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ARTICLE INFO ABSTRACT

Editor: C. Lithgow-Bertelloni The role of poroelasticity in influencing the frequency of ruptures jumping through strike-slip stepovers remains
unclear. To understand how poroelastic effects govern long-term rupture behavior in strike-slip fault systems
with stepovers, we conduct earthquake sequence simulations incorporating undrained pore pressure responses
across the full spectrum of Skempton’s coefficient. Our findings reveal that Skempton’s coefficient significantly
affects the effective normal stress, which can either cause fault clamping or unclamping, and ultimately influences
rupture propagation across fault stepovers. The likelihood of rupture jumping is predominantly determined by
Skempton’s coefficient and the width of the stepover, with Skempton’s coefficient showing an approximately
linear relationship to the critical jumpable step size. Specifically, a higher Skempton’s coefficient facilitates
rupture jumping across fault segments, even over larger stepover distances. Analytical solutions involving
dislocation and Skempton’s coefficient provide practical methods for evaluating pore pressure changes and
associated seismic hazards near fault stepovers. Our statistical analysis identifies a critical jumpable width of
4.4-5.1 km due to static stress transfer, assuming a typical range of Skempton’s coefficient for compressional
stepovers, beyond which ruptures are unlikely to propagate. This study underscores the potential of using
physics-based earthquake sequence models to reflect statistical fault rupture behaviors. Given that multi-segment
earthquake ruptures present challenges in assessing maximum rupture lengths, our findings offer crucial insights
into the role of poroelastic effects and the conditions that facilitate or limit rupture propagation across fault
stepovers.
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1. Introduction an earthquake on one fault may alter the tectonic stress conditions of
nearby faults — potentially affecting the timing of subsequent seis-

Faults are frequently not isolated structures but act as integral com- mic events — offers critical insights for seismic source characteriza-

ponents of a broader network of geological fractures that can interplay
through stress fields (Scholz and Gupta, 2000) (Fig. 1). Earthquakes
that occur in the setting of intricate fault networks are capable of ex-
tending across multiple fault segments during major events. For in-
stance, the 2016 Mw 7.8 Kaikoura earthquake, which is considered the
most complex rupture event recorded to date, ruptured at least 21 seg-
ments of the Marlborough fault system (Ulrich et al., 2019) (Fig. 1a).
The rupture behaviors in the context of multiple fault segments are
strongly affected by the fault interaction. Recent studies demonstrated
complex stress interactions between the 2019 Mw 6.4 and 7.1 Ridge-
crest earthquakes, including dynamic and static triggering (Goldberg
et al., 2020; Taufiqurrahman et al., 2023). Fault interaction, wherein

tion and earthquake hazard assessment (Stein, 1999; Scholz and Gupta,
2000).

Understanding the ability of multiple fault segments to rupture si-
multaneously within a single earthquake event is crucial for assessing
the potential upper limits of earthquake magnitudes, as the seismic
moment increases proportionally with the area ruptured. Variations in
stress along a rupture and the complex geometries of fault traces are key
factors in determining the maximum rupture length (Wesnousky, 2006,
2008). Fault stepovers, characterized by offset, parallel fault segments
at the Earth’s surface, represent one type of geometric complexity that
can influence rupture length. The 1992 Landers earthquake is an ideal
instance of such a scenario — it ruptured at least four fault segments ex-
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Fig. 1. Rupture traces of (a) the 2016 My, 7.6 Kaikoura earthquake and (b) the 1992 M, 7.3 Landers earthquake. The pink lines in panels (a) and (b) denoting the
surface trace are from the New Zealand Active Faults Database and SURE 2.0 database (Nurminen et al., 2022), respectively. The colored dots in panel (a) represent
the relocated seismicity following the 2016 My, 7.6 Kaikoura earthquake (Lanza et al., 2019). The colored dots in panel (b) indicate the relocated earthquakes
between 1992 and 2022 provided by the Southern California Earthquake Data Center (SCEDC). Black and gray beach balls indicate the focal mechanism solutions
of the 1992 My, 7.3 Landers earthquake and the 2016 My, 7.6 Kaikoura earthquake, respectively. The color bar represents the depths of the seismicity.

hibiting a right-stepping pattern to the north and generated a Mw 7.3
event (Sieh et al., 1993) (Fig. 1b).

Ample numerical (e.g., Segall and Pollard, 1980; Harris and Day,
1993; Duan and Oglesby, 2006) and observational studies (e.g., Wes-
nousky, 1988; Sieh et al., 1993; Wesnousky, 2006) revealed that rup-
tures propagating within a stepover system can be arrested by greater
stepover widths — that is, the amount of horizontal offset between the
discrete fault segments. Field observations found that seismic ruptures
could not propagate across compressional stepovers with step widths ex-
ceeding 5 km or extensional stepovers featuring step widths over 8 km
(Wesnousky, 1988; Knuepfer, 1989). Dynamic modeling of earthquake
sequences and aseismic slip establishes a physics-based framework for
predicting seismic behavior in fault stepovers, highlighting that factors
like poroelasticity, off-fault plasticity, friction laws, seismogenic depth,
and background stress significantly influence rupture jumping and seis-
mic complexity (e.g., Harris and Day, 1993; Bai and Ampuero, 2017;
Kroll et al., 2023; Mia et al., 2024). Particularly, including pore pressure
effects has been shown to modify the critical stepover distance, a key
factor determining whether seismic ruptures can propagate across fault
segments (Sibson, 1985; Harris and Day, 1993; Jénsson et al., 2003).

Numerous faults at seismogenic depths can be depicted as fractures
embedded in a fluid-infiltrated porous rock, and thus, the poroelastic
response to frictional sliding is crucial for rupture propagation. The role
of poroelastic effects in fault frictional slip has drawn continued atten-
tion for decades (e.g., Dunham and Rice, 2008; Heimisson et al., 2019,
2022; Rice and Cleary, 1976; Rice and Simons, 1976; Rudnicki and Kout-
sibelas, 1991; Rudnicki and Rice, 2006; Zhu et al., 2020; Dal Zilio et al.,
2022; Dal Zilio and Gerya, 2022). In-plane slipping along the fault leads
to compaction on one side and dilatation on the other. As a result, there
is an instantaneous response in slip-driven pore pressure, which exhibits
opposite signs on each side of the fault. Consequently, the positive slip-
driven pore pressure change in the overlap area of the compressional
stepover produces unclamping effects, while the negative pore pres-
sure change in the overlap area of the dilatational stepover generates

clamping effects. Sibson (1985) proposed that extensional steps could
act to halt the propagation of seismic ruptures. This theory posits that
decreased stress at a dilatational stepover swiftly opens extension frac-
tures, with insufficient time for fluid pressure therein to re-equilibrate
during rupture propagation. Therefore, this sudden rise in effective nor-
mal stress increases frictional strength, arresting earthquake rupture.

The investigation into how poroelasticity influences the likelihood of
an earthquake jumping through a stepover emerges as a significant area
of study. Dynamic rupture simulations (Harris and Day, 1993; Liu and
Duan, 2014) have incorporated undrained pore pressure changes to ex-
plore the impact of poroelasticity on the critical stepover width. Liu and
Duan (2014) proposed the critical width for compressive stepovers from
3500 m to 4500 m and, conversely, reduced it from 5000 m to 1000 m
for dilatational stepovers. However, these studies commonly utilize a
standard Skempton’s coefficient B of 0.8, a value that may not be fully
supported by comprehensive observational data (e.g., Cheng, 2016).
Additionally, while single dynamic rupture simulations investigate the
effects of poroelasticity, they often require the artificial introduction of
initial stresses, potentially misaligning with the spatially heterogeneous
stress conditions observed across multiple earthquake cycles. It is also
important to recognize that simulations focused on individual events do
not provide information about the frequency at which ruptures prop-
agate across stepovers. In contrast, earthquake sequence simulations,
despite their initial assumptions, progressively diminish the impact of
these assumptions over multiple seismic cycles, offering insights into the
frequency of rupture propagation across stepovers.

We expand on previous work by performing earthquake cycle simu-
lations adopting a quasi-dynamic boundary element code developed by
Heimisson (2020). We further incorporate undrained pore pressure re-
sponses affecting the fault’s clamping and unclamping effects, and the
boundary element model is governed by rate-and-state friction, with
state evolution determined by the aging law. We first depict the phys-
ical process of rupture propagation across a compressional stepover
embedded in a poroelastic medium. We then conduct a thorough pa-
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rameter space study, evaluating the effects of Skempton’s coefficient
variations and stepover width on the likelihood of ruptures jumping
across the stepover within a fluid-filled porous environment. In the next
phase, we validate this model against an analytical solution involving
a plane strain shear dislocation on a leaky plane within a linear poroe-
lastic, fluid-saturated solid. This validation serves two purposes: first,
to demonstrate the robustness of the numerical model, and second, to
showcase the potential of predicting pore pressure changes induced by
fault slip in a straightforward and efficient manner using the analytical
solution. Lastly, we use the physics-based earthquake sequence model
to derive a statistically critical jumpable stepover width, over which the
rupture has an equal chance to pass through or terminate.

2. Methods
2.1. Boundary element methodology

In our earthquake sequence simulations, the shear stress change and
normal stress change are expressed as the integral of the kernel function
multiplied by the fault slip. By discretizing the fault into N elements, the
shear and normal stress variations on the i-th element can be represented
as:

N
Az =Y G, @
J
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i

Where, GI.T]. and G7, are dense stiffness matrices for the shear stress and
normal stress, respectively, which are calculated using the analytical
solutions for elastic dislocations in full-space (Nikkhoo et al., 2016). § ]
is the relative slip vector on the j-th element. The fault is loaded by
steady sliding from adjacent creeping zones (the extension of the fault)
(e.g., Ozawa et al., 2023) instead of using a backslip approach (e.g.,
Richards-Dinger and Dieterich, 2012; Heimisson, 2020; Yin et al., 2023)
to prevent unphysical stress accumulation. The behavior of the frictional
interface is governed by rate- and state-dependent friction laws and the
aging law (Dieterich, 1979, 1981; Ruina, 1983; Marone, 1998; Beeler et
al., 1996, 2008):
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Where, V' is the slip rate, V, is the reference sliding velocity, 6 is the state
variable, f|, is the reference friction coefficient, a is the coefficient of the
direct effect, b is the coefficient of the evolution effect, and Dy is the
characteristic slip distance. 7, and ¢, are initial shear and normal stress,
respectively. p is the shear modulus, and C, represents the shear wave
speed. Eq. (7) represents the radiation damping term, an approximation
of inertia (Rice, 1993). Earthquake sequence simulations employing this
approximation are referred to as “quasi-dynamic”. The impact of this
approximation has been investigated in prior research (Lapusta and Liu,
2009; Thomas et al., 2014).

2.2. Undrained pore pressure effect
The term “undrained” denotes the absence of any fluid migration

during the short duration of the earthquake rupture. The effective nor-
mal stress (6 = o — p) in Eq. (3) combines the static normal stress ¢ with

Earth and Planetary Science Letters 649 (2025) 119103

Poroelastic compressional stepover

Fault 1
=Ll
—=/\_ width Fault 2
P
- - =
overlap

y
dilation L
. X

compaction

Fig. 2. Model setup. Colored lines and lobes indicate the pore pressure change
induced by the fault slip. The red and blue colors represent the positive and
negative pore pressure changes, respectively.

the dynamic pore pressure changes p. As defined by Rice and Cleary
(1976), the pore pressure p is given by:

A
p=Bx Z"", ®)

where B is Skempton’s coefficient and Aoy, /3 represents the average
stress change. Note that in Eq. (8), compression is considered positive,
which is opposite to the sign convention used by Rice and Cleary (1976).
The undrained pore pressure change in the i-th element can be expressed
as:

N
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J

where G;’.’"‘ is the dense stiffness matrix for the sum of the principal

stress variation, which is derived by the analytical solutions for elastic

dislocations in full-space (Nikkhoo et al., 2016). j is the relative slip

vector on the j-th element.

2.3. Model setup

We design a 2D domain under plane strain conditions, embedding
two left-lateral strike-slip fault segments, each 36.5 km in length, within
a homogeneous medium (Fig. 2). These segments overlap by 5 km, form-
ing a compressional stepover. To explore how the poroelastic effects
influence the rupture propagation across the stepover, both stepover
width and Skempton’s coefficient are variable in our simulation (Fig. 2).
Both fault segments are characterized as velocity-weakening zones, with
parameters set to a = 0.01 and b = 0.0125. The initial normal stress o
is 50 MPa, and the initial shear stress 7, = f, 6y + 7V = 30 MPa. The
initial state 6y = Dgg/V, (14+w(0,0.01)), where y(m, s) represents Gaus-
sian noise with mean value m and standard deviation s.

For earthquake sequence simulations, achieving a stringent numer-
ical model resolution is essential, as it ensures the accurate resolution
of both rupture nucleation and propagation processes. Specifically, it
is essential to rigorously examine two physical length scales to address
these complexities effectively. The first physical length, well known as
the width of the cohesive zone or process zone (L), is suggested to be 3
to 5 times larger than the grid size Ax within boundary integral models
(Day et al., 2005) and can be expressed as follows:

_ M Dgg

Ly bo

10)
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Table 1
Parameter values and model geometries.

Symbol  Description Value

Material properties

v, Undrained Poisson’s ratio 0.35

i Shear modulus 30 GPa
C, Shear wave speed 3.5 km/s
Frictional Properties

Dgg Characteristic slip distance 5000 pm
a RSF direct effect 0.01

b RSF evolution effect 0.0125
14 Reference sliding velocity 107° m/s
fo Reference friction coefficient 0.6

o, Initial normal stress 50 MPa
Fault Geometry

L, Fault segment length 36.5 km
(0] Overlapped length 5 km

Ax Grid size 61 m

Other parameters dependent on parameters above

n Radiation damping u/2C)~43 MPa-s/m
7 Initial shear stress fooo +nVy =30 MPa

0y Initial state Dy /Vo(1+w(0,0.01))
L, the cohesive zone length 366 m

L the nucleation size 2938 m

Notes

w(m,s) Gaussian noise, mean m, std. s

Heimisson (2020) found that the 2-D earthquake sequence simu-
lation can be resolved in the case of L,/Ax as low as 1.5 using the
algorithm described in his study, whereas Jiang et al. (2022) resolved L,
with at least 4 elements at their benchmark exercises. Yin et al. (2023)
proposed that the stable nucleation can be captured with L,/Ax as low
as 2.2 in their 3-D simulations. Through a convergence test (see Fig. S1
in the supplementary material), we keep L,/Ax equals 6 in our simu-
lations to assure the cohesive zone is well resolved.

The second length scale determines the minimum half-length of the
unstable zone over which spontaneous nucleation may emerge, which
can be quantified as follows (Rubin and Ampuero, 2005):

o= &. 11)
wo(b—a)?

Extensive research studies have consistently demonstrated that seis-
mic sequence complexity, characterized by both full and partial rup-
tures, tends to occur when the width of the velocity weakening zone (W)
sufficiently surpasses L, (e.g., Barbot, 2019; Cattania, 2019; Heimis-
son, 2020). In anti-plane earthquake sequence simulations conducted
by Cattania (2019), a systematic exploration of the parameter space re-
veals that when the ratio W /L, exceeds 10, partial rupture emerges.
To ensure robust catalog statistics in our study, it is crucial to obtain a
sufficient number of events during an extended simulated period that
encompasses multiple full cycles, interspersed with smaller events. The
adoption of a variable time-stepping approach allows us to effectively
strike a balance between achieving a suitable W /L, ratio, ensuring
well-resolved L, and maintaining a realistic simulation time. The model
parameters used in this study are listed in Table 1.

3. Results
3.1. Rupture dynamics and stress interaction in poroelastic stepovers

The effective normal stress within a compressional stepover is mod-
ulated by the interplay between two key factors: (1) the normal stress
driven by compaction within the rock matrix, and (2) the pore pressure
changes regulated by Skempton’s coefficient alongside average stress
variations. Consequently, it is evident that Skempton’s coefficient has
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the potential to impact the effective normal stress, which determines
whether the fault is clamping or unclamping.

As depicted in Fig. 3, the propagation of rupture induces stress
changes, consequently causing variations in average stress that lead to
time-dependent undrained pore pressure changes. In the scenario where
the rupture approaches the tip of Fault 1 (i.e., snapshot at t3 in Fig. 3),
both the normal stress and average stress are increasing; thus, whether
the undrained pore pressure change sufficiently reduces the effective
normal stress depends on Skempton’s coefficient. A high Skempton’s
coefficient (e.g., B = 0.8) has the capability of generating sufficient
dynamic pore pressure change, hence making the overlapped area on
the second fault, i.e., Fault 2, unclamped (Fig. 3b), which facilitates the
rupture propagating across the stepover. In contrast, a lower Skemp-
ton’s coefficient (e.g., B = 0.2) results in a lower pore pressure change,
which may be insufficient and therefore cause the tip of Fault 2 near the
overlap zone to be clamped (Fig. S2).

Since fault slip behavior is not solely determined by effective normal
stress, we also included the temporal evolution of Coulomb failure stress
to monitor changes in fault stability conditions under both high and low
Skempton’s coefficient scenarios with the same stepover width (Fig. S3).
In the case of a low Skempton’s coefficient (e.g., B = 0.2), as rupture
propagates on Fault 1 towards the overlapping region, a Coulomb stress
shadow forms at the left tip of Fault 2. This leads to the arrest of the
rupture, while the following event initiates in the right half segment of
Fault 2, where the Coulomb stress is positive. Stress shadows emerge in
lobes surrounding the rupture tips, which frequently mitigate or erad-
icate seismicity on nearby faults within their scopes (e.g., Harris and
Simpson, 1998). In contrast, when rupture propagates on Fault 1 with a
high Skempton’s coefficient (e.g., B = 0.8), it is easier to generate pos-
itive Coulomb stress at the left tip of Fault 2. As a result, the rupture
is more likely to jump across the stepover. In the scenario of an exten-
sional (dilatational) stepover, the reduction of pore pressure near the
overlap area induces clamping effects on the receiver fault, making it
easier for the rupture to be arrested (Fig. S4).

It is worth noting that in the case of a single event, numerical sim-
ulations can only determine a binary outcome for rupture propagation
across the stepover — either jumping or arresting, as shown in Fig. 3 and
Fig. S2. Expanding the analysis from a single event to multiple earth-
quake cycles reveals variations in the frequency of rupture propagation
across the stepover, across the full range of Skempton’s coefficient (from
0 to 1). These variations are due to differences in the spatiotemporal
evolution of effective normal stress, which are influenced by distinct
undrained poroelastic effects driven by Skempton’s coefficient.

3.2. Fault slip and poroelastic influences over multiple seismic cycle

Our earthquake sequence simulations are capable of modeling mul-
tiple earthquake cycles, which can potentially alter the stress field and
consequently affect long-term fault interactions. In order to examine
how poroelasticity influences long-term fault slip behavior, we utilized
two distinct end-member models with different Skempton’s coefficients
to generate extended sequences of fault slip evolution, as depicted in
Fig. 4.

These two end-member models depict diverse degrees of fault inter-
actions. In the model that does not consider poroelastic effects, only a
subset of the earthquakes are triggered by the activity on the neighbor-
ing fault (Fig. 4a). The mechanical interactions between the two faults
result in an aperiodic sequence of full and partial ruptures punctuated
by occasional slow-slip events (Figs. 4a and 4c). Previous studies have
indicated that the rupture styles, derived from earthquake cycle simula-
tion, in which a single velocity-weakening asperity is embedded within
a velocity-strengthening domain, are primarily controlled by the ratio of
the size of the velocity-weakening (VW) region to the nucleation length
(Cattania, 2019; Barbot, 2019). Moreover, Barbot (2021) proposed that
this ratio has a strong control on the degree of mechanical interactions
among parallel faults. As this ratio increases — effectively reducing the
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Fig. 3. Temporal evolution of (a) pore pressure changes, (b) effective normal stress, (¢) shear stress, and (d) slip rate when the rupture propagates within a
compressional stepover. Skempton’s coefficient is 0.8, and the stepover width is 3.6 km. The colored lines in panels (a)-(c) represent different time steps, corresponding

to t1-t5 shown in panel (d).

characteristic nucleation length — the faults become more unstable.
Consequently, fault interactions within the network become stronger,
ultimately leading to tight synchronization of seismicity. In our simu-
lation, we also observed an alternative mechanism for influencing fault
interactions. When the model had a high Skempton’s coefficient (B =
1), it exhibited significantly stronger mechanical interactions within the
stepover system. This synchronization is evident as it results in nearly
simultaneous earthquakes on two faults (Fig. 4b). These simulations

demonstrate that an increase in Skempton’s coefficient corresponds to
a transient reduction of the effective normal stress in the context of a
compressional stepover system, destabilizing the fault and increasing
the likelihood of dynamic triggering.

Our modeling demonstrates that beyond the frictional properties
previously documented (Barbot, 2021), poroelastic effects substantially
influence fault interactions, potentially affecting the likelihood of rup-
ture propagation across stepovers. These simulations not only consider
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the well-studied impact of stepover width (e.g., Segall and Pollard, 1980;
Harris and Day, 1993; Duan and Oglesby, 2006; Wesnousky, 1988; Sieh
et al., 1993; Wesnousky, 2006), but also highlight the significant role of
undrained poroelasticity in facilitating or hindering rupture dynamics.

3.3. Probability of rupture jumping

As shown in Fig. 4, rupture events across the stepover do not consis-
tently result in jumping or termination when simulating a long sequence
of earthquakes. Instead, their occurrence follows a certain frequency,
reflecting the self-consistent evolution of stress over multiple seismic
cycles. To better understand how poroelasticity influences this pattern,
we conducted a statistical analysis using our synthetic earthquake cat-
alog. We quantified the probability of rupture jumping, expressed as
C=N,/(N;+ N,), where N; represents the count of jumping ruptures
and N, is the count of arresting ruptures.

Distinguishing between jumping and arresting ruptures in our quasi-
dynamic simulations requires assuming a timescale due to fault interac-
tions being possible slower than in fully dynamic simulations. For exam-
ple, with a stepover width of 2 km, the propagation time from the first
fault to the second fault in our simulation is on the order of 10° seconds

(27.7 hours). This propagation time aligns with other quasi-dynamic
simulations, such as those by Ozawa et al. (2023), where rupture prop-
agation through fault bends shows inter-event times larger than 10*
seconds. While the quasi-dynamic approach may not fully capture the
rapid dynamic stress perturbations associated with seismic waves — po-
tentially influencing the instantaneous rupture velocity and propagation
dynamics — our study focuses on statistically assessing fault interac-
tion patterns and rupture probabilities over multiple earthquake cycles.
Unlike fully dynamic models, which often examine single-event rupture
jumps (Harris and Day, 1993; Duan and Oglesby, 2006), our objective is
to quantify the probability of a source fault triggering a secondary fault
within a defined period of up to 3 X 10° seconds. Within this interval,
we classify ruptures as either jumping or arresting based on cumulative
stress interactions over time: if the second fault activates within this
threshold, we classify it as a jumping rupture, indicative of short-delay
triggering consistent with a dynamic response. Alternatively, activations
occurring beyond this threshold are considered arresting ruptures, re-
flecting static triggering from redistributed permanent stress. This tem-
poral threshold represents the upper boundary for time required for
rupture propagation across the stepover, as observed in our statistical
analysis (see Fig. S5), and aligns with findings from a recent study (Mia
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et al., 2024) suggesting that delay times on the order of 10* to 10° sec-
onds capture short-delay interactions within fault clusters. Moreover,
recent research (e.g., Im and Avouac, 2024) has demonstrated that slip
distributions resulting from rupture propagation across stepover zones
can be effectively replicated using a quasi-dynamic method, support-
ing the suitability of this approach for analyzing rupture triggering over
extended timescales.

We acknowledge that the initial conditions in our simulations can in-
fluence the likelihood of rupture propagation. However, we chose not to
exclude the initial earthquake cycles from our analysis, as is commonly
done to minimize initial condition biases (e.g., Romanet et al., 2018). In-
stead, we analyzed many seismic cycles to observe how the probability
of rupture jumping evolved over time (Fig. 5). This approach allowed
us to establish a stable estimation of rupture jump probabilities after
observing more than 100 seismic cycles. Consistent with findings from
previous simulation-based statistical studies (Heimisson, 2020; Yin et
al., 2023), a robust statistical assessment typically requires a catalog
of over 100 events. Furthermore, we found that a model with a higher
Skempton’s coefficient for the same stepover width increases the fre-
quency of rupture jumping.

Our parameter study further examined the interplay between Skemp-
ton’s coefficient and stepover width in influencing the likelihood of rup-
ture jumping. The relationship involves a trade-off: a higher Skempton’s
coefficient increases the probability of rupture jumping, while a greater
stepover width tends to reduce it (Fig. 6). To quantify the critical condi-
tions under which a rupture can propagate across a stepover of a specific
width, we focused on identifying the critical stepover width that allows
for a 50% chance of rupture jumping. Our analysis revealed an approx-
imately linear relationship between the Skempton’s coefficient and the
critical jumpable stepover width. In practical terms, this means that a
higher Skempton’s coefficient correlates with a larger critical jumpable
width for the compressional stepover, allowing us to predict the critical
width based on the Skempton’s coefficient.

4. Discussion
4.1. Comparison with previous studies

Exploring the conditions that influence rupture behavior across
stepovers — whether a rupture stops or propagates — remains a cen-

tral focus in fault dynamics research (e.g., Harris and Day, 1993; Duan
and Oglesby, 2006; Liu and Duan, 2014; Ryan and Oglesby, 2014).
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Fig. 6. Percentage of rupture jumping variations depending on both Skempton’s
coefficient and stepover width. Each data point is computed based on 120 seis-
mic cycles.

Our study distinguishes itself through three primary innovations com-
pared to prior work. First, unlike traditional models that apply the slip-
weakening friction law lacking a healing mechanism (Ida, 1972), our
simulations employ the rate-and-state friction law, which incorporates
behaviors such as stick-slip sliding, creep, and healing (Dieterich, 1978,
1979). This approach provides a more realistic representation of multi-
ple seismic cycles. Second, whereas previous studies primarily focused
on single-event dynamics (e.g., Harris and Day, 1993; Liu and Duan,
2014; Ryan and Oglesby, 2014), our work extends to probabilistic anal-
yses over multiple seismic cycles, enhancing the understanding of stress
evolution and its implications on rupture dynamics. Third, our models
incorporate poroelastic effects, addressing the dynamic interaction be-
tween subsurface fluids and rock deformation — an aspect crucial to
understanding fault dynamics yet often overlooked in conventional dy-
namic rupture models.

Our simulations also demonstrate the capability of the rate-and-state
friction model combined with an evolving stress field over multiple seis-
mic cycles to capture slow-slip transients (Fig. 4). These transients are
crucial for understanding the complete spectrum of fault slip behaviors
(Peng and Gomberg, 2010). This aspect significantly extends the utility
of our modeling approach, providing insights into phenomena that have
been observed in natural fault systems but are often omitted in simpler
models.

Earlier two-dimensional dynamic rupture models have investigated
the effects of fault steps and jumpable stepover widths (e.g., Harris
and Day, 1993; Liu and Duan, 2014; Duan and Oglesby, 2006; Finzi
and Langer, 2012). These studies provide a benchmark for comparing
our findings (see Fig. 7). For instance, Finzi and Langer (2012) stud-
ied the influence of Skempton’s coefficient on the effective coefficient
of friction, f’ = f, (1 — B), under different scenarios. Unlike these stud-
ies that mainly focused on extensional stepovers, our research uniquely
addresses compressional stepovers and incorporates poroelastic effects,
allowing us to explore how dynamic normal stress changes influence
rupture propagation.

We begin our analysis by revisiting Harris and Day (1993), who
identified a maximum jumpable stepover width of 2.5 km for com-
pressional stepovers without poroelastic considerations. This finding is
consistent with Duan and Oglesby (2006), who observed that ruptures
in their simulations failed to cross stepovers wider than 2 km during
initial events (see Fig. 7). Our results confirm this limitation, with our
first seismic event failing at a 2-km-wide compressional stepover. How-
ever, subsequent events in our simulations suggest that evolving stress
distributions can facilitate the crossing of wider stepovers, achieving
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a critical jumpable width of 3.6 km. This is slightly less than the 4
km maximum reported by Duan and Oglesby (2006), likely due to our
quasi-dynamic approach that excludes wave-mediated stress transfers.
Moreover, aligning with the findings of Liu and Duan (2014), which
indicated jumpable stepover distances under ‘dry’ and ‘wet’ conditions
with Skempton’s coefficients of 0 and 0.8, respectively, our simulations
demonstrate comparable widths of 3.6 km in ‘dry’ conditions and 4.9 km
in ‘wet’ conditions. The probabilistic nature of our simulations, assum-
ing a 50% likelihood of rupture propagation, suggests these are upper
limits for feasible fault distances. Although our study does not fully
account for inertial wave-mediated effects during seismic ruptures, it
provides a valuable qualitative assessment of rupture propagation mech-
anisms, aligning with recent quasi-dynamic studies such as those by
Ozawa et al. (2023), which discuss rupture arrest mechanisms at fault
bends using Griffith’s energy balance theory.

It is worthy noting that the rupture behaviors at stepovers in
simulations with the rate- and state-dependent friction law and the
slip-weakening friction law may be different (Kroll et al., 2023).
On slip-weakening friction faults, rupture jumping happens immedi-
ately when positive stress changes push a sufficiently large patch of
the receiver fault past its yield stress. In contrast, on rate-and-state
friction faults, the nucleation process is time- and stress-dependent;
therefore, the renucleation on the receiver fault can occur immedi-
ately or may be delayed, depending on the coseismic stress change
on the source fault. If the stress change is sufficient to trigger rup-
ture, renucleation on the receiver fault occurs immediately; if it raises
the stress above steady-state but is not strong enough for immedi-
ate renucleation, the process is delayed. Moreover, the integration of
bulk plasticity, specifically poroelastoplasticity, may further influence
the observed seismicity patterns and jumping frequency (Mia et al.,
2024). A previous study (Liu and Duan, 2014) has shown that incorpo-
rating bulk plasticity can decrease the maximum jumpable width of
a compressional stepover when compared to the poroelastic model.
Another mechanism that was not accounted for in this study is dy-
namic weakening. Rapid shear heating can cause thermal expansion
of pore fluids (Rice, 2006; Noda and Lapusta, 2010), and if the sur-
rounding rock in the fault shear zone has sufficiently low permeability,
this may reduce effective normal stress and facilitate rupture jump-
ing.
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4.2. Potential for predicting the static pore pressure change

We validate our numerical model against an analytical solution in-
volving a plane strain shear dislocation located on the x < 0 axis that
represents a leaky plane within a linear poroelastic, fluid-saturated solid
(Song and Rudnicki, 2017). Since we disregard pore fluid diffusion, the
static term of the pore pressure change, which is caused by the suddenly
applied dislocation on the negative x axis, can be expressed as follows:

DBu(l+v,) 'y

12
37[(1—\/“) x2+y2’ (12)

Ap=-—

where D represents the slip of the dislocation, u is the shear modulus,
and v, is the undrained Poisson’s ratio. x and y represent the coordinates
of where the pressure change is evaluated.

Fig. 8 illustrates the comparison between the numerical and analyt-
ical solutions for different Skempton’s coefficients with the same slip
D =0.13 cm. This validation demonstrates the capability of our numer-
ical model to quantitatively predict the static pore pressure change due
to the undrained response of the medium during earthquake ruptures.
Compared to the analytical solution, which only accounts for the poroe-
lastic response arising from a homogeneous slip on a single fault (Song
and Rudnicki, 2017), numerical models have the capability to address
geometry complexities and the evolving stress field over multiple earth-
quake cycles (e.g., Romanet et al., 2018; Barbot, 2021; Ozawa et al.,
2023).

On the other hand, the semi-analytical solution proposed by Song
and Rudnicki (2017) accounts for pore fluid diffusion, which is not in-
cluded in our simulation. Even when the diffusion term is ignored, the
analytical solution has the advantage of effectively predicting static pore
pressure changes. This prediction, which is guided by the static term
shown in Eq. (12), primarily depends on fault slip and Skempton’s coeffi-
cient, offering a straightforward and efficient approach. Coseismic fault
slip can be estimated using empirical methods (e.g., Wells and Copper-
smith, 1994), and Skempton’s coefficient usually varies within a limited
range, such as 0.5-0.9 (Rice and Cleary, 1976; Hart and Wang, 1995).
As a result, the static pore pressure change caused by the shear dislo-
cation can be reasonably estimated. Currently, in most practical fault
stability analyses, pore pressure is typically assumed to be fixed, along
with stress measurements, to evaluate the potential for fault slip. For in-
stance, Jaeger et al. (2009) proposed that the ratio of the maximum to
minimum effective principle stress, which corresponds to the situation
where a critically oriented cohesionless fault is at the frictional limit, is
given by:

S _
! £=[\/(f2+1)+f]2, 3)

S3 —

here, S| and S5 represent the maximum and minimum principle stress,
respectively, while f denotes the static friction on a pre-existing fault.
When a fault is located within a network of stepovers, the oscillation of
pore pressure changes — induced by nearby fault slip and derived from
Eq. (12) — can be integrated into Eq. (13) along with the background
pore pressure. This integration provides a comprehensive assessment of
fault stability. Such an approach not only enhances the prediction of
rupture propagation potential but also determines whether a seismic
event might turn into a larger, more catastrophic event. Consequently,
this method can improve seismic hazard assessments.

4.3. Implications for seismic hazard

Biasi and Wesnousky (2016) compiled surface rupture traces from
76 past earthquakes worldwide, offering valuable insights into the cor-
relation between discontinuities of the fault traces and the extent of
earthquake ruptures. We utilized this comprehensive database, which
includes earthquakes up until 2014, and supplemented it with data
points from recent seismic events such as the 2019 Ridgecrest earth-
quake (Goldberg et al., 2020; Ponti et al., 2020) and the 2021 Maduo
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Fig. 9. Observations of stepover width from historical strike-slip earthquake ruptures. The green box indicates the critical stepover width for an equal chance of
rupture jumping or arresting, corresponding to Skempton’s coefficient ranging from 0.5 to 0.9.

earthquake (Liu et al., 2024). This allowed us to illustrate the stepover
widths involved in historical earthquakes and make a meaningful com-
parison with our simulation results.

Since our 2-D plane simulations specifically focus on the sinistral
strike-slip fault setting, we have deliberately excluded dip-slip ruptures
from our comparison, as dip-slip ruptures are known to be capable of
crossing larger stepovers compared to strike-slip earthquakes, with a
maximum distance of approximately 12 km as reported by Biasi and

Wesnousky (2016). Consequently, the 2016 Mw 7.8 Kaikoura earth-
quake, which entailed a complex rupture process involving both thrust
and strike-slip faulting (Cesca et al., 2017; Hamling et al., 2017), is not
included in our comparison.

Fig. 9 presents a comprehensive comparison of past strike-slip earth-
quakes, categorizing them based on the maximum stepover width each
rupture managed to cross, with a distinction made between compres-
sional and extensional stepovers. Additionally, the figure highlights the
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critical stepover widths derived from our numerical simulations, assum-
ing a Skempton’s coefficient range of B=0.5-0.9. This range indicates a
50% chance of rupture propagation across the stepover. The data show a
favorable agreement between our simulations and observed field stud-
ies; the jumpable widths for compressional stepovers documented in
nature consistently remain below our simulated critical stepover width,
which is delineated by a green box and spans 4.4 to 5.1 km. Field stud-
ies, such as those by Wesnousky (1988) and Knuepfer (1989), confirm
that ruptures generally fail to cross compressional stepovers wider than
5 km. This alignment validates our model’s predictions in estimating
the threshold jumpable width for compressional stepovers in a statisti-
cal context. Our simulation-based statistical analysis provides a valuable
framework for evaluating jumpable widths and seismic hazards for the
stepover systems. In addition to the results presented in Fig. 9, indicat-
ing an approximate threshold step size beyond which a rupture has an
equal chance of jumping or terminating, Fig. 6 enables us to assess the
relative likelihood of rupture scenarios, i.e., pass through or stop, on a
fault that includes steps in its mapped trace.

Although our study does not focus extensively on the extensional
stepover, we have gained an understanding of the physical mechanism
behind the effective normal stress variation induced by pore pressure
changes caused by fault slip (Fig. S4). While it is true that earthquakes
can rupture through extensional stepovers at a larger perpendicular
distance compared to compressional stepovers (e.g., Harris and Day,
1993; Duan and Oglesby, 2006), it is worth noting that certain fault
ruptures actually terminate on extremely narrow extensional stepovers,
typically ranging from 1 to 2 km, as illustrated in Fig. 9. This intrigu-
ing observation could potentially be attributed to the influence of pore
fluids. In dynamic rupture simulations involving a dilational stepover,
Harris and Day (1993) demonstrated that undrained poroelasticity hin-
ders rupture propagation by elevating effective normal stress. Liu and
Duan (2014) found that the critical width for the extensional stepover
be reduced to 1000 m after considering the undrained poroelastic ef-
fect. Our simulation also reveals that the critical jumpable width is
approximately 1500 m for a poroelastic extensional stepover (Fig. S6).
Furthermore, Wesnousky (2006) noticed a significant predominance of
observed extensional stepovers over compressional stepovers, as further
illustrated in Fig. 9. To explain this observation, Liu and Duan (2014)
suggested that time-dependent pore pressure influences the behavior of
extensional stepovers. Specifically, they noted that a decrease in pore
pressure within these stepovers leads to clamping effects. This reduc-
tion helps stabilize pre-existing secondary fractures, thereby preserving
the integrity of the extensional stepover. As a result, it becomes more
difficult for secondary fractures to link the two main fault segments.

5. Conclusions

We performed 2D earthquake sequence simulations incorporating
undrained poroelasticity within a compressional stepover. Systemati-
cally varying Skempton’s coefficient and the stepover width, we inves-
tigate the role of the poroelasticity in impacting rupture propagation
across the fault step. Furthermore, we provided a physics-based and
statistical assessment of the likelihood of rupture jumping the stepover
within a fluid-filled porous environment. The key findings can be sum-
marized as follows:

1. The effective normal stress in a compressional stepover relies on
the interplay between two factors: compaction-driven normal stress
within the rock matrix and undrained pore pressure changes regu-
lated by Skempton’s coefficient and average stress variations. Our
findings demonstrate that Skempton’s coefficient exerts a consid-
erable influence on the effective normal stress, which ultimately
governs the clamping or unclamping behavior of the fault, subse-
quently impacting the propagation of ruptures across the stepover.

2. The merging effects of stepover width and Skempton’s coefficient
determine the probability of rupture jumping. Skempton’s coeffi-

10

Earth and Planetary Science Letters 649 (2025) 119103

cient, which has an approximately linear relationship with the crit-
ical jumpable step size, plays a crucial role in controlling seismic
hazards for faults situated in stepover systems. A higher Skempton’s
coefficient can facilitate rupture jumping across fault segments,
even for larger stepover distances.

3. A comparison between analytical and numerical solutions provides
physics-based predictions on pore pressure change caused by dy-
namic ruptures. The analytical solutions tied to Skempton’s coeffi-
cient and dislocation, offering us effective means for enhancing our
ability to assess pore pressure change and related seismic hazards
near faults situated close to a stepover.

4. The critical jumping width of 4.4 to 5.1 km for a 50% chance of
rupture jumping predicted by our model explains the threshold di-
mension of the strike-slip step, above which ruptures should rarely
pass through.

This study highlights the significance of incorporating poroelastic
effects on- and off-fault in understanding the dynamic variations of the
effective normal stress, which could significantly alter the overall length
of fault rupture. In hazard studies, it is essential to take into account
Skempton’s coefficient, as it is a critical parameter closely associated
with the critical jumpable distance between fault segments within a
stepover system.
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