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Abstract The role of pore fluid pressure variations in influencing seismic and aseismic fault slip remains
a major challenge in earthquake mechanics. In this study, we employ the Hydro-Mechanical Earthquake Cy-
cle (H-MEC) code to simulate fluid-driven earthquake cycles in a fully coupled solid-fluid continuum frame-
work. The code incorporates a non-linear, plastic strain-rate dependent dilatancy-compaction formulation
to explore the interplay between shear induced (de)compaction, fluid pressurization, and fault dilation. Our
results demonstrate a diverse range of seismic slip behaviors, including fast dynamic rupture, slow slip tran-
sients, and stable aseismic creep. During seismic slip events, pore fluidpressurization reducesboth fault shear
strength and resistance to compaction, facilitating dynamic rupture as a solitary pore pressure wave. We find
that fault hydraulic properties, such as porosity and permeability, critically govern slip dynamics by control-
ling the temporal evolution of fluid pressure transients and effective stress. We also find that shear-induced
dilatancy plays a role in the long-term stabilization of the fault, while compressibility has a significant influ-
ence on the initial response of the fault, decidingwhether the fault hosts seismic or aseismic slip. Our findings
emphasize the importance of incorporating realistic hydro-mechanical processes in models, to explore the
evolution of fluid pressure, (de)compaction and dilatancy, and their impact on the seismic slip modes.

1 Introduction
The role of fluids in influencing fault slip behaviors is

increasingly recognized based on natural observations,
models, and experiments. Theprimary effect of fluids is
through the buildup and release of fluid pressure, which
strongly influences the hydro-mechanical dynamics of
fault slip. Examples include both induced seismic-
ity, such as seismic events triggered by fluid injection
into reservoirs (e.g., Ellsworth, 2013; Alghannam and
Juanes, 2020), and natural seismic activities, including
the triggering of seismic swarms by natural injection of
deep fluids into upper crustal fault zones (e.g., Hainzl,
2004; Miller, 2020; Ross et al., 2020). Furthermore, sev-
eral studies suggest that the presence of fluids may be
linked to the initiation of slow-slip events in various geo-
logical settings, including strike-slip faults and subduc-
tion zones (Bürgmann, 2018; Frank et al., 2015). This
in particular indicates that fluid-triggered aseismic slip
transients can significantly impact the long-term seis-
mic cycle. Supporting evidence is also found in the rock
record, where faults exhumed from the seismogenic
zone and the source depths of slow slip and tremor
commonly bear signs of fluid circulation, such as veins
and metasomatic fronts (e.g., Angiboust et al., 2015;
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Fagereng et al., 2017; Behr and Bürgmann, 2020; Condit
and French, 2022; Muñoz-Montecinos and Behr, 2023;
Sibson, 2017). Together, these observations underscore
the critical influence of fluids on the hydro-mechanical
dynamics of fault slip, setting the stage for a deeper ex-
ploration of their role on fault mechanics and earth-
quake physics.

Over the past several decades, a vast body of work
has focused on understanding how the friction coeffi-
cient and strength of faults evolve during fault slip. This
line of research, grounded in laboratory experiments,
has led to the development of a sophisticated frame-
work known as rate- and state-dependent friction (Di-
eterich, 1978; Ruina, 1983; Marone, 1998; Scholz, 1998).
While the variations in friction at slow slip rates (be-
low 1 mm/s) are relatively minor (Dieterich, 1978; Ru-
ina, 1983), at faster rates – akin to those observed in
rapid seismic events – these changes become signif-
icantly more pronounced due to dynamic weakening
processes (e.g., Tsutsumi and Shimamoto, 1997; Rice,
2006; Di Toro et al., 2011; Goldsby andTullis, 2011; Noda
and Lapusta, 2013). Nonetheless, the stress drop ob-
served in most earthquakes falls within the range of
1 to 10 MPa (Abercrombie and Rice, 2005; Allmann
and Shearer, 2009), possibly indicating that stress lev-
els on faults are comparatively low before the onset
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of rupture (Noda et al., 2009). A plausible explana-
tion for this phenomenon involves elevated pore pres-
sures that reduce the effective normal stress on faults,
making them chronically weak and thereby facilitating
earthquake nucleation under low shear stress condi-
tions (Rice, 2006; Lambert et al., 2021).
Despite ample evidence affirming the interaction be-

tween solids and fluids in fault zones (Miller, 2013, for
a review), many earthquake models overlook the varia-
tions in fluid pressure that may coincide with fault slip.
Commonly, these models presuppose a permanently
over-pressured fault to achieve realistic conditions of
stress drops and the slip behaviors observed in both
regular earthquakes and slow-slip phenomena (e.g., La-
pusta et al., 2000; Liu and Rice, 2007; Barbot et al., 2012;
Dal Zilio et al., 2020; Behr et al., 2021). Yet, consid-
ering that pore-fluid pressure may fluctuate through-
out the earthquake cycle, as suggested, for example,
by geologic observations from natural fault zones (Sib-
son, 1992b; Cox, 2005), these variations in fluid pressure
could have an important effect on the dynamics of seis-
mic cycles. More recent investigations have explored
various dimensions of solid-fluid interactions in fault
zones through physics-based numerical models, reveal-
ing that fluids could play a pivotal role in aftershocks,
transient creep, seismic swarms, and slow-slip occur-
rences (Miller et al., 2004; Heimisson et al., 2019; Zhu
et al., 2020; Petrini et al., 2020; Yang and Dunham, 2021;
Dal Zilio et al., 2022; Dal Zilio and Gerya, 2022; Marguin
and Simpson, 2023).
When a fluid-filled fault experiences shear, it can lead

to shear-induced dilation or compaction, which respec-
tively decrease or increase pore pressure within the
fault core. This dynamic clamping or unclamping of the
fault affects fault slip, making it crucial to understand
these mechanisms for studying earthquake source pro-
cesses. Theoretical (Rice and Rudnicki, 1979; Segall and
Rice, 1995; Segall et al., 2010) and experimental work
(Marone, 1998; Brantut, 2020; Proctor et al., 2020; Aben
and Brantut, 2021) in the past several decades has ex-
plored the process of dilatancy strengthening, which
quenches the instability on the fault, by opening ad-
ditional pore space, decreasing fluid pressure and in-
creasing effective normal stress, thus suppressing slip
acceleration. On the other hand, shear induced com-
paction (Segall and Rice, 1995; Connolly and Podlad-
chikov, 2000; Yarushina et al., 2015) causes plastic col-
lapse of pores, which increases the pore fluid pressure,
thus reducing frictional strength and destabilising the
fault. These two processes in nature should therefore
compete and can counteract each other (Fig. 1), re-
sulting in either net compaction or dilation. To assist
an earthquake nucleation in a fluid-filled fault zone,
the compaction must exceed dilation, thereby increas-
ing the pore fluid pressure, and decreasing the shear
stress such that a shear instability can grow into a dy-
namic rupture. In recent years, dilation rates have
been measured in experimental studies of fault gouges
as well as on natural faults (Marone et al., 1990; Lock-
ner and Byerlee, 1994; Samuelson et al., 2009; Beeler
et al., 2018; Xing et al., 2019; Brantut, 2020; Aben and
Brantut, 2021; Ashman and Faulkner, 2023), providing

mostly qualitative evidence of slip stabilization due to
dilation. As a result, the currently accepted hydrome-
chanical model for fault slip stability primarily con-
siders only rate-dependent dilatancy (Segall and Rice,
1995). However, recent laboratory experiments utiliz-
ing an innovative procedure designed to measure pore
pressure and hydromechanical interactions during rup-
ture nucleation and slip (Proctor et al., 2020; Aretusini
et al., 2021) have highlighted the importance of both di-
latancy and compaction (that is, pore collapse) during
nucleation and rapid slip, which together contribute to
instability. Consequently, better constraints are needed
to fully understand the interplay between these mecha-
nisms and their impact on fault stability.
In this study, we build upon these kinds of exper-

imental observations through the application of the
continuum-based Hydro-Mechanical Earthquake Cycle
code, H-MEC (Petrini et al., 2020; Dal Zilio et al., 2022),
to study fluid-induced seismic and aseismic slip on
strike-slip faults. Our focus is on modeling sequences
of earthquakes and aseismic slip within a medium that
is poro-visco-elasto-plastic and compressible, examin-
ing how variations in fluid and fault zone characteris-
tics (such as porosity, permeability, and dilatancy) affect
the style and speed of fault slip, as well as the frequency
of earthquake occurrences. In the models presented in
this paper, fault slip emerges self-consistently from the
coupled evolution of solid deformation and fluid pres-
sure evolution.

2 Methodology
The H-MEC code is based on staggered finite differ-

ences andmarker-in-cell techniques (SFD +MIC) in two
dimensions (2-D) and features a fully coupled solid-fluid
system (Dal Zilio et al., 2022). H-MEC incorporates fault
slip, pore pressure diffusion, fully coupled poroelas-
ticity, and inertial wave-mediated effects. An adaptive
time-stepping algorithmallows the correct resolutionof
both long- and short-time scales, spanning years during
slow tectonic loading to milliseconds during the prop-
agation of dynamic ruptures. We apply the methodol-
ogy in a simple, two-dimensional plane-strain model of
a strike-slip fault, building on the previous results from
Dal Zilio et al. (2022). The reference parameters are cho-
sen to be representative of natural fault zone properties
(Table 1).

2.1 Governing equations
The four governing equations are the total momen-

tum (1), solid mass (2), fluid momentum (3) and fluid
mass (4) conservation equations (e.g., Yarushina and
Podladchikov, 2015; Gerya, 2019; Petrini et al., 2020):

(1)
∂σ′t

ij

∂xj
− ∂P t

∂xi
+ ρtgi = ρt Dsvs

i

Dt

∂vs
x

∂x
+

∂vs
y

∂y
= − P t − P f

ηφ (1 − φ) − 1
Kd

(
DsP t

Dt
− α

Df P f

Dt

)
+ 2ε̇II(plastic)D

(2)
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Figure 1 Evolution of pore space during shear induced compaction and dilation. a) Initial state of pore space. b) The shear
strain increase activates the response of dilation and compaction, while the porosity decreases, and the fluid pressure in-
creases. c) Compaction exceeds dilation due to the continued shear.

(3)vD
i = − k

ηf

(
∂P f

∂xi
− ρf gi + ρf Dsvs

i

Dt

)

∂vD
x

∂x
+

∂vD
y

∂y
= P t − P f

ηφ (1 − φ) + α

Kd

(
DsP t

Dt
− 1

B

Df P f

Dt

)
− 2ε̇II(plastic)D

(4)

where superscripts s, f , and t stand for solid, fluid ma-
trix, and total properties, respectively; and Ds

Dt and Df

Dt
represent the Lagrangian time derivative in the solid
and fluid reference frame, respectively. σ′t

ij is the de-
viatoric stress for the bulkmaterial, P and ρ are respec-
tively the pressure and density, and gi is the i-th grav-
ity component. φ is the porosity, and vs

i and vf
i are the

i-th component of the solid and fluid velocities. Kd is
the drained bulk modulus, α is the Biot-Willis coeffi-
cient, ηφ is the effective compaction viscosity, ε̇II(plastic)

is the second invariant of the plastic strain rate, and D
is the dilatancy coefficient. vD

i is the i-th component
of Darcy’s velocity (vD

i = φ
(

vf
i − vs

i

)
), k is the per-

meability, ηf is the fluid viscosity and B is the Skemp-
ton’s coefficient. Equations 1, 2, 3, 4 are solved across
the entire model domain (Fig. 3b). The primary solved
variables are the solid velocity components (vs

x, vs
y), the

Darcy fluid velocity components (vD
x , vD

y ), the total pres-
sure (P t), and the fluid pressure (P f ).
The Biot-Willis coefficient can be calculated as:

(5)α = 1 − Kd

Ks
,

where Ks is the solid bulk modulus.
The drained bulk modulus Kd is

(6)Kd = (1 − φ)
(

1
Kφ

+ 1
Ks

)−1

,

where the effective bulk modulus of pores, Kφ is given
by:

(7)Kφ = 2m

(m + 1)
G

φ
,

where m is a geometrical factor and G is the shearmod-
ulus.
The Skempton’s coefficient B is calculated as:

(8)B =
1

Kd
− 1

Ks

1
Kd

− 1
Ks

+ φ
(

1
Kf

− 1
Ks

) ,

where Kf is the fluid bulk modulus.
The effective visco-plastic compaction viscosity

(
ηφ
)

is expressed as (Yarushina and Podladchikov (2015)):

(9)ηφ = 2m

(m + 1)
η(plastic)

φ
,

where η(plastic) is the effective visco-plastic shear viscos-
ity of the solid matrix, and is calculated as

(10)η(plastic) = σII

2 ε̇′
II (plastic)

,

where σII is second invariant of the deviatoric stress
tensor, and ε̇′

II (plastic) is the square root of the plastic
component of the deviatoric strain rate.
This formulation follows Yarushina and Podlad-

chikov (2015). ηφ represents an effective resistance to
volumetric deformation of a plastically yielding porous
material, rather than afixedbulkmaterial viscosity, and
it is determined from the changes in the visco-plastic
shear viscosity (shear resistance) of the solid matrix.
As plastic yielding initiates and strain rate increases,
η(plastic) decreases, which leads to a proportional re-
duction in ηφ, and to the promotion of visco-plastic
compaction. Therefore, compaction is primarily acti-
vated during periods of active deformation, with a di-
rect dependence on slip velocity, which correlates pos-
itively with visco-plastic strain rate inside the actively
slipping fault. The changes in ηφ thus emerge from
the coupled decrease in both shear and compaction re-
sistance with increasing slip velocity, reflecting the ac-
tivation of grain crushing, microcracks, pore collapse
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or related damage processes during shear. This pro-
vides a physical basis for scaling compaction viscosity
with visco-plastic shear viscosity. Also, some labora-
tory experiments (e.g., Proctor et al., 2020; Aretusini
et al., 2021) and theoretical studies (e.g., Iverson, 2005;
Goren et al., 2010) support shear-induced compaction
and rapid shear-induced pressurization, thereby pro-
viding support to our simplified scalingmodel for visco-
plastic compaction viscosity, although multiple mech-
anisms (including thermal pressurization) may con-
tribute to the observed pore fluid pressure evolution in
these experiments. In the appendix we provide a plot
showing the evolution of the parameter ηφ throughmul-
tiple seismic cycles.
A porosity dependent permeability has been imple-

mented:
(11)k = k0

(
φ

φ0

)n

,

where n is the permeability exponent that can vary sig-
nificantly (from 1 up to 50) (Yarushina et al., 2013), k0 is
the reference permeability, φ0 is the reference porosity
and equals to 1%.
The continuity equations for both solids and fluids,

referred to as Eqs. 2 and 4, incorporate terms re-
lated to poro-elasticity. This concept accounts for the
compressibility of both the solid skeleton and the fluid
within it. It also addresses how the interconnected
spaces within the porous material can undergo vis-
cous flow and elastic changes in volume, either com-
pacting or expanding. Since these two equations are
linked, any change in the volume of the solid frame-
work due to compaction or expansion directly affects,
and is affected by, the fluid dynamics. This interaction
creates a system where the behavior of the fluid and
the solid are interconnected and influence each other,
known as a fully coupled hydro-mechanical system
(e.g., Yarushina and Podladchikov, 2015; Gerya, 2019;
Petrini et al., 2020). Within this framework, fault slip
behavior is governed by the following mechanisms: (1)
visco-plastic compaction, which represents irreversible
deformation controlled by the effective (visco-plastic)
compaction viscosity. During yielding, compaction lo-
calizes through a decrease in the effective compaction
viscosity (ηφ), driven by a reduction in the visco-plastic
shear viscosity (ηplastic), which lowers the resistance
of the pore space to volumetric compaction (Eqs. 9
and 10). (2) Poro-elastic (de)compaction, which allows
the reversible elastic opening or closure of the pore
space in response to pore pressure variations, modu-
lated by the Biot-Willis and Skempton coefficients. (3)
Dilatancy corresponds to shear induced creationof pore
space during plastic deformation (e.g. by grain rota-
tion), which reduces pore pressure and increases ef-
fective normal stress. During transient slip, the poro-
elastic component therefore evolves inversely to dila-
tancy, acting elastically to balance the inelastic pore-
space opening.

2.2 Rate-dependent strength of fault
We use a rate-dependent strength formulation to cal-

culate frictional resistance to determine the yield stress

during fault slip, in order to understand the complex
behaviors of fault slip, including transitions between
seismic and aseismic slip. H-MEC employs a visco-
elasto-plastic Maxwell rheology, integrated with a rate-
dependent Drucker-Prager yielding criterion affected
by the effective pressure, which is the difference be-
tween the total and fluid pressures in the bulk material
(Drucker and Prager, 1952). The power-law formulation
for the rate-dependent strength to govern plastic defor-
mation (Yi et al., 2018) is as follows:

(12)σ′
II = σ0

(
ε̇′

II (plastic)

ε0

)γ

(13)σ0 = c + f
(
P t − P f

)
where σ′

II represents the square root of the second in-
variant of the deviatoric stress tensor, σ0 denotes the
reference strength determined by the Drucker-Prager
yielding criterion, ε̇′

II (plastic) is the square root of the
plastic component of the deviatoric strain rate, γ is the
rate-strengthening exponent, c stands for cohesional
strength, f is the friction coefficient, and ε0 indicates
the reference strain rate. The rate-strengthening ex-
ponent γ, akin to the direct effect of rate-and-state de-
pendent friction, has substantial laboratory validation
but does not rely on evolutionary frictional effects (Yi
et al., 2018). Instead, the weakening mechanism of our
model is driven by the evolution of pore-fluid pressure
(P f ), which is influenced by the shear induced (de)com-
paction/dilation, as reflected in Eq. 13. The role of the
rate-strengthening exponent γ is explored in our sim-
ulations, particularly its effect on the model behavior
in the seismogenic zone. We present numerical tests
of three γ values (Fig. 2). In Fig. 2a, the mean yield
stresses show an approximately 2% difference with in-
creasing γ, while the peakmaximum slip rate decreases
by approximately 40% with increasing γ (Fig. 2a and
b). However, the measured slip rates remain within the
range observed in natural fault zones. Moreover, the
overall model behavior remains unchanged, with the
timing of the first four events nearly identical across
the three models (Fig. 2c). This suggests that the rate-
strengthening exponent γ hasminimal influence on the
slip mode, or on the convergence of the model evolu-
tion, implying that the velocity-weakening effect, driven
by pressure changes (and thereby (de)compaction/di-
lation processes), exerts the main influence on the
seismic slip mode. The use of the adopted plasticity
model also offers a complement to the frequently uti-
lized rate-and-state dependent friction law for seismic
cycle modeling (Ruina, 1983; Lapusta et al., 2000; Chen
and Lapusta, 2009; Erickson and Day, 2016; Herrendör-
fer et al., 2018; van den Ende et al., 2018). For a compre-
hensive summary of rheology, time-stepping algorithm,
and the discretization of governing equations we refer
to Dal Zilio et al. (2022).

2.3 Treatment of Dilatancy
The dilatancy coefficient in Eqs. 2 and 4 represents the
volumetric expansion associated with shear deforma-
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Figure 2 Results of γ tests at three different values: γ =
0.02 0.027, 0.035 tests. a)Mean yield stresses during the first
events. b) Peak maximum slip rates during the first events.
c) Evolution of the slip rate throughout five events in three
different models.

tion, a process that can reduce pore pressure. Exper-
imental studies show that dilatancy varies with strain,
increasing toward a peak value and diminishing there-
after (e.g., Brace et al., 1966; Zhao and Cai, 2010). Fur-
thermore, the dilatancy also increases with confining
stress (Zhao and Cai, 2010). To simplify our models,
we assume a constant dilatancy coefficient, which cap-
tures the maximum stabilizing effect of dilatancy with-
out accounting for its specific evolution over time or
strain. The dilatancy model here depends solely on
plastic strain rate, and therefore scales with slip veloc-
ity. To systematically explore the role of dilatancy, we
adopt a stepwise approach with increasing complexity.

Step 1: Analytical Derivation. First, we derive a sim-
plified analytical expression for critical dilatancy to
identify the general conditions under which dilatancy
dominates over visco-plastic compaction for the case of
steady-state pressure and constant pore volume. This
derivation assumes zero compressibility with 1

Ks
=

1
Kf

= βs = βf = 0 and therefore α = B = 1, and we
use a low permeability (k0 = 10−20 m2) to ensure neg-
ligible fluid pressure diffusion. The critical dilatancy
(Dcr), defined as the condition under which dilatancy-
related pore volume increase exactly compensates the
volumetric effect of plastic compaction, is then derived
as follows:

(14)
P t − P f

ηφ(1 − φ) = 2 ε̇′
II (plastic) Dcr

where ηφ represents the effective compaction viscosity
from Eq. 9.
Substituting the expression for η (plastic) (Eq. 10) into

ηφ, and assuming σII = σyield:

(15)ηφ = 2m

(m + 1)φ
σyield

2 ε̇′
II (plastic)

.

Neglecting effects of rate-dependence for the material
strength (i.e., assuming γ = 0) and using the simplified
rate-independentDrucker-Prager yield criterion, where
σyield = σ0 = c + f(P t − P f ), we can express the pres-
sure difference as:

(16)P t − P f = σyield − c

f
.

This allows us to rewrite the initial equation as:

(17)
P t − P f

ηφ(1 − φ) =
(σyield − c) (m + 1) 2ε̇′

II (plastic)φ

f 2m σyield(1 − φ) .

Upon simplification, where 2ε̇IIpl
cancels out, we arrive

at an analytical expression for the critical dilatancy:

(18)Dcr = (1 − c/σyield) (m + 1)φ
f 2m (1 − φ) .

Step 2: Numerical Validation of Analytical Solution.
Next, we validate the analytical results through numer-
ical simulations under the same simplifying assump-
tions. This step involves implementing a low perme-
ability (k0 = 10−20 m2) and incompressibility with βs =
βf = 0 and therefore α = B = 1 (see details in Section
3.3.2).

Step 3: Effects of Pressure Diffusion with Dilatancy in
the Incompressible Case. In the third step, we rein-
troduce the effects of pressure diffusion by increasing
permeability to the magnitude of k0 = 10−17 m2. Sim-
ilarly to the previous step, we assume unit Biot and
Skempton coefficients (α = 1, B = 1), which removes
elastic storage due to solid and fluid compressibility,
but does not eliminate pressure diffusion. This is be-
cause pressure diffusion in our model is governed by
Darcy flow driven by pore-pressure gradients, and re-
mains finite as long as permeability (k) and fluid vis-
cosity (ηf ) are finite. In this limit, the storage term be-
comes dominated by porosity changes associated with
(de)compaction, rather than by elastic compressibility.
This allows us to assess the influence of fluid flow on
the interplay between dilatancy and compaction and to
compare these results to the initial set of models with
low permeability (Section 3.3.2) and themodels without
dilatancy (Section 3.2). The results of this set of experi-
ments are detailed in Section 3.3.3.

Step 4: All Effects, Including Compressibility. Fi-
nally, we include all the physical terms, with the last
step reintroducing compressibility effects. This setup
incorporates the full range of processes affecting dila-
tancy and compaction interactions, allowing for amore
realistic representation of the fault zone physics (see
Section 3.3.4).
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2.4 Model setup and boundary conditions
The 2D model setup is a simplified version of a nat-

ural strike-slip fault zone (Fig. 3a). The modeled fault
width represents thenumerically resolved shear zone in
which deformation and slip localize. For computational
reasons, this width is defined at the scale of a fault dam-
age zone in nature (250 − 500 m). The fluid is allowed to
flow both between inside and outside of this zone. The
reference model (Fig. 3) consists of a dextral strike-slip
fault (Fig. 3b), embedded in a poro-visco-elasto-plastic
medium, and has a size of 120 km in the along strike di-
rection and 30 km in the fault-normal direction, with
an initial grid resolution of 500 m in both directions.
The γ rate-strengthening exponent is defined to be high
near the vertical boundaries of the model, and an or-
der of magnitude lower in the middle of the fault (Fig.
3c). This rate-strengthening exponent affects the nucle-
ation: the low γ ensures that the nucleation of the seis-
mic events happens in themiddle of the fault, where the
stress is concentrated during the loading phase, while
the higher γ near the boundaries guarantees that the
rupture doesn’t nucleate and propagate near the bound-
ary.
For a coupled solid-fluid system, the pressure bound-

ary conditions are defined for the difference between
the total P t and fluid P f pressures. The initial condi-
tion for the fluid pressure is P f = Pconf , where Pconf is
the constant confining pressure, and we apply constant
effective pressure (Peff ) at the boundaries:

(19)Peff = P t − P f .

The normal component of the solid velocity is as-
sumednot to vary across the left and rightmodel bound-
aries whereas the parallel velocity component is as-
sumed to be zero, which allows natural conditions for
strike-slip deformation on the fault. The model is
loaded from the upper (y = 0) and lower (y = Ly)
boundaries by applying a constant loading velocity (vl).
For the solid velocity, the horizontal component vs

x

equals to a constant loading velocity vl = 3.15 cm yr−1,
and the vertical velocity vs

y equals to zero. Fluid velocity
boundary condition is impermeable on all boundaries.
This model setup allows earthquake cycle simula-

tions in a relatively simple environment such that we
can investigate the effects of different parameters on the
evolution and slip behavior of the fault. Notably, the
model formulation ensures that pore pressure never ex-
ceeds the total normal stress, such that the effective nor-
mal stress remains positive throughout the rupture evo-
lution. Slip therefore proceeds in shear (mode II) along
the fault plane. Table 1 shows the parameters for the
reference model.

3 Results
We perform an extensive range of parameter tests to

examine the effects on fault evolution and assess the nu-
merical stability of theH-MECcode. Given the complex-
ity of the governing equations, we apply simplifications
to isolate the terms and investigate the impact of differ-
ent parameters. First, we deactivate the dilation term

to examine the general behavior of the model without
dilation (Section 3.1). Secondly, we analyze the influ-
ence of fluid parameters (porosity and permeability) on
the seismic slipmode in the absence of dilation (Section
3.2). Third, we explore the interplay between dilation
and visco-plastic compaction using both the simplified
approach derived in Section 2.3, and the full set of equa-
tions (Section 3.3).

3.1 General Model Behavior Without Dila-
tancy - Fluid-Driven Earthquake Cycles

For parameter choices that lead to instabilities, three
distinct phases define the evolution of the fault in
our models, also observed in Petrini et al. (2020) and
Dal Zilio et al. (2022): (1) The pre-seismic loading phase,
duringwhich the fault is locked in the seismogenic zone
while creeping occurs on the sides. During this stage,
the visco-plastic compaction of fluid-filled porous me-
dia initiates pore fluid pressurization on the fault. The
timescale for this phase ranges from years to hundred-
s/thousands of years, depending on model parameters.
(2) The co-seismic phase, characterized by a developing
shear instability and the propagation of seismic events
as solitary fluid pressure waves on the timescale of mil-
liseconds to seconds, while the slip rate on the fault ac-
celerates fromcm yr−1 tom s−1. The termsolitarywave
here refers to nonlinear, self-reinforcing fluid pres-
sure perturbations, that maintain their localized shape
and amplitude as they propagate through the medium.
Such behavior can arise when non-linear compaction-
decompaction dynamics of the porous skeleton interact
with dispersive effects associated with pore-fluid pres-
sure diffusion and elastic coupling. The balance be-
tween these two processes prevents diffusive spreading
and produces coherent traveling fluid pressure fronts,
a mechanism also described in Dal Zilio et al. (2022).
As these short timescales do not allow for any signifi-
cant fluid pressure diffusion from the deforming fault
zone, the visco-plastic compaction is compensated by
the poro-elastic decompaction, resulting in increased
pore-fluid pressure and reduced shear strength on the
fault. This shear instability rapidly grows, leading to
the propagation of a dynamic rupture manifesting as a
fluid pressurewave. Seismic events nucleate in themid-
dle of the fault due to the relatively large nucleation size
affected by the rate-strengthening parameter (γ), while
the fault keeps creeping outside the seismogenic zone.
Simultaneously, the effective pressure (P t − P f ) drops
due to the poro-elastic response of the fault. (3) The
post-seismic phase, when the increased fluid pressure
is released over a post-seismic diffusion period, which
gradually relaxes the co-seismic elastic decompaction.
For simplicity, our models focus on stress and pressure
evolutionwith time and neglect the related small poros-
ity changes. The duration of the diffusion period de-
pendson thepermeability, and can spanyears or longer.
Once fluid pressure is released, the self-pressurization
on the deforming fault may resume, initiating new seis-
mic cycles.
Our adaptive time-stepping algorithm enables the

code to use time steps in the order of years between
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Figure 3 Layout of model setup. a) Schematic sketch of a strike slip fault zone. b) In plane fault embedded in a homo-
geneous poro-visco-elasto-plastic media. The domain is loaded from the top and bottom boundaries. c) Setup of γ rate-
strengthening parameter.

Parameter Symbol Value
Domain size (x) Lx 120 km
Domain size (y) Ly 30 km
Grid resolution dy, dx 500 m × 500 m
Fault width w dy or dy/2
Reference porosity φ0 1%
Cohesion c 3 MPa
Reference friction f 0.3
Shear modulus G 30 GPa
Fluid compressibility βf 4 × 10−10 Pa−1

Solid compressibility βs 2.5 × 10−11 Pa−1

Confining pressure Pconf 10 MPa
Effective pressure Peff 60 MPa
Minimum rate strengthening exponent γ 0.027
Maximum rate strengthening exponent γmax 0.3
Fluid density ρf 1000 kg/m3

Solid density ρs 3000 kg/m3

Fluid viscosity ηf 10−3 Pa · s
Solid viscosity ηs 1023 Pa · s
Characteristic velocity Vch 0.5 × 10−9 m/s
Reference strain rate ε0 Vch/(2 · dy)

Table 1 Reference parameters. All parameters are applied to both fault zone and surrounding materials, unless otherwise
noted.

seismic events during the interseismic period, and ac-
curately resolve dynamic rupture propagationwith time
steps on the order of milliseconds. The average recur-
rence interval of seismic events varies between 50 to
500 years depending on the model parameters, and the
slip rate of regular earthquake events ranges between
0.3 − 3m s−1. The recurrence time of seismic events is
affected by both physical and numerical parameters, in-
cluding permeability, porosity, fault width and grid step
size (Sections A and 3.2).

This method effectively reproduces the entire slip
spectrum (Fig. 4). By systematically testing physi-

cal parameters, regular earthquake cycles can be mod-
eled with relatively constant recurrence times and re-
alistic slip rates (Fig. 4a). The models also reproduce
slow slip phenomena (Fig. 4b): slow slip events last
from hours to days, with maximum slip rates of 10−6

to 10−4 m s−1, as well as aseismic creep (Fig. 4d), rep-
resenting transient deformation along the fault with no
associated seismic activity. Somemodels exhibit a tem-
poral shift in slipmode (Fig. 4c): initially, regular earth-
quakes are observable in the early stages of model evo-
lution. However, the fluid pressure always increases
due to the chosen low permeability, which in turn re-
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sults in the decrease of the effective pressure along the
fault. This means that the fluids in the fault cannot de-
pressurize efficiently, which causes a transition from
regular earthquakes to slow slip events, and ultimately,
to aseismic creep in the later stages of the model run.
The slip behavior of themodels highly depends on fluid
parameters (permeability, porosity, fluid compressibil-
ity (Dal Zilio et al., 2022). The effects of fluid parame-
ters, porosity, and permeability on the seismic cycles
are described in Section 3.2, focusing on separating
the poro-elastic response of the fault from visco-plastic
compaction. The dilational effects in response to com-
paction and fluid pressurization are described in Sec-
tion 3.3.

3.2 Influence of permeability, porosity, and
faultwidthon seismic slip behaviorwith-
out dilatancy

To evaluate the conditions underwhich different fault
slipmodes occur, we completed a systematic parameter
test of permeability (k) and porosity (φ0) (Fig. 5) for two
different fault widths (w = dy and w = dy/2). A range
of permeability values were used (∼ 4 orders of magni-
tude, between 10−19 and 10−15 m2) at two end-member
porosities (1% and 5%) (Peacock et al., 2011; Tewksbury-
Christle and Behr, 2021). The different colors in Fig. 5
indicate the observed slip mode throughout at least five
regular earthquake cycles (for fast slip).
The numerical experiments presented in Fig. 5 illus-

trate that changing fluid parameters results in different
types of slip behaviors. With the fault thickness set to
w = dy (Fig. 5a), persistent fast events do not occur over
the permeability-porosity space implemented. For the
permeability values of k < 10−17 m2 and 1 % porosity,
allmodels eventually transition to aseismic creep, start-
ing with either fast or slow events (Fig. 5c). At higher
permeabilities, aseismic creep is observedwithout tran-
sient activity (Fig. 5f). The transition from the tran-
sient slip regime to the aseismic creep regime at higher
porosity (φ = 5%) requires around an order of magni-
tude higher (k = 10−16 m2) permeability (Fig. 5d).
Fig. 5b presents the results of numerical experiments

with the narrower fault width (w = dy/2). For perme-
abilities below approximately k ≈ 5 × 10−18 m2, the
models show the same transient behavior from regu-
lar earthquakes to aseismic creep, with model evolu-
tions similar as illustrated in Figs. 5c, d. In these mod-
els, lower permeabilities allow fluids to pressurize eas-
ily initially, triggering the first event. However, after the
first event, the low permeability hinders pore pressure
diffusion during the interseismic period. In such cases,
the effective pressure fails to recover past a few minor
transient events, prompting the fault to transition into
aseismic creep behavior. Conversely, at the highest im-
plemented permeabilities (k > 10−16 m2), similarly to
the previous case (Fig. 5a) aseismic creep becomes the
dominant slip mode (Fig. 5f), or transient behavior (in
case of φ0 = 5%). This is because the high permeabil-
ity prevents the pore fluid from pressurizing in the first
place due to fast pressure diffusion. Between these two
permeability values (10−18 m2 < k < 10−17 m2 with φ =

1% and 10−17 m2 < k < 10−16 m2 with φ = 5%), a ‘sweet
spot’ occurs inwhich regular, persistent, earthquake cy-
cles are generated, with relatively constant recurrence
intervalswithin eachmodel run (Fig. 5e). These seismic
events follow the behavior described in Section 3.1.
The two slip regime diagrams in Fig. 5a, b, high-

light the influence of fault zone thickness. With the
wider fault (w = dy), the peak slip rates are lower com-
pared to the thinner fault (w = dy/2). This is partly
because the fluid pressure diffusion is slower across a
wider fault, as the pressure perturbation takes a longer
time to spread across the larger fault area. Addition-
ally, since the shearmoduluswas not changedwith fault
width change, the total slip per unit area is smaller in
case of a wider fault, and the strain is distributed over
a larger area, as the increase in the fault width means
an increase in the area over which strain is distributed.
These factors result in overall slower slip events, lower
peak slip rates, and a tendency toward transient behav-
ior or aseismic creep, with the absence of recurring fast
or slow events.

3.3 Effects of Dilation
3.3.1 Step 1: Analytical Solution for Critical Dila-

tancy

Using reference parameters in Equation 18, c = 3.3 ×
106 Pa, σyield = 6.6 × 106 Pa, m = 2, and f = 0.3,
φ = 1%, the critical dilatancy coefficient was calculated
as Dcr = 0.012. As shown in Figure 6a, the analytical
solution predicts that Dcr highly depends on porosity.

3.3.2 Step 2: Numerical Validation of Analytical
Solution

The results of a set of numerical experiments un-
der the same simplifying assumptions as the analyti-
cal model are also plotted in Figure 6a. These experi-
ments tested different dilatancy coefficients at four dif-
ferent porosity values (1%, 3%, 5%, 7%). The numeri-
cal model predicts the same critical dilatancy needed to
produce fast slip as the analytical solution, with transi-
tions between slip modes occurring at similar Dcr val-
ues for each porosity (Fig. 6a). Interestingly, slow slip
events appear at dilatancies close to the analytical so-
lution (Dcr − D < 0.01), while the fast slip regime is
observed at dilatanciesDcr −D ≈ 0.01, and an aseismic
creep regime is detected at dilatancies D > Dcr. With
higher porosities, the transition between slow and fast
slip events is shifted to higher dilatancies (Fig. 6a), con-
sistent with the analytical prediction of the dependency
of Dcr on porosity.
The general fault evolution in these models follows

the same three phases described in Section 3.1: (1) Dur-
ing the pre-seismic phase, fluid pressurization due to
the visco-plastic compaction dominates as the fault is
loaded. (2) In the co-seismic phase, shear instability
grows into a seismic event , due to increased fluid pres-
sure in cases where the dilatancy cannot counteract the
effect of the visco-plastic compaction, and the seismic
event candevelop as described in Section 3.1. (3)During
the post-seismic phase, fluid pressure dissipates slowly

8
SEISMICA | volume 5.1 | 2026



SEISMICA | RESEARCH ARTICLE | Modeling fluid-driven fault slip dynamics with shear-induced dilation and compaction

Figure 4 Example models showing the slip rate evolution of the fault for four different types of slip modes. X axis shows
distance along the fault, y axis shows time step (with variable size as a result of the adaptive time stepping algorithm. The
color bar shows the logarithmof the slip rate. a) Regular earthquake cycles. b) Slow slip events. c) Temporal shift of slipmode
from regular earthquakes to slow slip events to aseismic creep. d) Aseismic creep without associated seismic activity.

Figure 5 Effects of permeability (k) on log scale and porosity (φ) on the slip mode. a)-b) Comparison of porosity and per-
meability at two different fault widths. Colors indicate the slip mode of the fault, blue symbolises fast slip, red symbolises
aseismic creep, green symbolises a transient behaviour from fast to slow slip to stable creep. c)-f) Examples of temporal evo-
lution of maximum slip velocity during different slip responses. c), d) show transient behaviour, e) shows fast slip, f) shows
stable creep.

over hundreds of years, stabilizing the fault and tran-
sitioning it to aseismic creep. Due to the intensionally
prescribed lowpermeability, only one seismic event can
occur (Fig. 7, blue line). The inclusion of dilatancy thus
does not alter the general fault evolution but does in-
fluence slip behavior, particularly near the critical dila-
tancy.

The slow slip events in this set of numerical experi-
ments occur when D is close to Dcr. These events ex-
hibit slip rates of 10−6 to 10−4 m s−1, reflecting an in-
termediate state where dilatancy partially offsets com-
paction but does not fully stabilize the fault. At the end

of these slow slip events the fault transitions to aseis-
mic creep (Fig. 7, orange line). In contrast, when D >
Dcr, dilatancy fully counteracts compaction, prevent-
ing fluid pressure from reaching levels sufficient to trig-
ger shear instability, thus resulting in aseismic creep
throughout the fault’s evolution (Fig. 7, red line).

These results confirm that the numerical model,
under the same assumptions, reproduces the criti-
cal dilatancy threshold and slip mode transitions pre-
dicted by the analytical solution. Additionally, the nu-
merical model captures slow slip behavior near Dcr,
which highlights the ability of the model to represent
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Figure 6 Effects of porosity (φ) and dilatancy coefficient (on log scale) on the slip response of the fault - subplots a and b
with incompressibility assumption, subplots c and d are fully compressible (with different fault widths). Marker colors show
different initial slip responses: blue: fast slip, red: aseismic creep, orange: slow slip, light blue: analytical solution calculated
from Eq. 18. a) Relationship between porosity and dilatancy coefficient at low permeability with incompressibility assump-
tion. b) Relationship between porosity and dilatancy coefficient at high permeability with incompressibility assumption. X
indicate models with fast or slow slip cycles. Section 3.3.3 details the description of this subset of models. c) Relationship
between porosity and dilatancy coefficient in the fully compressible casewithw = dy. d) Relationship between porosity and
dilatancy coefficient in the fully compressible case w = dy/2. Section 3.3.4 details the description of the two compressible,
impermeable subsets of models.

a broader spectrum of fault slip behaviors compared to
the analytical solution.

3.3.3 Step 3: Relationship between (de)com-
paction anddilatancy in an incompressible,
permeable fault

Building on the results from Step 2, we conducted a
second suite of numerical experiments to evaluate the
role of dilatancy in the presence of fluid pressure and
diffusion. Compared to Step 2, permeability was in-
creased by two orders of magnitude (k = 7.2 × 10−18

m2), allowing the divergence of the Darcy velocity (left
side of Eq. 4) to become significant. The models re-
tained the assumption of incompressibility (βs = βf =
0). The analytical solution for critical dilatancy (Dcr)
provided a baseline for comparison, as in Step 2.
Figure 6b shows that under these more realistic con-

ditions, the critical dilatancy coefficient required to per-
mit fast events shifts to much lower values compared
to Step 2. Specifically, faults with dilatancy coefficients
D > 10−2 no longer exhibit fast slip behavior, even at
low porosities. This leftward shift reflects the role of
fluid diffusion in mitigating pore fluid pressure buildup
caused by compaction (similar to effects described in
Section 3.2). At higher permeability, fluid pressuriza-
tion is more difficult, reducing its destabilizing effects
and therefore requiring much lower dilatancy to stabi-
lize the fault. In contrast, low permeability in Step 2 re-
stricted fluid diffusion, amplifying compaction effects
and requiring higher dilatancy coefficients for fault sta-
bilization.
Similar to themodels in Step 2, this suite again shows

variations in slip behaviors near the transition to fast
slip, and these variations depend on porosity. At low
porosities (1% and 3%), the fault exhibits fast slip cy-
cles for D ≤ 0.01, with fault evolution following the
three-phase sequence described in Section 3.1. At near-
critical dilatancies (0.016 ≤ D ≤ 0.018) and 1%porosity,
the fault transitions to slow slip events, with slip rates

of 10−6 to 10−4 m s−1, reflecting partial stabilization by
dilatancy. For 3% porosity, slow slip events give way to
aseismic creep after 1-5 slow slip events. At 5% and 7%
porosities, fault behavior remains consistent with Step
2: after one fast or slow slip event, dilatancy fully stabi-
lizes the fault, resulting in aseismic creep.
These results demonstrate that permeabilitymodifies

the balance betweendilatancy and compaction, shifting
the slipmode transitions to lower dilatancy coefficients.
While porosity plays a weaker role in setting the bound-
ary between transient and seismic creep, it does influ-
ence the number and type of slip events prior to stabi-
lization in the boundary region.

3.3.4 Step 4: Relationship between (de)com-
paction and dilatancy in a fully compress-
ible and permeable fault

Building on the results from Steps 2 and 3, we now
incorporate all physical terms into the model, includ-
ing compressibility effects for both the solid and fluid
phases (βf and βs values listed in Table 1). Fig. 6c, d
summarize the slip response across the tested range of
dilatancy coefficients and porosities for a constant per-
meability of k = 3.6 × 10−18 m2 in case of w = dy, and
k = 1.4 × 10−17 m2 in case of w = dy/2.
For the case of a wider fault (w = dy), only slow tran-

sient slip or aseismic creep is observed (Fig. 6c), con-
sistent with the results shown in Fig. 5a (without di-
latancy) in which compressibility effects suppress fast
fault slip due to significant fluid volume reduction dur-
ing pressurization. For most dilatancy values, initial
transient slow slip events still occur in these models, as
expected for these permeability-porosity choices based
on Fig. 5a. However, dilatancy coefficients greater than
10−2 (at low porosity) and 10−1 at high porosity led to
suppression of any transient fault slip. Thus, including
high dilatancy coefficients leads to a leftward shift in the
boundary between transient slow slip and aseismic slip
in Fig. 5a, with the magnitude of this shift weakly de-
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Figure 7 Examples of the different slip modes in case of incompressible and impermeable fault: fast slip (blue line), slow
slip (orange line) and aseismic creep (red line). a) and b) present the effective pressure evolution, and the slip rate evolution
through time, respectively.

pendent on porosity.
Using the narrower fault width (w = dy/2), the fast

slip regime appears again at dilatancy of D = 10−3 for
1% porosity, and at D = 10−2 for porosities of 3%, 5%
and 7% (Fig. 6d). Similarly to Section 3.2, the narrower
fault enables faster slip events and higher slip rates for
the permeability value chosen here. In comparison to
Fig. 5b, we see that the fast slip that is predicted at
1% porosity for our selected permeability is suppressed
to aseismic creep at dilatancy coefficients above 10−2.
This again suggests that a weakly porosity-dependent,
leftward shift in the boundary between fault slip modes
should occur at relatively high dilatancy coefficients.
The evolution of effective pressure for both fault

widths at 1% porosity with four different dilatancy co-
efficients is shown on Fig. 8a-b. In both cases, at D =
10−2 the fault remains in aseismic creep throughout its
evolution because dilatancy has suppressed transient
events. For the wider fault (w = dy, Fig. 8a), lower
dilatancy coefficients (D = 10−3) result in slow slip
events before transitioning to aseismic creep behavior.
For D = 10−4 and D = 0, the fault hosts multiple slow
slip events, with decreasing effective pressure during
slip episodes and gradual stabilization. The difference
in the model evolutions is small, with the timing of the
first two events only differing by 7-10 days. In contrast,
the use of the narrow fault width (w = dy/2) results in
fast events. Themodels show recurring fast events, and
identical behavior at D = 10−4, D = 10−3, and D = 0.
The similarity between models without dilatancy and
models with relatively low dilatancy indicates the lesser
role of dilation compared to compressibility and com-
paction in both cases.

4 Discussion

4.1 Effects of fluid properties on fault slip
without dilatancy

In Section 3.2 we examined the effects of com-
paction/decompaction and fluid flow on fault slip be-
havior in the absence of dilatancy, examining how per-
meability, fault zone width, and porosity govern the
development of fluid overpressure and control transi-
tions between seismic and aseismic slip. Our param-

eter study demonstrated that for a porosity range of
1-5%, fast slip events (slip velocities up to the magni-
tude of 100 m s−1) are only observed over a narrow per-
meability window, k ≈ 10−17 to 10−16 m2, and ex-
clusively for the narrower fault width. In these mod-
els, increasing permeability above 10−16 m2 enhances
Darcy velocity (following Equations 3 and 4), reduc-
ing fluid pressurization and thus favoring aseismic slip.
Conversely, at permeabilities below 10−17 m2, fluid be-
comes over-pressurized due to limited diffusion, reduc-
ing effective stress and suppressing dynamic rupture
due to permanent fluid-pressure-induced weakening.
When using the wider fault, at both 1% and 5% porosi-
ties, the boundary between transient and aseismic be-
havior slightly shifts to higher permeabilities by about
half an order of magnitude. Fault zone width influ-
ences the storage capacity of the system and controls
the magnitude of pore pressure changes during defor-
mation (Faulkner et al., 2010; Cappa, 2011). Here the
storage capacity β∗ is defined as:

(20)β∗ = φ (βf − βs) + (βd − βs) .

Thus, an increase in porosity implies an increase in
local storage capacity. Additionally, porosity also influ-
ences permeability (Eq. 11), and therefore the effective
pressure distribution within the fault zone. Although
β∗ is a material property independent of fault width, a
wider fault implies that the pore pressure changes gen-
erated by compaction are distributed over a larger vol-
ume. In addition, wider faults have a larger total pore
volume and enhance permeability pathways, promot-
ing more efficient pressure diffusion. These effects to-
gether lead to the absence of recurring fast events in all
wide fault models.
In addition to permeability and fault width, poros-

ity further modulates slip behavior by influencing com-
paction and decompaction efficiency. Higher poros-
ity reduces compaction and enhances fluid accommo-
dation, thereby modifying the pore pressure evolution
during slip. For instance, achieving recurring seismic
events at 5% porosity with the narrow fault required
higher permeability compared to the 1% porosity case
(Fig. 5b). This reflects the dual role of porosity in
both controlling compaction rates and modulating the
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Figure 8 Effective pressure evolution in time on the fault, in a fully compressible medium in case of φ = 1%. a) With the use
of w = dy. b) With the use of w = dy/2. Line colors indicate different dilatancy coefficients.

Skempton’s coefficient, B, which governs the magni-
tude of fluid pressure response. In our models, the
Skempton’s coefficient isB = 0.226 for 1%porosity, and
B = 0.233 for 5% porosity. Since Equation 4 includes
the reciprocate of B, a higher B implies a smaller effec-
tive pressure drop during an event, favoring slower slip
or aseismic deformation. Additional factors, such as
fluid and solid compressibility, and dilatancy (see Sec-
tion 4.2) can also modify slip mode by modifying the
Skempton’s coefficient, as discussed in Dal Zilio et al.
(2022). In that study, slow slip events were observed
at higher fluid compressibility than our reference value
(βf , Table 1), and at a higher porosity of 10%.
The relatively narrow parameter range producing re-

curring fast slip events in the narrow fault width case
reflects the simplifications in our model formulation,
in which material properties (e.g. porosity and perme-
ability) are held constant in space and time. However,
variations in these parameters as well as in fluid com-
pressibility can broaden the instability regime (Dal Zilio
et al., 2022), suggesting that fluid-driven instabilities
may dominate over a wider range of natural conditions
than captured by the models in this study. Taken to-
gether, these results show that even in the absence of
dilatancy, fault slip behavior is highly sensitive to fluid-
related properties and fault geometry. Compaction-
driven pore pressure increases can promote dynamic
slip under specific permeability and porosity condi-
tions, while enhanced pressure diffusion or fluid stor-
age capacity tends to stabilize slip.

4.2 Role of Dilation
Shear-induced volumetric expansion (dilatancy) has

long been recognized as a potentially stabilizing mech-
anism in laboratory-scale, fluid-bearing faults and nat-
ural fault systems (Nur, 1972; Rudnicki and Chen, 1988;
Segall and Rice, 1995; Samuelson et al., 2009; Segall
et al., 2010). Dilatancy coefficients measured in the lab
on granular fault gouges are typically in the range of
D ∼ 10−3 to 10−5 (Segall and Rice, 1995; Samuelson
et al., 2009; Beeler et al., 2018; Brantut, 2020). Several
studies have suggested that dilatancy coefficients in this
range can influence fault slip behavior by reducing pore

fluid pressure during shear and inducing dilatant hard-
ening (Segall and Rice, 1995; Rudnicki and Chen, 1988;
Proctor et al., 2020; Aben and Brantut, 2021). Although
the dilatancy parameter in our model differs in formu-
lation from the rate-and-state dilatancy parameter of
Segall and Rice (1995), the comparison is still applicable
here as an order-of-magnitude reference. In our formu-
lation, dilatancy is a constant coefficient linking plas-
tic shear strain rate to volumetric expansion, whereas
Segall and Rice (1995) describes dilatancy as a dynam-
ically evolving process within a rate-and-state depen-
dent framework. Both approaches nevertheless rep-
resent the same physical mechanism of shear-induced
pore-space creation and associated pore-pressure re-
duction. Recent work further suggests that porosity and
compaction state may directly influence fault strength,
providing an additional way by which dilatancy and
compaction can stabilize or weaken slip (Sarma et al.,
2025).
The analytical solution derived for the critical dila-

tancy coefficientDcr discussed in Section 3.3.1 provided
a framework to predict the transitions in fault slipmode
under incompressible conditions with negligible fluid
pressure diffusion. This predicted that dilation can sup-
press fast slip, but only at relatively high dilatancy co-
efficients (D > 10−2) that exceed values typically ob-
served in laboratory experiments. Our numerical mod-
els using the same assumptions, with awide fault width,
confirmed this prediction, but also showed additional
complexity near Dcr, including slow slip events that re-
flect slight stabilization by dilatancy at the transition
from fast to aseismic slip. Introducing fluid pressure
diffusion at the same fault width broadened the range of
fault behaviors and shifted Dcr to slightly lower values
by reducing compaction-driven pore pressure buildup,
although dilatancy coefficient values needed to sup-
press transient slip (D > 10−2) still remained higher
than typical laboratory estimates. In models incorpo-
rating solid and fluid compressibility, dilatancy coeffi-
cients less than D = 10−2 had no significant effect on
themodel behavior compared to the compressible cases
with no dilatancy. At D > 10−2, the boundary between
transient and aseismic creep shifts to slightly lower per-
meability values in both wide and narrow fault configu-
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rations. This shift reflects the larger pore volume reser-
voir introduced by dilation, which delays fluid pressur-
ization and thus requires slower pressure diffusion (i.e.
lower permeability) for dynamic rupture to initiate.
Collectively, these results imply that dilatant harden-

ing is unlikely to modulate fault slip in compressible,
permeable fault systemsunless the dilatancy coefficient
exceeds D ∼ 10−2. Below this threshold, fault slip
mode is more strongly governed by pressure diffusion
(controlled by permeability and fault width) and pore
compressibility.

4.3 Comparison to Rate and State Friction
Models

Experimental studies over the past several decades
have demonstrated that frictional resistance evolves
with both the rate of deformation and the sliding his-
tory of the fault surface (Ruina, 1983; Scholz, 1998; Rice,
2006; Niemeijer and Spiers, 2007). This behavior is cap-
turedby the rate- and state-dependent friction (RSF) for-
mulation (Dieterich, 1978; Ruina, 1983; Marone, 1998;
Scholz, 1998), which has become the standard frame-
work for modeling fault shear resistance at slip rates
ranging from tectonic plate rates of 10−9 m s−1 to about
10−3 m s−1. In this formulation, the parameter a − b
governs whether a fault exhibits velocity-strengthening
(a − b > 0) or velocity-weakening (a − b < 0) behavior,
which in turn controls fault stability. However, while
RSF is effective formodeling fault slip, it does not inher-
ently account for the physical mechanisms of dynamic
weakening and evolution of the state variable. Physical
mechanisms proposed in the past include contact aging
and asperity interactions (Dieterich, 1978; Ruina, 1983),
thermal pressurization (Rice, 2006; Viesca and Gara-
gash, 2015), flash heating (Tsutsumi and Shimamoto,
1997; Goldsby and Tullis, 2011), shear-induced dilation
or compaction (Segall and Rice, 1995; Marone, 1998),
and microphysical processes such as pressure solution
and granular flow (Niemeijer and Spiers, 2007; van den
Ende et al., 2018). In addition, alternative constitutive
laws from microphysical models have been proposed
to model instability (Shimamoto and Noda, 2014; Chen
and Niemeijer, 2017).
Classical RSF models predict seismic instability at

rate- or slip-weakening regimes, whereas velocity-
strengthening faults are expected to exhibit stable slip
under constant effective stress (Rudnicki and Chen,
1988; Segall and Rice, 1995). Reduced effective normal
stress due to elevated pore pressure is commonly asso-
ciated with aseismic behavior in these models. Consis-
tentwith these results, our simulations exhibit creepbe-
havior under highpore pressure conditions (e.g. Fig. 5).
However, a key distinction in our framework is that ef-
fective stress is not prescribed, but evolves dynamically
throughout the model run, due to hydro-mechanical
coupling. Consequently, pore fluid pressure increases
weaken the fault, enabling dynamic slip even for intrin-
sically rate-strengthening rheologies.
Our study builds on this body of work, and on re-

cent fully coupled fault models (e.g. Ciardo and Lecam-
pion, 2019; Parez et al., 2023) by introducing a novel

formulation that explicitly links the evolution of fric-
tional strength to fluid pressurization and local porosity
changes, governed by shear-induced dilation and com-
paction. In our model, the rate-strengthening param-
eter γ serves as an analog to the direct effect parame-
ter a in RSF formulations, capturing the dependence of
friction on instantaneous changes in slip velocity. How-
ever, unlike RSF, the weakening behavior in our model
is not governed by phenomenological state variables
but emerges from the coupled evolution of fluid pres-
sure, effective stress, and local dilatancy. By incorporat-
ing these interactions into a coupled hydro-mechanical
continuum framework, our model provides a physi-
cal mechanism for the dynamic weakening observed in
fluid-bearing fault systems. This approach not only re-
produces the same slipmodes predicted byRSF, but also
captures additional phenomena, such as the transition
from velocity-strengthening to velocity-weakening be-
havior due to fluid pressurization. Moreover, it aligns
with experimental observations and prior models that
emphasize the critical role of fluid dynamics in control-
ling fault slip behavior (e.g. Sibson, 1992a; Segall and
Rice, 1995; Beeler et al., 2018; Proctor et al., 2020; Farge
et al., 2021; Yang and Dunham, 2021; Dal Zilio et al.,
2022).

4.4 Implications for natural fault zones

Our findings have important implications for under-
standing slip behavior in natural fault systems where
compaction, permeability, and compressibility inter-
act to control effective stress. The dynamics discussed
abovemay help explain spatial and temporal variability
in natural seismicity, including slow slip events, migrat-
ing seismic tremor or earthquake swarms, and episodic
fault activity associated with natural or anthropogenic
fluid injection (e.g. Ide, 2010; Shelly and Hill, 2011;
Ellsworth, 2013; Stanton-Yonge et al., 2025). Observa-
tions from exhumed faults commonly show evidence
for heterogeneous permeability, fluid-pressure com-
partmentalization, and transient fluid migration, sup-
porting the idea that such fluid-mechanical feedbacks
are widespread (e.g. Sibson, 2017; Muñoz-Montecinos
and Behr, 2023; Fagereng et al., 2017; Cox, 2005). In
this context, the deformation regime in our models
differs from the shallow, well-drained fault behavior
commonly inferred from laboratory experiments, but
is more comparable to experiments conducted under
undrained or poorly drained conditions. The simu-
lations here show a compaction dominated, fluid-rich
regime in which pressure-driven deformation can pro-
mote transient pore-pressure build-up and reduced ef-
fective stress at slip initiation. These conditions may
be relevant at low-permeability conditions, for example
at clay-rich faults, where fluid diffusion is limited and
fluid pressurization is expected. Several authors advo-
cated shear-induced compaction on the bases of exper-
imental (e.g. Proctor et al., 2020; Aretusini et al., 2021)
and theoretical studies (e.g. Iverson, 2005; Goren et al.,
2010).
Shear-induced dilatancy adds another layer of com-

plexity. Although our results suggest that dilatant
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strengthening significantly affects slip behavior only
when the dilatancy coefficient exceeds values typically
estimated in laboratory settings, natural faults may lo-
cally or transiently exhibit higher effective dilatancy.
Zones of distributed micro-cracking or shear band-
ing, rupture-front dilational damage, or brecciation due
to hydrofracture can accommodate large volumetric
strain during shear (e.g. Sibson, 1986; Brantut, 2021;
Woodcock et al., 2007; Muñoz-Montecinos et al., 2021;
Sibson, 1990). High interface roughness ormismatched
asperities may further enhance dilation as slip locally
opens the fault surface (Caniven et al., 2021; Sibson,
1985). Thus, even if the average dilatancy coefficient
of a mature fault core remains low, spatially localized
or temporally transient episodes of high dilatancy could
still meaningfully influence rupture dynamics through
their effect on fluid pressure. Ultimately, our findings
reinforce the view that fluid-mechanical coupling—not
just frictional properties—plays a central role in gov-
erning the spectrum of fault slip behaviors observed in
many active fault systems.

4.5 Model limitations and future work

While our models capture a broad spectrum of fault
slip behaviors and provide valuable insights into the in-
terplay between compaction-driven fluid pressure, di-
latancy, and compressibility, they have several limita-
tions. First, permeability and porosity are held con-
stant throughout the simulations, whereas in natural
fault zones, these properties evolve during deforma-
tion due to fracturing, healing and sealing, and/or dia-
genetic or metamorphic reactions (Rutqvist, 2012; Au-
det and Bürgmann, 2014). Second, the dilatancy co-
efficient is modeled here as a constant, and dilatancy
rate only depends on the plastic strain rate, whereas
in reality, dilatancy evolves with strain and confining
pressure (Segall and Rice, 1995; Brantut et al., 2018).
Third, our models do not account for variations in con-
fining pressurewith depth, whichwould be particularly
important for dipping faults in layered or anisotropic
lithologies. Depth-dependent pressure gradients in-
fluence fluid migration, permeability, and the magni-
tude of effective stress, potentially altering the stability
regimeof faults (Zhuet al., 2020). Fourth, themodels as-
sume simplifiedboundary conditions and spatial homo-
geneity, whereas natural faults often exhibit complex
stress distributions, lithological heterogeneities, and ir-
regular geometries. Fifth, our analysis assumes fluid-
saturated conditions. We note that in the absence of flu-
ids, or under dry fault conditions, the poro-mechanical
feedbacks explored here would be largely absent. Al-
though truly dry conditions are likely rare in the upper
crust, especially at seismogenic depths, addressing this
contrast highlights the central role of fluids in modulat-
ing fault slip behavior. Finally, our simulations are two-
dimensional, inherently limiting their ability to repli-
cate the three-dimensional nature of stress interactions
andfluidflow innatural fault systems (Jiang et al., 2022).
Incorporating dynamic evolution of dilatancy, perme-
ability and porosity, as well as accounting for depth-
dependent confining pressure and expanding to three-

dimensional models, would enhance the applicability
of these findings to natural fault systems.

5 Conclusions

We used the Hydro-Mechanical Earthquake Cycles
(H-MEC) code to model earthquake cycles on a strike-
slip fault. A novel plasticity model was introduced, to
link the evolution of frictional strength to fluid pres-
surization. Our models capture a broad range of fault
slip behavior from seismic to aseismic slip, including
slow slip events and stable creep. We described the
evolution of fluid-driven seismic events, and investi-
gated the influence of fluid parameters, such as poros-
ity and permeability, as well as fault width, on the seis-
mic slip mode in the absence of dilatancy. Then, we
analyzed the role of dilatancy compared to the visco-
plastic compaction, poro-elastic (de)compaction, and
fluid-pressurization in a step-wise manner, incremen-
tally introducing complexity into the models. Our find-
ings show that porosity and fluid pressurization highly
impact the seismic and aseismic slip modes in the pres-
ence of dilatancy. In a compressible, dilatant, and per-
meable fault, the models are unable to capture the fast
slip with the use a wide fault. However, fast slip events
are observed along the narrow fault, highlighting the
importance of compressibility and poro-elastic storage.
Building on previous studies, our work demonstrates
how seismic ruptures initiate due to pore pressure vari-
ations driven by compaction processes. By incorpo-
rating all these effects in a coupled hydro-mechanical
visco-elasto-plastic continuum framework, the models
presented here reproduce the slip modes predicted by
rate and state friction laws, and highlight the observa-
tion from previous studies that suggested a significant
role of fluid dynamics in fault slip behavior.

A Scaling physical parameters with
grid step size (without dilatancy)

Understanding how the scaling of specific param-
eters affects the results is crucial for evaluating the
Hydro-Mechanical Earthquake Cycle (H-MEC) code.
This includes examining the convergence of multiple
parameters such as resolution, slip rate, yield stress, ef-
fective pressure, total pressure, fluid pressure, and the
timing of the first seismic event. In finite difference
methods, the resolution affects the accuracy, stability,
and convergence of the numerical solution by impact-
ing the approximation of derivatives; therefore, the grid
step size must be sufficiently small to resolve the cohe-
sive zone length during rupture simulation (Day et al.,
2005). In nature, physical parameters also depend on
the length scale, including permeability. In order to in-
troduce scaling relationships we took into account that
the width of the highly localized pressurized slip zone
during the co-seismic phase always comprises 1-2 ver-
tical grid step sizes, which makes both the timescale
of pressure diffusion and the compaction viscosity de-
pending on grid resolution. In order to compensate
these two effects, we implemented the following scal-
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Figure 9 Results of the resolution tests. The blue dots showmodel results without the implemented scaling law, the brown
dots showmodel results with the use of the scaling laws (Eqs. 21, 22). X axis always shows the used resolution, y axis shows
a)-f) respectively: maximum slip rate during the first event, mean yield stress during first event, timing of first event, mean
total pressure during first event, mean fluid pressure during first event, mean effective pressure during first event.

Figure 10 Evolution of the effective visco-plastic com-
paction viscosity through time, in the middle of the fault
zone.

ing relationships for respectively permeability andcom-
paction viscosity:

(21)k0 ∼
(

dy

w

)n1

(22)ηφ ∼
(

dy

w

)n2

where k0 is the reference permeability, dy is the grid
step size in the y direction, w is the assumed fault width
(Table 1), and n1 = 2 and n2 = 1 are scaling exponents.
The fault width is implemented as a physical parame-
ter: it is smaller or equal to the resolution and is of the
magnitude of the width of natural fault damage zones.
For simplicity, during model runs, the fault width does
not change with time.
Additionally, the porosity dependent permeability is:

(23)k = k0

(
φ

φ0

)n

where k is permeability (plotted on Fig. 5), k0 is the
reference permeability (Eq. 21), φ is the porosity, φ0 is
the reference porosity (plotted on Fig. 5), and n expo-
nent can vary between 1 to 50 (Yarushina et al., 2013).
Heren = 3, basedonpore geometry andprevious studies
(Connolly andPodladchikov, 2000; Dymkova andGerya,
2013; Morency et al., 2007; Rice, 1992).
We evaluate several parameters (maximum slip rate,

mean yield stress, pressures, and timing of the first
event) during the initial events of the model runs (Fig.
9). This evaluation helps us compare models across
six different resolutions ranging from dy = 450m to
dy = 1500m to investigate the convergence of the pa-
rameters with and without the scaling laws. The mod-
els without the permeability scaling law (Fig. 9, blue
markers) showdifferent seismic slip behavior as the res-
olution changes. For the higher resolution cases (dy =
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450m, 500m, 750m), the models show seismic slip be-
havior, and the mean pressures show only < 5% differ-
ence between the results, while the mean yield stress
shows < 10% difference. However, at lower resolutions
(dy = 1000m, 1250m, 1500m), no seismicity can be ob-
served in the models.
By using the implemented permeability scaling law,

all models demonstrate similar seismic slip behavior
(Fig. 9). The mean pressures and mean yield stress
show approximately 5% difference between the model
results after the first event. Although the maximum
slip rates are more scattered, these values still fit well
within the seismic slip rates of natural events (Di Toro
et al., 2011). The timing of the first event increases
with increased resolution, with approximately 500 years
(20%) difference between the models with the highest
and lowest resolutions. This implies that using the de-
scribed scaling approach allows us to achieve the con-
vergence of the model parameters and maintain the
same seismic slip mode across a wide range of resolu-
tions. While at high resolutions the model results are
similar with or without the scaling law, at lower resolu-
tions themodels show different seismic behaviors with-
out the scaling due to the high dependence of the nu-
merical solution on the resolution. The use of the sim-
ple scaling approach provides a robust solution tomake
the model results nearly independent of grid step size.

B Evolution of the visco-plastic com-
paction viscosity

Here we provide a plot (Figure 10) that describes the
evolution of the effective visco-plastic compaction vis-
cosity (ηφ) through multiple seismic cycles. This shows
the reduction in ηφ during yielding, which promotes
visco-plastic compaction.
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