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1. Introduction

ABSTRACT

Aftershocks result from stress changes caused by previous mainshocks. While Omori’s and Bath’s
laws adequately describe their temporal evolution and maximum magnitude, estimating their spatial
patterns remains challenging. This study aims to introduce suitable stress metrics for near-real-time
estimation of aftershock spatial patterns by examining the spatial relationship between aftershocks
and six scalar stress metrics: the first, second, and third invariants of the stress tensor, maximum
shear stress, von Mises stress, and Coulomb failure stress (ACES) across 199 global coseismic slip
distributions. In calculating ACFS, the receiver fault orientation was assumed equal to the mean
orientation of the main fault, with a friction coefficient of 0.4. The classification accuracy of aftershock
and non-aftershock zones was evaluated using receiver operating characteristic (ROC) analysis. The
area under the ROC curve (AUC) was 0.78 for maximum shear stress and von Mises stress, 0.63
for ACFS, and 0.55, 0.37, and 0.49 for the first, second, and third stress invariants, respectively.
The results demonstrate that maximum shear stress and von Mises stress, which are independent of
receiver geometry, significantly outperform ACFS and the stress invariants, making them optimal

metrics for near-real-time estimation of aftershock spatial patterns.

Aftershocks represent a significant secondary hazard following
major earthquakes, causing additional damage to already
compromised infrastructure and posing ongoing risks to affected
communities. These events are mechanically linked to stress
perturbations induced by preceding mainshocks, yet their spatial
distribution remains notoriously difficult to estimate. While

empirical laws such as Omori’s law for temporal decay and Bath’s

law for maximum magnitude describe temporal characteristics, no
universally accepted physical model adequately explains spatial
clustering patterns. For decades, the Coulomb Failure Stress (CFS)
criterion has dominated studies of aftershock triggering. This model
calculates the Coulomb failure stress as

CFS=t-p(c-p) ey

where 7 is shear stress, o, normal stress, u friction coefficient,
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and p pore pressure, with positive values theoretically promoting
failure. Despite its widespread adoption, fundamental limitations
plague the CFS approach, including the persistent stress shadow
paradox where aftershocks frequently occur in zones estimated
to be seismically quiet (e.g., 30% of 1992 Landers aftershocks
occurred in ACFS < 0 regions), and unresolved ambiguities in
receiver fault geometry specifications. Recent studies by Meade
et al. (2017) and DeVries et al., (2018) have proposed receiver-
independent stress metrics such as maximum shear stress (t_ ) and
von Mises stress (o ,,) as superior alternatives. This study addresses
this critical knowledge gap by conducting the most comprehensive
global evaluation to date, systematically testing six scalar stress
metrics across 199 global coseismic slip distributions to identify
optimal physics-based estimators of aftershock spatial locations
and advance seismic hazard forecasting capabilities. Fig. 1 shows
samples of static stress fields and ROC curves for the 1992 Landers
earthquake (Cohee and Beroza, 1994).

2. Research methodology

The investigation employed a rigorous multi-phase methodology
beginning with data acquisition from authoritative sources. Source
models comprised 199 finite-fault slip distributions meticulously
curated from the SRCMOD database (Mai and Thingbaijam,
2014), representing earthquakes spanning moment magnitudes
from Mw 4.4 to 9.2 occurring between 1906 and 2024. These were
supplemented by 116,814 instrumentally recorded aftershocks from
the International Seismological Centre (ISC) catalog, constrained
to events occurring within one year post-mainshock and confined
to three-dimensional volumes extending 100 km laterally and 50
km in depth from the rupture planes. The computational domain
was discretized into 5x5x5 km?® voxels, creating approximately 6.6
million grid cells for systematic analysis. Stress tensor calculations
utilized Triangular Dislocation Elements (TDEs) in a homogeneous
elastic half-space framework (Nikkhoo and Walter, 2015), which
compute displacement and stress fields from slip discontinuities.
Six scalar stress metrics were derived from the computed stress
tensors: the classical Coulomb Failure Stress ACFS, the maximum
shear stress,

Az, COF % 12 (2
the von Mises yield criterion +/3AJ,  representing distortional
energy

BAT, =[AI} (0)-3A1,(0) 3)
and the first (Al), second (AL,), and third (AL) invariants of the

stress tensor.

AL QO=1, 2% 4)
AL Q0= 1 X5 % ®)
AL 0=, % % (6)

where y, represent principal stresses. Validation employed

Receiver Operating Characteristic (ROC) analysis, a robust
statistical technique for evaluating binary classifiers. Each grid
cell was labeled as “aftershock” (containing >1 recorded event)
or “non-aftershock” based on the ISC catalog. For each stress
metric, classification thresholds were systematically varied, and

performance metrics were calculated. True Positive Rate as:

TPR = L (7
TP + FN
and False Positive Rate as:
FP
FPR =—— ®)
TN +FP

where TP, FP, TN and FN define True Positive (Correctly estimated
aftershock cells), False Positive (Non-aftershock cells misclassified
as aftershocks), True Negative (Correctly estimated non-aftershock
cells), and False Negative (Aftershock cells misclassified as non-
aftershocks), respectively. Fig. 2 defines the four categories for
binary classification in ROC analysis. ROC curves were generated
by plotting TPR against FPR across all thresholds, with the Area
Under the Curve (AUC) providing a scalar measure of overall
estimative power (AUC=0.5 indicating random guessing; AUC=1.0
representing perfect estimation). This comprehensive approach
ensured a statistically rigorous comparison of each metric’s ability
to distinguish aftershock-prone locations.

Furthermore, our methodological framework was designed with
computational efficiency and real-time operational applicability
as primary considerations. A key practical goal of this study is to
identify stress metrics viable for immediate deployment in rapid
aftershock hazard assessment following a mainshock. In such
time-critical operational scenarios, detailed focal mechanisms
for all potential receiver faults—required for rigorous ACFS
calculation—are subject to significant delays and are not available
instantaneously. In contrast, receiver-independent metrics like
maximum shear stress and von Mises stress, as well as the ACFS
calculated based on the main fault’s average orientation, depend
solely on the mainshock rupture model. This allows for their
computation and delivery within minimal timeframes. Therefore,
the chosen framework represents an optimal balance between
estimation accuracy and computational practicality for near-real-
time forecasting, relying only on an initial source model and making

it directly suitable for integration into rapid warning systems.

3. Results

The global performance assessment across all 199 earthquakes
yielded a clear hierarchy of estimative capability based on merged
AUC values. Maximum shear stress and von Mises stress emerged
as superior metrics with nearly identical merged AUC values of
0.787 and 0.788, respectively, significantly outperforming the

classical Coulomb Failure Stress (ACFS), which achieved a merged
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AUC of 0.626. This represents a substantial performance gap of
+0.161 AUC points for maximum shear stress and +0.162 for von
Mises stress compared to ACFS. The stress invariants demonstrated
progressively poorer performance: the first invariant (Al ) achieved
a merged AUC of 0.553, followed by the third invariant (AL,) at
0.491, with the second invariant (Al,) performing worst at 0.378,
falling significantly below the random classification threshold.

Detailed case studies of individual earthquakes reinforced these
global trends. For the 1992 Landers Mw 7.3 event, maximum shear
stress achieved an AUC of 0.87 compared to ACFS’s 0.61, with the
latter failing to estimate 29% of aftershocks occurring within its
designated stress shadows (Fig. 1).

The 1978 Tabas Mw 7.1 earthquake in Iran showed similar
results, with von Mises attaining an AUC of 0.848 versus ACFS’s
0.614, while AL, performed disastrously below random chance
(AUC=0.261), suggesting shear-dominant triggering mechanisms
(Figs. 3,4 and 5).

Analysis of the 1997 Zirkuh M 7.2 earthquake revealed von Mises

attaining an AUC of 0.866 versus ACFS’s 0.618, which marginally
exceeds random guessing while AL, performed disastrously below
random chance (AUC=0.261) (Figs. 6, 7 and 8).
Analysis of the 2003 Bam Mw 6.5 earthquake revealed maximum
shear stress excelling (AUC=0.855) while ACFS struggled
(AUC=0.571), though Al showed moderate skill (AUC=0.730),
hinting at a potential role for volumetric stress components in
specific tectonic contexts (Figs. 9, 10 and 11). Global comparison
of stress metrics using aggregated ROC curves is shown in Fig.
12. According to Figures 12-a and 12-b, the superior performance
of the receiver-independent criteria, namely maximum shear stress
(AUC = 0.788) and von Mises stress (AUC = 0.787), is clearly
evident from the highest position of their curves and their largest
AUC values. The confidence intervals of these two criteria, which
lie entirely within the superior performance range, indicate high
statistical stability and the reliability of these estimates on a global
scale and ACFS (AUC = 0.626) ranks third.

Spatial pattern simulations using idealized fault models revealed
fundamental mechanistic differences. For a strike-slip fault, ACFS
estimated aftershock occurrence only within distinct lobes extending
from the rupture tips, while maximum shear stress and von Mises
consistently estimated enhanced stress encircling the entire rupture
plane, correlating better with observed halo distributions of
seismicity (Fig. 13). The location estimation based on the Coulomb
failure stress criterion for ideal dip slip fault determines a low
hazard of aftershocks on the surface image of the main earthquake
rupture plane and a high hazard in the lobes extending from the end
of the main earthquake rupture plane, and at the lower end of the
surface image (Fig. 14-a). In contrast, the estimation based on the

maximum shear stress and the von Mises criterion shows that the
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aftershock hazard can increase from the main earthquake fault in
all directions, especially on the surface image of the fault (Fig. 14-b
and 14-c). Crucially, statistical testing confirmed that maximum
shear stress and von Mises outperformed ACFS in 92.4% of cases,
with no significant correlation found between metric performance
and earthquake magnitude, depth, or tectonic setting, underscoring

the broad applicability of the findings.

3. Discussion

The demonstrable superiority of T and o ,, fundamentally stems

from their inherent independence from receiver fault assumptions.
Unlike ACFS, which requires explicit specification of often-
unknown fault orientation and friction parameters, t_  directly
quantifies the peak shear stress available to overcome frictional
resistance — a first-order physical control on brittle failure initiation

in the crust. Similarly, o, as a well-established yield criterion

vM?
in continuum mechanics, identifies regions where the differential
stress approaches the crust’s failure envelope, effectively bypassing
the geometric uncertainties that plague ACFS calculations.
Computationally, this translates to significant advantages: t__and
c,, climinate the substantial uncertainties introduced by varying
friction coefficients (u typically ranging 0.0 — 0.8 in studies) and
ambiguities in receiver fault geometry, which Segou and Parsons
(2020) showed often host only 35% of aftershocks even when
defined as “optimally oriented.” The moderate performance
of ACFS (median AUC =~ 0.63) reflects its inherent theoretical
and practical limitations. The persistent violation of estimated
stress shadows, with 18-34% of aftershocks occurring where
ACFS < 0 across the dataset, directly challenges a core tenet of
the Coulomb hypothesis. Furthermore, ACFS estimations exhibited
significant sensitivity to the chosen friction coefficient, introducing
substantial model uncertainty. Geomechanically, the success of T
underscores that aftershock nucleation is primarily governed by
locations where shear stress concentrations exceed local strength
thresholds, irrespective of specific pre-defined failure planes. The
relevance of 6, representing the distortional strain energy, aligns
with its physical interpretation as a scalar measure of shear stress
intensity driving material towards yield. Conversely, the poor
performance of the stress invariants, particularly Al, and AL, (AUC
< 0.5 in 87% of earthquakes), strongly indicates that isotropic stress
components and pressure-sensitive mechanisms play minimal roles
in immediate aftershock triggering. Methodologically, the ROC
framework proved robust despite severe class imbalance (74,000
aftershock cells versus 6.6 million non-aftershock cells), with AUC
providing a stable performance metric. While the study focused
on static stress changes, acknowledging the exclusion of potential

contributions from dynamic triggering or viscoelastic relaxation

(e.g., Pollitz and Sacks, 2002), the consistent dominance of T_
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and o, suggests static stress transfer exerts the primary control
on the initial spatial distribution of aftershocks. The findings
resonate strongly with recent machine learning studies; DeVries
et al. (2018) demonstrated neural networks implicitly prioritize
tmax-like features when estimating aftershock locations, providing
independent corroboration of its physical significance. Importantly,
the performance advantage held across diverse tectonic settings
(subduction zones, continental strike-slip, and thrust systems),

indicating broad universality fort _and o ,, as estimative tools.

4. Conclusion

This comprehensive global analysis yields three principal findings
with profound implications for earthquake science and hazard
mitigation. Firstly, maximum shear stress and von Mises stress are
unequivocally established as the optimal physics-based metrics
for estimating aftershock spatial distributions, significantly
outperforming the classical Coulomb Failure Stress (ACFS) by
a substantial median margin of 0.161-0.162 AUC points across
199 diverse earthquakes. Secondly, the stress tensor invariants
(Al, AL, AL), particularly the second and third invariants, proved
inadequate estimators, performing near or substantially below the
level of random classification. Thirdly, the systematic limitations
of ACFS, including frequent stress shadow violations (18-34%
of aftershocks in ACFS<0 zones) and high sensitivity to poorly

constrained parameters like friction coefficient and receiver fault

geometry, underscore fundamental challenges in its application.
These results translate into actionable recommendations for
seismic hazard operations: operational forecasting systems, such
as the USGS ShakeMap-based Aftershock Forecasting (STEP)
system, should urgently integrate maximum shear stress and/or
von Mises calculations into their workflows to enhance the spatial
accuracy of rapid aftershock hazard assessments; emergency
response teams should utilize maximum shear stress hazard maps
to prioritize inspections and resource allocation in high-risk
zones immediately following major earthquakes; and geophysical
monitoring networks should strategically deploy strainmeters in
regions identified with elevated maximum shear stress following
mainshocks to capture critical deformation processes. Future
research must focus on developing hybrid models that combine
the physical basis of maximum shear stress / von Mises with the
pattern recognition capabilities of deep learning for real-time,
high-resolution forecasts. In conclusion, this study resolves a
longstanding debate by demonstrating that receiver-independent
stress metrics, particularly maximum shear stress and von Mises,
provide superior, physically consistent, and computationally
efficient estimations of aftershock locations compared to classical
Coulomb failure theory. Their implementation marks a significant
advancement towards physics-based, operational seismic hazard
assessment with the potential to save lives and reduce economic

losses globally.
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Figure 1. Examples of static stress fields and corresponding Receiver Operating Characteristic (ROC) curves for the slip distribution of the

1992 Landers, California, M =7.3 earthquake (Cohee and Beroza, 1994). a to c) Map view of ACFS(c,0.4) values up to a distance of 100 km

from the fault at depths of 2.5, 7.5, and 22.5 km, respectively. Black squares indicate grid cells where one or more aftershocks occurred within

1 year of the mainshock. The thick yellow and black line shows the extent of the mainshock rupture at each depth. The scale bar in Figure 1-a is

indicated by a thick black line. d) Receiver Operating Characteristic (ROC) curve for this specific slip distribution and the ACFS(c,0.4) metric,

including all grid cells and all aftershocks within one year of the mainshock. The black dashed line indicates the boundary for random guessing

(AUC = 0.5). The curve’s position above this line and the AUC value of 0.61 indicate that this metric performs better than random guessing in

predicting aftershock locations. e to h) Similar to Figures 1-a to 1-d, but for a different static stress field, Az, (c). The ROC curve is clearly

above the reference line, and the AUC value of 0.87 indicates the superior performance of this metric compared to random guessing and ACFS.
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Figure 2. Table defining the true positive,

false negative classes.
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Figure 3. Slip distribution caused by the 1978 Tabas earthquake M, =7.1 (Hartzell and Mendoza, 1991).
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Figure 4. Map view of values for a) ACFS(c,0.4), b) At

max®

el odalie LB ACFS ST C,la BERTI" ‘o.\sj:f

and c)347, at a depth of 12.5 km for the M =7.1, 1978 Tabas

earthquake. Black circles indicate grid cells containing aftershocks. The black line shows the surface trace of the Tabas

fault. d) Map view of ACFS values incorporating the specifications of the receiver faults (from Berberian, 1982). The

difference in the distribution pattern of the two ACFS is quitely logical.
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Figure 5. Receiver Operating Characteristic (ROC) curves for the six investigated stress metrics in the 1978 Tabas earthquake. The curves

compare the performance of the metrics ACFS(u=0.4), At, , y3AJ, , AL, AL, and AL, in classifying cells with and without aftershocks. As the

AUC values show, the Maximum Shear Stress and Von Mises metrics, with AUC values close to 0.85, performed significantly better than the

other metrics, while the First Invariant performed worse than random guessing (AUC < 0.5).
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Figure 6. Slip distribution caused by the 1997 Zirkuh earthquake with a M =7.2 (Sudhaus and Jonsson,

2011).
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Figure 7. Map view of values for a) ACFS(c,0.4), b) Az, and c)./3AJ, at a depth of 12.5 km for the M =7.2

1997 Zirkuh earthquake. Black circles indicate grid cells containing aftershocks. The black line shows the

surface trace of the Abiz fault. d) Map view of ACFS values incorporating the specifications of the receiver

faults from Gheitanchi and Raeesi (2004). The reduction in Coulomb Failure Stress did not well prevent

failure in the stress shadows adjacent to this mainshock.
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Figure 8. Receiver Operating Characteristic (ROC) curves for the six investigated stress metrics in the 1997 Zirkuh earthquake. The curves
compare the performance of the metrics ACFS(u=0.4), Az, [3A7,, Al , AL, and AL in classifying cells with and without aftershocks. The AUC

values confirm that the Von Mises and Maximum Shear Stress metrics, with values around 0.87, had the best performance, while the Second

Invariant performed worse than random guessing (AUC < 0.5).
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Figure 10. Map view of values for a) ACFS(5,0.4), b) Az, , and c)3AJ, at a depth of 5.5 km for the M =6.5, 2003 Bam
earthquake. Black circles indicate grid cells containing aftershocks. The black line shows the surface trace of the Bam fault.

d) Map view of ACFS values incorporating the specifications of the receiver faults from Asayesh, et al., (2020).
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Figure 11. Receiver Operating Characteristic (ROC) curves for the six investigated stress metrics in the 2003 Bam earthquake. The curves

compare the performance of the metrics ACFS(u=0.4), Az, ., 3a7,, Al,, AL, and Al in classifying cells with and without aftershocks. In this

earthquake, the Maximum Shear Stress and Von Mises metrics, with AUC around 0.85, show the best performance. It is noteworthy that the

first invariant also performed relatively well (AUC = 0.73) in this specific case, while the Second Invariant performed worse than random

guessing (AUC < 0.5).
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Table 1. Comparison of AUC values for the stress metrics for three earthquakes. The Maximum Shear Stress and Von Mises metrics performed

better than the other metrics with the highest values.

Al Al, Al, 3AT, At ACFS Number of aftershocks Earthquake
0.551 0.614 0.357 0.848 0.852 0.614 58 1978 M =7.1 Tabas earthquake
0.492 0.261 0.588 0.866 0.865 0.618 63 1997 M =7.2 Zirkuh earthquake
0.499 0.344 0.730 0.854 0.855 0.571 36 2003 M, =6.5 Bam earthquake
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Figure 12. Comparison of the overall performance of stress metrics using aggregated Receiver Operating Characteristic (ROC) curves. This
figure shows the aggregated ROC curves for the six stress metrics a) ACFS(u=0.4), b) Az, ©).3a7,. d) AL, e) AL, and 1) AL, along with
the 1o confidence interval (shaded areas around each curve). Each main curve (thick lines) is composed of aggregated results from 199 slip
distributions. The superior performance of the receiver-independent metrics, namely Maximum Shear Stress and Von Mises, is evident from

their curves being in the highest position and having the largest AUC values.
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Figure 14. Comparison of spatial patterns of stress metrics. a—c), similar to Fig. 13 (a— c), but for an ideal thrust earthquake. The fault plane

dips 30 degrees to the north and the red line is the surface trace of the fault. The depth shown is 10 km.
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