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Abstract Accelerating creep before catastrophic failure commonly follows a power-law velocity-
acceleration relationship, with the exponent typically near 2 but often evolving from 1 to 2 at a certain point,
indicating a dynamic transition. The underlying mechanisms, however, remain unclear. Here we investigate this
transition by monitoring the slip displacement of clayey soil during fluid-injection creep experiments. This
transition is discontinuous in the first run but becomes continuous in the initially pre-sheared sample. Using a
regularized rate-and-state friction model, we explicitly examine the relationship between the exponent and the
frictional properties of the soil. This model describes the dynamic transition, with the exponent evolving from 1
to 2 across a broad range of frictional parameters. Furthermore, by incorporating idealized shear localization
processes, the model qualitatively reproduces the shear-history-dependent transition. Our study demonstrates
that a combination of structural evolutions and frictional properties may explain slow and fast slips observed in
various shear systems.

Plain Language Summary Predicting when materials will fail or natural hazards will occur is
complex because it involves various physical processes and parameters. An empirical power-law velocity-
acceleration relationship has proven effective and reliable for forecasting creep failure and natural events like
landslides and volcanic eruptions. Although its exponent is typically 2, it can evolve from 1 to 2 over time,
indicating a dynamic transition between two distinct acceleration regimes. In our fluid-injection experiments on
clayey soil, we observe a slow-to-fast transition in slip displacement and a multi-layered shear zone. This
transition is initially discontinuous but becomes continuous when the sample is pre-sheared. To elucidate the
mechanism, we use a slider block to simplify landslide movement, with the friction of the slip surface governed
by aregularized rate-and-state friction model. For a velocity-weakening slip surface, this model predicts a shift
from velocity-independent to velocity-weakening steady-state friction, demonstrating a continuous slow-to-fast
transition with the exponent evolving from 1 to 2. Furthermore, the combination of friction and shear
localization processes qualitatively reproduces the discontinuous transition observed in experiments. These
results indicate that slow and fast slips can be modulated by both frictional property and structural evolution,
encouraging the consideration of their combined effects.

1. Introduction

Natural instability phenomena, including landslides and volcanic eruptions, have been quantified by an empirical

scaling law relating the deformation rate Q and its acceleration Q as
. ca
Q=AQ, M

where Q is the measurable deformation such as surface displacement, the dot represents time derivative, and A
and a are empirical parameters. This law was discovered in slope-failure experiments by Fukuzono (1985) and
subsequently applied to other systems (e.g., Main, 1999; Voight, 1988, 1989), often referred to as the Voight
model (e.g., Federico et al., 2012; Intrieri et al., 2019). In practice, this empirical relationship exhibits striking yet
not fully understood generality and has proven robust in predicting failure across various geological settings (e.g.,
Rose & Hungr, 2007; Sornette et al., 2004; Voight, 1989) and experiments under constant or monotonic loading
conditions (e.g., Chang & Wang, 2022; Fukuzono, 1985; Heap et al., 2011; Xue et al., 2018). For instance, if Q
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represents slip displacement in a localized shear zone, a landslide would show a proportional relationship between
the logarithm of creep acceleration and the logarithm of creep velocity near failure.

This proportionality is characterized by the exponent @ (Equation 1), which typically lies between 1 and 2,
frequently close to 2 (e.g., Segalini et al., 2018; Voight, 1989). Nevertheless, it can vary, as seen in seasonal
landslide accelerations (Crosta & Agliardi, 2003), and tends to increase from 1 to 2 in volcanic eruptions (e.g.,
Kilburn, 2003; McGuire & Kilburn, 1997) and landslides (e.g., Hayashi & Yamamori, 1991), indicating a slow-
to-fast dynamic transition between two acceleration regimes. Examples include the September 1981 eruption at
Mt. St. Helens (McGuire & Kilburn, 1997; Voight, 1988) and the 1962 Vaiont landslide movement event (D.
Petley and Petley, 2006). Moreover, significantly small a values have been observed in landslides (Bozzano
et al., 2014) and volcanic activities (Tepp et al., 2020).

The rate- and state-dependent friction (RSF) laws (Dieterich, 1979; Ruina, 1983), widely used in fault mechanics
(e.g., Marone, 1998), have been applied to model accelerating creep of landslides as a slider block under constant
loading, predicting @ = 2 (Helmstetter et al., 2004; Noda & Chang, 2023). Field and experimental observations
suggest that variable a values may result from changes in deformation mechanisms and structural evolution
(Chang & Wang, 2022; Petley et al., 2002), implying the role of deformation history. In this article, we build on
previous experiments and analyses to examine the mechanism behind the evolving a and the role of structural
evolution.

2. Experiment
2.1. Experimental Setup

We conducted fluid-injection shear experiments to simulate rain-induced landslides on clayey soil with slope
angle ¢, using elevated pore pressure P, as depicted by the schematic in Figure 1a. Extending upon the method in
Chang and Wang (2022), we used the same ring-shear configuration (Figure 1b) and clayey soil (see Expanded
Methods and Figure S1 in Supporting Information S1). The soil, taken from a landslide, was sieved to remove
particles larger than 4.75 mm for experimentation. It primarily comprises highly weathered schist, containing
minerals such as quartz, mica, chlorite, and illite, with approximately 20% clay content. Dry, sieved samples were
evenly placed in the configuration shown in Figure 1b, water-saturated, and preconditioned with a constant
normal stress o of 200 kPa and shear stress 7, to simulate slope stress conditions (Table S1 in Supporting In-
formation S1). Specifically, the configuration dictates concentrated shear deformation between its stationary and
rotary parts, allowing us to repeat the same preconditioning and experimental protocol, thereby naturally intro-
ducing a pre-existing shear zone into the sample. Pore pressure P is measured through a porous metal component
positioned slightly higher than the shear box separation. Sample height change A# is recorded by a vertical
displacement sensor attached to the loading ring.

Pore pressure P was then increased linearly by a pressure intensifier, with sample dilation observed concurrently
(Figures 1b and 1c), while o, and 7, were kept constant until failure marked by evident decreases in 7 (Figure 1c).
Consequently, slip displacement &, equivalent to Q in Equation 1, increased, showing accelerating velocity 5 A
quasi-static condition, 7, = pg sin ¢ (where p and g are density and gravitational acceleration, respectively), is
maintained before failure, with acceleration & < g sin ¢, despite the rate of pore pressure increase P ranging from
30 to 120 kPa/hr (Table S1 in Supporting Information S1). Accelerating creep is defined from the onset of
acceleration to the failure point, corresponding to &, and J;, respectively (dashed lines in Figure 1c). A large d,
thus indicates substantial pre-shearing of the sample (Figure 1c, right panels). Additionally, we incorporate the
fluid-injection experiments in Chang and Wang (2022) into our analysis (Table S1 in Supporting
Information S1).

2.2. Slow-To-Fast Transition and Shear Localization

Figure 2 presents representative results of acceleration versus velocity in log-log plots. Velocity and acceleration
are derived from filtered time-displacement data for clarity (see Expanded Analyses and Figure S2 in Supporting
Information S1). For the sample undergoing first-time shear (Figure 2a), two distinct acceleration regimes are
observed, characterized by a slow-to-fast transition with a stepwise increase in a from 1 to 2. During this
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Figure 1. Schematics for the landslide model (a) and experimental setup (b). Representative input and output measurements
(c) for the first-time shear (left) and repeated shear (right) experiments (Dashed lines indicate periods of accelerating creep).

transition, the curve temporarily deviates from the power-law relationship, showing a dip as transient decreases in
acceleration. In contrast, the pre-sheared sample under repeated shear shows a continuous transition without the
dip (Figure 2b), where « increases to a value smaller than 2, possibly due to the reduced pore pressure within the
pre-existing shear zone accompanied by dilation (Figure Ilc, right panels; Expanded Analyses in Supporting
Information).

We summarize the slip displacement during accelerating creep, 5, = & — Jy, from all experiments (Table S1 in
Supporting Information S1). Notably, 6, exhibits significantly reduced variability when & is large (Figure 3a),
suggesting the influence of shear history. To illustrate this pre-sheared deformation, we present pictures of a
sample with ~2 m displacement in Figure 3b, revealing a ~1 cm thick shear zone within unsheared soil. Close-ups
of the shear zone feature slickenlines on its boundaries and foliation with multilayer structures within the cross-
section.

Hence, we propose two questions to address the above observations: What is the mechanism for the observed
slow-to-fast transition? And why does the dip occur in the samples subjected to first-time shear?
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Figure 2. Time-displacement curves and log-log plots for acceleration versus velocity from representative experiments:
Sample undergoing the first-time shear (a) and pre-sheared sample subjected to repeated shear (b) (Dashed lines with slopes
of 1 and 2 serve as guides to the eye).
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Figure 3. The distribution of accelerating creep displacement J, versus &, (a) from experiments. Pictures of a sample with
~2 m slip displacement, including close-ups of the top view and cross-section of the shear zone.
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3. Single Slip Surface Model
3.1. Regularized Rate-and-State Friction (RSF) Model

We begin by extending upon the theory of the accelerating creep with RSF proposed by Noda and Chang (2023).
The RSF law captures both the instantaneous response of the friction coefficient to a change in slip velocity,
termed the direct effect, and the subsequent longer-term relaxation process, referred to as the evolution effect. A
typical formula expresses the friction coefficient of a slip surface as

f(V,0)=f, +aln (Vl) +b 1n<9£>, 2

where V is the slip velocity, 6 is the state variable representing the evolving state of the surface, and a and b are
nondimensional parameters that characterize the direct and evolution effects, respectively. A reference state is
abitrarily selected at V., 6, = L/V,, and f, = f(V,.,6,).

The state-evolution equation describes the time derivative of € in terms of V and € (Ruina, 1983) and many
equation forms have been proposed (e.g., Marone, 1998). Here we adopt the commonly used aging law and slip
law (Ruina, 1983):

Ve
1 — — (Aging law),
o L
d 1 (ve
AT
L L

3)
) (Slip law),

where L is the characteristic slip displacement for state evolution. The steady-state condition d§/d¢ = 0 leads to
0, = L/V, which results in the steady-state friction coefficient as

o=t a=tn( ;) @

*

We focus on the instability of rain-induced landslides that are initially at rest or slipping slowly until a sufficient
pore pressure increment is imposed (Figure 1). However, a “stop” state (V = 0) is not defined in Equation 2
because of the divergence of the logarithm when V — 0. Following the rate-dependent plasticity model of
Drysdale (1984) and Drysdale and Zak (1985), this term vanishes at V = 0 in a purely elastic regime, yielding a
stress level that represents a “stop” condition. Similarly, a regularized RSF model proposed by Andrés
etal. (2019) can naturally define stationary conditions by introducing a threshold velocity Vy;, and a corresponding
state 6y, = L/ Vy, and friction level f, = f(Vy,,6y) into Equation 2 as:

f(V,0)=fy+aln (V‘t—hv“l) +bn (gﬁ), (5)

th

The state-evolution equations (Equation 3) are regularized to

1 (V+Vy)e
ao L
dt 1 (V4 Vo [+ Vi
L L

(Aging law),
(6)

(Slip law).

This regularization is equivalent to the models in Yang et al. (2008), Tal et al. (2018), and Paul et al. (2024). It
recovers conventional RSF (Equations 2-4) when V>V, but behaves differently at small velocities; more
precisely, the frictional responses become independent of V at infinitesimal velocity (V< V).
0 = L/(V + Vy,) satisfies the steady state, leading to the steady-state friction coefficient:
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Figure 4. Compiled friction data of clayey soil from literature overlaid with the regularized RSF model for a velocity-weakening slip surface (a). Nondimensional
acceleration 1/A - dV/dt versus nondimensional velocity V/ Vy, for the single slip surface model in the aging law (b) and slip law (c) (Dashed lines with slopes of 1 and
2 serve as guides to the eye).

V+ Vth)' @

fu=fo+ 0= pymn( V3 o

th

Thus, df,/dIn(V) = V/(V + Vy)(a — b) determines stability. Positive a — b, referred to as velocity-
strengthening, indicates a stable system, as friction increases with velocity. Conversely, we use negative
a — bto characterize a velocity-weakening shear zone that can potentially accelerate catastrophically, the steady-
state friction (Equation 7) for which is illustrated in Figure 4a, where f asymptotically approaches f
when V < Vy,.
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Data compiled from ring-shear tests on various soils (Scaringi & Di Maio, 2016; Tika et al., 1996) show velocity-
independent steady-state friction at small velocities, typically less than Vi, ~ 0.002 mm/s (Figure 4a). These
measurements, often obtained from substantially pre-sheared samples, suggest the friction properties of a
localized slip surface. As the velocity increases, some clayey soils exhibit velocity-weakening behavior while
others show velocity-strengthening. Interestingly, the clayey gouges from the Vaiont landslide show a transition
from velocity-independent to velocity-weakening friction (Ferri et al., 2011). The next section will apply the
regularized model that captures this transition in various clayey soils. Data from Scaringi et al. (2018) also suggest
a second threshold velocity leading to velocity-strengthening, although this aspect falls beyond the scope of our
study.

3.2. Accelerating Creep for Regularized Model

We now adopt the regularized model to analyze the initiation of catastrophic acceleration from V = 0 under
quasi-static conditions. For simplicity, we assume a constant-load condition and neglect both inertia and any pore-
pressure variations. Unlike the selection of reference V., and 6, in conventional RSF, a reference state here is
definedby V = 0,0y, = L/Vy andf, = f(V = 0,60y,). This approach simplifies equations, enabling a constant
friction level f = f,, for creep tests without any loss of generality. Consequently, Equation 5 reduces to

V+ Vm) ( 0 )
aln +bIn|—] =0. )
( Vi O

For brevity, we denote a frictional parameter § = b/a and Equation 8 becomes

\Y% o\
= lo) ©

The time derivative of Equation 9 leads to the acceleration:

5 L
VY —ﬁ(l+ 1) ' } 4 (10)
Vin

dt L

Equation (10) resembles the Voight model (Equation 1) and indicates that « may depend on 8 and the evolution-
equation d@/dr. Substituting state-evolution equations (Equation 6) into Equation (10) gives the acceleration as
_1

V2 1% 2 1% 7
—‘h[)’<—+1) 1—<—+1)
L Vth Vth

1% (v

For brevity, we denote Ay = V3 /L and use V/Vy, to represent nondimensional velocity. Nondimensional ac-

]} (Aging law),
w_ (10
dr

Vin

7 (Slip law).

celeration is therefore 1/A, -dV/dt, as indicated by the terms in brackets in Equation (11).

For a velocity-weakening slip surface (where > 1), Equation 11 indicates accelerating creep, where dV/d¢> 0
for V> 0. We use # = 1.1 and the typical Vy;, = 0.002 mm/s (Figure 4a) as an example and adopt 107> < V < 107!
mm/s, a typical velocity range in experiments (Figure 2), for the analysis. The slow-to-fast transition between two
distinct acceleration regimes, with a evolving from 1 to 2, is shown in the log-log plots of nondimensional ac-
celeration versus nondimensional velocity for both the aging law and slip law (Figures 4b and 4c, left panels).
Subsequently, we incorporate 1 < <10 (Noda & Chang, 2023) and find that « is insensitive to f values
(Figures 4b and 4c, right panels).

We then evaluate the value of a. The Taylor series for Equation 11 around V = 0 is given by

CHANG ET AL.

7 of 13

3SUS01T SUOWILIOD) BAIRR.ID 3|cedl|dde ay) Ag pausenob afe sajone YO ‘@SN JO S3|nJ J0) AriqiTauIUQ A8]1AA UO (SUOIPUOD-pUR-SWIBYWOD" A3 | IM A ReIq1[BU1UO//:SANY) SUO I} IPUOD pue SWid | 8y} 89S [GZ0z/v0/€0] Uo ARiqiauluQ Aa|ian ‘Ueder aueiyo0D AQ 6E8TTT 19V202/620T 0T/I0p/Wod A8 M Ariqipujuo'sgndnBe//sdny wouy pepeojumoq ‘€2 ‘v202 ‘2008V76T



I Vedl
NI i
Geophysical Research Letters 10.1029/2024GL111839
AND SPACE SCIENCES
14 2 .
B-1)—+0(V ) (Aging law),
1dv Vin
& (12)
(B—1) — + O(V?) (Slip law),
Vin
indicating @ = 1 when V<« Vy,. When V>V, the approximate equation is
V2
p(5) aging 1w,
Vin
1 dav
——= (13)
Ay dt V2
cp-1) <—> (Slip law),
Vin
where C is a numerical constant on the order of 1 for the range of V in our experiments. Compared to the Voight
model (Equation 1), Equation 13 suggests that a converges to 2 for V> Vy, consistent with Noda and
Chang (2023) for conventional RSF. In summary, « is
I, V<V,
a= (14)
2, V>V,
Thus, the shift from velocity-independent to velocity-weakening behavior is a key mechanism driving the
stepwise increase of a from 1 to 2, with potential general applicability across various soil types (Figure 4a).
4. Model With Shear Localization
The analysis above assumes a single slip surface, whereas images of the shear zone (Figure 3b) show significant
structural evolution before a single slip surface is well-formed. The shear zone comprises multiple interconnected
layers that accommodate slip displacement. To simplify this multilayer structure, we introduce an idealized
number of active layers, N. For a sample experiencing first-time shear, N is large initially, while a substantially
pre-sheared sample has N = 1. The observed velocity V is thus the sum of the slip velocities from N layers, each
assumed to share the same velocity V/N. We incorporate this concept into Equation 5 as
14
4 0 1 N +Vlh bl 4 15
—, =f + + — .
f(N ) foalnl Ty, “(ah) (4
The state-evolution equation becomes
Vv
( v, vm)e
1 ———"—(Aging law),
do L
e (16)
dr (v oy ) P
AT th —
W n <N+ V‘h>9] (Slip law).
L L
We continue with the same friction level and the reference state f, = f(V = 0,6y,) for creep tests. Consequently,
Equation 15 simplifies to
CHANG ET AL. 8 of 13
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1% o\
V_m=N[<0_m) _1]. a7

The time derivative of Equation 17 gives the acceleration:

dv

E_O

(18)

ANV L % o
L= p +1) ¢
it NV VoN dr

Substituting Equation 16 into Equation 18, the acceleration of the multilayer shear zone with localization is

p-1

1dNV 1% 2 1% -7
Ao ———+ﬂN< +|> 1—( +1>
v A, df N VN VaN

dr )
v v
+1)1n +1
VN VN

where dN/dt represents the time evolution of N. When N = 1 and dN/dt = 0, Equation 19 returns to Equa-
tion 11, the “single slip surface” model.

} (Aging law),
(19)

— =4+ (B-1N
Ao antl-b

(Slip law),

1 dNV
0

The localization of a shear zone generally suggests a reduction in active thickness with displacement (Hull, 1988;
Vitale & Mazzoli, 2008). Experiments with granular material reveal an initial phase of distributed, flow-like
shear, which then localizes onto a limited thickness or one single slip plane (Fukuoka et al., 2006; Haines
et al., 2013; Rathbun & Marone, 2010; Tchalenko, 1970). Specifically, Chang et al. (2024) show structural
evolution from multiple discontinuous shear planes to a single, highly localized plane in analog granular systems,
though a quantitative description of shear localization dynamics is still lacking. In the accelerating creep scenario,
slip displacement initially increases very slowly and then accelerates. Consequently, N may decay slowly at first,
then decrease rapidly, and finally approach 1 asymptotically as shear localization completes. To capture this
behavior, we introduce a time-dependent logistic model to describe N, potentially offering a novel approximation
of the localization phenomena. The equation reads

(No = Noo) [1 + exp(=kt,)]

N@) = 1+ exp[k(r—1,)]

+ N, (20)

where N, and N, are the initial and asymptotic values of N respectively, k describes the decay rate, and ¢, is the
characteristic time at which maximum decay rate occurs. We set N, = 1 to represent the final single slip surface
and use t, = L/Vy, to denote a time scale. Thus, shear localization is simplified to continuous decreases in N to 1
with nondimensional time ¢/ f,, as depicted in Figure 5a.

We set initial V. = 107> mm/s, which is typical for our experiments (Figure 2), and arbitrarily select a k value that
satisfies the definition of accelerating creep, where dV/dt > 0. To model substantial localization, we use a large
N, but vary t./t, (Figures 5b and 5c). Both the aging law and slip law exhibit evident slow and fast regimes,
characterized by a ~ 1 and 2, respectively. Initially setting #,/f, to approximate V =~ V, shows a dip near the
point of rapid localization (Figure 5b), similar to samples undergoing first-time shear (Figure 2a). In contrast, a
larger ¢,/ 1, results in a less distinct dip (Figure 4c). Furthermore, we use N = 1 to model a pre-sheared sample
(Figure 4d). Consequently, the transition is continuous.

5. Interpretation, Implications, and Limitations

The observed slow-to-fast transition in slip displacement, characterized by two distinct acceleration regimes with
an evolving a from approximately 1 to 2 (Figure 2), aligns well with diverse measurements in natural events, such
as landslides (e.g., Hayashi & Yamamori, 1991; D. Petley and Petley, 2006) and volcanic eruptions (e.g., Kil-
burn, 2003; McGuire & Kilburn, 1997). The single slip surface model (Equation 11) effectively describes this
dynamic transition behavior, where the evolution of « is attributed to a shift in surface frictional properties, from
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Figure 5. Schematic of idealized shear localization (a). Nondimensional acceleration versus nondimensional velocity for #,./#, = 60 (b) and 75 (c),and N = 1 (d), for
various shear localization processes (Dashed lines with slopes of 1 and 2 serve as guides to the eye).

velocity-independent to velocity-weakening (Figure 4). Fundamentally, this transition in accelerating creep oc-
curs when V = Vj, in a shear system with a single slip surface and remains valid under relatively constant loading
conditions, irrespective of the geological context or frictional parameter.

However, the single slip surface model may be an oversimplification, as structural evolution and thick shear zones
observed in our experiments (Figure 3b) are ubiquitously found in earthquake faults (e.g., Chambon et al., 2006;
Engelder, 1974; Robertson, 1982; Scholz, 1987) and landslides (e.g., Davies et al., 1999; Davies & McSave-
ney, 2002, 2009; Fleming & Johnson, 1989; Schulz et al., 2017). To address this, a multilayer structure (Figure 5a)
may provide a useful first-order approximation for modeling shear localization (Figure 3b).

In our numerical modeling, rapid localization causes the dip during the slow-to-fast transition (Figure 5b) due to
the negative first term in Equation 19, where dN/df <0, which reduces acceleration. Importantly, the dip
observed in this model (Figure 5b) qualitatively reproduces experimental features (Figure 2a), suggesting that the
characteristic time ¢, for rapid localization may not be an independent parameter. Namely, substantial localization
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may tend to coincide with the slow-to-fast transition around V ~ Vy,, when —df,,/d In(V) (Equation 7) becomes
sufficiently large, that is, when velocity-weakening becomes significant.

An immature shear zone, characterized by a large N, likely exhibits a prolonged slow regime because velocity
V/N for each layer tends to be smaller than Vy, (Figures 5b and 5c). Once shear localization is well-established,
such as in a pre-existing shear zone with significantly smaller absolute values of N and dN/d¢, the transition
becomes continuous (Figures 2b and 5d), and the variabilities of 6§, may decrease (Figure 3a). This role of
deformation history is reminiscent of increases in @ observed in successive events at the same landslides (Crosta
& Agliardi, 2003; D. Petley and Petley, 2006). Additionally, significantly smaller a < 1 observed in slopes with
artificial reinforcement (Bozzano et al., 2014) suggests the influence of structural factors.

Acceleration characterized by @ = 1 indicates a logarithmic increase in velocity over time, which is less cata-
strophic compared to power-law acceleration with a larger a. Notably, many clay-rich, slow-moving landslides
rarely exhibit catastrophic acceleration (e.g., Keefer & Johnson, 1983; Schulz et al., 2017). Laboratory results
often reveal that velocity-strengthening of samples is negligible, hence insufficient to explain this lack of cata-
strophic acceleration (e.g., Keefer & Johnson, 1983; Skempton, 1985; van Asch et al., 2007). Our theoretical
analysis suggests that “slow” slip instability is likely driven by velocity-independent frictional properties
(Figure 4). Additionally, our numerical model indicates that the multilayer structure and shear localization
processes can further moderate slow slips, resulting in transient, subtle acceleration (Figure 5).

However, our analysis does not address the final instability that occurs when acceleration is sufficiently large,
potentially disrupting the quasi-static assumption and allowing other significant dynamic weakening mechanisms
to take effect. Additionally, our models omit factors such as rheology or internal deformation of the landslide
body (e.g., spreading due to lateral extension or liquefaction), and variable loading conditions (e.g., pore pressure
fluctuations or external load). Furthermore, more sophisticated models are needed to capture the critical shear
behavior of granular material in response to pore pressure change (e.g., Chang & Wang, 2022; Iverson
et al., 2000; Schulz et al., 2009), dilation-induced strengthening mechanisms (e.g., Segall et al., 2010; Segall &
Rice, 1995), and shear localization dynamics (e.g., Chang et al., 2024; Walley, 2007), in order to bridge the gap
between our theoretical analysis and experimental observations.

6. Conclusions

Fluid-injection creep experiments on clayey soil show two distinct acceleration regimes with a shear-history-
dependent dynamic transition, characterized by power-law velocity-acceleration relationships with exponents
evolving from 1 to 2. This observation aligns with measurements of natural instabilities across various geological
settings, such as landslides and volcanic eruptions. Using a single slip surface model governed by regularized
rate-and-state friction in constant-load creep tests, we describe the continuous slow-to-fast transition as driven by
a shift from velocity-independent to velocity-weakening steady-state friction—a mechanism potentially appli-
cable across various clayey soils. By incorporating idealized shear localization based on observed multilayer
structures in experimental shear zones, we qualitatively assess the impact of structural evolution on this history-
dependent transition. These findings highlight how the combined effects of frictional properties and structural
evolution can modulate slow and fast slip instabilities in natural shear systems.

Data Availability Statement

The complete experimental dataset is available in Chang (2024).
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