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Research Scope
Physics and mechanics of fracture-
friction-fatigue along interfaces in 
heterogeneous structures.
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Earthquakes, Friction, and Sliding Instability
I N T R O D U C T I O N

Scope of Lecture

PART 1. Surface Roughness: Conditions for stick-slip vs steady sliding

PART 2. During the slip phase of the stick-slip behavior dynamic frictional sliding and rate- and state friction models
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Earthquake Source Mechanics: Stick–Slip

(Scholz ,2002)
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Fiber Pull-Out Experiments

Tsai & Kim (JMPS, 1996) Povirk & Needleman (JEMT, 1993)
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• Roughness

• Initial compressive loading (normal load)

• Shear loading rate / velocity

• Stiffness

• Loading Geometry

What affects the transition from stick-slip to steady-sliding behavior 
during frictional sliding?
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Normal Load

Normal stress (σₙ): governs the magnitude of stress 
drops and the intensity of stick–slip instability

Higher σₙ → larger real contact area → stronger 
asperity interlocking → larger stress drops

Han, Ding, Wu, and Yan (Chinese Physical B, 2022)

Zhou, He, Shou (Tectonophysics, 2021)

Shear Loading Rate

Loading (slip) rate: controls recurrence interval of stick–slip 
events via a power-law relation

Higher rates → shorter recurrence time → reduced time for 
interfacial strengthening → tendency toward stable sliding
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Ratio of loading system stiffness to fault/interface stiffness determines 
whether stored elastic energy can be released suddenly

• Low system stiffness relative to interface weakening rate promotes 
stick–slip (classical instability criterion)

• Ohnaka (1973): stick–slip emerges from the interplay between 

system stiffness and interfacial contact structure

Ohnaka (1973)

System Stiffness
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Loading Geometry:

Ben-David & Fineberg (Phys. Rev. Lett., 2011)Yamaguchi, Sawae and Rubinstein (Extreme Mech. Lett., 2016)
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Surface Roughness : stable sliding to stick–slip
P A R T  1
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Real Contact Area

• Real contact area (Aᵣ) is typically much smaller than the apparent (nominal) area (Aₐ), even for carefully 
prepared surfaces (Bowden & Tabor, 1950)

• Contact occurs at discrete spots — a population of microscopic asperity junctions — not over the full 
apparent area

• Greenwood–Williamson (1966): Aᵣ scales approximately linearly with normal load for elastic-plastic 
contacts: Aᵣ ~ N/H

• Friction force arises from the shear strength of these real contact junctions, not from an area-
independent 'friction coefficient'
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Stress Heterogeneity at the Interface

Real interfaces carry load through discrete 
asperity contacts, creating highly non-uniform 
stress fields.

This heterogeneity controls: 

(1) where slip nucleates, 

(2) how it propagates, and 

(3) whether it becomes macroscopic.

Ben-David , Cohen and Fineberg (Science 2010) 
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Roughness and Sliding Instability: Experimental Observations

Boissou, Petit and Barquins (Wear, 1998) Zhou, He, Shou (Tectonophysics, 2021)

Morad D., Sagy A., Tal Y., and Hatzor Y. H. (Earth and 
Planetary Science Letters, 2022)

Harbord, Nielsen, Paola, and Holdsworth 
(Geology, 2017)
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Experimental Observations using Photoelasticity and DIC
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Effect of interface on the stress distribution

Coker, Lykotrafitis, Rosakis, Needleman (JMPS, 2005)

Photoelasticity reveals the full-
field stress distribution near 
frictional interfaces in 
transparent materials (PMMA)
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Photoelasticity Observations of Interface Effects under Normal Loading

• Rough vs. smooth interfaces produce qualitatively different fringe patterns.
• Collection of asperities create localized stress concentrations that are visible as fringe pattern heterogeneities.
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First Frames of Normal Loading :N<<Nmax Final Frame of Normal Loading: N=Nmax
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Strain Distributions (Exy) using Digital Image Correlation (DIC):
Non-uniform shear strain distribution under normal loading
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In addition to the normal load, shear load 
was applied with no sliding

First Frames of Shear Loading :S<<Smax Final Frame of Shear Loading: S=Smax
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Strain Distributions (Exx) using Digital Image Correlation (DIC):
Non-uniform shear strain distribution under shear loading
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Experimental Method: The setup and the test procedure

Baygeldi, Amireghbali, Gurel, Ozcan, Coker (Mech. Adv. Mater. Struct., 2026)
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Experimental Method: The setup and the test procedure
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Experimental Method: 
The setup and the test procedure
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Experimental Results: 
Surface Roughness as a Critical Parameter for Frictional Sliding Instability

Baygeldi, Amireghbali, Gurel, Ozcan, Coker (Mech. Adv. Mater. Struct., 2026)
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Mass-spring model to simulate «creeping/ locked fault» dynamics

23 /13

The Burridge-Knopoff model Maxwell-slip model

T T
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Artificial muscles Machining tools

Accurate position control

Vo-Minh, Tjahjowidodo, Ramon, & Van Brussel (IEEE, 2011)

Chiew, Jamaludin, Bani, Hashim, 
Rafan, & Abdullah (Procedia 
Engineering, 2003)

Zschack, Buchner, Amthor, & 
Ament (IEEE, 2012)

Maxwell-slip model in control engineering: Modelling Friction
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Braun, Barel, and Urbakh 
(Physical Review Letters, 2009)

Maegawa, Suzuki, and Nakano 
(Tribology Letters, 2010)

Han, Ding, Wu, and Yan 
(Chinese Physical B, 2022)

Simple 1-D modeling of stick slip vs. steady sliding behavior
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• Interface represented as a population of viscoelastic spring-
dashpot elements, each representing an asperity contact

• Hulikal et al. (2015): showed that macroscopic rate-and-state 
friction behavior emerges from collective dynamics of viscoelastic 
asperities

• Velocity weakening arises naturally from the statistical evolution 
of the asperity population — not prescribed at the element level

• Hulikal et al. (2018): extended the model to study the effect of 
asperity-scale properties and long-range interactions

• Frictional behavior across static, transient, and steady sliding is 
governed by the balance between time-dependent strengthening 
and slip-induced weakening

• Key insight: macroscopic friction laws are emergent properties, 
not fundamental constitutive equations

Simple 1-D modeling of asperities to generate rate- and state-friction model
Hulikal, Bhattacharya, Lapusta (JMPS, 2015)
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1D Minimal Maxwell Slip Model: Modelling the Roughness Effect

The initial block positions before the driver moves

𝜎!𝜎"
PDF

𝛿

𝑧#$%

Elastic Rough Surface

Rigid Flat Surface

The initial spring extensions of the blocks are interpreted as a 
measure of roughness 

Ø The higher asperities experience higher compressive loads, so 
they will slide later. This is modeled as a mass-spring with 
positive displacement.

Ø The lower asperities experience lower compressive loads, so 
they will slide earlier. This is modeled as a mass-spring with 
negative displacement.

Baygeldi, Amireghbali, Gurel, Ozcan, Coker (Mech. Adv. Mater. Struct., 2026)
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Numerical Method: Modelling the Roughness Effect 
Generation of Random Initial Spring Extensions

Beta probability distribution function with shape parameters 𝛼
= 𝛽 is used.

𝜎 =
1
2

1
2𝛼 + 1

Ø The rougher surfaces are modeled with a larger standard 
deviation of spring extensions with smaller shape parameter, 
𝛼.

Ø The smoother surfaces are modeled with a smaller standard 
deviation of spring extensions with larger shape parameter, 
𝛼.
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Numerical Method: Modelling the Roughness Effect
1D Minimal Maxwell-slip Model: Quasi-static Solution

Maxwell-slip model:
Ø Coulomb friction law
Ø Quasi-static approach 

mẍ = f!" − f#$ = k v%t% − x − f#$

𝑓& = 𝜇&𝑁

Sliding

𝛿𝑥'

Stick

𝑘 = 𝐺𝐿𝑊/𝐻
𝑁 = 𝑝𝐿𝑊

𝑓() = 𝜇*𝑁
𝐿 𝑊

𝐻

𝑝

Stick

𝑣&
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Numerical Results: Modelling the Roughness Effect 
Maxwell-slip Model: Quasi-static Solution
Stick-slip Regime

Ø Macroscopic coefficient of 
friction, 𝑇/𝑁, rises and falls 
about the microscopic dynamic 
coefficient of friction, 𝜇!.

Ø Presliding regime is linear.

Ø Amplitudes of stick-slip 
oscillations decrease with 
decreasing 𝛼, i.e., surface gets 
rougher. 
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Numerical Results: Modelling the Roughness Effect 
Maxwell-slip Model: Quasi-static Solution
Stick-slip Regime

Ø Macroscopic coefficient of 
friction, 𝑇/𝑁, rises and falls 
about the microscopic 
dynamic coefficient of 
friction, 𝜇$ .

Ø Presliding regime is linear.

Ø Amplitudes of stick-slip 
oscillations decrease with 
decreasing 𝛼, i.e., surface 
gets rougher. 

Lee S M, Shin M W, Lee W K and Jang 
H (Wear, 2013)
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Numerical Results: Modelling the Roughness Effect 
Maxwell-slip Model: Quasi-static Solution
Steady Sliding Regime

Ø Macroscopic coefficient of friction, 
𝑇/𝑁, approaches the microscopic 
dynamic coefficient of friction, 𝜇!, 
and stays there.

Ø Presliding regime becomes nonlinear 
with decreasing 𝛼, i.e. surface gets 
rougher.

Ø Onset of sliding starts later for 
rougher surface. 
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Numerical Results: Modelling the Roughness Effect 
Maxwell-slip Model: Quasi-static Solution
Steady Sliding Regime

Ø Macroscopic coefficient of 
friction, 𝑇/𝑁, approaches the 
microscopic dynamic coefficient 
of friction, 𝜇$ , and stays there.

Ø Presliding regime becomes 
nonlinear with decreasing 𝛼, i.e. 
surface gets rougher.

Ø Onset of sliding starts later for 
rougher surface. 

Biegel R L, Wang W, Scholz C H, Boitnott G N and Yoshioka N, 
Journal of Geophysical Research (1992)

Baygeldi, Amireghbali, Gurel, Ozcan, Coker (Mechanics of Adv. Matls. & Structures, 2026)
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Results: How does maximum static COF change with roughness? 

Two different regimes of sliding! Roughness increases
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Steady sliding Stick-slip

Microscopic friction coefficients are constant — the macroscopic behavior emerges from the ensemble statistics.
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Experiments and Maxwell Slip Model 

Baygeldi, Amireghbali, Gurel, Ozcan, Coker, ”Surface Roughness as a Critical Parameter for Frictional Sliding Instability: Experiments and Modeling  (Mech. Adv. Mater. Struct., 2026)
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From Model to Experiments: Critical Roughness

                                                                               

                       using effective contact pressure pₑ = p/f (Greenwood–Williamson framework)

• Real contact area fraction: f ≈ 1.1–1.5% → effective pressure significantly exceeds nominal pressure

• With αc = 22, μₛ = 0.3, h = 0.05 mm, G = 1.1 GPa: critical roughness Rₐ,crit ≈ 0.408–0.557 μm

• Experimental transition lies between Rₐ ≈ 0.296 μm and Rₐ ≈ 0.840 μm —agreement with model prediction , Rₐ,crit .

• Validation on independent dataset: Bouissou et al. (1998) at 10 MPa — α-Rₐ mapping correctly classifies their stick–slip 
and steady sliding cases.

–Standard deviation of surface height distribution:

                                   

–Relationship between α and Rₐ: 
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Physical Interpretation of the Transition

• The critical α separates two fundamentally different modes of microscopic sliding 
dynamics:

• Below αc (rough): asperities have widely distributed initial states → they slip at 
different times → the average force remains steady → steady sliding

• Above αc (smooth): asperities have nearly identical initial states → they reach the 
friction threshold simultaneously → collective failure → stick–slip

• The transition is sharp — not gradual — indicating a threshold-type behavior 
analogous to a phase transition

• Surface roughness provides the disorder that desynchronizes asperity slip; below a 
critical level of disorder, synchronization emerges spontaneously

• This framework provides a mechanistic link: microscale interface disorder → 
asperity slip synchronization → ensemble macroscopic sliding stability
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Collective vs. Sequential Asperity Slip

• Each asperity contact acts as an independent frictional element that can slip when its local threshold is 

exceeded

• Smooth surface: narrow distribution of thresholds → all asperities reach threshold nearly simultaneously → 

collective slip

• Rough surface: broad distribution of thresholds → asperities slip at different times → sequential slip

• Collective slip produces macroscopic stick–slip; sequential slip produces macroscopically steady sliding

• This is the mechanism captured by the Maxwell-slip ensemble model — roughness controls the 

synchronization of slip events

• The transition is sharp: below a critical disorder parameter, collective slip emerges; above it, sequential slip 

dominates
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Stick-Slip Regime –> Rupture Initiation and 
Front Propagation

The slip part seems to occur almost spontaneously.
In fact, slip occurs dynamically as a time dependent rupture 
at a scale of microseconds. 

Stick–slip involves propagation of rupture fronts along the 
interface — analogous to dynamic fracture (Trømborg et al., 
2011)

Smooth interfaces: low nucleation barrier → rupture can 
propagate coherently across the entire interface → large 
stress drop

Rough interfaces: roughness increases the effective 
nucleation size → disrupts coherent propagation (Harbord et 
al., 2017)

Precursor events: partial slip fronts extend progressively 
before full macroscopic sliding initiates (Maegawa et al., 
2010)

The number and extent of precursors depend on normal 
stress distribution, which is itself affected by roughness

Our minimal model does not capture rupture propagation 
explicitly, but the collective-to-sequential transition is 
consistent with this picture
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Rupture Front Propagation
P A R T  2
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Dynamic frictional sliding along interfaces between identical materials

so

so

V
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Modeling of friction across length-scales

µ=?

Macroscopic Behavior

Process Zone
Constitutive model

Roughness
Multiple-asperity

Single-asperity

Atomistics
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Fiber Pull-Out Experiments (K-S Kim)

Tsai & Kim (JMPS, 1996) Povirk & Needleman (JEMT, 1993)
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Frictional sliding modes observed in fiber pull-out experiments
 Tsai & Kim (JMPS ,1996)

(Heaton, 1990)

Slip pulses inferred in earthquakes during frictional sliding of plates

Fault

Slip pulse



History and sliding speed affect the apparent coefficient of friction

Amontons-Coulomb law: t = µ s

Step Change in Sliding SpeedHold time Steady Sliding Speed

µ

V=sliding speed

*µs
µd

Experiments

àAmontons-Coulomb friction law is not adequate to capture these phenomena.

Marone, Annu. Rev. Earth Planet. Sci. 1998.



46COKER / April 13-17, 2026 Tribology Today, French-German-Turkish Spring School 2026, Istanbul, Turkey

Effect of sliding speed on the coefficient of friction for various materials 
(Dieterich)



Friction Interface Law: Rate- and state-dependent with variations in normal stress

s
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Prakash and Clifton, 1993; Prakash, 1993
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Finite element model with friction interface elements in a cohesive framework
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Symmetric loading with no frictional sliding: Experiments and simulations

B

A

C

B
A

C

Coker, Lykotrafitis, Rosakis, Needleman (JMPS, 2005)
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RESULTS

• Case I: Crack-like

• Case II: Slip pulse

• Case III: Quasi-periodic train of slip pulses

• Case IV: Mixed modes
• Compare with experiments

• Propagation of frictional sliding tip

• Sliding mode map

Sliding rate

Distance along the interface
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Isochromatic fringe patterns Sliding rate and shear traction

Sliding Region

Case I: Results for So =6 MPa, Vimp=2 m/s

 At low compressive stress à
Expanding crack-like frictional sliding

! "#$! % %! ! ! ! !"#$% C ' % '= ∆ − ∆! ! !
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Isochromatic fringe patterns Sliding rate and shear traction

Sliding Region

Case II: Results for So =30 MPa, Vimp=2 m/s

High compressive stress à 
Self-healing slip-pulse

! "#$! % %! ! ! ! !"#$% C ' % '= ∆ − ∆! ! !



Case III: So =10 MPa, Vimp=20 m/s

Intermediate compressive stress and high 
impact speed à Quasi-periodic slip-pulses

! "#$! % %! ! ! ! !"#$% C ' % '= ∆ − ∆! ! !



Transient slip pulses observed in experiments : 
Propagation speeds Ö2 cs < v < cl with associated shear Mach waves



Evolution of frictional sliding from multiple pulses to crack-like sliding region 

21 µs

         

33 µs

         

So =0.9 MPa      V=10 m/s



56COKER / April 13-17, 2026 Tribology Today, French-German-Turkish Spring School 2026, Istanbul, Turkey

Frictional sliding tip propagation speed
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The frictional sliding mode depends on the 
compressive stress and the impact velocity

Sliding mode transition

Sliding rate

Train of pulses

Sliding rate

Crack-like sliding
Sliding rate

Slip pulses

Sliding rate



58COKER / April 13-17, 2026 Tribology Today, French-German-Turkish Spring School 2026, Istanbul, Turkey

Total frictional sliding and total displacement jump across the interface
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Pulse-like and crack-like 
ruptures in experiments

Lu,Lapusta and Rosakis (PNAS, 2007)
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Crack-like Pulse-like Train of pulses

Coker, Lykotrafitis, Rosakis, Needleman (JMPS, 2005)

Dynamic friction simulations using Rate-State Friction Law
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Crack-like Pulse-like Train of pulses

Dynamic friction simulations using Rate-State Friction Law

Rosakis, Samudrala, Coker (Science, 1999)
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Friction to Fracture

• Traditional view: an interface remains stationary until shear 
stress reaches a threshold (static friction μs), then slides 
uniformly.

• Modern view: frictional slip initiates via propagating rupture 
fronts — not by simultaneous failure of the entire interface.

• Svetlizky, Bayart & Fineberg: frictional rupture fronts 
generate singular stress fields consistent with Linear Elastic 
Fracture Mechanics (LEFM).

• Macroscopic motion emerges only after a rupture front 
traverses the entire interface.

Svetlizky, Bayart and Fineberg (Annu. Rev. Condens. Matter Phys.,2019)
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Why Brittle Fracture Theory for Friction?

63/12

Frictional onset = rupture

LEFM replaces static friction laws

v Frictional slip initiates via rupture fronts, not static 
thresholds.

v Rupture fronts behave like dynamic shear cracks.
v This view unifies friction and fracture theory.

"Things don't break all at once — friction initiates as a propagating crack."

Svetlizky, Bayart and Fineberg (Annu. Rev. Condens. Matter Phys.,2019)
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• Near the rupture tip, the stress field has a singular form: 

where Kᵢᵢ is the mode-II stress intensity factor; Cf is the rupture 
front velocity

• The energy release rate G = Kᵢᵢ²/E , governs whether the 
rupture propagates: G = Γ at the tip.

• Fracture energy Γ, not the friction coefficient, is the 
fundamental parameter controlling rupture onset.

• Γ is proportional to the real contact area A — higher A means 
more energy needed to break the interface.

• This framework predicts rupture speed, arrest conditions, and 
stress radiation quantitatively.

σ./ 𝑟, θ =
𝐾00
2π𝑟

𝑓./ θ, 𝐶1

Svetlizky, Bayart and Fineberg (Annu. Rev. Condens. Matter Phys.,2019)
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