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 11 

Abstract 12 

Catastrophic failure in brittle, porous materials initiates when smaller-scale fractures localize along an 13 

emergent failure plane or 'fault' in a transition from stable crack growth to dynamic rupture. Due to the 14 

extremely rapid nature of this critical transition, the precise micro-mechanisms involved are poorly 15 

understood and difficult to capture. Here, we observe these micro-mechanisms directly by controlling 16 

the microcracking rate to slow down the transition in a unique rock deformation experiment that 17 

combines acoustic monitoring with contemporaneous in-situ x-ray imaging of the microstructure. The 18 

results provide the first integrated picture of how damage and associated micro-seismic events emerge 19 

and evolve together during localisation and failure and allow us to ground truth some previous 20 

inferences from mechanical and seismic monitoring alone. They also highlight where such inferences 21 
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miss important kinematically-governed grain-scale mechanisms prior to and during shear failure. 22 

Contrary to common assumption, we find seismic amplitude is not correlated with local imaged strain; 23 

large local strain often occurs with small acoustic emissions, and vice versa. Local strain is 24 

predominantly aseismic, explained in part by grain/crack rotation along an emergent shear zone, and 25 

the shear fracture energy calculated from local dilation and shear strain on the fault is half of that 26 

inferred from the bulk deformation. This improvement in process-based understanding holds out the 27 

prospect of reducing systematic errors in forecasting system-sized catastrophic failure in a variety of 28 

applications.  29 

 30 

Main Text 31 

Catastrophic failure of porous materials is important for wide range of applications and on a variety of 32 

scales, from natural and induced earthquakes to the failure of synthetic materials and engineered 33 

structures. Understanding the micro-structural processes that operate during weakening and failure of 34 

these materials, and the associated strain partition between seismic and aseismic components, is a 35 

critical barrier to reducing the significant uncertainties involved in inferring local deformation and 36 

strain rates from remotely accessed field-scale seismic or geodetic data. Without this ability, we are 37 

unable to improve methods for forecasting and mitigating the risks associated with catastrophic failure.  38 

The key driving mechanism of catastrophic failure under compression is the concentration of 39 

precursory damage along localised zones of deformation, eventually resulting in system-sized failure 40 

along a distinct and emergent sub-planar discontinuity (1).  Mean field models explain some aspects of 41 

the observed behaviour, but rely on average properties that cannot account for localisation or the 42 

detailed micro-mechanics (2). They are often derived solely from the properties of recorded acoustic 43 

emissions (AE), which are assumed to be representative of the local strain, and cannot account for local 44 

aseismic mechanisms that typically constitute >99% (3) of the total accumulated strain energy. The 45 
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partition between seismic and aseismic strain directly constrains the rheology and the detectability of 46 

seismic precursors to failure, and is currently the largest source of uncertainty in operational 47 

forecasting of seismic risk from subsurface engineering projects (4). However, we have limited 48 

constraints on its evolution at a large scale, and none at the microscopic scale. 49 

The size, location and fracture mode of individual micro-cracking events are commonly 50 

inferred from AE waveforms, sometimes calibrated against thin sections that reveal the microscopic 51 

processes destructively after the test. These processes include elastic compaction, pore collapse, and the 52 

development of small tensile micro-cracks oriented parallel to the maximum principal stress (1, 5, 6). 53 

Cracking is a form of local failure either due to locally weaker material or local stress concentrations 54 

resulting from changes in geometry (7-11). Under a constant deformation rate, the peak stress often 55 

coincides with the onset of an extremely rapid, non-linear acceleration of AE event rate (5, 12), 56 

resulting in violent, abrupt failure and rapid stress drop. The non-linear rheology and short time scales 57 

(< 40 s in Clashach sandstone; Supplementary Figure 3) make the micro-mechanisms involved in the 58 

transition from stable crack nucleation along a localised shear zone to system-sized rupture extremely 59 

difficult to capture and characterize in real time. However, failure can be extended in duration by 60 

controlling the loading rate to maintain a constant AE event rate (1, 13, 14). This procedure prevents 61 

the acceleration of crack damage and can extend to minutes or even hours the microscopic processes 62 

that usually occur over a few seconds, enabling the post-peak-stress region to be studied under quasi-63 

static conditions. Mapping AE source locations during such an experiment provided the first in-situ 64 

view of crack localisation and shear zone growth, and an estimate of the associated shear fracture 65 

energy, a key parameter in the mechanics of earthquakes and faulting (1, 13).  66 

More recently, in-situ high-energy x-ray micro-tomography (μCT) time-lapse imaging of rock 67 

deformation experiments has enabled the non-destructive characterization of microstructural damage 68 

and local strains (15-17). Such studies have so far been limited to constant strain rate experiments 69 
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where changes after peak stress occur too rapidly to be captured, even with the high-speed imaging 70 

capabilities of a synchrotron. Here, we address this research gap by presenting detailed in-situ images 71 

of rock failure obtained during experiments in a novel x-ray transparent triaxial deformation cell (see 72 

Methods), which for the first time integrates acoustic monitoring with fast time-lapse synchrotron x-ray 73 

imaging, on the beamline I12-JEEP (18) at the Diamond Light Source, UK. We slowed down failure 74 

using feedback from the AE event rate (see (1) and Supplementary Note), extended the failure time 75 

from ~1 minute to ~50 minutes (Supplementary Figure 3), and captured sample weakening and failure 76 

in a series of eighteen 3D x-ray μCT volumes (Fig. 1a), along with the locations and amplitudes of the 77 

AE sources. This allowed us to unlock the relationship between the seismic sources, the local strain and 78 

the associated underlying micro-mechanisms. We find that AE miss important developments on the 79 

grain scale; early strain localisation does not necessarily lock the system in; and the micro-mechanics 80 

on the grain scale are governed by kinematics, in turn governed by the rock configuration.  81 

 82 

Micro-mechanics of strain localisation and failure from in-situ x-ray images 83 

Under AE-controlled quasi-static loading, the sample eventually experienced system- sized brittle 84 

failure along a localised shear zone (Fig. 1), with x-ray μCT volumes of the precursory microscale 85 

processes obtained at the times indicated. The details of damage localisation and shear zone 86 

development are shown in post-yield 2D μCT slices (Fig. 2) and incremental 3D strain fields obtained 87 

by Digital Volume Correlation (Fig. 3).  88 

AE activity preceded initial strain localisation during early loading [stage (i) in Fig. 1; Fig. 3 89 

first panel], consistent with previous AE studies on porous rocks using much larger samples (5, 6, 19) 90 

or in-situ μCT imaging of smaller samples (20, 21). Between yield and shortly after peak stress [stage 91 

(ii); Fig. 3 panels a-b], the spatial distribution of shear strain closely followed that of dilation, and 92 

competing strain clusters localised along three distinct conjugate planes of similar amplitude and dip 93 
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(30° to maximum principal stress; typical of optimally-oriented faults in nature) but variable strike, 94 

indicating self-organised exploration of candidate shear zones. These direct observations highlight the 95 

exploratory nature of emergent localisation in a complex system.  96 

In stage (iii), dilation and shear strain concentrated along the critically-oriented shear zone soon 97 

after peak stress (Fig. 3 panel c), initially with a brief hiatus in the damage rate (Supplementary Figure 98 

4). The shear zone emerged spontaneously from the self-organised localisation of numerous, narrow 99 

en-echelon tensile microcracks, which nucleated simultaneously along the whole length of the shear 100 

zone (Fig. 2b and c; slice c) as the upper part of the sample moved as one continuum relative to the 101 

lower part. These cracks, which mainly crossed a single whole grain, nucleated at pore edges, at grain 102 

contacts where Hertzian stresses accumulated within force chains, and as wing cracks at the tips of 103 

sliding grain boundary cracks (consistent with 7-11). As damage mechanisms localised increasingly on 104 

the shear zone, initial diffuse compaction in the bulk was swamped by localised dilation and shear 105 

strain (Supplementary Figure 6; Supplementary Movies 3-8) as a fat tail emerged in their respective 106 

frequency-amplitude distributions, which eventually became bimodal (Supplementary Figure 5).  107 

In stage (iv), dilation and shear strain were highly correlated in the shear zone (Fig. 3), 108 

consistent with several mechanisms accommodating bulk shear motion (Fig. 2c; slices c-f). These 109 

included en-echelon, tensile cracks nucleating and widening to produce extension and volumetric 110 

strain; aseismic rotation of tensile cracks associated with neighboring grain rotation, which prevented 111 

tensile crack propagation and supported the walls of the shear zone to maintain finite grain-size 112 

thickness throughout failure; and sliding on favourably- and unfavourably-oriented cracks, including 113 

some resembling Riedel shear zones. Grain fragmentation generated a proto-cataclasite within the shear 114 

zone as whole grains disintegrated, partial grains fractured off the shear zone walls, and fractured 115 

grains filled cavities (Fig. 2c; slices d-g). These observations highlight the significant contribution of 116 
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aseismic mechanisms (i.e., rotation) to the overall failure process, relative to seismic mechanisms (i.e., 117 

cracking, stick-slip sliding; 6).  118 

Eventually coherent slip occurred on a contiguous fault ‘plane’ that reached the sample 119 

boundary on all sides (stage v; Fig. 3 panels f-g), with corresponding reduction of local strain 120 

amplitude and local strain rate as the main failure mechanism transferred from local breakdown and 121 

rotation to coherent slip (Supplementary Figures 4 and 5). All the micro-mechanisms just described 122 

remained active in accommodating coherent slip, explaining the remaining patches of dilation (Fig. 3 123 

panels f-g), including rotation of fragments still attached to the upper part of the sample forming local 124 

asperities. As asperities broke away from the upper part of the sample, synthetic shear cracks/voids 125 

developed along the walls of the shear zone, facilitating further sliding. 126 

In summary, we observe a breakdown sequence from failure of individual grains due to point 127 

loading, through the formation of a proto-cataclasite due to grain rotation and fragmentation, to an 128 

ultra-cataclasite due to further grain fragmentation during coherent slip. 129 

 130 

AE location and the seismic strain partition factor 131 

We recorded ~3600 AE events above ambient noise, some 5% of which were selected using objective 132 

criteria for location analysis (see Methods). The most likely location for each event was inferred by 133 

constraining it to the maximum local strain within a kinematically-derived hyperboloid of possible 134 

locations (see Methods and Supplementary Figure 11). The same unique location was found for 85% of 135 

the located AE events in both the dilation and shear strain fields due to the high correlation between the 136 

two strain fields. Even with the maximum strain constraint, the largest AE events did not occur at 137 

locations of high local strain (Fig. 4 solid black ellipses), implying the seismic strain partition 138 

coefficient is highly variable in space. Many small events occurred in regions of high local strain (Fig. 139 
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4 dashed black ellipses), consistent with deformation being primarily aseismic in the shear zone, while 140 

many large events occurred in regions of low local strain in the bulk (Fig. 4 and Supplementary Figure 141 

12). Dilation and shear strain are positively correlated over the whole experiment, but this positive 142 

correlation is much stronger at the AE locations (Supplementary Figure 13), consistent with the large 143 

mixed mode component of seismic moment tensors observed in (6).  144 

We inferred a seismic strain partition coefficient for bulk deformation of 0.2% from summing 145 

the inferred scalar seismic moments (see Methods), verifying that deformation is primarily aseismic. 146 

This is much lower than the 1% inferred by (3), most likely due to using a less brittle material 147 

(sandstone) under quasi-static rather than constant strain rate loading. Both estimates are a lower bound 148 

due to the finite signal to noise ratio. 149 

 150 

Rupture energy 151 

The shear fracture energy or energy release rate, Gc, is a crucial parameter for modelling shear fracture 152 

propagation (23). It is the energy required per unit area for breakdown processes, such as tensile 153 

fracturing, to create the new fault surface. It characterises the strain-softening region of the stress-strain 154 

curve and is conventionally estimated from bulk axial stress and strain data (Fig. 5a). Here we estimate 155 

Gc both from bulk and from knowledge of the local strain in the shear zone (see Methods), finding that 156 

bulk estimates are biased to large values.  157 

We computed Gc (Fig. 5c) by integrating the shear stress versus fault slip record (Fig. 5b) for (i) 158 

uniform slip on a sample-sized fault from bulk axial stress and strain (as in 24), (ii) uniform slip from 159 

bulk axial stress and strain at each μCT scan time, and (iii) total observed local slip measured directly 160 

from local dilation and shear strains within the shear zone. We observed a smaller critical slip distance, 161 

Δu* (Fig. 5a) for local slip (0.14 mm) than for uniform slip (0.2 mm), while the integrated curves 162 
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yielded Gc-i = 5.06 kJ/m2, Gc-ii = 3.72 kJ/m2 and Gc-iii = 2.53 kJ/m2, where dilation and shear strains 163 

contributed 36% and 64% of Gc-iii respectively. The discrepancy between Gc-i and Gc-ii arises from the 164 

feedback control: many of the μCT scan times after peak stress coincided with a reduction in stress and 165 

strain as the ram backed off to maintain the AE event rate (Fig. 1a). However, local shear fracture 166 

energy, Gc-iii, is only 0.68Gc-ii and 0.5Gc-i. Hence, bulk estimates of Gc for uniform slip across a sample-167 

sized fault can significantly exceed those determined directly from local slip measurements in the 168 

developing shear zone. 169 

 170 

Comparison with laboratory observations of shear failure 171 

The evolving shear zone imaged in the 3D x-ray volumes and strain fields validates many inferences 172 

from classic AE experiments, such as the nucleation and growth of a shear zone containing the eventual 173 

fault plane due to the spontaneous localisation of en-echelon tensile microcracks (1, 13). These data 174 

also provide new insight into the micro-mechanics of strain localisation and shear failure, notably: the 175 

grain size control on failure; the self-organised exploration of candidate shear zones close to peak 176 

stress; the continued correlation between dilation and shear strain throughout sample weakening; the 177 

relative importance of aseismic mechanisms such as crack rotation in accommodating bulk shear 178 

deformation; the lack of correlation between locations of large seismic events and regions of high local 179 

strain; the very low and locally highly variable seismic strain partition coefficient; and the relatively 180 

low local shear fracture energy compared to bulk estimates.  181 

The strong correlation between local dilation and shear strain is consistent with in-situ μCT 182 

observations up to peak stress (16). Here, we show that this correlation continues throughout quasi-183 

static failure, confirming, at higher resolution, inferences from seismic velocity tomography (25). If 184 

volumetric strain is a proxy for tensile cracking, the correlation confirms the existence of a cohesive 185 

zone, but with crack damage distributed throughout the shear zone rather than concentrated solely in a 186 
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breakdown zone at the propagating front of a pre-existing discontinuity, as proposed by Barenblatt 187 

(26). This observation is consistent with the fact that no contiguous fault exists until very late in the 188 

process, and even then cracking continues to occur at the grain scale by fracturing individual grains and 189 

breaking remaining grain-scale asperities distributed across the whole shear zone.  190 

The Gutenberg-Richter b-value estimate from the AE was 1.94 ± 0.04 (Supplementary Figure 191 

10), slightly higher than b~1.7 estimated for granite under similar loading conditions (1).  Both are 192 

likely high due to the forced quasi-static failure protocol. When b>1.5, the moment release is 193 

dominated by smaller events, so our very low estimate for the seismic strain partition factor (0.2%) 194 

may be due in part to the lack of detection of smaller events above the relatively high ambient noise 195 

present in the synchrotron beamline. However, this does not explain the relative absence of large AE 196 

events in high strain regions. The distribution of AE locations reflects the high b-value, with many 197 

moderate/small events occurring in regions of large directly measured strain. One explanation could be 198 

that the reduction in local stiffness with increasing damage leads to the preference for smaller events 199 

along the shear zone, with fewer but larger AE occurring at locally stiff regions off-fault where strain 200 

energy accumulates with relatively little deformation. These results show that the seismic strain 201 

partition coefficient is highly variable locally and therefore the AE source amplitude is not necessarily 202 

representative of the local strain. This is consistent with similar counterintuitive scaling shown between 203 

avalanche size (related to strain) and average energy (related to AE amplitude) in a local load sharing 204 

fibre bundle model (27). These findings may help to explain similar spatial variability inferred at field 205 

scale and constrain model uncertainty when forecasting seismic risk (4).  206 

Our estimates of Gc are close to that estimated for Berea sandstone under the same assumptions 207 

(13), and an order of magnitude smaller than reported for granite (1, 24, 25). Since Gc-iii (for local slip 208 

in a propagating shear zone) is only 50-68% of Gc for uniform slip on a sample-sized fault, significant 209 

additional work (~32-50%) must be done in the rest of the sample. However, the average off-fault to 210 
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on-fault incremental shear and volumetric strain ratios during failure are only 9% and 3% respectively 211 

(Supplementary Table 1), consistent with ratios of off-fault dissipated energy to on-fault shear fracture 212 

energy in granite (25). The remaining 20-38% of additional work must be accommodated by aseismic 213 

mechanisms within the shear zone (i.e., crack and grain rotation and silent grain rearrangement). Slip 214 

due to rotation for individual cracks can be as large as 77 ± 29% of the local relative slip 215 

(Supplementary Table 2), and hence likely accounts for a significant proportion of the shear fracture 216 

energy.  217 

 218 

Relating micro-mechanics with natural slip systems and tectonic-scale kinematics 219 

Our results highlight the complexity of damage processes occurring within shear zones during 220 

localisation and through weakening and failure. Local crack rotation with antithetic slip (Fig 2c-iii) 221 

offers an additional mechanism for local stress rotation and slip on unfavourably-orientated faults 222 

without the need for high pore pressure (28). It may also help to explain observations of interlaced 223 

orthogonal faults and accompanying geometric complexities (such as en-echelon faulting, aftershock 224 

migration and event triggering from one orientation to another) in the 2019 Ridgecrest earthquake 225 

sequence and other examples (29), by providing alternative pathways along which to accommodate 226 

strain during a cascading rupture process.  227 

Our observations of crack rotation  provide experimental evidence to support models of tectonic 228 

kinematics (e.g., 30-33), which postulate that rotation in rifting margins and strike-slip settings can 229 

emerge as a result of local strength heterogeneity in the crust. In these cases, a strong ‘fixed’ zone (in 230 

our case, the rock matrix between en-echelon tensile microcracks) transmits the bulk drag, preventing 231 

pure shear and enabling extension and rotation, with rotation facilitated by the surrounding 232 

mechanically weak regions (in our case, the tensile cracks themselves) that accommodate the rotation-233 

induced deformation. The rotation in our experiments is driven by shearing oblique to the en-echelon 234 
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tensile cracks, whereby the strong grain segments transmit the shearing motion and prevent tensile 235 

crack propagation beyond a single grain, thereby limiting the width of the shear zone to the grain scale. 236 

Crack coalescence eventually occurs by grain fragmentation within the shear zone and by the breaking 237 

of asperities, forming strands of connected crack porosity aligned along the shear zone in patterns 238 

consistent with dynamic shear failure (34), coalescence of en-echelon rift segments (35) and kink band 239 

development in granodiorite (36). The potential for slip along either and/or both surfaces of the shear 240 

zone, as well as planes within the shear zone, is also found on a larger scale in nature (37).  241 

This discussion highlights the potential for re-examination of the microstructures and inferred 242 

mechanisms associated with larger-scale seismic and aseismic processes in light of the results 243 

presented here, in particular the conclusion that seismic events miss important grain-scale mechanisms 244 

governed by kinematics before and during shear failure. This improvement in process-based 245 

understanding holds out the prospect of reducing systematic errors in forecasting system-sized 246 

catastrophic failure in a variety of applications. 247 

  248 

Methods 249 

For a description of how we implemented the AE feedback control of deformation, see the 250 

Supplementary Note.  251 

Experimental material 252 

A Permian aeolian sandstone (Clashach) was chosen as the experimental material. Clashach is a quartz-253 

rich arenite composed of >92% quartz grains, <8% K-feldspar and subordinate lithics. It is well-sorted 254 

with fine to medium-sized grains 0.25–0.4 mm in diameter (38). A highly cemented Clashach sample 255 

was used (17% porosity), which behaved in a mechanically brittle manner when loaded to failure at 256 

shallow crustal pressures, and emitted sufficient acoustic emissions for feedback control. Cylindrical 257 
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cores were obtained using a diamond core drill and the ends of the cores were ground flat and parallel 258 

on a lathe. 259 

Experimental equipment 260 

The experiment used our lightweight (3.5 kg) x-ray transparent triaxial deformation apparatus, Stór 261 

Mjölnir (Supplementary Figure 1), developed at the University of Edinburgh. Named after Thor’s 262 

hammer in Norse mythology, it is an up-scaled version of our miniature triaxial cell, Mjölnir (39), with 263 

the addition of a linear variable displacement transducer (LVDT) to measure axial displacement, and 264 

two piezoelectric ‘Glaser-type’ transducers, positioned axially (Supplementary Figure 1), to passively 265 

detect acoustic emissions (AE) and actively monitor ultrasonic velocities. These sensors (signal in 266 

Volts proportional to the true normal displacement, 𝑢, of the received elastic wave) were connected to 267 

an Applied Seismology Consulting Ltd (ASC) micro-seismic monitoring system by means of two ASC 268 

pre-amplifiers. This allowed us to capture AE waveforms and conduct ultrasonic velocity surveys 269 

throughout the experiment. Stór Mjölnir is constructed of grade 5 titanium alloy, with an x-ray 270 

“transparent” pressure vessel made of 7068-T6 aluminium alloy. It accommodates cylindrical samples 271 

of 10 mm diameter and 25 mm length and can attain confining pressures up to 50 MPa and apply axial 272 

stresses up to 500 MPa. It was installed on the x-ray microtomography rotation stage in Experimental 273 

Hutch 1 (EH1) of beamline I12-JEEP at the Diamond Light Source.  274 

Experimental protocol 275 

The experiment was conducted at ambient temperature. The Clashach core was jacketed in silicone 276 

tubing and sealed between the pistons within the pressure vessel (Supplementary Figure 1). An 277 

effective pressure (Peff) was applied and maintained at 20 MPa throughout the test (confining pressure 278 

Pc = 25 MPa and pore fluid pressure Pp = 5 MPa, where Peff = Pc – Pp. A hydrostatic starting pressure 279 

condition (zero differential stress) was achieved by simultaneously increasing the axial pressure to 280 

match the confining pressure. Tomographic reference scans were acquired before pressurisation and 281 
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again prior to loading (at zero differential stress) to obtain the initial state of the sample. Two scans 282 

were acquired at zero differential stress to characterize the error in the digital volume correlation by 283 

correlating two volumes in which the state of the sample was identical (Supplementary Figure 7). 284 

After the initial scans, the sample was loaded continuously at a constant deformation rate of 10-5 285 

s-1 until the desired AE event rate (1 event/s) was reached, at which point loading at this constant AE 286 

rate took over. This protocol extended the failure time from ~1 minute to 50 minutes, equivalent to an 287 

average bulk strain rate of 10-7 s-1, sufficient to capture 18 high-quality μCT volumes after peak stress. 288 

The sample underwent triaxial deformation to failure evident from a rollover at peak differential stress 289 

followed by a gentle decrease in stress ending in an almost constant stress on completion of loading 290 

(Fig. 1a and Supplementary Figure 3).  291 

Imaging the deformation in-situ on beamline I12-JEEP (18) was achieved with a 53 keV 292 

monochromatic beam detected by a PCO.edge light sensor with I12 in-house optical module of 7.91 x 293 

7.91 μm/pixel resolution and 20 mm x 12 mm field of view. Tomographic volumes of the whole 294 

sample, comprising two discrete overlapping scans of the top and bottom of the sample, with vertical 295 

translation in between, were acquired every 85 s throughout the experiment. Individual scans were 296 

acquired in approx. 40 seconds and consisted of 1800 projections with a 0.0035s exposure time. At 297 

each end of the sample, 0.2 mm (next to the piston) was not captured due to limits on the x-ray field of 298 

view, which had a vertical dimension of 12 mm. 299 

Ultrasonic velocity surveys were conducted every 5 minutes and acoustic emissions monitored 300 

continuously throughout the experiment, along with actuator pressure and axial displacement, 301 

confining pressure, and pore fluid pressure and volume. 302 

Tomographic reconstruction 303 
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The tomographic dataset was fully reconstructed on the Diamond cluster using the framework SAVU 304 

(40) with automatic centre detection (41), ring removal (42) and distortion correction (43), a Paganin 305 

phase filter with delta/beta ratio of 0.6 (44) and a 2D GPU-accelerated filtered backprojection 306 

(‘FBP_CUDA’) reconstruction algorithm using the integrated ASTRA toolbox (45-48). This yielded 307 

16-bit image volumes of 2560 x 2560 x 1800 voxels, with a voxel size of 7.91 x 7.91 x 7.91 μm3. Each 308 

pair of reconstructed volumes comprising both ends of the sample, acquired with an overlapping region 309 

of 520 vertical pixels (4 mm), was merged together using digital volume correlation (DVC) to match 310 

the overlapping ends and generate a time-series of tomographic volumes of the full sample (orange dots 311 

in Fig. 1 and blue dots in Supplementary Figure 3).  312 

Estimation of bulk stress and strain  313 

Axial displacement was converted to axial strain, ε, which was then corrected for rig stiffness, krig to 314 

obtain the axial sample strain, ϵ, as follows: ϵ = ε/σ – σ (1/ krig). Differential stress, σ, on the sample 315 

was obtained from σ = σ1 – σ3, where σ1 is the axial stress, equal to the load, F, on the sample (obtained 316 

from a calibration of the measured ram pressure with a load cell) divided by the surface area, A, of the 317 

sample end (σ1 = F/A), and σ3 = Peff. 318 

Dynamic wave velocity estimation  319 

Changes in ultrasonic compressional-wave velocity were measured by means of the pulse transmission 320 

technique (49) between the pair of AE transducers, with source-receiver geometries at opposite ends of 321 

the sample (Supplementary Figures 1 and 11). Velocity surveys were conducted by the ASC Pulser 322 

Interface Unit at constant time intervals (5 minutes) during the experiment. A pulse of acoustic energy 323 

was sent through the sample from each transducer in turn and its arrival at the other sensor was 324 

recorded. To understand the system delay (including travel-time through pistons) a seismic test using 325 

the pistons without any sample in between them was recorded, and the difference in time between pulse 326 

onset at the origin and pulse onset retrieval at the other piston was calculated as the time-correction.  327 
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Acoustic emissions analysis  328 

Detected AE signals were amplified and sent to the two-channel monitoring system, which recorded 329 

the full event waveforms, including arrival time, amplitude and first-motion information. The pre-330 

amplification and trigger threshold (based on an instantaneous amplitude) were set at 70 dB and 280 331 

mV respectively, with the aim of controlling the AE event rate effectively. The gain was determined 332 

from a benchmark pencil lead-break test in the laboratory prior to visiting the synchrotron, and the 333 

trigger threshold was determined by the ambient noise in the experimental hutch on the I12-JEEP 334 

beamline. AE event rates were calculated from the number of events recorded in each 10 s time 335 

window. AE amplitudes as a function of time, AE event rate and frequency-magnitude distributions are 336 

shown in Supplementary Figure 10.  337 

We interrogated the AE events to obtain a sub-set of the most reliable events for location 338 

analysis, ensuring that: (i) individual events were represented in both sensors’ recordings, (ii) the AE 339 

waveforms satisfied a minimum Signal to Noise Ratio (SNR), (iii) the relative time-delay for a specific 340 

AE recorded at the two sensors was robust against noise and yielded a depth uncertainty less than 1 341 

pixel, (iv) the maximum relative time-delay for a specific AE recorded at the two sensors obeyed 342 

physical limits given sample dimensions/velocity. The relative time-delays between top and bottom 343 

sensor were estimated by cross-correlation of the top and bottom waveforms. Given the limitation of 344 

only two sensors at the opposite ends of the rock sample, the experimental geometry led to inherent 345 

ambiguity in AE location. However, the specific relative time-delay of an AE event, and knowledge of 346 

the dynamic velocity allowed us to define a circular hyperboloid, which marks a 3D surface of constant 347 

relative time-delay (Supplementary Figure 11) and therefore a kinematic constraint for AE location.  348 

Using the AE events that passed the selection criteria (~5% of 3600 events) we defined each 349 

hyperboloid as the locus of potential elementary volumes (with thickness = 1 pixel) for the AE 350 

location. Time-binning of AE relative to the occurrence of the two scans used to obtain a particular 351 
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strain increment from the DVC permitted comparison of AE with the local incremental strains. 352 

Assuming that each AE occurred at the largest incremental local strain within the kinematically-defined 353 

hyperboloid, a unique AE location was established (location constrained by local strain). Given the 354 

large correlation between locations of large volumetric strain vs. deviatoric strain, AE locations were 355 

defined within the same pixel whether constrained by volumetric or deviatoric strain for 85% of the 356 

located AE. Where two or more AE had the same time-bin and the same kinematic constraint, we 357 

assumed that the largest AE would be correlated with the largest strain, effectively assigning AE 358 

locations sequentially from largest to lowest AE within a time-bin. Whilst the assumption of linking 359 

AE to the largest local strain should bias AE locations to be linked to larger local strains, the results 360 

showed that, effectively via proof by contradiction, the largest AEs do not occur at locations of large 361 

local strain, with the locations of large local strains being linked to small/moderate AE (Fig. 4). This 362 

observation, in turn, is evidence that deformation is primarily aseismic.  363 

Local incremental 3D strain fields from digital volume correlation between neighboring scans 364 

In addition to observing quasi-static fault development directly in the reconstructed μCT volumes, we 365 

quantified the full, incremental 3D strain tensor evolution using DVC between adjacent pairs of 366 

tomograms using the open-source software SPAM (50). The procedure involved computing linear 367 

displacement vectors between nodes (with 40 pixel spacing, equivalent to 316.4 μm) identified in the 368 

reference image and the same nodes identified in the deformed image by tracking a representative 369 

volume (window size 40 pixels) around the nodes. The transformation gradient tensor (local derivatives 370 

of displacement), F, was then computed using a Q8 shape function linking 8 neighbouring nodes, with 371 

F computed in the centre of the element. F was decomposed into the symmetric stretch tensor, U, 372 

which was further decomposed into an isotropic and a deviatoric part. The volumetric strain (first 373 

invariant of the strain tensor showing dilation/compaction) was defined as the determinant of the 374 

transformation gradient tensor, │F│ – 1. Here, we followed soil mechanics convention and defined 375 
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dilation as positive volumetric strain and compaction as negative volumetric strain. The deviatoric 376 

strain (second invariant of the strain tensor showing shear deformation and referred to throughout as 377 

the shear strain) was defined as the Euclidean norm of the deviatoric part ║Udev║. 378 

Estimation of the overall seismic strain partition factor  379 

To estimate the seismic strain partition factor, we followed the approach of (3), who estimated the 380 

seismic moment of the largest observed AE event based on the largest observed fault, in order to scale 381 

the distribution of seismic moments from all their events. We used (51) to obtain the scalar seismic 382 

moments oM CV  
, with C = 16/7, V = r3 the crack volume and Δσ the stress drop. The estimated 383 

maximum for the scalar seismic moment was 1.5e-3 Nm, using the Madariaga source model (52) with a 384 

radius, r, equal to one-half the maximum observed crack size (2r ~ 800 μm) and a stress drop of 1 MPa.  385 

The latter stress drop is an intermediate stress drop encompassing 23 different studies of natural, 386 

mining induced, and fracking induced seismicity and laboratory AE events (Supplementary Figure 13; 387 

53, 54). The maxima of the AE envelopes were scaled to the maximum scalar seismic moment to 388 

obtain the scalar seismic moment distribution. The Kostrov (55) strain was estimated from 389 
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 (56), where ijU
is the unit displacement tensor, μ the shear 390 

modulus and ΔV the total representative volume. Finally, the strain partition factor was estimated from391 

  AE

F





 (57, 58, 3), with 

 AE
representing the sum of scalar seismic moments multiplied by 

2

2 V
392 

and F the average volumetric and deviatoric strains accumulated throughout the deformation 393 

experiment. 394 

Estimation of bulk and local shear fracture energy 395 
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The breakdown zone (slip-weakening) model (Fig. 5a; 23, 24) considers a fault as a shear crack with 396 

peak shear strength, τP. Relative slip on the fault, Δu, initiates at τP and then strength degrades from τP 397 

to a constant residual frictional strength, τF, as Δu increases to a value Δu*, the critical slip-weakening 398 

distance, where tensile fracturing (mode I; dilation) transitions to frictional sliding (mode II; shear). 399 

This leads to a breakdown zone of dimension ω0 at the shear crack tip. Gc for breakdown processes at 400 

the crack tip can be evaluated by integrating under the τ-Δu curve (23; Fig. 5a). Δu is resolved from the 401 

bulk inelastic axial displacement, Δl, and depends on the angle, θ, which the fault makes with the 402 

direction of loading. Shear stress depends on θ and the boundary stress conditions. Three main 403 

assumptions are involved: all axial strain beyond peak stress is accommodated by shear slip on the 404 

fault, the fault is sample-sized throughout, and ω0 is small compared with the size of the fault.  405 

To obtain local geometric and strain information for the shear zone itself defined by the local 406 

strain fields that were output from the DVC (Fig. 3 and Supplementary Figure 4), we separated the 407 

shear zone core from other correlated strain clusters by thresholding above 0.004 strain. We then used a 408 

connected component object analysis to obtain the best-fitting ellipsoid for the shear zone at each strain 409 

increment, and hence obtained the angle θ of the shear zone with respect to the direction of loading 410 

(Supplementary Table 1) from the ellipsoid eigenvectors. The evolving shear zone object is shown in 411 

Supplementary Figure 9.  412 

Following (23, 24), we then estimated Gc  = ∫ [τ(Δu) − τF] d(Δu)Δu∗0  for:  413 

(i) Uniform slip on a sample-sized fault (as in 24) by first resolving relative slip, Δu, from the bulk 414 

inelastic axial displacement, Δl, and θ as follows: Δu = Δl/cosθ, and then calculating shear 415 

stress, τ = [(σ1 – σ3)/2] * sin (2θ), from θ and the boundary stress conditions. A cubic fit was 416 

used to obtain an average bulk shear stress vs relative slip curve and we assumed that all axial 417 

shortening was caused by slip along the fault from τP. Axial shortening was corrected for elastic 418 

strain using the intact Young’s modulus for the sample (Figs. 1c and 5a). 419 
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(ii) Uniform slip at each μCT scan time, using the bulk shear strain and relative slip measurements 420 

at those times (rather than an average), in order to compare the uniform slip model directly with 421 

the observed local slip on the shear zone itself (estimated from the 3D strain fields). We 422 

assumed that all axial shortening was caused by slip along the fault from the point of final 423 

localization (scan c).  424 

(iii)Total observed local slip on the shear zone itself from local dilation and shear strain. We 425 

assumed that slip started from the point of final localization (scan c) and used the bulk shear 426 

strain calculated in (ii). For the shear contribution to slip, we extracted the mean local 427 

incremental shear strain in the shear zone object, Δϵshear̅̅ ̅̅ ̅̅ ̅̅ ̅, from the connected component object 428 

analysis described above. We corrected ∑ Δϵshear̅̅ ̅̅ ̅̅ ̅̅ ̅ for elastic strain using the intact shear 429 

modulus of the sample, obtained from the shear stress vs ∑ Δϵshear̅̅ ̅̅ ̅̅ ̅̅ ̅ curve (Supplementary 430 

Figure 8). Finally, we obtained local shear slip, Δushear, from an engineering strains 431 

approximation: Δushear = 2 ∗ ∑ Δϵshear̅̅ ̅̅ ̅̅ ̅̅ ̅ ∗ DVC node spacing (59). For the radial dilation 432 

contribution to slip, we extracted the mean local incremental radial dilation in the shear zone 433 

object, Δϵdilation̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , and corrected ∑ Δϵdilation̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  for elastic radial strain using the elastic axial strain 434 

calculated above and an estimate of Poisson’s ratio for Clashach sandstone (60). We then 435 

resolved the inelastic dilation onto the shear zone orientation, obtaining local dilational slip 436 

from an engineering strains approximation: Δudilation =  ∑(Δϵdilation̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ sin θ⁄ ) ∗437 DVC node spacing. 438 
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 619 

 620 

 621 

Fig. 1. Bulk mechanical behaviour of Clashach sandstone. (a) Differential stress and AE event rate 622 

evolution with time. The transition from constant strain rate loading (10-5 /s) to constant AE event rate 623 

loading (1 AE /s) occurred early in stage (ii). During stage (iv), shear zone propagation occurs first 624 

across the sample, and then down the sample. (b) Photograph of the failed sample showing the 625 

localised shear damage zone. (b) Differential stress plotted against axial strain. Letters a–g refer to the 626 

image labels in Figs. 2 and 3. Young’s modulus, E = 19.369 ± 0.028 GPa, was calculated over the 627 

range shown. AE activity began at 40% of peak stress, σP, with sample yield at 0.85σP. The AE 628 

feedback control (1 AE/s) modulated the strain rate from 0.93σP. 629 

 630 
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 631 

Fig. 2. Micro-scale damage evolution close to and following peak stress. (a-i) Reconstructed 2D μCT slice (x,y-oriented, where x and 632 

y are perpendicular to each other and to the direction of loading, and x is across-strike and y is along-strike of the shear zone) showing 633 
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the plane (orange line) of a re-slice of the original μCT volume (x,z-oriented, where z is the direction of loading) where the shear zone 634 

initially localised. The corresponding across-strike (x,z-oriented) re-slice is shown between the grey arrows with the shear zone 635 

highlighted by dash-dot lines. (a-ii) histogram of greyscale x-ray intensity values (a proxy for density) showing evolution within the 636 

shear zone region (white line in inset image) and an increasing number of partial volume voxels representing increasing damage in the 637 

shear zone. (a-iii) Zoomed-in view (region between the grey arrows) of the x,z-oriented slice in (A-i) highlighting the narrow shear 638 

zone (dash-dot line) formed after peak stress, and the region of damage that formed after yield but before peak stress (dotted circle). 639 

(b) Further zoomed-in view of the across-strike slices (x,z-oriented) showing shear zone emergence and development in region shown 640 

by dashed box in (a-iii) for scans a-g (see also Figs. 1c and 3). (c) Even further zoomed-in slices (x,z-oriented) highlighting the variety 641 

of micro-mechanisms involved in shear zone formation: numbers (i)-(iii) correspond to the dashed boxes in (b; slice a). When the 642 

whole time-series is viewed as an animation (Supplementary Movies 1 and 2), the micro-mechanisms illustrated by the annotations are 643 

apparent. 644 
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 645 

Fig. 3. 3D incremental strain fields from the onset of strain localisation (marked in Fig. 1c). 646 

Incremental dilation, Δϵd (blue-pink) and shear strain, Δϵs (yellow-green) were calculated from 647 

digital volume correlation between successive pairs of μCT volumes and are shown (a) parallel 648 

to strike (y,z orientation) and (b) perpendicular to strike (x,z orientation). The lower threshold of 649 

0.0017 was set at four standard deviations from the mean error distribution of Δϵs 650 

(Supplementary Figure S6) and the upper threshold shows regions with strain >0.01 (maximum 651 
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Δϵs and Δϵd were ~0.04; Supplementary Figures S4 and S5). The thresholds were chosen to 652 

visually highlight regions of localised strain. Letters a-g correspond to those in Figs. 1c and 2, 653 

with the strain increment following the scan. Strain localisation began at 0.7σP. 654 

  655 
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 656 

Fig. 4. Relationship between AE amplitude (in log-scale) and local incremental strain at the AE 657 

location. (a) Incremental shear strain, Δϵs, and (b) incremental dilation, Δϵd, each normalized by 658 

their respective maximum. The solid black ellipses highlight the lack of large AE events at 659 

locations of large strain; evidence for predominantly aseismic deformation. Conversely, the 660 

dashed black ellipses highlight locations of large strain which are connected to mostly smaller 661 

AE events. Larger AE events are mostly associated with smaller strains. 662 

  663 
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 664 

Fig. 5. Shear fracture energy estimated from bulk strain and from local incremental strain in the 665 

shear zone. (a) Procedure for estimating Gc from shear stress and inelastic axial displacement 666 

resolved on the fault (reproduced from Fig. 1 in 24) showing (top) schematic of sample with 667 

boundary stresses σ1 (axial) and σ3 (radial), the angle θ that fault F makes with σ1, and the shear 668 

stress τ acting on the fault; (bottom left) obtaining inelastic axial displacement Δl from the 669 

differential stress vs axial displacement curve and then resolving it onto F to obtain the relative 670 

slip Δu; and (bottom right) obtaining Gc by integration under τ-Δu curve from peak shear stress 671 

τP to residual frictional strength τF. (b) Relationship between τ and Δu for θ = 30.3° 672 

(Supplementary Table 1) for (i) yellow; uniform slip from average bulk axial stress and strain 673 

data, (ii) orange; uniform slip from bulk axial stress and strain data at each μCT scan time, and 674 
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(iii) green; total observed local slip in the developing shear zone, obtained from direct dilation 675 

and shear strain measurements. We obtained Gc by integration under the τ-Δu curve from peak τ 676 

to τF (dotted black line). The contributions to (iii) from local shear strain (blue) and local dilation 677 

(purple) are also shown. (C) Evolution of Gc calculated from (B) as Δu increases.  678 

 679 
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