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Abstract Rock friction governs lithospheric strength and earthquake mechanics, yet its fundamental
characteristics remain poorly understood. A survey of experimental data on the frictional resistance of bare
contacts or powdered gouge from 41 published studies encompassing 119 rocks and synthetic materials re-
veals a power-law dependence between sliding friction and effective normal stress from 10 Pa to 1 GPa. For
framework silicates, ice, andmost syntheticmaterials considered, the friction coefficient is a decreasing func-
tionof effective normal stress, in contrastwithwater-saturatedphyllosilicates. Thenormal stress dependence
of the friction coefficient is controlledby the real areaof contact, possiblymodulatedbyosmoticpressurenear
contact junctions for phyllosilicates. Cohesion is negligible atmacroscopic scales for fractureswith roughcon-
tacts. These experimental findings challenge the conventional representation of rock friction as a linear func-
tion of normal stress. These results provide critical constraints for advancing physical models of rock friction
and fault mechanics.

Résumé Le frottement des roches contrôle la résistance lithosphérique et la mécanique des séismes,
mais ses caractéristiques fondamentales restent mal comprises. Une analyse des données expérimentales
issues de 41 articles à comité de lecture, portant sur 119 roches etmatériaux synthétiques, révèle une dépen-
dance en loi de puissance entre la résistance et la contrainte normale effective, de 10 Pa à 1 GPa. Pour les
silicates à structure tridimensionnelle, la glace et la plupart des matériaux synthétiques étudiés, le coeffi-
cient de frottement diminue avec la contrainte normale effective, contrairement aux phyllosilicates saturés
en eau. La dépendance du coefficient de frottement à la contrainte normale est contrôlée par la surface réelle
de contact, potentiellementmodulée par la pression osmotique près des zones de contact pour les phyllosili-
cates. La cohésion est négligeable aux échellesmacroscopiques pour les fractures avec des contacts rugueux.
Ces résultats expérimentaux remettent en cause la représentation conventionnelle du frottement des roches
comme une fonction linéaire de la contrainte normale. Ces résultats fournissent des contraintes essentielles
pour faire progresser les modèles physiques du frottement des roches et de la mécanique des tremblements
de terre.

Non-technical summary As rock friction plays an important role in themechanics of earthquakes
and plate tectonics, it has been the subject of intense scientific investigation. Classical models describe the
frictional resistance of rocks involving cohesion and a linear increase with normal stress. This description is
inaccurate. By reviewing a large body of experimentalmeasurements on rocks and syntheticmaterials, I show
that the rock friction is characterized by a power-law relationship with normal stress. Frictional strength is
proportional to the normal stress raised to a power close to unity. As a result, the friction coefficient, defined
as the ratio of shear stress to normal stress during sliding, also depends on normal stress. Whereas the friction
coefficient is a decreasing function of normal stress for most rocks, it increases with normal stress for water-
rich minerals like clay. These observations build a foundation for more accurate models of earthquakes and
fault behavior.

Highlights
• Extensive review of experimental constraints on sliding friction for 119 materials.
• Rock friction follows a power-law of effective normal stress.
• The sensitivity of the friction coefficient on normal stress is different on water-saturated phyllosilicates.

1 Introduction

The dynamics of earthquakes is governed by the fric-
tional behavior of rocks, which features complex de-
pendencies onmineralogy, slip-rate, temperature, pres-
sure, andfluid content (Horn andDeere, 1962;Noda and
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Shimamoto, 2009; Zhang and He, 2016; Niemeijer et al.,
2016; Bedford et al., 2021; Okuda et al., 2022). Rock fric-
tion exhibits intricate feedbacks throughout the seis-
mic cycle involving different physical processes dur-
ing nucleation and rupture propagation. During nucle-
ation, thermal or frictional instabilities interact with di-
latancy effects (Segall and Rice, 1995; Rice, 2006; Beeler
et al., 2008; Wang and Barbot, 2020). Seismic slip-rates
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generate significant shear heating, potentially trigger-
ing pressurization of pore fluids (Noda and Lapusta,
2010; Viesca and Garagash, 2015), melting of the host
rocks (Di Toro et al., 2006), and various thermally acti-
vated chemical reactions (SulemandFamin, 2009; Taka-
hashi et al., 2009; Okamoto et al., 2019). Disentangling
these coupled processes is key to advancing earthquake
science.
Among the key thermo-mechanical properties, the

coefficient of kinetic friction, defined as the ratio of
shear stress to effective normal stress during sliding
on a pre-existing fracture, accounting for the effect of
pore-fluid pressure, represents one of the most funda-
mental yet poorly understood characteristics. Prevail-
ing models often assume a linear relationship between
frictional resistance and effective normal stress, invok-
ing cohesion at vanishing normal stress. However, this
approximation is inaccurate and misleading. Although
some studies acknowledge the nonlinear nature of rock
friction throughpiecewise linear approximations (Byer-
lee, 1978), the underlying physics remains inadequately
constrained. In this study, I present a systematic review
of experimental rock friction data to elucidate its depen-
dency on effective normal stress. The curated dataset
spans 41 peer-reviewed studies, encompassing 119 nat-
ural and syntheticmaterials, including historical exper-
iments on wood by Coulomb (1821), the extensive labo-
ratory data on sedimentary and igneous rocks discussed
byByerlee (1978), and the experiments conducted in the
last four decades on synthetic and natural samples, in-
cludingwater ice. Collectively, the experimental dataset
covers effective normal stress from 10 Pa to 1 GPa and
a wide range of lithology, including gouge-bearing and
bare contacts.
I show that the linear model offers a useful approxi-

mation for experimental data covering a narrow range
of effective normal stress, but leads to systematic resid-
uals when a wider range of loads are considered. The
linear model also incorrectly predicts negative strength
for phyllosilicate-rich rocks at sufficiently low effective
normal stress in water-saturated conditions. In con-
trast, a power-law relationship consistently describes
the observed shear resistance across all materials, con-
sistently explaining the frictional behavior of frame-
work silicates, dry and water-saturated phyllosilicates,
water ice, and engineered surfaces. Notably, cohe-
sion becomes negligible at macroscopic scales where
fault roughness dominates, as a great number ofmicro-
asperities bear the shear and normal loads. The nonlin-
ear dependency of rock friction is well understood con-
ceptually, inheriting from the evolution of the real area
of contact under normal load and the normal-stress de-
pendence of the healing process. These findings invali-
date the conventional linear approximation andprovide
critical constraints for physical models of rock friction.

2 Experimental constraints
I consider an extensive friction experimental dataset
consisting of peer-reviewed studies on natural and syn-
thetic materials. To the best of my knowledge, I include
all high-quality experiments documenting the frictional

resistance during sliding as a function of effective nor-
mal stress for at least three different normal loads. Mo-
tivated by the study ofmature faults that are readily con-
siderably fractured, I focus on sliding friction on pre-
existing fractures and I exclude experimental work on
intact samples (Figure 1, inset).
I include the dataset considered in the seminal work

of Byerlee (1978), including experiments on Westerly
granite, Spruce Pine dunite, Solenhofen sandstone, Oak
Hall limestone, and Cabramurra serpentinite (Byerlee,
1968), sandstone, trachyte,Wombeyanmarble (Hoskins
et al., 1968), Blair dolomite, Solenhofen limestone,
Know dolomite, and Tennessee limestone (Handin,
1969), Ormonde siltstone, Bulsthorpe silty mudstone,
Hucknall shale, Bulsthorpe mudstone (Hobbs, 1970;
Barton, 1973), Darley Dale sandstone (Murrell, 1965),
andWeber sandstone (Barton, 1976).
I extend the dataset with the experiments conducted

in the last four decades, primarily on natural fault
gouge, synthetic gouge, and engineered surfaces. I
consider the experiments on mixtures of smectite and
quartz (Saffer and Marone, 2003), mixtures of mont-
morillonite and quartz (Ikari et al., 2007), mixtures of
talc and calcite (Giorgetti et al., 2015), and mixtures
of Opalinus clay with Berea sandstone (Rast et al.,
2024). Experimental work on natural samples include
Mt McRae shale (Lilly, 1982), illite shale (Saffer and
Marone, 2003), sandstone andmicaschist (Maksimović,
1992), fault gouge and schist from the Zuccale fault,
Italy (Smith and Faulkner, 2010), natural cataclasites
from the Moonlight fault zone, New Zealand (Smith
et al., 2017), argillite, cataclasite, talc schist, and ser-
pentinite from the Franciscan Complex, California (Hi-
rauchi et al., 2020b), terrigenous sediment from the
Costa Rica subduction zone (Kurzawski et al., 2018),
antigorite, lizardite, and chrysotile serpentinites from
the Ligurian ophiolite outcrop in Elba Island, Italy (Te-
sei et al., 2018), sediment from the C0008 borehole
into the Nankai accretionary prism (Bedford et al.,
2021), and fault gouge from the Atacama fault system,
Chile (González et al., 2024).
Other experiments focus on specific minerals, in-

cluding Ottawa sand (98% spherical quartz grains)
and crushed quartzite (angular quartz gouge) (Morrow
and Byerlee, 1989), powdered Carrara marble (>98%
CaCO3) (Carpenter et al., 2016), onyxmarble (Mehrishal
et al., 2016), halite (Hirauchi et al., 2020a; Chang
et al., 2024), gypsum (Mutlu and Bobet, 2006), Opali-
nus clay (Orellana et al., 2018; Bigaroni et al., 2022),
water-saturated montmorillonite (Morrow et al., 2017),
dry mica (Sakuma et al., 2018), muscovite, montmoril-
lonite, talc, and biotite (Moore and Lockner, 2008), and
chrysotile serpentinite (Moore et al., 2004). I also in-
clude friction experiments on water ice at various tem-
peratures (Beeman et al., 1988; Mizukami and Maeno,
2000; Schulson andFortt, 2012). The experimental setup
for the above studies includes double-direct shear, ro-
tary shear, and triaxial deformation. Finally, I include
the frictional properties of engineered surfaces made
of glass microspheres (Schellart, 2000; Yashima et al.,
2015; Maegawa et al., 2015), finely sorted caster sugar
and sand (Schellart, 2000), plaster (Jaeger, 1959; Jang
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Rock Normal stress Reference

Siltstone, mudstone, shale 0.5–60 MPa Barton (1973)
Weber sandstone 30–320 MPa Barton (1976)
Nankai accretionary prism 10–75 MPa Bedford et al. (2021)
Water ice 0.1–2 MPa Beeman et al. (1988)
Granite, gabbro, dunite, sandstone, limestone 15–650 MPa Byerlee (1968)
Central California outcrops 4–100 MPa Carpenter et al. (2009)
Calcite 1–100 MPa Carpenter et al. (2016)
Halite 0.2–1 MPa Chang et al. (2024)
Gouge from the Atacama Fault system, Chile 25–125 MPa González et al. (2024)
Mixtures of talc and calcite 5–50 MPa Giorgetti et al. (2015)
Limestone, dolomite 50–620 MPa Handin (1969)
Argillite, cataclasite, talc schist, serpentinite 60–180 MPa Hirauchi et al. (2020b)
Halite 8–113 MPa Hirauchi et al. (2020a)
Sandstone, marble, trachyte 1–5 MPa Hoskins et al. (1968)
Mixture of montmorillonite and quartz 5–100 MPa Ikari et al. (2007)
Terrigenous clay sediments 30–110 MPa Kurzawski et al. (2018)
Mt McRae shale 0.2–1.2 MPa Lilly (1982)
Sandstone, micaschist 0.1–10 MPa Maksimović (1992)
Onyx marble 2–50 MPa Mehrishal et al. (2016)
Water ice 1–20 kPa Mizukami and Maeno (2000)
Chrysotile serpentine at high-temperature 45–200 MPa Moore et al. (2004)
Muscovite, montmorillonite, talc, mica 1–310 MPa Moore and Lockner (2008)
Water-saturated montmorillonite 10–600 MPa Morrow et al. (2017)
Ottawa sand, quartzite, Westerly granite 12.5–100 MPa Morrow and Byerlee (1989)
Darley Dale sandstone 10–400 MPa Murrell (1965)
Gypsum 0.1–3 MPa Mutlu and Bobet (2006)
Opalinus clay 4–30 MPa Orellana et al. (2018)
Opalinus clay & Berea sandstone mixture 5–35 MPa Rast et al. (2024)
Quartz, illite shale, mixture of smectite and quartz 5–150 MPa Saffer and Marone (2003)
Dry mica 5–60 MPa Sakuma et al. (2018)
Water ice 20–100 kPa Schulson and Fortt (2012)
Fault gouge, schist 25–75 MPa Smith and Faulkner (2010)
Cataclasites 5–75 MPa Smith et al. (2017)
Antigorite, lizardite, chrysotile serpentinites 5–100 MPa Tesei et al. (2018)

Synthetic material Normal stress Reference

Oak wood, pine wood, elm wood 1–300 kPa Coulomb (1821)
Commercial plaster 7–230 MPa Jaeger (1959)
GM-10, Gemstone N-2000, Diestone plasters 0.2–3.4 MPa Jang and Jang (2014)
PDMS glass 1–6 kPa Maegawa et al. (2015)
Caster sugar, sand, glass microsphere 50–500 Pa Schellart (2000)
Pozzolanic mortar 5–40 MPa Volpe et al. (2025)
Pozzolanic mortar 0.5–80 MPa Volpe et al. (2026)
Glass small microsphere 1–2 kPa Yashima et al. (2015)

Table 1 Experimental data considered in the study, encompassing 119 different rocks and synthetic materials.
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Figure 1 Rock sliding friction from the experimental studies listed in Table 1, including natural and synthetic gouge, ice, and engineered
materials. The top insets show the same data for a smaller range of effective normal stress, highlighting the normal stress dependence of
the friction coefficient. The thin lines correspond to the least-squares best-fitting power-law model for the corresponding dataset based
on Equation (1). The dashed lines indicate a linear relationship for a given proportionality coefficient. The bottom inset show a schematic
of typical rock strength (e.g., Byerlee, 1968), highlighting the domain of sliding friction discussed in this study.

and Jang, 2014), dry and wet mortar (Volpe et al., 2025,
2026), and the historical experiments of Coulomb (1821)
on oak, pine, and elm wood.
In total, the curated dataset includes 119 differentma-

terials in various ranges of normal stress, as summa-
rized in Table 1. Some 19 datasets contain strength
measurements at only 3 different normal loads. How-
ever, more than 32 datasets contain 10 to 20 differ-
ent measurements (Murrell, 1965; Byerlee, 1968; Bar-
ton, 1976; Lilly, 1982; Mizukami and Maeno, 2000; Saf-
fer and Marone, 2003; Moore et al., 2004; Mutlu and
Bobet, 2006; Moore and Lockner, 2008; Yashima et al.,

2015; Morrow et al., 2017; Sakuma et al., 2018; Tesei
et al., 2018; Kurzawski et al., 2018; Rast et al., 2024).
Some 16 datasets contain between 20 and 30 measure-
ments (Jaeger, 1959; Barton, 1973; Saffer and Marone,
2003; Yashima et al., 2015; Kurzawski et al., 2018). In
addition, 7 datasets containmeasurements atmore than
60 different loads (Lilly, 1982; Schellart, 2000; Kurzawski
et al., 2018). Numerous other studies constrain the tem-
perature, slip-rate, pore-fluid pressure, and composi-
tion dependence of rock friction (e.g., He et al., 2006;
Sone et al., 2012; den Hartog et al., 2012; Mitchell et al.,
2013; Chen et al., 2015; Zhang et al., 2017; An et al., 2020;

4 SEISMICA | volume 5.1 | 2026



SEISMICA | RESEARCH ARTICLE | The normal stress dependence of rock friction

Fagereng and Ikari, 2020; Okuda et al., 2021; Bedford
et al., 2022; Ruggieri et al., 2024; DiMonte et al., 2025,
and references therein) or the underlying physics (e.g.,
Lu et al., 2007; Nagata et al., 2008; Yamashita et al., 2014;
Veedu and Barbot, 2016; Kilgore et al., 2017; Shreedha-
ran et al., 2019; Mele Veedu et al., 2020; Gvirtzman and
Fineberg, 2021), but do not provide systematic explo-
ration of frictional strength as a function of effective
normal stress.
The experimental findings are summarized in Fig-

ure 1 in a linear x-y plot, compatiblewith commonprac-
tice. Although a linear model incorporating a cohe-
sion term can approximate frictional behavior reason-
ably well within the 100–700 MPa range (Byerlee, 1978),
this representation fails critically at lower stresses. Ac-
cordingly, the piecewise linear model proposed by By-
erlee (1978) does not include cohesion at vanishing nor-
mal stress, consistent with the data available at the
time (Barton, 1973, 1976; Handin, 1969; Hoskins et al.,
1968; Jaeger, 1959; Murrell, 1965). Detailed analysis of
the 0–50 MPa and 0–10 MPa regimes for all datasets
demonstrates the absence of residual strength at van-
ishing normal stress, contradicting the cohesion hy-
pothesis derived from high-pressure data. Further-
more, the friction coefficients may exceed 2 in low-
stress experiments, providing unambiguous evidence
for strong normal stress dependence of the friction co-
efficient. The dataset highlights a fundamental nonlin-
ear relationship between strength and effective normal
stress, as previously noted (Pascoe and Tabor, 1956; Ar-
chard, 1957; Jaeger, 1959; Murrell, 1965; Barton, 1976;
Byerlee, 1978; Lilly, 1982; Jang and Jang, 2014; Barbot,
2024a).
Inspection of individual datasets in more detail pro-

vides further insights. Consider first the frictional re-
sistance of Bilsthorpe silty mudstone fractures (Barton,
1973) over a range of normal stress from 0.8 MPa to
45 MPa (Figure 2). Although a linear model captures
the overall increase of the frictional resistancewith nor-
mal stress, some systematic misfits occur, particularly
at low normal stress. Comparison of the linear and
power-law models with an F-test, considering the two
degrees of freedom of each model, leads to the rejec-
tion of the linear model with 87% confidence. Such re-
sults are typical of experimental data covering a wide
range of normal stress (Figure 3). The friction coeffi-
cient of Hucknall shale (Barton, 1973) appears linear in
log-log space, although more variability appears at low
normal stress. Although the linear model constitutes
an adequate approximation of frictional strength over a
limited range of normal stress, it cannot simultaneously
explain low-pressure and high-pressure data covering
two orders of magnitude of normal stress. Comparison
of the linear and power-law models for Hucknall shale
with an F-test leads to the rejection of the linear model
with 99% confidence. Application of the F-test on the
linear and power-law models of the Ormonde silstone
and Bilsthorpe mudstone leads to the rejection of the
linear model with 89% and 99.7% confidence, respec-
tively.
The friction coefficient ofDarleyDale sandstone, con-

taining some 75% quartz and 15% feldspars, shows a

similar linear trend in log-log space, which is poorly
captured by the linearmodel (Figure 3). For Darley Dale
sandstone, the linear andpower-lawmodels lead to vari-
ance reductions of 88.8% and 99.9%, respectively, lead-
ing to a rejection of the linear model with 91.1% confi-
dence based on an F-test. Byerlee (1978) explained the
frictional resistance of Bilsthorpe mudstone and silty
mudstone, Ormonde siltstone, Hucknall shale, andDar-
leyDale sandstonewith apiecewise linearmodel involv-
ing different sensitivities to normal stress in different
stress regimes featuring zero cohesion at low normal
stress. However, the empirical model features discon-
tinuous derivatives at the boundary of stress regimes,
making it ill-suited for numerical applications, and im-
plies a constant friction coefficient at lownormal stress,
in stark contrast with the continuous dependence on
normal stress observed experimentally. The normal
stress dependence of the frictional resistance of vari-
ous polymers (Pascoe andTabor, 1956), engineered sur-
faces (Archard, 1957), Beekmantown dolomite, Berea
sandstone, and Seminole shale (Maurer, 1965), Darley
Dale sandstone (Murrell, 1965), siltstone, mudstone,
shale, andmudstone (Hobbs, 1966, 1970), andMtMcRae
shale (Lilly, 1982), motivated these and other workers to
consider a power-lawmodel for the frictional resistance
of fractured rocks, invoking a physical underpinning in
the real area of contact.
I further illustrate the shortcomings of the linear

model and the adequacy of the power-law model using
experimental data on fine sand powder at normal stress
below 1 kPa (Schellart, 2000) in Figure 4. In this range of
normal stress, the frictional coefficient of sand powder
varies from 1 to above 2. The frictional strength shows a
downward curvature compatible with a decrease of the
friction coefficient with increasing normal stress and
the absence of significant cohesion. The linear model
with cohesion produces systematic residuals at low nor-
mal stress. Comparison of the linear and power-law
models with an F-test suggests the rejection of the lin-
ear model with 97.6% confidence. Other experiments
indicate the absence of significant cohesion at low ef-
fective normal stress, including Inada granite, Orikabe
monzonite, Manazuru andesite, Mizuho trachyte, tuff,
slate, Solenhofen limestone, Dunham dolomite, ser-
pentinite, and Yamaguchi calcite marble at 1–100 MPa
(Ohnaka, 1975), quartz, microcline feldspar, chlorite,
and phlogopite at 0.5–5 MPa (Horn and Deere, 1962),
shale at 0.2–1.2 MPa (Lilly, 1982), and limestone at
0.5–3 MPa (Sanei et al., 2015).
These findings fundamentally challenge the conven-

tional linear friction model with cohesion. A linear
model fails to describe low-stress behavior where co-
hesion is demonstrably absent and it cannot simultane-
ously account for the high friction coefficients observed
at low stresses. Although piecewise linear approxima-
tions offer some improvement (Byerlee, 1978), they in-
troduce unnecessary complexity through multiple em-
pirical parameters without providing much insights
into theunderlyingphysicalmechanisms. However, the
failure of the linear model is more profound when con-
sidering water-saturated phyllosilicate-rich fractures.
The power-law dependence of rock friction on effec-
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tive normal stress is particularly well illustrated for dry
and water-saturated montmorillonite (Morrow et al.,
2017) as experimental conditions cover two orders of
magnitude of effective normal stress (Figure 5). In
dry conditions, montmorillonite is strong with a fric-
tion coefficient decaying with increasing normal stress.
In contrast, the frictional strength of water-saturated
montmorillonite is weak and features a parabolic pro-
file with effective normal stress. The application of the
linear model suggests a negative frictional strength for
sufficiently low effective normal stress, associated with
a negative intercept at the origin. As the intercept of the
linear model is often interpreted as the cohesion of the
interface, the prediction of the linear model is unphys-
ical. Even though the linear model captures the overall
frictional strength of water-saturated montmorillonite
well, with a variance reduction of 99%, the power-law
model performs even better, showcasing a variance re-
duction of 99.6%. Comparison of the linear and power-

law models for water-saturated montmorillonite with
an F-test allows us to discard the linear model with 94%
confidence.

The shortcomings of the linear model for montmo-
rillonite friction are representative of phyllosilicate-
rich gouge, which is often found in fault zones due to
deformation-assisted water alteration. Phyllosilicate-
rich gouge often features a parabolic strength profile
associated with the increase of the friction coefficient
with effective normal stress. I illustrate this effect for
argillite, tremolite schist, cataclasite, and talc schist (Hi-
rauchi et al., 2020b) in Figure S5. In all cases, the linear
model predicts negative strength at sufficiently low ef-
fective normal stress and suggests a negative cohesion,
two unphysical features. As a result, the linear model
is generally inadequate to explain the frictional prop-
erties of phyllosilicate-rich gouge, except for a limited
range of effective normal stress as an approximation.
The power-law model, in contrast, perfectly explains
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of Ormonde siltstone (Barton, 1973), the linear and power-law models give rise to a variance reduction of 97.5% and 98.4%, respectively.
Using an F-test, one can reject the linear model with 89% confidence. The increase in data variance at low normal stress may be caused
by the lower accuracy of triaxial apparatuses at diminishing pressure. C) For Bilsthorpe mudstone (Barton, 1973), the linear and power-
law models give rise to a variance reduction of 99.4% and 99.8%, respectively and one can reject the linear model with 99.7% confidence
based on an F-test. D) The frictional strength of Hucknall shale (Barton, 1973) can be explained with a linear dependence with normal
stress (dashed lines) or with a power-law dependence of normal stress (solid line), leading to a variance reduction of 99.2% and 99.7%,
respectively. Based on an F-test, one can reject the linearmodel with 99% confidence. In all cases, the linearmodel gives rise to systematic
residuals at low normal stress. The best-fitting parameters are indicated in the equations. Further illustrations of the data are shown in
Figures S1–S4.

themechanical data (100% variance reduction) and pre-
dicts positive strength at all effective normal stress.

Collectively, these results indicate the inadequacy of
the linear model for experimental conditions covering
a wide range of normal loads, and for rocks that fea-
ture increasing friction coefficient with effective nor-
mal stress, such as phyllosilicates or phyllosilicate-rich
rocks in water-saturated, low-temperature conditions.
In contrast, the power-law model performs well for dry
and water-saturated phyllosilicate, and for other rocks
or gouge across a wide range of normal loads. Next, I
test whether the power-law model is compatible with
experimental constraints for a wider range of litholo-

gies.

3 Characteristics of power-law fric-
tion

Figure 6 presents the experimental dataset in Table 1
in log-log coordinates, revealing consistent power-law
scaling of frictional strength with effective normal
stress across all 119 experiments. The consistent be-
havior for effective normal stresses ranging from 10 Pa
to 1 GPa indicates the continuity of the underlying
mechanical process. Although strength generally in-
creases with normal stress, the relationships display
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Figure 4 Comparison of linear and power-law models for synthetic sand gouge (Schellart, 2000) at low effective normal stress. The
frictional strength of synthetic sand powder (black triangles) can be explained with a linear dependence with normal stress (dashed lines)
or with a power-law dependence of normal stress (solid line), leading to a variance reduction of 99.6% and 99.8%, respectively. The best-
fitting parameters are indicated in the equations. A, B) Frictional strength in linear and log-log plots, respectively. C, D) Friction coefficient
in linear and log-log plots, respectively. The linear model gives rise to systematic residuals at low normal stress. Based on an F-test, one
can reject the linear model with 97.6% confidence.

systematic deviations from linearity, manifesting sub-
linear and superlinear behaviors. Following Pascoe
and Tabor (1956), Archard (1957), Murrell (1965), Mau-
rer (1965), Hobbs (1966, 1970), Lilly (1982), and Barbot
(2024a), I consider a unified power-law description of
the friction coefficient over the full range of effective
normal stress as follows

(1)µ = µ0

(
σ̄

σ0

)−β

,

where µ0 represents the friction coefficient at the nor-
malization stress σ0 = 1 MPa, σ̄ is the effective normal
stress incorporating pore-fluid pressure effects, and β is
a power-law exponent that quantifies the normal stress
dependence. The model captures frictional strength
across the entire range of effective normal stress with
only two degrees of freedom. The scaling factor σ0 is
merely a reference value defining µ0 and the relevant

physical unit for the effective normal stress, as power
laws should only take non-dimensional arguments, that
is, µ = µ0 at σ̄ = σ0. Any other real positive reference
value σ1 is acceptable, as in µ = µ1(σ̄/σ1)−β, without
affecting the model prediction. In that case, the new
reference friction coefficient can be calculated directly
as µ1 = µ0(σ0/σ1)β.

I now systematically analyze the dataset to determine
the non-dimensional parameters µ0 and β for each ma-
terial, examining potential correlations with lithology
and physical properties. I inspect the characteristics of
power-law friction for rocks, synthetic gouge, and engi-
neered surfaces. For each dataset, I estimate the con-
stitutive parameters in Equation (1) using the best lin-
ear unbiased estimator. Bootstrap analyses by leaving
out 5 to 10 samples indicate uncertainties of the order of
0.05 and 0.02 for µ0 and β, respectively. The uncertainty
on β is reduced to ±0.01 when only one sample is ran-
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Figure 5 Comparison of linear and power-law models for dry and water-saturated montmorillonite (Morrow et al., 2017). A) Frictional
strength of oven-dry (red) andwater-saturated (black)montmorillonite and corresponding linear (dashed lines) andpower-law (solid lines)
models. For water-saturatedmontmorillonite, the best-fitting linearmodel predicts negative strength close to the origin, associatedwith a
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at low normal stress. C, D) Friction coefficient in linear and log-log plots, respectively. The power-law model explains dry and water-
saturated montmorillonite satisfactorily, and does not feature systematic residuals.

domly taken out. Expectedly, datasets with fewer mea-
surements produce more uncertainties during param-
eter estimation. The best-fitting parameters are listed
in Table S1 showing three significant digits of accuracy.
For clarity, I show the samples with a diminishing func-
tion of effective normal stress in Figure 7 and thosewith
an increasing function of effective normal stress in Fig-
ure 8.
Onaverage, the samples inFigure 7 featurepower-law

exponents β = 0.21 ± 0.12. The normal stress depen-
dency is well resolved for each sample. Westerly gran-
ite features the power-law exponent β = 0.133 ± 0.003.
The strength of ice at 77 K is associated with the ex-
ponent β = 0.31 ± 0.002. Natural fault gouge from
the Caleta Coloso Fault (CFF) features the exponents
β = 0.30 ± 0.008 and β = 0.25 ± 0.008. The green cat-
aclasites from the Moonlight fault zone showcase β =
0.19 ± 0.005. Ice friction features extreme sensitivity to
normal stress, with β = 0.59 and β = 0.41 for interme-

diate and fast sliding. Among silicate rocks, the power-
law dependence is most dramatic for Solenhofen sand-
stone, best characterized by β = 0.43 ± 0.01. Such acute
sensitivity to normal stress gives rise to friction coeffi-
cient above 1 at low stresses for Solenhofen sandstone,
Ormonde siltstone, Bilsthorpe siltymudstone,Hucknall
shale, trachyte, and Wombeyan marble. Natural sam-
ples from the Paposo Fault (PPF10) and Weber sand-
stone C feature the most linear behavior, with β = 0.02
and β = 0.04, respectively. Clearly, a power-law rela-
tionship encompasses the linear case without cohesion
for β = 0.
The samples inFigure 8 sometimes feature adramatic

increase of the friction coefficient with increasing ef-
fective normal stress. For example, the friction coeffi-
cient of chrysotile at 100◦C increases three-fold from 40
to 200 MPa. The effect diminishes with increasing tem-
perature (Moore et al., 2004). The friction coefficient of
terrigenous silty clay 2H1 (Kurzawski et al., 2018) jumps
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relationship.

from 0.08 at 30 MPa to 0.5 at 110 MPa, corresponding
to a power-law exponent β = −1.28, the most negative
value documented to date. The increase of the friction
coefficient is observed in natural and synthetic gouge.
For example, pure montmorillonite in water-saturated
conditions (Morrow et al., 2017) showcases β = −0.28.
Synthetic mixtures of 20% talc and 80% calcite feature
β = −0.04. The power-law relationship holds for a wide
range of mineral composition.
The samples with increasing friction coefficient have

overall low strength and consist mostly of pure phyl-
losilicate gouge, including pure montmorillonite, mus-
covite, talc, biotite/phlogopite, chrysotile serpentine in

water-saturated conditions, phyllosilicate-rich natural
gouge, such as the chlorite and talc phyllonite from
the Zuccale fault (Smith and Faulkner, 2010), or mix-
tures ofminerals with a high concentration of phyllosil-
icates (Giorgetti et al., 2015). Some samples, such as
the amphibole schist, foliated cataclasite, and chlorite-
rich dry fault gouge (Smith and Faulkner, 2010), stand
out for featuring an overall high coefficient of friction
that increases with effective normal stress. The pecu-
liar frictional behavior of phyllosilicates with an overall
low strength and a coefficient of friction that increases
with effective normal stress is thought to originate from
osmotic pressure around contact junctions, which re-
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Figure 7 Friction coefficient for natural and synthetic gouge decreasing with effective normal stress, mostly framework silicates. The
solid lines correspond to the best-fitting power-law relationship of Equation (1). The power-law exponents for the effective normal stress
dependency fall within β = 0.21 ± 0.12 on average for all samples.

duces the real area of contact (Renard and Ortoleva,
1997; Moore and Lockner, 2007; Beynon and Faulkner,
2020). Hence, while water-saturated phyllosilicates are
weak and feature increasing friction coefficient with
effective normal stress, dry phyllosilicates are strong
and feature decreasing friction coefficient with effec-
tive normal stress (Morrow et al., 2017; Beynon and
Faulkner, 2020). Phyllosilicate-rich gouge inherit this
property, granted a sufficiently high concentration of
clay minerals.

Although not immediately relevant to earthquake sci-

ence, experiments on synthetic materials provide im-
portant physical insights. Same as natural and syn-
thetic gouge, the friction coefficient of most synthetic
materials considered in the study feature a strong de-
pendency with normal stress (Figure S7). The experi-
ments on caster sugar and sand (Schellart, 2000), poly-
dimethylsiloxane (PDMS) and glass spheres (Maegawa
et al., 2015; Yashima et al., 2015) mostly feature β > 0.1,
compatible with rock friction. The experiments on pine
wood, elm wood, oak wood and a bimaterial interface
made of oak and pine wood by Coulomb (1821) feature
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Figure 8 Friction coefficient for natural and synthetic gouge increasing with effective normal stress, mostly phyllosilicate-rich gouge.
The solid lines indicate the best-fitting power-law relationship following Equation (1). The power-law exponents for the effective normal
stress dependency fall within β = −0.224 ± 0.18 on average for all samples, highlighting a high variability.

a low stress dependency of the friction coefficient (Ta-
ble S1). The large variability of oak wood friction is as-
sociated with measurements conducted after hours of
stationary rest, resulting in healing of the interface and
elevated strength, and others conducted during high-
speed, low-strength sliding. Despite the difference in
materials, the power-law model explains these experi-
mental data consistently from 10 Pa to 1 MPa.

4 Discussion

A linear model for sliding friction is only accurate for a
limited range of normal loads and makes physically in-
valid predictions for an important class of rocks incor-
porating phyllosilicates in water-saturated conditions.
Although cohesion makes an important contribution
in the strength of intact rocks before failure, it seems
to play a negligible role in the sliding friction of pre-
existing fractures based on available experimental data.
The adequacy of power-law friction to explain natu-
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ral and synthetic gouge, ice, and engineered surfaces
points to a universal underlying process. Direct obser-
vations fromexperiments on transparentmaterials pro-
vide a robust explanation for power-law friction. Al-
though the friction coefficient scales linearly with the
real area of contact (Maegawa et al., 2015), the real area
of contact itself follows a power-law dependence on ef-
fective normal stress (Figure 9). The real area of con-
tact of polymethyl methacrylate (PMMA), calcite, glass,
and quartz surfaces (Dieterich and Kilgore, 1994) fol-
lows a power-law with exponents 0.85, 0.69, 0.69, and
0.73, respectively, of the same order as the power-law
exponent of fractured rocks in Table S1. Similarly, ex-
periments on PMMA spherical rods under normal load
show the real area of contact following a power-lawwith
exponent 0.72 (Archard, 1957). The real area of contact
of engineered surfaces made of polydimethylsiloxane
(PDMS) asperities in contact with glass spheres or glass
asperities in contact with PDMS (Yashima et al., 2015)
follows a power-law dependence on normal stress over
two orders of magnitude, with power-exponents rang-
ing from 0.82 to 0.94. The power-law dependence of the
real area of contact on normal stress is expected for a
Hertzian (spherical, elastic) contact (Hertz, 1881), even
in the presence of roughness (Archard, 1957).
As noted previously (Pascoe and Tabor, 1956; Ar-

chard, 1957; Jaeger, 1959; Murrell, 1965; Barton, 1976;
Byerlee, 1978; Lilly, 1982; Jang and Jang, 2014; Barbot,
2024a), the physical underpinning of the power-law de-
pendence is a linear dependence of the frictional re-
sistance with the real area of contact and the power-
law dependence of the real area of contact with effec-
tive normal stress. The different mechanical behavior
of water-saturated phyllosilicates, with a friction coef-
ficient that increases with effective normal stress, orig-
inates from osmotic pressurization of the mineral sur-
face near contact junctions that increases with confin-
ing pressure (Renard and Ortoleva, 1997; Moore and
Lockner, 2007; Beynon and Faulkner, 2020). Physical
models of rock friction based on the real area of con-
tact calibrated with these observations capture the di-
rect, evolutionary, and steady-state strength of rocks
upon perturbations of effective normal stress (Barbot,
2024a, 2025). Incorporating the relationship into con-
stitutive model of rock friction explains the origin of
the state dependence of friction (Barbot, 2019; Wu and
Barbot, 2025) and reproduces deformation data across
broad conditions of slip-rate, temperature, and effec-
tive normal stress (Barbot, 2019, 2024b; Guvercin et al.,
2025). Such physical models of rock friction capture
stability transitions as a function of temperature and
slip-rate (Barbot, 2022, 2023; Nie and Barbot, 2024),
the brittle-ductile transition (Barbot, 2023; Barbot and
Zhang, 2023), and the evolution of the real area of con-
tact during quasi-static and dynamic ruptures (Wu and
Barbot, 2025). Hence, the nonlinear nature of the fric-
tional resistance is well understood conceptually. The
normal stress dependence of the steady-state friction
coefficient, directly controlled by the real area of con-
tact, and by osmotic pressure for phyllosilicates, is also
indirectly affected by the pressure-dependent healing
process (Barbot, 2024a) and by the pressure depen-

dence of the thermal activation (Barbot et al., 2025). The
multiple factors involved in the normal-stress depen-
dence of the friction coefficient help explain the vari-
ability of the experimental observations.
The strong agreement between experimental obser-

vations and theory provides a robust conceptual un-
derstanding of the nonlinear nature of frictional resis-
tance, establishing power-law friction as a fundamen-
tal description of shear failure on pre-existing fractures
across scales and materials. Analyzing rock friction
data in linear coordinates can be misleading, as it ar-
tificially suggests distinct mechanical processes for dif-
ferent normal stress regimes to account for the varying
friction coefficients. Although different healing mech-
anisms may indeed operate at different pressure condi-
tions (Barbot et al., 2025), the continuous normal stress
dependence of the friction coefficient is the norm, not
the exception. Additionally, a linear interpretation of
high-pressure data incorrectly suggests a contribution
of cohesion, which is clearly negligible in low-pressure
data. In contrast, log-log representations reveal the sta-
tionarity of the frictional behavior across all stress con-
ditions without significant cohesion, simplifying the
physical interpretation.
As earthquakes and slow-slip events may operate un-

der low effective normal stress due to over-pressurized
pore fluids, capturing the evolution of frictional stress
at low pressure is paramount. The limited contribution
of cohesion in laboratory experiments across different
scales and materials suggests a limited role of cohesion
healing during the seismic cycle (Jeppson et al., 2023).
However, cohesion may still play an important role in
natural faults, especially under the high-temperature,
high-pressure conditions of the middle crust where ce-
mentation and lithification may be efficient at the time
scales of the interseismic period of the seismic cycle, as
suggested by Thomas et al. (2025). Experiments on wet
Pozzolanicmortar involving holds longer than 3,000 s in
quasi-stationary contact indicate a contribution of co-
hesion of the order of tens of kPa (Volpe et al., 2026)
(Figure S6). Although this is not apparently the case for
any of the experiments shown in this study, the normal-
stress dependence of rock friction may evolve in var-
ious conditions of pressure, leading to distinctly dif-
ferent trends in log-log space in various stress condi-
tions. This behavior may be caused by experimental
bias, for example the residual jacket strength at lownor-
mal stress discussed by Behnsen and Faulkner (2012).
Additional effects include change of dominant heal-
ing mechanism, with rates following different normal
stress dependencies (Barbot et al., 2025). In this case,
the change of normal stress dependence can be associ-
ated with a stability transition, as for smectite clay (Saf-
fer et al., 2001). These differences, albeit rare, do not
imply a shortcoming of power-law friction but require
amore detailedmodel capturing temperature and pres-
sure effects.

5 Conclusions
A comprehensive analysis of experimental rock friction
data reveals a power-law relationshipbetween frictional
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Figure 9 Normal stress dependence of the real area of contact and origin of power-law friction. A) Evolution of the real area of contact
in rough acrylic, calcite, glass, and quartz surfaces as a function of normal stress (Dieterich and Kilgore, 1994), associated with power-law
exponents 0.85, 0.69, 0.69, and 0.73, respectively. The inset shows the morphology of micro-asperities forming the contact junctions at
various normal loads. B) Real area of contact for engineered rigid asperities (RA)made of glass withmicro-lenses in contact with nominally
flat polydimethylsiloxane (PDMS), and for soft (low-rigidity) asperities (SA) in PDMS in contact with a nominally flat spherical glass lense
as a function of normal load (Yashima et al., 2015). The subscripts + and - are for large and small micro-lenses, respectively. The real
area of contact follows power-law exponents of 0.82, 0.83, 0.92, and 0.94 for RA−, RA+, SA−, and SA+, respectively. C) Frictional resistance
dependence on the real area of contact for transparent interface between glass spheres andpoly-dimethylsiloxane (PDMS) (Maegawa et al.,
2015), featuring a linear relationship over two orders of magnitude. D) Coefficient of friction of the same interface as a function of normal
stress, indicating that the real area of contact of the PDMS interface is a power-law of normal stress.

strength and effective normal stress across broadly dif-
ferent materials, including silicates, ice, natural and
synthetic gouge, and engineered surfaces, spanning a
stress range over seven orders of magnitude, irrespec-
tive of testing apparatus.
Thepower-law friction exponentβ is positive formost

non-phyllosilicate rocks and engineered surfaces, but is
negative forwater-saturated phyllosilicates. The power-
law scaling arises from the real area of contact and
its nonlinear dependence on normal stress. At steady-
state, the normal stress dependence of friction is fur-
ther affected by the pressure dependence of healing.
The weakness and characteristic stress dependence of
phyllosilicates is presumably due to osmotic pressure
near contact junctions, highlighting the controls ofmin-
eralogy and fluid content.
The study underscores the inadequacy of linear fric-

tion laws and advocates for the adoption of power-law
constitutive models in earthquake mechanics. Cohe-
sion, often invoked in linear models, is negligible at
macroscopic scales. Power-law friction reconciles dis-
parate observations, eliminating the need for ad hoc
piecewise linear models, and provides a unified basis
for modeling fault mechanics across tectonic settings.
Constitutive laws that ignore the normal-stress de-

pendency of the friction coefficient fundamentally mis-
represent the underlying phenomenology, with impli-
cations for earthquakemechanics. Local linear approx-
imations may be acceptable in some circumstances,
particularly at high effective normal stress, but the pa-
rameters involved do not directly reflect the physical
properties of rocks, as they vary with the point of ex-
pansion or the range of applicability. The friction co-
efficient is a continuous function of effective normal
stress. As constitutive models of rock friction capture
the phenomenology with increasing accuracy, future
work should explore the impact of the lithology and
physical condition of fault zones on rupture style and
seismic hazards.
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