3D imaging and geophysical measure-
ment. The simultaneous use of ultrasonic wave attributes
and AE measurement under controlled laboratory conditions
underpins the effectiveness of such tools to accurately pre-
dict the stress state in a reservoir. This integrated monitoring
approach reveals that a sudden drop in rate of change of Vp,
Vs, and microseismic event rate can forecast plastic defor-
mation in a reservoir. Such a combined monitoring approach
is more effective to monitor deformation prior to yield point,
where aseismic deformation may be overlooked when only
microseismic monitoring is considered. Beyond the scope of
CO, storage operation, such an approach can be applicable
for monitoring any fluid injection operation in subsurface
reservoirs.

Although microseismic events occur more at higher con-
finement (representing deeper reservoirs), the peak energy
produced by an individual event is lower when compared
to the peak energy produced at lower confinement. An
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empirical logarithmic relationship between the number of
microseismic events and change in wave velocities post-yield
stress has been proposed. The coefficients of this relation-
ship also change based on confinement and can be applied
to other geomaterials. While this relationship captures the
coupling between damage accumulation and elastic property
degradation, its quantitative form is dependent on lithology,
porosity, grain size, and stress path, and therefore requires
site- and reservoir-specific calibration before application at
field scale.

Low-porosity and smaller-grained sandstones produce
a lower number of AE events, which can be attributed to
less grain crushing, emitting lower peak acoustic ener-
gies. Deformation at higher confinement also results in
less peak acoustic energy. A shift toward lower frequency
can be observed during deformation at higher confinement
especially post-yield stress in both active acoustic and AE
waveforms. This behavior can be attributed to the increasing
shear cracking and grain crushing at higher confinement,
also evident in the post-deformation CT images.

Comparing the experimental findings of this study and
Grande et al. (2024), we can see a non-linearity in the shear
failure criterion at lower confinement, which reiterates the
importance of accounting for low-confinement deformation
behavior when modeling CO, storage sites.
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