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Tracking rupture fronts — or watching (lab) earthquakes unfold
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Presenter Notes
Presentation Notes
To visualize the interface, we use a sheet of light to illuminate. 
This roughly interface combined with numerous micro-contact asperities and non-contact areas. 
Under specified incident angle, light fully reflects at non-contact regions but transmits through the contact points. 
A fast camera then captures the transmitted light.
Here is an example of snapshot of interface. It reveals the inhomogeneity of these micro-contacts, even we suppose macro-scale homogeneity. 
Normalizing the local light by the initial stage, it exposes a clear border—the rupture front—where contact asperities are breaking. 
Over time, this rupture front propagates at 1000 m/s.
Averaging over the z-axis yields a one-dimensional interface. 
Continuous measurements show that a typical rupture propagation along the interface in milliseconds, with microsecond resolution.



Fracture mechanics describes interface ruptures
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Presenter Notes
Presentation Notes
The strain gauge is positioned above the interface. 
As the crack propagates beneath the strain gauge, both radial (r) and angular (theta) components vary. 
On the left, it show three components of the strain—measured during crack propagation at speed Cf.
The theoretical solutions are plotted as black curves, according to the singular function. 
Only one free parameter, K, fits all of the data well. 
Moreover, the fracture energy (Γ) can be directly obtained using K_square with Cf, about 1 J/m^2.



Directly tracking the slip at interface

Tracking rupture slip ON the interface  Firedholdsr 1|

(as lab earthquakes unfold) |
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We require precise slip measurement
on the interface, that are fast ...
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We require precise slip on the interface, that are fast ….

Something important but often less mentioned when discussing sliding is the slip. 
Here is some new findings we will talk:
While examining a single crack, the slip measures less than 30 micrometers. 
However, during one stick-slip event, the total slip amounts to hundreds of micrometers. 
Typically, we assume that this additional slip is contributed by "dynamic friction."
But is this always true?

To measure slip more precisely, we've introduced a second lighting system. 
Micro grooves have been created on both sides of the interface, but only in half of its width. 
These grooves act as markers for the interface, enabling us to measure the displacement of both blocks independently and avoid any interference between them.
Since the micro grooves are significantly smaller than the K field, they do not affect the crack propagation process. 
This setup allows us to accurately capture the slip at the interface without influence the crack propagation.
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Energy balance Equation of motion (LEFM infinite medium):
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Stars of our show:

Tapp(t) = applied shear
(stress at Nucleation)

T,¢5(V) =residual shear
(local dynamic friction)

I'(v) = fracture energy
= AA(v) contact area drop

f(t) = aging
(healing of AA after rupture)

Elastic energy focused to tip



Energy balance Equation of motion (LEFM infinite medium):
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Case #1:

Tapp(t) = applied shear = const

T,0s (V) = residual shear = const

—_—

s~ _ =AA(t) contact area drop_ !

Elastic energy focused to tip
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‘invisible’ lab-quakes after the first event
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Secondary ruptures generate discrete slip
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Presenter Notes
Presentation Notes
Supershear occurs frequently in secondary ruptures. 

Let's examine whether the slip of these ruptures is described by Linear Elastic Fracture Mechanics (LEFM). 
Here, we present three typical ruptures:
1. **Sub-Rayleigh**: speeds below the Rayleigh wave speed.
2. **Supershear**: speeds exceeding the shear wave speed.
3. **Mixed**: Initially supershear, transitioning to sub-Rayleigh.
Theoretical slip can be calculated using LEFM, with inputs of crack speed and fracture energy. 
All experiment results are consistent with theory.



Total stress drop & the slip budget
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 Total stress drop linearly related to total slip, u;,;, as in natural earthquakes
* The main and secondary ruptures account for approximately 74% of total slip, u;,;

Most slip 1s caused by the discrete invisible ruptures.
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Slow ruptures 1n ‘ductile’ materials can induce rapid ruptures...

Shi, S. and Fineberg, J. (to appear.)
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In PVC (a ductile material):

* Super-slow ruptures (Cr ~ 107°Cy) trigger fast (~ Cg) ruptures
e Periodic sequences of slow-fast-slow-fast ....

* Not observed in brittle materials

11

Why? What is special about this material?



Energy balance Equation of motion (LEFM infinite medium):
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T,05(V), V-dependent residual strength
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Energy balance Equation of motion (LEFM infinite medium):
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(healing of AA after rupture)




LEFM also describes the propagation of slow ruptures
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Conclusion

Both extremely slow (cm/sec) and fast (km/sec) ruptures can repeatably
propagate within the same frictional interface.

Dynamic equilibrium between loading rates and velocity-dependences
of both interface resistance and fracture energy enable slow ruptures to
nucleate and propagate at very low applied shear stresses.

Fast ruptures also occur, but only when their nucleation becomes possible
at higher stress conditions.

Dynamics and structure of both rupture classes are well-described by
Fracture Mechanics.

These results help us understand what drives slow and fast ruptures and
how they transition, while also giving key insights into fault mechanics
and frictional motion.

Shi, S. and Fineberg, J. (Submitted.)
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…, which I think this deserves further discussion.


B
Conclusion

* Numerous weak-secondary ruptures are observed after the main ruptures.
These are still described by linear elastic fracture mechanics (LEFM).

* Secondary ruptures with finite size slip occur under almost ‘free’ fracture
energy =» supershear occurs easily.

» Slip budget : over 70% of slip contributed by the main and secondary ruptures
* Invisible ruptures have a huge effect

» Slip looks like steady sliding (dynamic friction), but slip 1s actually composed
of discrete steps caused by secondary ruptures.

* Secondary ruptures suggest a connection to after-slip/aftershocks in statistics

Thark, gou!

S. Shi, M. Wang, Y. Poles and J. Fineberg. Nature Communications. (2023)
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0.A(x, t) = [0,A(x,t) — dA. ]/ (0A)

Slip & Contact Area at long times
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What is the connection between slip and the ruptures?
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Presentation Notes
Now, let's extend our observation to milliseconds. 
We observed numerous slip steps occurring over time.
At the same time, we monitor the contact area. 
The contact area drops significantly at the onset of the first rupture. 
Following this initial rupture, we notice some weak ripples in the contact area. It is seems unclear.
However, after differentiate the contact area, hidden secondary ruptures become apparent.
So, what is the connection between slip and these ruptures? 
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