Nonlin. Processes Geophys., 19, 2285 2012 4 "* .
www.nonlin-processes-geophys.net/19/215/2012/ GG Nonlinear Processes

doi:10.5194/npg-19-215-2012 in Geophysics
© Author(s) 2012. CC Attribution 3.0 License. -

Topological complexity of frictional interfaces: friction networks

H. O. Ghaffari and R. P. Young
Department of Civil Engineering and Lassonde Institute, University of Toronto, Toronto, ON, Canada

Correspondence tdd. O. Ghaffari (h.o.ghaffari@gmail.com)
Received: 10 August 2011 — Revised: 24 December 2011 — Accepted: 13 March 2012 — Published: 26 March 2012

Abstract. Through research conducted in this study, a net-spaces (Auradou et al., 2005; Sharifzadeh, 2005; Ghaffari
work approach to the correlation patterns of void spaces iret al., 2011b). Characterization of contact patterns and pos-
rough fractures (crack type Il) was developed. We char-sible correlation among elements of the sheared system are
acterized friction networks with several networks charac-the key elements in the analysis of sheared systems as well
teristics. The correlation among network properties with as frictional interfaces. Such characterization has been real-
the fracture permeability is the result of friction networks. ized by using several techniques such as employing statistical
The revealed hubs in the complex aperture networks conmethods that include root-mean square (RMS), RMS of first
firmed the importance of highly correlated groups to con-derivative (Z2), RMS of second derivative (Z3), and structure
duct the highlighted features of the dynamical aperture field function (SF) (Fardin et al., 2001; Lanaro and Stephansson,
We found that there is a universal power law between the2003; Sharifzadeh, 2005); geo-statistical methods to study
nodes’ degree and motifs frequency (for triangles it readsspatial variation of asperity heights as well as spatial corre-
T (k) < kP (B ~2+0.3)). The investigation of localization lation (semi-variograms) and correlation length which gives
effects on eigenvectors shows a remarkable difference in paran idea of the aperture changes over the frictional surface;
allel and perpendicular aperture patches. Furthermore, wéhe fractal models mainly used for scale effect analysis (La-
estimate the rate of stored energy in asperities so that wearo and Stephansson, 2003). We notice nonlinear and col-
found that the rate of radiated energy is higher in parallellective behaviours of contact areas in frictional interfaces in-
friction networks than it is in transverse directions. The fi- dicate a complex system with intricate response to environ-
nal part of our research highlights 4 point sub-graph distribu-ment stimuli.

tion and its correlation with fluid flow. For shear rupture, we One of the recent theories to ana|ysis of Comp|ex sys-

observed a similar trend in sub-graph distribution, resultingtems is network theory. Network theory is a fundamen-
from parallel and transversal aperture profiles (a superfamilyty| tool for the modern understanding of complex systems
phenomenon). in which, by a simple graph representation, the elementary
units of a system become nodes, and their mutual interac-
tions become links. With this transformation of a system to
1 Introduction a network space, many properties about the structure and dy-
namics of the system itself can be inferred. Recently, direct
Cracks, fractures, joints and — on a global scale — faultsnetwork approaches (from mechanical point of view) have
are the main elements of fluid flow and induced disorderbeen used to study the behaviour of crumpled papers, shells
in rock masses. The evolution of such frictional interfaces(Aharoni and Sharon, 2010; Andresen et al., 2007) and force
and the onset of slip are integrated with the developmentghains in granular materials (Tordesillas et al., 2010) .The
of the contact areas (Dieterich and Kilgore, 1994; Rubin-indirect approaches mostly transfer the information in time
stein et al., 2004, 2009; Thompson et al., 2009). The crackseries (recurrent events) into graphs, and analysis obtained
like behaviour of rupture in frictional interfaces also sup- graphs with networks attributes (for example see: Donges
ports the role of relative contact areas and apertures (Ruet al., 2009; Gao et al., 2010). Earthquake networks result-
binstein et al., 2004, 2009; Ben-David and Fineberg, 2010)ing from faults activities, which are another form of indirect
Also, the variations of fluid flow features (such as perme-networks, have also been addressed (Abe and Suzuki, 2006;
ability and tortuosity) are controlled directly with aperture Baiesi and Paczuski, 2004). We notice earthquake are the

Published by Copernicus Publications on behalf of the European Geosciences Union & the American Geophysical Union.



H. O. Ghaffari and R. P. Young: Topological complexity of frictional interfaces: friction networks

216
T T L
Shea isplacement — casel
gl i - —j ----- case3 ||
------- case5

s B BB B EEEE

*

ssEyEsEee
1

04 -02 (0] 02 04 06
r
c

Fig. 1. (a) Shear strength for different cases (SD = Shear Displacement in mm; normal stresses for case 1: 1 Mpa, case 3: 3MPa, case 5:
5MPa and case 6: 3MPa (without control of upper shear box-Data set courtesy of M. Shariffbyi€lgntact zones (black) and non-

contact areas during the evolution of a frictional interface (casécBiensity of edges versus threshold level &dnatural logarithmic
variation of mean betweennness centrality (B.C) with truncation value. The indicated interval with arrows shows the best possible threshold

level where the minimum variation of leg8.C>occurs (the most stable-dominant structures)..> indicates average over all nodes (i.e.

aperture patches).

direct results of evolution of frictional interfaces and then be useful in detecting symptoms and signatures that typically
analysis emerged patterns of earthquakes give insight intprecede events. Evolution of earthquake network parame-
the fault mechanism. In this approach, the events are conters also gives rise to a close-up point of view to underly-
nected to each other based on a novel metric that includeigg earthquake dynamics, i.e. characterizing complex phe-
Euclidean distance of events and the spatial heterogeneitjpomena such as earthquakes. With respect to single fracture
Analysis of earthquake networks showed that networks coulehaviour, the opening spaces (i.e. aperture patches) were
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mapped onto networks based on a Euclidean metric (Ghafehange. In our study, the maximum number of profiles were
fari et al., 2009, 2010). The results showed the clusteringobserved in the direction perpendicular to the shear, while
coefficient of obtained networks roughly to scale with the the minimum number was found in the parallel direction. To
mechanical or hydraulic properties of the shear fracture. = make an edge between two nodes, a correlation measurement

In the present study, we mapped the measured patterngver the aperture profiles was used. For each pair of profiles
of aperture patches onto the network, using an indirect net¥; andV;, containingN elements (pixels), the correlation
work approach. With this transformation of aperture patchescoefficient can be written as:
in networks, we introduced friction networks. The complex N
contact area patterns result from the careful measurement of [Vitk)— < Vi >]. [Vj K)—=<V; >]
the rough fracture surfaces with a scanner laser over differen@l,/, — k=1 (1)
cases of normal loads. Our focus was on the possible cor- N , | Y 2
relation among networks’ characteristics and the mechanical \/Z [Vitk)—<Vi=1% [ 3 [Vit—=<V; ~]

. . - k=1 k=1

and hydro-mechanical features (i.e. permeability) of the frac-
ture. Remarkably, we found a universal power law among N
the nodes’ degree and the frequency of loops. Based on thi\%l gl‘/"(k)
o . L here< V; »= “=5—. We constructed networks from the
_fmdmg, we extended the cl_assmal rate anq state_ friction Ianeasured apertures following two directions: parallel and
in terms of networ_k e\{olyt|on. Next, we mvestlgated re}te perpendicular to the shear direction. To make an edge be-
of energy storage in friction networks. To do this, we dis-

tinguished the synchronization of energy flux through thetWeen two nodes, a correlation measuremenf)(over the
. ST . .. aperture profiles was used. We assumed th@g;if- rc, then
obtained networks, noting its relation to the characteristic P P 7=l

lenath of network Il as to the localizati f Lapla- & link between two nodes was attached. To choose the op-
eng Ot NEWorKs ats weTrz]a_s to ? ocat|_za |ofn 0 Iaqa- timum valuerc (or a range of that), we note that the aim is
clan matrix eigenvectors. This transtormation ot cormelation,, o, cp of keep the most stable structures in the total topol-

patterns to network spaces can be interpreted as away to talf)egy of the constructed networks. Different approaches have
into account the long-range interactions of profiles, as well a:

the force chains in granular materials. A further part of oursbeen used to this_effect, focusing on the d_en_sity -Of links, the
: : ' dominant correlation among nodes, and distribution of edges
research was the motif analysis of the constructed networksor clusters. To choose, we used a nearly stable region in
In our study, analysis of 4-node sub-graphs revealed a SUPE{L e hetweenness centrélity (B.C)cspace (Fig. 1d), which
family phenomenon in sheared interfaces. In other words, 35 in analogy with the minimum value in the raté of edge
similar trend in sub-graphs di;tribution resulted from para”eldensity (Fig. 1c) (Gao and Jin, 2009). Betweenness central-
and transversal aperture profiles. ity is a measure of how many shortest paths cross through a
node. This method has been used successfully in analysis of
time-series patterns in network spaces. This interval is nearly
equal to a choice of; to be about 10-20 % of the maximum
correlation value. The mentioned aperture patches may be
observed in a manifold space. By combining several patches
Eprofiles) — from several lines/observers like 499 for paral-
"Yel and 890 for perpendicular — we can reach a reconstructed

pressive strength of 172 MPa. An artificial rock joint was phase space” for a certain time step. In other words, we can

created by splitting the specimen mid-height with a Specialmterpret the overall observations in terms of time-delay coor-

joint-creating apparatus, which has two horizontal jacks andﬂI Is?:tteo saiﬁ!ﬂ"";gﬂé@'s&;x\/j Z?sn Jﬁlﬁtigr]r? ?gfr;lértsvzﬂfsce ?2?'
a vertical jack [18-19]. The sides of the joint were cut down Y Y P )

after it was created. The final size of the sample was 180 mrr|1r‘;i(;ftsesr Ir;toiirlgrse)tigﬁnbzfégis?ézf;fi a(lerllt:\il w:rtﬁ]r?h%r ;?]l;? hSIS
in length, 100 mm in width, and 80 mm in height. A virtual b y Y

mesh with a square element size of 0.2 mm was spread c’ﬁmd mterpretatpn of fracture surface topography and friction
tterns analysis.

each surface, and the height at each position was measuréd.

: . To proceed, we used several characteristics of networks.
with a laser scanner. The procedural details of reconstruct-Each node is characterized by its degke@nd the cluster-
ing the aperture fields can be found in Sharifzadeh (2005; y e

Sharfizadeh et al., 2008) While recording the variation ofm.g coefﬁment: The clusterlng_ coeff.|C|ent as a fr%(;tlon of
: triangles (3 point loops/cycles) & defined a<l; = 711
surfaces, different cases of normal stresses (1, 3, and 5 MPa . ) “ T kiki=D)
. hereT; is the number of links among the neighbors of hode
were used (Fig. 1). Next, the non-contact areas were mappe I L .
; 1. It follows that a node witlt links participates ofT (k) tri-
onto a network. To set up a network, we considered each . .
, ! . . angles. For a given network withi nodes, the degree of the
aperture profile as a node. Each profile hapixels, with

each pixel showing the void size of that cell. Depending onnode and Laplacianof the connectivity matrix are defined by

the direction of each profile, its length can be observed to(MCGraW and Menzinger, 2008; Samukhin et al., 2008):

2 Materials and methods

Our laboratory test procedure involved preparing a rough
fracture, measuring the morphology of halves by a scanne
laser, and measuring permeability. The rock used was gra
ite with a unit weight of 25.9kNm? and a uniaxial com-
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al ticular sub-graphs representing patterns of local interconnec-
ki=ZAij;Lij=Aij—ki5ij 2

—~ tions between the nodes in the network. A motif is a sub-

= graph that appears more than a certain amount (further cri-
wherek, A;;, L;; are the degree of-th node, elements teria can be found in secondary literature). A motif of size
of a symmetric adjacency matrix, and the network Lapla-k (containing k nodes) is callediamotif (or generally sub-
cian matrix, respectively. The eigenvaluég are given by  graph). We employ the aforementioned approaches over the
networks of aperture profiles.

l' il

N
3 Ll-qu;?‘ = Aq@}, in which ¢ is thei-th eigenvector of
j=1

the Laplacian matrixd = 1N) With this fjeflnltlon, aI_I 3 Results and discussion
eigenvalues are non-positive values. The inverse participa-

tion_ ratio as a criterion of the chalization of eigenvectors is |, Fig. 2, we plotted the three parameters of the networks

defined by (McGraw and Menzinger, 2008): through 20 mm shear displacements. After a transition stage,
Y ¢ the formatiqn of 3-node loops (clu.stering coefficien.t) in

j 1N 3) a parallel direction reaches a quasi-stable state, while the
perpendicular networks follow a growing trend (Fig. 2a).

This trend is reversed in the evolution of the nodes’ degree

The maximum value of? shows that the vector has only (Fig- 2b), which shows the growth of the profiles’ long-range

one non-zero component. A higher valueforresponds correl_auons. The chara.cterlstlc. length qf networks exhibits
with a more localized vector. To understand the nature of en rapid drop after passing the interlocking step, where the
ergy propagation in obtained friction-networks, we activated@SPerities are locked up. This stage occurs just after the
all the nodes simultaneously (i.e. a Kuramato model in con-P€2k point of shear stress-displacement. However, for the
nected oscillators (Kuramoto, 1984). Diffusion of informa- perpendicular-direction case analyzed, the transition point at

tion (u;) is expressed by a network mode of diffusion (Nakao the Same stage displayed a softer change (Fig. 2c). The sim-
and Mikhailov, 2010; Arenas et al., 2008): ilarities among the three presented characteristics of the net-
works occur in the transformation from 1 mm to 2 mm of dis-
d N placement, where the rock joint under a certain value of nor-
Eui(t) = f(u;) +8ZLij’4j (4)  malstress passes the maximum frictional strength (see Fig. 1;
j=1 case 3). Furthermore, a consideration of 3-point cycles (
where f (u;) ande are local dynamics of each profile (node) triangle loops) versus the nodes’ degree shows a power low
and a diffusion constant, respectively (in our simulation Scaling (Fig. 2g, h):
f(u;) =0, =1). We used the synchronization criterion T (k) ~ kP ®)
of randomly (uniform) stimulated of nodes ¢ = ,'L”;o < ’
|lu; (t)—u;(t)| >; ; inwhich <...> denotes an average value Where the best fit for the collapsed data set regds
over all nodes after passing significant time steps. Here, w& = .3 (which we call a coupling coefficient of local and
assumed a frictional interface, which is pushed under a conglobal structures). With some mathematical analysis (see ap-
stant driving stress. The storied energy in asperities is propendix), one can show that addimg edges increases the
portional with elastic properties of asperities and contact arnumber of loops with3?m#, which indicates a very con-
eas. The changes in contacts are expressed in terms of frigested structure of global and local sub-graphs during shear
tion laws such as rate and state or Coulomb’s friction lawsfupture. Also, we notice (k) ~ 2k#~2, so that forg < 2, a
(Dieterich, 1978; Ruina, 1983). If we consider that there ispossible hierarchical structure can be predicted (Albert and
a long-range correlation among particles (elements) of theBaratasi, 2002). Let us consider a simplified form of the
interface, then the patterns of energy propagation (and storstandard equation for the friction based on the rate and state
age) will be dramatically affected by correlation patterns. friction law (Dieterich, 1978), with an assumption of nearly
To better understand the nature of energy propagation, weonstant sliding velocityr ~ o'In5-, in which# is the vari-
note the importance of local structures, determined by subable describing the interface state, dgs the characteristic
graphs. Analysis of the internal network structures is pre-length for the evolution of (z is shear stress andis nor-
sented by sub-graphs and motifs. The sub-graphs are theal stress on the interface). The commonly used empirical
nodes within the network with the special shape(s) of con-laws for evolution of state variable are Ruina’s laws for age-
nectivity together. The relative abundance of sub-graphs ha#g and slipping states (Ruina, 1983). For slip law it reads
been shown to be an index to the functionality of networks (with assumingy = 1): 47 ~ —£-In-. Let us transfer the
with respect to information processing. Also, they correlatestate variable in terms of local and global characteristics of
with the global characteristics of the networks (Vazquez etthe interface:
al., 2004; Boccaletti et al., 2006; Xu et al., 2008). The net- 3¢, () ak AT

work motifs introduced by Milo et al. (2002, 2004) are par- —; — =a— - +b—= (6)

PO = Gmp2? =
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Fig. 2. Characteristics of the friction-networks in parallel profiles-networks to shear direetiaj (@) clustering coefficient-Shear Dis-
placement (SD in mm)(b) number of edges-SD (c) average path length-SD; in transverse profiles-networks to shear diredtifjn (

(9) X-profiles :scaling of trianglesI{(k) — i.e. loops) with node’s degrde(as a power law withg ~ 2.2 (inset shows the best fit linear line

to collapsed data set in natural logarithmic scale). Also, We confirmed for real-time contact measures there is such universal power law
(Ghaffari et al., 2011b)h) Y-profiles (parallel to shear) a nearly same scaling \gith 2.1.

which we assumed that the evolution of the state variable isaT"_(k) Nmi, (8)

associated with the evolution of local and global parameters 97 ZT,»

i(:]f(fsr)l.ctlon network. We eventually obtain (with plugging 5 in which m is a coefficient of growth (or decay). Plugging
' Eq. (5) in Eq. (8) yields:

30; ()  Ok; -

W) _ 0k (1 ppiP Yy 7N ok m k

This relation indicates that with the assumption of an evolu- "7

tion Igw for the obtained networks, one can interprgt_friction For 8 = 1, the model yields scale-free networks (Albert and
laws in terms of local and global structural complexities. For Baralisi, 2002). Assuming = 1 anda < 0 indicates a de-

example, let us assume that our network includes some *nul;y i model for the state parameter in terms of attacking to

nodes” that tend to absorb more loops; in other words a9hubs Plugging Eq. (9) into Eq. (7) and assumyieg 2 leads
gregation of loops around hubs. Assuming preferentiality at-. ' ' '

tachment (or detachment (Boccaletti et al., 2006; Albert and
Baralasi, 2002), such a case leads to: 90; (1) meki2 N amk;

ot D2 D2
J J

(10)
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Fig. 3. Comparison ofa) hydraulic conductivity (measured through experimental laboratory tests — data set courtesy of M. Sharifzadeh)
and (b) the inverse of the mean geodesic length of the parallel aperture networks (flipping Y-axig) amdlution of edges degree with
displacements in semi-logarithmic scale.

which shows a complex non-linear decaying nature of staténduce the trapping of the energy (Bowden and Tabor, 2001;
parameters. The first term in right hand of Eq. (10) is a non-Rubinstein et al., 2004).

linear evolution of network with gel-like characteristic, i.e. a
single node is connected to almost all nodes in the friction
network. Further development of Eq. (10) with respect to
different network models will be addressed elsewhere.

Comparing the number of edges in the parallel direction in
a semi-logarithmic graph shows the same trend for the evo-
lution of measured hydraulic conductivity (Fig. 3c). From
Fig. 4, it is clear that after a transition step the concentration

In Fig. 3, we compared the results of experimental mea-of edge growth is on certain profiles. This finding seems to
surements of hydraulic conductivity with the inverse of the indicate the concentration of energy flow which is compara-
characteristic length in parallel profile networks (Fig. 3a, ble with betweenness centrality. This phenomenon is related
b). The same temporal evolutionary trend can be observedb the paths of fluid flow with the fracture and through porous
between the inverse of the parallel aperture profiles’ mearspaces (channelization). Observation of the same trend in the
geodesic length and the measured hydraulic conductivity. Asnverse of the mean characteristic path and the permeabil-
we have shown in Fig. 4, the evolution of mean geodesicity evolution distinguishes the formed dynamic groups’ roles
length coincides with the formation of clusters over the par-over the obtained networks. To show the revealed groups’
allel networks. We have found that the rate of propagation ofevolution in friction networks, we use joint degree distri-
information is much higher in the last evolutionary steps, asbution for both cases (parallel and perpendicular profiles).
compared to the initial development of the rock joint. This This shows assortativity or hubness characteristics in the net-
difference is due to the congestion of contact areas, whictworks’ topology. In Figs. 5 and 6, we show the frequency
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of energy. Perpendicular networks are characterized by the
M value’s fast synchronization and long range of variations,
while the distance betweeM values in pre- and post-peak
stages is nearly one order. In our case study, it follows that
information propagation (entrapping of energy) through pro-
files is faster in perpendicular profiles than in parallel ones;
the rate of energy storage is controlled with perpendicular
patterns of contact patches. Here, one may assume that the
flux of energy is storied over the networks, while the topol-
ogy of the networks is invariant during the entrapping or de-
formation process Depending on the network structure, the
synchronization time (time until a steady state is reached)
will be different (Arenas et al., 2008; Oh et al., 2005). One
o may infer that the trapping of energy in pre-peak stages is
faster than in post-peak stages. This is completely reasonable
Fig. 4. Development of the logarithmic scale of the node’s degreein terms of the complex configuration of the contact areas
over parallel-aperture profiles (vertical axis is proportional with Y- where it occurs before slip-weakening stage (unstable stage).
axis) with shear slips (SD: in mm — horizontal axis). Rapid growth In parallel networks, the difference between maximum and
of links occurs in portion of aperture patches. minimum ranges is within one order, while for perpendicular
networks, it is nearly 3 orders. This can be another reason to
the importance of perpendicular nature of friction networks
of the joint degree distribution (the probability of finding and their answer to environment stimuli.
an edge with having two specified values of nodes degree) Figure 9 shows the analysis of 4-point sub-graphs over
for parallel and perpendicular profiles through the displace-both perpendicular and parallel networks. An increase of
ments. The main appearance of the distinguished groups oghe abundance of sub-graph patterns in SD=2mm to 3mm
curs shortly after the slip-weakening distance (in this casgFig. 9a) is in agreement with the mechanical deformation
around 5mm). Generally, the evolution of groups for both and dilatancy of the fracture. Also, the drop in all sub-graphs
cases is almost identical. This means that in the last stagegiom SD =0 mm to SD =1 mm (Fig. 9b) is the index of an in-
the nodes with high and low degree connect to the high anderlocking and dramatic drop of the permeability. The com-
low degree nodes, respectively. Now, we analyse eigenvaluegion property for both perpendicular and parallel sub-graphs
and eigenvectors of a Laplacian matrix of networks, whereis the main evolutionary trend of sub-graphs. For exam-
our primary interests are the localization of eigenvectors andle, after slip, the transient sub-graphs (index 6) show faster
the patterns of eigenvalues spectrum. growth and percolation over both networks. The same evo-
Evaluation of the localization of eigenvectors for perpen- lutionary trend is predicted for directional profiles (neither
dicular networks (based on Eq. 3 — Fig. 7) shows that local-parallel nor perpendicular), indicating an identical mecha-
ization is propagating toward the inside of profiles from their nism in the functionality of networks (the same mechanism
boundaries, while in parallel networks, after the interlocking in fracture evolution). The rapid increment of index 6, no-
of asperities (SB-1mm) localization is following nearly tably for parallel networks, is in absolute agreement with the
random patterns. For both cases, the boundary profiles areasy fluid flow in the residual stages of the sheared fracture.
much more localized than interior profiles. The localization The low value of index 2 and 4 shows the localization of
of eigenvectors is more remarkable in parallel profiles thanflow, i.e. the channelization effect. The appearance of in-
perpendicular ones. This confirms the Heisenberg localizadex 2 and 4 is much more relevant to flow heterogeneity.
tion principle, which states that localization in data (here thelt follows that most transient sub-graphs resembling index
development of a frictional interface) can be related to local-6 are accompanied by much more stable flow patterns. We
ization processes in a kernel matrix (adjacency matrix) spectested our approach on three other cases, where normal stress
trum (Coifman et al., 2005; Nakao and Mikhailov, 2010). values were varied. For all cases, the results of the 4-point
Implementation of Eq. (4) in the perpendicular friction net- sub-graph analysis showed that index 4 and, relatively speak-
works proved that the synchronization of information in ini- ing, index 2 displayed the minimum frequency (Ghaffari et
tial stages of the evolution is nearly 1000 times slower thanal., 2011a, b). Accordingly, we observed a similar trend, a
it is in the final, quasi-stable stages (Fig. 8). It is noteworthy super-family phenomenon, for a variety of different cases of
that the trends oM with shear displacements (SD) are the shear rupture in sub-graphs distribution.
same as the temporal evolution of the characteristic length.
In other words, the characteristic length of friction networks
can be used as an index to the rate of radiated storied en-
ergy. Shorter characteristic length indicates faster radiation

Y-Prfle(])
N
R
g

www.nonlin-processes-geophys.net/19/215/2012/ Nonlin. Processes Geophys., 1922552012



222 H. O. Ghaffari and R. P. Young: Topological complexity of frictional interfaces: friction networks

|Number of Bins(k) |

| Number of Bins(ki)|

Fig. 5. Assortative networks in parallel-friction networks: joint degree distribution evolution through the successive displacements of the
rock joint (parallel profiles) from shear displacement 0 mm to 20 mm.

SD=1mm

|Number of Bins(k) |

| Number of Bins(k;) |

Fig. 6. Joint degree distribution evolution for perpendicular aperture-friction networks from SD=0mm to SD=15mm.
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In this study we characterized the spatial structural complexFig. 8. Convergence of the synchronization criteridd)(over 100

ity of apertures using networks and the idea of the long-rangeealizations (for each Shear Displacement — SD (mm)) of diffusion
correlation of patterns. We analysed friction-networks andbased networks equation &) perpendicular anb) parallel aper-
tried to link the complex friction patterns to networks param- _ture networks. The number of nodes: in the model for all of the cases
eters. This led to a linking between classical friction for- 'S decreases to 250 nodes (1:4 scaling).

mulations and the corresponding network parameters. The

characteristics of the networks scaled with mechanical and . .

hydraulic properties of a frictional interface. Information OPServation confirmed the role of huge clusters (groups) over
propagation through profiles was found to be much faster intht_a paraI_IeI networks m_conductlng mformathn. Motif anal-
perpendicular profiles, as compared to parallel profiles. WeYSis of dlfferent_cases in shear rupture C(_)nflrmed the same
found that there is a universal power law between the degreeiherent dynamic of sheared fracture, which yields a nearly
of nodes and sub-graph frequency, which indicates a fast loldentical family of sub-graphs. The trend of different sub-
calization of clusters around hubs. Based on this scaling lawpr@Phs roughly correlated with the fluid flow features. More
and state-rate friction relations, we developed a mathematic#in2!ysis is needed to better understand sub-graph distribution
framework for friction-networks. Comparison of synchro- and other properties of fluid flow in sheared fractures.
nization patterns with the localization of eigenvectors from

the Laplacian of the connectivity matrix showed an inverse

relation between localization and synchronization. From an-Appendix A

other point view, it seems that localized eigenvectors are

leading most of the energy flux. We found the same temporalWe show that adding a link to obtained networks increases
evolutionary trend in the inverse of the mean geodesic lengttihe number of 3-point cycles with a factor f.

of the parallel aperture profiles with the measured hydraulic

conductivity (upon different inlet water pressures). The latter7 (k) ~ k?

www.nonlin-processes-geophys.net/19/215/2012/ Nonlin. Processes Geophys., 1922552012
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Fig. 9. Evolution of 4-points sub-graphs for profiles in X and Y
directions though each shear slip (SD, mif&@} perpendicular pro-
files, (b) parallel profiles.
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