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Abstract

Understanding how earthquake energy budgets scale from laboratory to nat-
ural faults remains a fundamental challenge in earthquake physics. Labo-
ratory experiments report fracture energies consistent with classical friction,
yet seismological observations show that breakdown work scales strongly with
slip, and the relationship between these two quantities remains unclear. Here
we show that this discrepancy reflects two genuinely different physical quan-
tities: the near-front dissipation governed by rupture-tip processes, which
we use as a proxy for fracture energy because these small ruptures sustain
no K-dominant field, and the system-scale breakdown work dominated by
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nonlocal elastic unloading which includes the loading column in our exper-
iments. We conducted stick-slip experiments on 15-cm long granite faults
under normal stresses of 1–20 MPa in a double-direct-shear configuration.
A dense strain-gauge array tracked rupture propagation, enabling near-front
dissipation estimates via cohesive zone modeling, while finite element simu-
lations quantified energy partitioning between the fault and loading system.
The near-front dissipation remains low (<10 J/m2) and scales roughly lin-
early with normal stress, consistent with classical friction. In contrast, total
breakdown work scales quadratically with slip, exceeding the near-front dis-
sipation by over an order of magnitude. Finite element simulations confirm
that elastic unloading of the compliant loading column dominates this en-
ergy release. Normal stress heterogeneity on the lab fault produces additional
weakening, after the rupture has reached maximum size, without additional
dissipative mechanisms. These results demonstrate that apparent breakdown
work scaling in laboratory earthquakes can arise from nonlocal elastic effects
rather than intrinsic fault weakening. Our work provides a framework for dis-
tinguishing local near-front dissipation from system-scale energy release and
breakdown work when extrapolating laboratory results to natural faults.

Keywords:
Rupture dynamics, Laboratory earthquakes, Breakdown work, Fracture
energy
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1. Introduction

Earthquake rupture reflects a dynamic redistribution of elastic strain en-
ergy within the fault–host rock system, balancing energy release from the
surrounding medium against dissipation on and near the fault. This global
energy flow governs the seismic stress drop and other source properties, in-
cluding the rupture propagation speed Cf . Under suitable assumptions, this
process can be formulated using linear elastic fracture mechanics (LEFM;
Freund, 1990), in which rupture growth satisfies an energy balance G = Γ
between the dynamic energy release rate G and the fracture energy Γ (Kam-
mer et al., 2024). In the context of LEFM, earthquake ruptures accelerate
when the static energy release rate GS

II (mode II) exceeds Γ (Svetlizky et al.,
2020; Albertini et al., 2021).

Most experimental, analytical, and numerical studies have focused on the
dissipative side of this balance, examining how rupture energy dissipation de-
pends on slip rate, normal stress, fault roughness, and other weakening mech-
anisms (e.g., Cocco et al., 2006; Okubo et al., 2019; Kammer and McLaskey,
2019; Perry et al., 2020; Paglialunga et al., 2022; Cocco et al., 2023; Morad
et al., 2024; Brantut, 2025). Far less attention has been given to the release
side, namely, how the surrounding elastic medium unloads and transfers en-
ergy toward the rupture front. Yet this nonlocal energy supply can strongly
influence rupture properties such as acceleration, total breakdown work, and
their apparent dependence on normal stress.

Fault normal stress governs both sides of the fracture energy balance.
Increasing normal stress enhances frictional strength and contact area (Di-
eterich and Kilgore, 1994), raising dissipation, but can also increase the elas-
tic energy stored prior to rupture. In nature, ruptures at depth, where normal
stress is high, tend to propagate faster than shallow or near-trench events
(Vidale and Houston, 1993; Bilek and Lay, 2002). Laboratory experiments
show the same trend: as normal stress increases, rupture speed increases
(Johnson and Scholz, 1976; Leeman et al., 2016), approaching the Rayleigh
or shear-wave velocity, and transitions to supershear rupture become more
common (Xia, 2004; Dong et al., 2023). These observations point to a funda-
mental coupling between energy storage, release, and dissipation that governs
rupture properties including speed.

In this study, we investigate small-scale laboratory earthquakes on a 15-
cm long granite fault instrumented with a dense 13-station strain-gauge ar-
ray. Our experiments enable spatially resolved measurements of rupture
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dynamics akin to those in larger, meter-scale experiments, but with addi-
tional control on loading rates and history. This allows us to reconstruct
rupture fronts and estimate near-front dissipation locally, while we estimate
breakdown work at the apparatus level, enabling comparison between lo-
cal and system-wide energy dissipation. Because these ruptures are small,
with a cohesive zone comparable to the fault length, the near-tip field is not
K-dominated; we therefore report the local near-tip energy not as a strict
fracture energy but as an apparent near-front dissipation Γ ′, a proxy for
fracture energy obtained directly from the area under the initial weakening
curve (Section 3.4). While the inferred near-front dissipation remains low,
consistent with previous laboratory studies on single, relatively simple faults
(e.g., Svetlizky et al., 2017; Bayart et al., 2015; Ke et al., 2018; Kammer and
McLaskey, 2019; Paglialunga et al., 2022), total breakdown work increases
strongly with normal stress (correlating with slip and stress drop), similar to
trends observed in natural earthquakes (Cocco et al., 2023; Selvadurai, 2019;
Viesca and Garagash, 2015; Abercrombie and Rice, 2005). We interpret this
scaling not as a signature of increased fracture resistance and fracture en-
ergy, but as a consequence of greater energy release during elastic unloading
of the fault and surrounding material including the loading column in our
experiments. Our experiments demonstrate this for length-limited faults em-
bedded in a compliant loading system, which is analogous to fault segments
embedded in a damage zone or other cases where a small fault patch releases
elastic energy stored in a larger volume. This analogy holds only in a re-
stricted sense, for a fault patch of roughly fixed size, such as an asperity or
fault segment embedded in a more compliant surrounding volume, for which
the fixed dimension makes slip and stress drop co-vary. It is not a model for
self-similar rupture growth, where the rupture dimension is not fixed and the
stress drop is variable. The additional energy released as the fault completely
unlocks arises from this elastic unloading, without requiring secondary weak-
ening mechanisms (e.g., Gabriel et al., 2024; Lambert et al., 2021; Viesca and
Garagash, 2015), and contributes to the observed scaling of breakdown work
(e.g., Cocco et al., 2023; Abercrombie and Rice, 2005). These findings sug-
gest that breakdown work scaling can be governed by system-scale elastic
unloading rather than reflecting only the local weakening, offering a new
perspective on energy partitioning in laboratory and natural earthquakes.
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2. Methods

2.1. Experimental Setup
Friction experiments were conducted in the double-direct-shear (DDS)

configuration using a biaxial load frame with adjustable loading stiffness
(Leeman et al., 2016; Shreedharan et al., 2020). The samples consisted of
a center block and two side blocks, all prepared from Barre Gray Granite,
forming two 150 mm × 50 mm frictional interfaces (Fig. 1a). All edges
of the center block and the top and bottom edges of the side blocks were
chamfered 5 mm to reduce stress concentrations and prevent edge damage
during repeated experiments. Throughout each experiment, normal load σN

was held constant (force-controlled using a fast-acting servo system), while
shear load τ was applied through prescribed load-point velocities (using servo
displacement control).

Along one of the 150 mm long faults (Fig. 1a), we installed 13 strain gauge
rosettes to measure dynamic shear strain εxy at equally spaced locations, and
normal strain εyy at 3 selected locations (x=3, 75, and 147 mm). The center
of each strain gauge was located 8 mm from the fault. The dense array of εxy
measurements enabled us to track the spatiotemporal onset of shear strain
drop along the fault and estimate rupture speed (Fig. 1c) of laboratory earth-
quakes (labquakes). We used a servo-controlled loading sequence to produce
10’s to 100’s of labquakes in each experiment under the same conditions.
Displacements at the load-point δLP and near the top of the center block δ
(Fig. 1a, blue square), together with normal load σN and shear load τ , were
recorded at 1 kHz, while dynamic strains were recorded separately at 100
kHz. The two systems measure independent quantities. The slow-sampling
channels characterize system-level slip and stress while the strain gage array
captures the dynamic rupture waveforms used for rupture speed and cohesive
zone model fitting. Because the interseismic period between events is orders
of magnitude longer than the rupture duration, events are unambiguously
identified in both recording systems.

2.2. Sample Preparation and Testing Protocol
All experiments were conducted in the Rock Mechanics Laboratory at The

Pennsylvania State University. We conducted experiments at normal loads
σN ranging from 1 to 20 MPa, all following the same testing protocol. Before
each experiment, the granite fault surfaces were roughened with #60 grit
silicon-carbide (producing an RMS roughness of ∼20 µm) and a thin layer of
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Figure 1: Double-direct shear experiment configuration. (a) Three Barre Gray granite
blocks (two side blocks and one center block) are arranged under biaxial loading with
bottom support for the two side blocks. Shear load is applied via an interchangeable
loading block as a spring at the top of the center block. The right side block is instrumented
with 13 strain gauge rosettes along the 150 mm fault. Blue square near the top of the
center block marks the location of center block displacement δ measured relative to the
bottom of the load frame. (b) Experimental protocol. Gray shading indicates the initial
run-in phase in which the fault surfaces are conditioned prior to testing, blue shading
indicates velocity-step tests (VSi, stiff steel loading spring), and orange shading indicates
slide-hold-slide tests (SHSi, compliant acrylic loading spring). µ = τ/σN is the friction
coefficient and δ is center block displacement. (c) Dynamic shear strain εxy recorded at
each strain gauge rosette along the fault, plotted as a function of time relative to the event
onset. Horizontal dotted lines mark the zero strain change for each gauge trace. The
topmost gauge did not record a rupture signal, likely because the rosette was too close to
the top edge of the fault and was not in full contact with the fault surface. Green circles
mark the onset of rupture at each gauge location; the green dashed line is fitted to these
circles, and its slope gives the average rupture propagation speed. (d) A picture of the
right side block, aligned to the strain gauge rosette positions shown in (c).

moisturized quartz powder (Min-U-Sil 40) was applied to each fault (∼0.75 g;
∼250 µm thick). This preparation procedure was adopted from Shreedharan
et al. (2020) to achieve steady-state friction conditions and produce long sets
of reproducible labquakes. As shown in Fig. 1b, the protocol included run-in,
velocity-step (VS), and slide-hold-slide (SHS) tests. After applying normal
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stress, the center block was sheared to the load-point displacement of ∼5
mm, with an unload-reload cycle at ∼3 mm, to run in the faults. VS and
SHS tests were then performed in alternating sequence (Fig. 1b) to assess
cumulative strain effects, denoted VSi and SHSi according to their order. To
generate reproducible labquakes with dynamic rupture, we used an acrylic
block as a spring (80-mm long and 40x40 mm cross-sectional area) to reduce
the loading stiffness and match the critical rate of frictional weakening Kc

(e.g., Leeman et al., 2016; Scuderi et al., 2017). The acrylic block was used
only for experiments at < 15 MPa normal stress. It was installed after the
initial run-in and VS tests to produce labquakes during SHS tests.

To verify that this sample exhibited frictional behavior comparable to pre-
vious experiments on the same apparatus with Westerly Granite (e.g., Lee-
man et al., 2016), we conducted VS tests to estimate rate-and-state friction
parameters and Kc. The shear rate (load-point velocity) began at 10 µm/s,
then alternated between 3 and 30 µm/s for three up-steps, with 500 µm of
shear at each velocity. At normal loads above 7.5 MPa, we omitted VS tests
because the fault did not sustain steady sliding and instead exhibited only
stick-slip, precluding reliable rate-and-state fits. The estimated rate-and-
state parameters (Supplementary Fig. S1) are consistent with those reported
in previous works on Westerly granite and are therefore not discussed further.

SHS tests were used to induce dynamic rupture at low normal loads,
where the conditions are otherwise in the stable sliding regime (Leeman et al.,
2016; Pignalberi et al., 2024). Each SHS sequence comprised 3, 30, and 300
s holds, followed in each case by 500 µm of shear at 10 µm/s. Repeating
the sequence 3 times produced 9 controlled stick-slip events per test. For
consistency, we focus our detailed analysis on these 9 post-hold events, and
use other events from our series of 15 tests to assess reproducibility and
frictional behavior. At 15 and 20 MPa, we did not use the acrylic loading
block (spring in Fig. 1a) because at these normal stresses the system satisfies
the conditions for instability and exhibits stick-slip motion and labquakes.
For each stick–slip event, we measured the total shear stress drop ∆τ total,
total slip δ0, loading stiffness k taken from the linear segment of ∆µ/∆δ

prior to failure, and the breakdown work Wb =
∫ δ0
0

(τ − τmin) dδ, computed
from the center-block displacement δ, shear load τ , and normal load σN (see
Fig. 2).
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Figure 2: Dynamic stress drop and slip characteristics of laboratory earthquake events
under different normal loads. (a–i) Shear load τ versus fault displacement δ for events
following SHS tests with 3-second holds, at σN from 1 to 20 MPa (the event at 2 MPa is
excluded because of its similarity to the 1 and 3 MPa cases). Black sections denote the
breakdown portion of stress drop, blue curves show the loading and post-slip history, and
orange shading indicates breakdown work Wb, integrated from δ = 0 to the displacement
δ0 at which τ reaches its minimum τmin and breakdown ceases. The total stress drop
∆τ total, the weakening displacement δ0, and the minimum shear stress τmin are marked
in panels (a–c). (j) Normalized shear stress changes ∆τ from events (a–i) overlaid for
comparison, including the 2 MPa event for completeness. (k) Total stress drop ∆τ total
versus weakening displacement δ0 for all SHS events, where ∆τ total is the difference in τ
between δ = 0 and δ = δ0. ∆τ total and δ0 show an overall linear relationship, with a small
break for events with σN ≥ 15 MPa, where the loading stiffness was increased by removing
the acrylic loading block (Fig. 1a).

2.3. Rupture Speed Estimation and Cohesive Zone Modeling
To estimate rupture speed, we first determine the rupture-front arrival

time at each gauge location. The rupture front is conventionally identified
with the peak in shear strain εxy (Svetlizky and Fineberg, 2014; Paglialunga
et al., 2022). In our experiments, however, a distinct peak is not always
present, because the fault length (150 mm) is comparable to the critical
nucleation length (h⋆ ≈ 0.5 m in Ke et al., 2018; McLaskey, 2019), so the
dynamic rupture often propagates through regions that are still actively nu-
cleating and the characteristic peak is suppressed at those locations. We
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therefore define the rupture-front arrival as the onset of the rapid acceler-
ation of the εxy drop (Ohnaka and Shen, 1999), which coincides with the
peak where one is present and remains well defined where it is not. We de-
veloped an open-source Python GUI tool (Labquake Explorer; Ke, 2024) to
pick rupture-front arrival times at each εxy measurement position. Arrival
times and corresponding fault locations were then fit with linear regression
to estimate rupture speed Cf , using positions near the fault center where
velocity remained approximately constant (Fig. 1c).

Beyond rupture speed, characterizing the weakening process and fracture
energetics requires fitting our dynamic strain measurements using the cohe-
sive zone model, which regularizes the stress singularity inherent in LEFM
(Paglialunga et al., 2022; Kammer and McLaskey, 2019; Poliakov et al., 2002;
Samudrala et al., 2002). In this formulation, the dynamic stress/strain fields
near the tip of a propagating mode II (in-plane shear) rupture are governed
by the rupture speed Cf , fracture energy Γ , cohesive zone size Xc, and off-
fault distance y. The near-tip stress change is given by Freund (1990)

∆τ(θ, r, Cf ) =
KII(Cf )√

2πr
ΣII

xy(θ, Cf ), (1)

where KII is the mode-II stress intensity factor and ΣII
xy its angular variation.

The fracture energy Γ is related to KII through the dynamic energy release
rate (Kammer and McLaskey, 2019)

Γ = GII =
1− ν2

E
K2

II fII(Cf ), (2)

where fII(Cf ) is a known universal function of crack speed. The cohesive
zone introduces a linear slip-weakening stress distribution in local coordinates
ξ = x− xtip (Poliakov et al., 2002; Samudrala et al., 2002)

∆τ(ξ) =

{
0, ξ < −Xc

(1 + ξ/Xc)(τp − τr), −Xc < ξ < 0,
(3)

where τp and τr are the peak and residual shear stresses. Together Eqs. (1)–
(3) predict the full ∆τ(t) and ∆εyy(t) time histories at off-fault distance y.
An example fit is shown in Fig. 3b–c.

The fitting window is chosen to isolate the local tip-weakening phase
from the later system-scale unloading, as described below. Because the fault
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length is limited to 150 mm, the rupture front traverses the fault rapidly
(∼150 mm ÷ 1 km/s = 0.15 ms), while reduction of τ persist with slip
(Fig. 3b). This two-phase behavior reflects distinct energy release mecha-
nisms: initial rapid weakening associated with local energy dissipation at the
propagating rupture tip, followed by continued stress reduction driven by
nonlocal elastic unloading of the fault blocks and loading column, including
cases where the center block of the DDS arrangemenet undergoes nearly-
rigid-body motion. This distinction is evident in Fig. 3d, where the initial
drop in shear strain change ∆εxy propagates at a constant rate (green dashed
line), whereas subsequent features appear nearly simultaneous across all lo-
cations in comparison (black dotted lines). To isolate the local rupture-tip
energy dissipation from system-scale effects, we fit the cohesive zone model
to only the initial weakening phase in ∆εxy and ∆εyy (Fig. 3b–c), while ex-
cluding the later features that represent nonlocal elastic unloading. For each
event, we restricted the fits to the center gauge rosette (x = 75 mm), where
both εxy and εyy are available, thereby enhancing the robustness of the fit.
In the fitting procedure, we fix Cf based on estimates from multiple gauge
rosettes and set y = 8 mm (fault to gauge center distance), then define the
time window for the initial ∆εxy drop and jointly fit ∆εxy and ∆εyy for Xc

and Γ (Supplementary Text S1).

3. Results and Discussion

3.1. Breakdown of Frictional Strength During Stick-Slip Events
We observe systematic changes in labquake characteristics over the nor-

mal stress range from 1–20 MPa (Fig. 2 and Supplementary Fig. S3). At
σN < 4 MPa, labquakes occurred only immediately after a hold, as the appa-
ratus stiffness is slightly higher than Kc even with the acrylic loading block
in place. In contrast, at σN ≥ 4 MPa (Fig. 2c–g), labquakes occurred repeat-
edly and ∆τ total increased with δ0 (Fig. 2k). Following the sudden drop, τ
remained at the residual level as δ increased, before rising again. This resid-
ual sliding phase appears to lengthen with increasing σN while the acrylic
loading block is in place (Fig. 2j), but we note that for σN < 4 MPa we
do not observe residual, post-event sliding. For events at σN ≥ 15 MPa
(Fig. 2h–i), where the apparatus stiffness is significantly higher, the center
block of the DDS arrangement overshoots such that δ exceeds the product of
event duration and prescribed load-point shear rate, which caused the servo
system to retract and τ to drop further (see blue segment near the end). The
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Figure 3: Dynamic strain records of lab earthquakes. (a) Shear strain change ∆εxy time
history along the fault for one event with upward dynamic rupture propagation, selected
because nucleation and dynamic propagation occur close enough in time to visualize both
phases together. Rupture nucleates near x = 20 mm and quasi-statically propagates down-
ward, loading the bottom of the fault near x = 150 mm, until dynamic rupture initiates
at the bottom and propagates upward. Triangles mark the picked rupture-front arrival at
each gauge. Note that at some locations, the dynamic strain records do not exhibit distinct
peaks because the rupture front passes through regions that are still actively nucleating
(see Section 2.3). Panels (b–d) show a second, separate event that initiates near the top
and propagates downward. (b) Shear stress change ∆τ = G∆εxy recorded by the strain
gauge rosette at x = 75 mm. The trace is annotated with the local total stress drop ∆τtotal
(see panel d) and the stress drop at the rupture tip ∆τtip obtained from the cohesive zone
model (CZM, orange curve) fit. The red shaded area corresponds to the near-front dissi-
pation Γ ′, while the green area (which includes Γ ′) corresponds to the breakdown work
Wb. (c) Normal strain change ∆εyy recorded by the strain gauge rosette at x = 75 mm, as
in (b). The trace agrees closely with the CZM fit (orange curve) within the fitted window
and deviates afterward. Note that the sign of ∆εyy is opposite that of ∆εxy, as expected
for this geometry. (d) Shear strain change ∆εxy versus time at each gauge location along
the fault. The blue curve at x = 75 mm corresponds to the trace shown in (b). The onset
of shear strain drop propagates downward along the fault (green dashed line), while sub-
sequent strain changes (black dotted lines) appear nearly simultaneous across all locations
in comparison, indicating elastic waves generated by near-rigid-body motion of the center
block.
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stress-slip curve shows an inflection at the onset of the stress drop (visible
in Fig. 2a–d), reflecting a two-stage weakening in which one fault begins to
slide while the other remains locked briefly before both faults slip together
(see Supplementary Fig. S4). Although this behavior can cause overestima-
tion of Wb, the effect is more pronounced at lower σN and therefore does not
significantly affect the derived scaling.

3.2. Experimental Scaling of Rupture Dynamics
Our labquakes reveal clear scaling relationships between fault rupture

properties and the normal load σN . Rupture propagation speed Cf increases
systematically with increasing σN , as shown in Fig. 4a. At the lowest σN

(1–3 MPa), ruptures propagate slowly (a few hundred m/s), whereas at the
highest σN (20 MPa), Cf reaches ∼1.8 km/s, which is still well below the
Rayleigh-wave speed limit (CR ≈ 2.5 km/s). For an edge crack in a semi-
infinite solid, the mode-II stress intensity factor scales as KS

II ∝ ∆τ ∝ σN

(Tada et al., 2000; Bayart et al., 2015; Ke et al., 2018), implying a static
energy release rate

GS
II ∝ σN

2. (4)

Laboratory studies further suggest that fracture energy scales linearly with
normal stress (Ke et al., 2018; Brodsky et al., 2020),

Γ ∝ σN . (5)

Substituting these relations into the LEFM rupture speed expression (Svetl-
izky et al., 2017; Kammer et al., 2024),

Cf ≈
(
1− Γ

GS
II

)
CR, (6)

yields
Cf ∝ 1− c0

σN

, (7)

indicating that rupture speed should follow a hyperbolic approach to CR as
σN increases (dotted curve in Fig. 4a). In contrast, our data show only a
modest acceleration with σN , indicating that rupture speed cannot be ex-
plained by the standard LEFM scalings GS

II ∝ σN
2 and Γ ∝ σN . This

discrepancy has two potential explanations: 1) An additional mechanism be-
yond standard energy release: if GS

II is treated as a quadratic function of σN ,
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i.e., GS
II = c1σN

2 + c2σN with fitting constants c1 and c2, the resulting form
Cf ∝ 1− 1/(c1σN + c2) provides a much closer fit to our data (dashed curve
in Fig. 4a). 2) The 150 mm fault length may not provide sufficient distance
for ruptures to fully accelerate, particularly at higher σN where the potential
Cf is greatest.

As shown in Fig. 4b, the total shear stress drop ∆τ total increases with
σN , scaling approximately as 0.1σN , consistent with previous studies (e.g.,
Johnson and Scholz, 1976; Karner and Marone, 2000; Leeman et al., 2016;
Dong et al., 2023; Lyu et al., 2019). Following Shreedharan et al. (2020,
Fig. 1b), who systematically varied shear loading stiffness k, we also find
that ∆τ total is larger at lower k (Fig. 4c). The outlier cluster corresponds
to experiments at σN of 15 and 20 MPa, where the loading stiffness was
significantly higher in the absence of the acrylic loading block. These results
indicate that the stress drop magnitude following complete fault unlocking
is governed by the stiffness of the surrounding medium (which, in our case,
includes the apparatus and shear loading column).

3.3. Breakdown Work Scaling
Breakdown work Wb follows power-law scaling with the weakening dis-

placement δ0, Wb ∝ δ20 (Fig. 4d), consistent with patterns observed for nat-
ural earthquakes (Abercrombie and Rice, 2005; Viesca and Garagash, 2015;
Cocco et al., 2023) and with laboratory measurements (Selvadurai, 2019). A
best-fit power law with an exponent of 2 is consistent with scalings inferred
for natural earthquakes (exponent range 0.67–2, Abercrombie and Rice, 2005;
Cocco et al., 2023). The ∼ δ20 scaling arises because Wb ∼ 0.5∆τ totalδ0 and
∆τ total scales approximately linearly with δ0 (Fig. 2j). This quadratic depen-
dence is a direct consequence of the fixed dimensions of our laboratory fault,
where slip is limited by the elastic relaxation of the surrounding compliant
system and stress drop and slip therefore co-vary. Natural ruptures are not
dimension-limited in the same way, so slip and stress drop need not co-vary
as they do here, and the quadratic scaling we measure should not be expected
to carry over to them (Udías et al., 2014; Nielsen et al., 2016). In both cases
the breakdown work is set by the elastic energy released from the volume
surrounding the rupture rather than by frictional processes at the rupture
tip. In our length-limited fault the fixed dimension couples slip to stress drop
and yields an exponent of two, as it would for a fault patch of roughly fixed
size, such as an asperity or fault segment embedded in a more compliant
surrounding volume. This is not a model for self-similar rupture growth,
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Figure 4: Scaling of rupture speed, stress drop, and breakdown work. (a) Rupture speed
Cf increases systematically with normal stress σN . The black dotted curve represents the
fit Cf ∝ 1 − c0/σN , while the dashed curve shows Cf ∝ 1 − 1/(c1σN + c2). (b) Total
stress drop ∆τ total increases with normal load, with ∆τ total ≈ 0.1σN . (c) ∆τ total versus
normalized loading stiffness k shows a trend similar to that reported by Shreedharan et al.
(2020), with lower stiffness yielding higher stress drop. The outlier cluster corresponds
to events at σN ≥ 15 MPa conducted with a much higher stiffness. The dotted and the
dashed curves indicate constant values of the stress-per-displacement stiffness k = kσN

(in MPa/mm), following the scaling ∆τ total = 0.1σN = 0.1k/k. (d) Breakdown work Wb

scales with the weakening displacement δ0 with an exponent of 2.03 (dashed line).

where the rupture dimension is not fixed and the stress drop is variable, so
this nonlocal mechanism does not imply any single slip exponent, consistent
with the broad range of exponents reported for natural earthquakes. In this
restricted sense, laboratory faults with length-limited contacts reproduce key
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aspects of natural fault behavior inferred from seismology.
Previous larger-scale laboratory earthquake studies focus on rupture dy-

namics before the rupture spans the entire fault, and thus this post-rupture
behavior has not been previously highlighted. In the DDS configuration,
large ruptures produce complete unlocking and subsequent rigid block mo-
tion, which unloads both the fault-surrounding material and the shear loading
column, thereby producing the strong Wb scaling.

3.4. Near-Tip Weakening from Cohesive Zone Modeling
The CZM (Section 2.3) fits well for the initial strain drop at the center

rosette (x = 75 mm) and it captures near-tip weakening (Fig. 3b–c). The
stress drop at the rupture tip ∆τtip is significantly smaller than the total
stress drop and shows little dependence on σN (Fig. 5a), though ∆τtip is
higher at lower σN , likely reflecting increased uncertainty in distinguishing
tip from tail behavior during fitting. The cohesive zone size Xc varies only
weakly with σN (Fig. 5b), yet consistently exceeds the fault length. The
cohesive zone model remains a valid elastic description of the near-tip strain
fields, and Xc is a real length scale over which the rupture-front stresses
evolve. However, because Xc is comparable to or larger than L, there is no
region outside the cohesive zone yet close to the tip where the field is K-
dominated. The small-scale yielding condition is therefore not satisfied, the
fitted amplitude is an amplitude parameter of the solution rather than a true
stress intensity factor, and Xc should not be read as a literal cohesive zone.
Accordingly, we do not interpret the CZM-derived energy as a strict fracture
energy. We instead report it as an apparent near-front dissipation scale Γ ′,
obtained as the area under the τ–δ curve during initial weakening. This area
is constrained directly by the near-field gauge (y ≪ Xc) and is insensitive to
the assumed weakening-law shape, providing a robust measure of near-front
dissipation for comparison with the breakdown work Wb. The two quantities
are obtained independently, Wb from the finite-geometry energy budget and
Γ ′ from the near-field strain record, and neither relies on the small-scale-
yielding assumption that fails here.

Our data show that the near-front dissipation Γ ′ increases systematically
with normal load (Fig. 5c). The scaling is roughly consistent with the frac-
ture energy Γ ≈ 0.2µm · σN reported by Ke et al. (2018), and our values
are comparable in magnitude to previous studies (Svetlizky et al., 2017; Ba-
yart et al., 2015; Ke et al., 2018; Kammer and McLaskey, 2019; Paglialunga
et al., 2022). However, Γ ′ remains an order of magnitude smaller than the
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breakdown work Wb (Ke et al., 2022), underscoring that much of the energy
release occurs late in the process, after the rupture front has passed, after
local stresses have dropped, and after the rupture has reached its final dimen-
sions. Notably, events at σN ≥ 15 MPa conducted without the compliant
loading spring fall above the Wb ∝ δ20 trend (Fig. 4d, squares) because their
stress drop is high relative to their slip, yet show no corresponding departure
in Γ ′ at these same normal stresses (Fig. 5c). This indicates that the Wb

scaling arises from nonlocal elastic unloading of the loading system rather
than from enhanced energy dissipation at the rupture tip.

Recent high-velocity experiments show that rupture dynamics, partic-
ularly slip acceleration and system stiffness, can strongly influence both
transient weakening and breakdown work (Liao et al., 2014; Chen et al.,
2025). Chen et al. (2025) demonstrated that friction evolution during dy-
namic rupture systematically deviates from flash-heating predictions, with
breakdown work scaling aligning with natural earthquakes when accelera-
tion effects are considered. Similarly, Liao et al. (2014) found that slip-pulse
loading produces lower breakdown work than constant-velocity tests despite
more intense weakening, attributing this to acceleration-enhanced gouge pro-
duction. These studies suggest that system configuration and loading history
can fundamentally influence energy partitioning during dynamic slip, consis-
tent with our observation that loading stiffness modulates Wb while leaving Γ ′

unchanged. This indicates that the excess energy release in our experiments
arises from off-fault elastic unloading rather than enhanced dissipation at the
rupture tip through mechanisms such as flash heating (Viesca and Garagash,
2015). These observations motivate finite-element analysis to further eval-
uate how the static energy release rate GS

II is partitioned and how it scales
with σN .

3.5. Finite Element Modeling for Estimating Energy Release Rate Scaling
Typical LEFM applications for lab earthquake experiments (e.g., Kammer

et al., 2015; Bayart et al., 2015; Ke et al., 2018; Paglialunga et al., 2022)
assume that the rupture is embedded in an infinite solid or semi-infinite half-
space. While these approximations provide useful first-order insights, the
finite size of lab fault zones, and in particular the fact that our fault length is
comparable to the nucleation dimension, motivates a more detailed analysis.
To evaluate the energy budget of our labquakes, we developed a finite element
model in ABAQUS (Dassault Systèmes Simulia Corp., 2024), including the
three granite blocks used for DDS, the steel plate on top of the center block

16



10 20
σN (MPa)

10
−5

10
−4

10
−3

10
−2

∆
τ t

ip
(M

P
a)

a

10 20
σN (MPa)

0
.2

0
.4

X
c

(m
)

b

0 10 20
σN (MPa)

0
2

4
6

Γ
′ (

J/
m
2
)

c
Γ ′ = 0.2σN
Mean ± Std

0
.5

1
.0

1
.5

C
f

(k
m

/s
)

Figure 5: Cohesive-zone-model (near-tip) scaling. (a) Stress drop at the rupture tip ∆τtip,
estimated from CZM fits, decreases slightly with σN and is considerably smaller than the
total stress drop ∆τ total. (b) Cohesive zone size Xc shows little dependence on σN but
mostly exceeds the 0.15 m fault length. (c) Near-front dissipation Γ ′ dependence on σN is
broadly consistent in magnitude with the fracture-energy scaling Γ ≈ 0.2µm ·σN reported
by Ke et al. (2018, dashed line).

for stress distribution, and the acrylic block used to reduced loading stiffness
for lower normal stress (Fig. 6).

Because our shear loading rate is negligible relative to the dynamic rup-
ture speed, we prescribe a displacement at the top of the DDS loading column
and gradually increase the rupture area in static steps by varying the rup-
ture length a, assuming the rupture front is uniform across the fault width.
The rupture area is simulated by frictional contact with µ = 0.7, whereas
the unruptured regions are tied together with a zero-relative-displacement
boundary condition. Although this model does not capture the full dynam-
ics of rupture propagation, it provides a first-order framework for evaluating
the validity of LEFM assumptions in our experimental system and for esti-
mating how GS

II scales with σN .
We ran simulations ranging from σN from 2.5 to 20 MPa, and for each nor-

mal load considered rupture lengths a from 5 to 105 mm, assuming symmetric
rupture on both frictional interfaces. The energy release rate was computed
as GS′ = −dU/dA using a central-difference approximation, where U is the
total strain energy, A = aw is rupture area, and w = 50 mm is the fault
width. For comparison with the experiments, we take GS′ at a = 75 mm
(rupture front at fault center) as the representative value for each normal
stress (Fig. 6e).

The simulations show that the loading column with the acrylic block
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Figure 6: Finite element model results for a bottom-up rupture. (a) Shear stress field
along the fault direction τ in the 3D finite element model. S12 denotes shear stress σxy

in the model. (b) Strain energy stored in the acrylic spring Us (blue) and in the granite
blocks Ub (orange) as a function of rupture length a. (c) Energy release rate from the
acrylic spring GS′

s (blue) and from the granite blocks GS′
b (orange) as a function of a.

(d) Spatial distribution of the shear-to-normal stress ratio τ/σN (blue) and shear stress τ
(orange) at a rupture length of 75 mm. Dashed line shows the prescribed target friction
coefficient. (e) Total static energy release rate GS′ as a function of σN , overlaid with a
quadratic polynomial fit (blue dashed) and a pure quadratic fit (orange dotted). The gray
shaded area marks the range of GS′ for rupture lengths a ∈ [15, 100] mm (as shown in c),
and the black dots indicate a = 75 mm. (f) Shear-to-normal stress ratio τ/σN (blue) and
shear stress τ (orange) versus slip δ for δ > 0 at all fault nodes at a rupture length of
75 mm. Dashed line indicates the prescribed target friction coefficient. See Supplementary
Fig. S2 for the top-down rupture case.

stores more than an order of magnitude more strain energy than the granite
blocks (Fig. 6b). The corresponding energy release rates exhibit the same
partitioning, with GS′

s denoting energy released from the loading column
(subscript s) and GS′

b from the granite blocks (subscript b) (Fig. 6c). Inter-
estingly, the strain energy in the granite blocks increases with rupture area
(A = aw) rather than releasing energy (GS′

b < 0, Fig. 6c) —i.e., the blocks
continue to store energy as rupture grows. This behavior arises because re-
duced lateral restraint from the side blocks permits greater deformation of
the center block as rupture area expands. Thus, even though strain energy
is released at the rupture tips, the total strain energy of the blocks increases.
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In the case with top-down rupture, the energy release rate in the two side
blocks is positive (Supplementary Fig. S2), as expected, but remains consid-
erably lower than the energy release rate from the loading column with the
acrylic block (GS′

s ). These results confirm that elastic energy release from
the loading column, rather than localized rupture-tip processes, governs the
energy budget in our laboratory earthquakes, and that this energy release
begins even before the rupture spans the entire fault and rigid-body motion
of the center block commences.

At a representative rupture length of a = 75 mm, the total energy release
rate (GS′

total) increases quadratically with σN (Fig. 6e), showing no deviation
from the simplified LEFM prediction GS

II ∝ σN
2 (curves in Fig. 6e), despite

the geometric and compositional complexity of our experimental setup. No-
tably, because GS′ is computed directly from the finite-geometry energy bud-
get rather than from a stress intensity factor, this agreement does not rely on
small-scale yielding (cf. Palmer and Rice, 1973). We write GS′, with a prime
as for the apparent near-front dissipation Γ ′, to denote a finite-geometry
energy release rate determined without a K-dominant field. The quadratic
scaling is therefore robust rather than an artifact of the small-scale-yielding
assumption underlying the analytical prediction, and it persists beyond the
small-scale-yielding regime. Our finite-element model is static and is not
intended to reproduce the rupture speed. It therefore does not capture the
modest deviation of Cf from Cf ∝ 1 − c0/σN (Fig. 4a). Reproducing that
deviation would likely require fully dynamic simulations with a friction law.
Importantly, this deviation concerns only the rupture speed. It does not bear
on our energy-budget analysis, from which we conclude that the breakdown-
work scaling arises from system-scale elastic unloading.

Beyond the energy release rate scaling, the finite-element model also re-
veals how spatial heterogeneity in normal stress affects fault behavior. Due
to the finite geometry of our experimental setup, σN varies spatially along
the fault. This heterogeneity causes τ and τ/σN to exhibit markedly differ-
ent spatial patterns, with τ showing pronounced stress concentrations near
rupture tips while τ/σN remains more uniform (Fig. 6d). During slip, these
spatial variations in σN evolve, producing different slip-weakening behavior
for the two quantities (Fig. 6f). Notably, τ(δ) exhibits secondary weakening,
a gradual stress decrease following the initial sharp drop, that is much less
pronounced in τ/σN(δ). This occurs because the evolving σN distribution
produces curved τ -δ behavior even when the friction coefficient µ remains
uniform. Consequently, interpreting the measured τ under the implicit as-
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sumption of a constant σN , as is common in experimental studies, can overes-
timate fracture energy Γ by misattributing this curvature to enhanced dissi-
pation at the rupture tip (e.g., Cowie and Scholz, 1992). Thus, system-scale
elastic unloading and finite-geometry effects can mimic signatures of complex
weakening mechanisms, contributing to the observed breakdown work scaling
without requiring additional energy dissipation near the rupture front.

3.6. Energy partitioning and the fault thermal budget
A natural question is where the released elastic energy ends up, and

whether the strong scaling of breakdown work implies correspondingly strong
frictional heating and thermally enhanced weakening on the fault (e.g., Nielsen
et al., 2021; Cocco et al., 2023). While we do not measure temperature di-
rectly, mechanical work done against friction is expected to be largely con-
verted to heat (Aretusini et al., 2021, 2024; Ortega-Arroyo et al., 2025), so
most of the released energy likely ends up as frictional heat on the fault. Tak-
ing an event at σN = 20 MPa as an example, the work done against friction is∫
τ dδ ≈ τ δ ≈ 6×102 Jm−2, and the breakdown work Wb =

∫
(τ−τmin) dδ is

the roughly ten percent of this work done above the minimum sliding stress
(Fig. 4d). The near-front dissipation Γ ′ ≈ 10 Jm−2, the energy dissipated
locally during the initial weakening at the onset of slip, is smaller still. How
Wb itself partitions among additional fault heating, kinetic energy of the
near-rigidly translating center block (Fig. 3d), and radiated waves is not di-
rectly constrained by our measurements, but each of these sinks is modest.
Spread through the ∼0.75 g gouge layer, the total frictional heat corresponds
to a temperature rise of only ∆T = τ δ A/(mc) ≈ 8 K, where A is the fault
area, m is the gouge mass, and c ≈ 750 J kg−1 K−1 is the specific heat of
quartz. This is two orders of magnitude below the rises required to activate
flash heating, thermal pressurization, or melting (e.g., Viesca and Garagash,
2015; Harbord et al., 2021), so enhanced thermally activated weakening is
neither expected nor observed. The scaling of Wb therefore does not indi-
cate that rupture requires more energy to propagate, which is the role of
Γ . It indicates that the surrounding system, including the loading column,
releases more energy as the fault unlocks, energy that ends up as modest
heat, radiated waves, and kinetic energy.

3.7. Implications for Natural Faults
Our finding that nonlocal elastic unloading governs the breakdown work

scaling invites comparison with natural faults. Strong breakdown work scal-

20



ing with earthquake size is inferred from seismology (Abercrombie and Rice,
2005; Tinti et al., 2005) and is commonly attributed to enhanced near-fault
weakening such as thermal pressurization (Viesca and Garagash, 2015; Wib-
berley and Shimamoto, 2005). Our results point to an alternative, in which
fault areas surrounding a high-strength asperity, though not in direct con-
tact, store and release the elastic energy that drives this scaling. In this view,
a finite-length laboratory fault embedded in a compliant loading system is
analogous to a small asperity embedded in a larger elastic medium, where
nonlocal unloading rather than enhanced weakening produces the scaling.
Such an effect would be absent from laboratory and numerical models that
assume perfectly mated fault interfaces. Our data therefore suggest that ac-
counting for fault topography and contact heterogeneity, alongside frictional
properties, may be essential for scaling rupture energetics from the laboratory
to tectonic faults.

4. Conclusions

Our laboratory stick–slip experiments reveal that rupture speed Cf , stress
drop ∆τ total, and breakdown work Wb scale systematically with normal load
σN . While these data are consistent with basic expectations they are not
fully aligned with standard assumptions of LEFM. Although the near-front
dissipation Γ ′ grows approximately linearly with σN , it remains an order of
magnitude smaller than Wb, indicating that most energy release arises from
system-scale unloading, after the rupture has reached the fault boundaries.
This later slip is due to energy release of the shear loading column rather
than from localized weakening at the rupture tip. Finite-element analysis
shows that the static energy release rate GS′

II follows the quadratic scaling
predicted by LEFM despite the geometric complexity of the experimental
setup, while also revealing that the compliant loading column dominates the
energy budget even before full sliding occurs. Cohesive zone modeling fur-
ther indicates that the cohesive zone size Xc exceeds the sample dimensions,
violating the small-scale yielding assumption even though the model fits the
dynamic strain data reasonably well.

Our results highlight the role of finite, length-limited fault patches in
governing rupture energetics. Together, these results identify nonlocal elastic
unloading of the loading system, rather than enhanced near-tip dissipation,
as the primary control on the breakdown-work scaling we observe.
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