
Functional Friction Networks

Abstract : We have developed different network approaches to complex patterns of frictional interfaces . Network theory is a fundamental tool for the modern understanding of complex
systems in which, by a simple graph representation, the elementary units of a system become nodes and their mutual interactions become links. With this transformation of a system to network
space, many properties about the structure and dynamics of the system itself can be inferred. We map the real-time net contact areas, photo-elastic patterns and acoustic waveforms to network
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Case 3: Acoustic-Friction Networks

configurations while we use similarity measures to link the nodes. In other words, we follow the possible collective deformation of contact areas as well as the characteristics of correlated
elements. Here, we analyze the dynamics of static friction. We found, under the correlation measure, the fraction of triangles correlates with the detachment fronts. Also, for all types of the
loops (such as triangles), there is a universal power law between nodes’ degree and motifs where motifs frequency follow a power law. This shows high energy localization is characterized by
fast variation of the loops fraction. Moreover, we confirmed that slow ruptures generally hold small localization, while regular ruptures carry a high level of energy localization. We proposed
that assortativity, as an index to correlation of node’s degree, can uncover acoustic features of the interfaces.

Procedure and Conclusions : We map the acoustic waveforms –obtained from saw-cut fault embedded in Westerly granite- and real-time contacts as well as photo-elastic into
network spaces[1,3,4]. The networks are constructed based on 1) time-delay method (standard-delay-coordinate embedding method) and 2) thresholded-closeness metric as well as the
correlation of pairs . We calculate several characteristics of the obtained network and find out motif distributions follow three distinct patterns ,indicating at least long-frequency events and
sub-Rayleigh ruptures. We approximate the rupture speed with using evolution of networks degree . Remarkably, the patterns of motifs from this case is comparable with real-time contact
networks (with the same or mentioned approaches in networks building). Slow fronts show higher distribution rank of loops rather than regular shocks. It seems for both cases sub-Rayleigh
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With simple closeness metric ,one can extract acoustic-friction network from acoustic-waveforms. Here, we explore the network space of the recorded waveforms through 13-16 transducers
when a saw cut-fault or a complex natural fault was evolving . The characteristics of the acoustic-friction networks (for example right panel) are comparable with photo or real-time contact friction
networks. The betweenness centrality (B.C)-clustering coefficient parameter space show a universal collapse of the waveforms as well as the distribution of local energy flow (~B.C). Our

events have less homogeneity while slow fronts follow slightly more homogeneous motifs ranks [5]. We also found some parameters of the acoustic friction networks can be used to classify
the type of the rupture’s speed . A universal trend is observed in ground motion of fronts ,confirming the recent observation s on PMMA [1,2]. Generally ,we proposed that the complexity of
frictional interfaces are the results of collective behaviour of the system’s elements and equally can be captured with functional friction networks .

Case 1: Real Time Contacts and  Photo-elastic Patterns Case 2: Waveforms Analysis -Smooth Fault 
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observations over photo-elastic ,real-time contacts ,aperture patterns of the frictional interfaces and acoustic friction network patterns showed that BC-C parameter space has a general gamma
function distribution. The waveforms cover a certain regions of the with-in module degree and participation coefficient (P-Z space) which are completely different from random networks (i.e., null
model). We compared the mean of local flow energy with the recorded acceleration [4] and found that the ground motion features can be captured with the <B.C> . The recent approach tested on
different types of the ruptures over photo-elastic friction networks. The possible estimation of quasi-slip of a rupture front can be followed by the integration of <B.C>. Q and ra stands for maximum
modularity and assortativity, respectively.

Smooth -Saw Cut Fault

Left panel: Methodology to extract friction networks from real t‐time contacts: Evolution of real‐time contacts through 6 time‐windows in X‐Y space of an interface [1]. Each pixel corresponds with net contact area
(contact areas data set courtesy of J.Fineberg); visualization of the correlation matrix and achieved friction networks through 5 time‐windows. natural logarithmic variation of mean betweenness centrality (B.C) with
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Thompson et al,2005,2009

standard delay-coordinate embedding method

Smooth-fault

(contact areas data set courtesy of J.Fineberg); visualization of the correlation matrix and achieved friction networks through 5 time windows. natural logarithmic variation of mean betweenness centrality (B.C) with
truncation value. The indicated interval with arrows shows the best possible threshold level where the minimum variation of log<B.C>occurs (the most stable‐dominant structures). <.. .> indicates average over all
nodes (i.e. aperture ). Right Panel : The methodology used to extract friction networks from the acoustic signals of the evolution of a smooth fault (interface). The figure shows two different acoustic waves
corresponding to regular shear and slow rupture. To analyze waveforms and to construct networks, the standard-delay time method was used in conjunction with the thresholded adjacency matrix [5]. The distribution
of the motifs may be used as arough estimation of rupture type ;they also follow a universal trend which is compatible with aperture and contact friction networks; Right panel : correlation patterns of transferred time-
series to extra-dimension; The motifs ranks over waveforms show three distinctive patterns ,corresponds to slow rupture, sub-Rayleigh and noise-like waveforms. Remarkably, there is a same trend in waveform-based
motifs of networks and real-time contact measures . Also, we observed in slow-rupture motifs are distributed uniformly rather than regular fronts-motifs

Damage Evolution and Friction Law with Complex Networks Self-Organized Criticality and Rupture Transitions 
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Complex Natural Fault

(Left panel): The possible estimation of quasi-slip of a rupture front can be followed by the integration of <B.C>. With this integration of local flow energy in acoustic-friction networks ,we
could recognize three different types of the ruptures in smooth-fault experiment (slow rupture, sub-Rayleigh fronts and super-shear fronts); The big percent of the recorded waveforms showed
regular ruptures. Average value of maximum eigenvalue of the constructed friction networks represent nearly the same classification of <B.C> and motifs ranks. A universal pattern of quasi-slip
index over 109 events in smooth-fault and complex natural fault is compatible with recent observation of real-time contact measures and precise measure of the slip[1]. Right panel :example of
slow rupture with dynamic contact and acoustic friction networks: Comparing acoustic-friction networks with contact-friction networks: Transferring 1D contact areas [1] to networks ;(a)
clustering coefficient versus time (~4ms),(b) real-time contact areas nearly show three distinct regimes : slip stage ;aging/sliding (c) each element of interface-network is mapped into modularity
space (participation factor of each edge and within module degree)-For different case studies we found elements of interfaces occupy certain regions of P-Z space ;(d) node’s degree versus time
(~4ms) nearly follow contact areas variation-This yields we may write state parameter in terms of networks variables ;(e) assortativity coefficient versus time (~4ms) shows all of networks are
assortative ; transition to new rupture speed dramatically change assortatitvity- In Transition to aging step ,as if real time contacts are changing less than 3-5% how assortativity changes 15-25%;(f)
maximized Q as an index to modularity versus time ;(g) maximum eigenvalues of Laplacian of node’s degree against time indicate possible synchronization of elements of frictional interfaces;(h)
Betweenness Centrality as a measure of a node's centrality in a network indicate clear rupture transitions and possible periodic nature of interface (characteristic length in friction law)
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,expressed with power law relation with universal exponent (~2) and 2) clustering coefficient as a fraction of triangles reveals the relatively precise rupture speed :three distinctive rupture speeds is compatible with
mean contact area ;1 , 3 corresponds with sub-Rayleigh rupture and 2 is slow rupture ;
Right Panel :configurations of groups in sub‐Rayleigh and slow ruptures and their transitions ; the un‐stable slow rupture scales with increasing communities and then possible less energy localization ;however fast
rupture correlates with “jamming” of the nodes in tight communities . The obtained results show synchronization level in slow ruptures occurs is higher than other types of ruptures in terms of maximum eigenvalue of
laplacian matrix. The presented observations provide further ideas to model rupture transitions in terms of network space.

Betweenness Centrality –as a measure of a node s centrality in a network-indicate clear rupture transitions and possible periodic nature of interface (characteristic length in friction law).
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New mechanisms for slow ruptures and sub-
Rayleigh fronts based on modules evolution of networks: 

micro-cracks ;plasticity /creep  


