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1 Friction Laws
1.1 Historical notions about friction

Friction is resistance to motion that appears when two surfaces in contact slide against one
another. Generally speaking, the concept of ‘friction’ describes the dissipation of energy that
occurs. Most phenomena associated with sliding friction can be understood from observations
made by Leonardo da Vinci. He was the first to note that, based on his experiments, friction
is proportional to 1/4th of the applied pressure and that it is independent of the area of
contact between two active surfaces. This latter observation was inspired by the fact that
the resistance to sliding of a coil of rope is the same as for a stretched piece of rope.

Almost two centuries later, in the 18" century, Guillaume Amontons and Charles-
Augustin de Coulomb, carried out rigorous experiments on friction, with the aim of ob-
taining quantitative results. The collective work by L. da Vinci, G. Amontons and C.-A. de
Coulomb led to the two fundamental "laws’ of friction. These statements, simple and still
valid, are widely applicable:

e the friction force acting between two sliding surfaces is proportional to the load pressing
the surfaces together. That is, these two forces have a constant ratio, often called the
coefficient of friction.

e thesliding force is independent of the apparent area of contact between the two surfaces.

The discoveries that followed (cf. Chapter 1), led researchers to revisit these laboratory
experiments in order to better understand earthquakes. In 1966, in a now-famous paper,
Brace and Byerlee showed that the creation of new fractures was not the only model that
could explain the existence of seismic faults Brace & Byerlee (1966). In their experimental
protocol, they pre-cut a rock sample and loaded its extremities, while also applying confining
pressure. They observed that the sliding between the two pieces of rock was not continuous,
but a jerky motion with accelerations and decelerations. This was the origin of the theory,
which is widely accepted today, that earthquakes are governed by frictional forces.

1.2 From static friction to dynamic friction

If we go back to the fundamental laws of friction stated by Amonton-Coulomb, they are
mathematically expressed as follows. The frictional force Fy,,, = 7A is independent of the
contact area A (7 being the shear stress). F ;. is proportional to the applied normal force
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F, = .57A through the constant u (Gcsf corresponds to the effective normal stress). We

thus have:

Ffm'c T
= F P (1)
Let us now consider an object of mass M placed on a table. The force F,, = Mg is, therefore,
normal to the surface. We apply a tangential force F, parallel to the surface of the table. If
the object is initially at rest, a motion may be produced if a force F;, greater than Fy,;., is

applied. In this case, the coefficient g is called the coefficient of static friction.

1

Ffm'c =F,= Man (2>

Now, if the object is displaced at a finite velocity over the surface, it has been experimentally
found that the frictional force is also proportional to the normal force, through the coefficient
1a, called the coefficient of dynamic friction:

Ffric =F;= ﬂan (3)

Early experiments showed that the coefficient of static friction is different from the coeffi-
cient of dynamic friction Rabinowicz (1958). Static friction has the property of increasing
logarithmically with time, and dynamic friction depends on the velocity V.

From the classic work carried out by Kostrov Kostrov (1964, 1966) and Eshelby Eshelby
(1969), it soon became clear that friction also played a fundamental role in the initiation,
rupture development and ‘healing’ of faults. The classic Amonton-Coulomb model, however,
led to an impasse. Among other physical problems, it postulated the hypothesis of an instan-
taneous modification of the coefficient of friction, from its static value to its dynamic value.
This brings in singularities (infinite stresses) at the rupture front (red model in figure 1).

This model lacks a scale of length that makes it possible to define a finite quantity
of energy released at the rupture front. There are two possible options. One consists of
defining the characteristic quantity of slip (between the two surfaces) required to move
from static friction to dynamic friction. The other consists of introducing a characteristic
time in which friction decreases from pg to pg. In this second case, a scale of characteristic
length emerges when the characteristic time is related to the slip velocity. For example: to
explain his experiments on friction, Rabinowicz Rabinowicz (1958) introduced the concept
of a "critical distance” d. during which the gap between the static friction and the dynamic
friction is closed. He related this critical distance to the velocity, V' = D./t,. Here t, is
called weakening time.

In general, the laws called weakening friction laws were thus developed to reproduce
seismic behavior. We speak of weakening because the friction reduces with the slip (or rate
of slip) and these laws can thereby produce instabilities Bocquet (2013); Zhuravlev (2013);
Romanet (2017). This ingredient is required to anticipate seismic velocities (m/s) in the
models. We will now present the most used models in the following sections.

1.3 Slip weakening friction law

In fracture mechanics, the model where friction weakens with distance, also known as the
cohesive zone model, postulates that:
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Figure 1. Comparison between the rupture model hypothesizing linear elasticity (red curve) and
the cohesive zone model (dotted blue curve). a) Coefficient of friction in terms of the quantity of
slip. b) Quantity of slip in terms of the position along the fracture. The point x1 is in the position
A on the friction curve and the point xo is at position B. c) Stress field close to the rupture front.

e the rupture process, which causes the shift from static friction to dynamic friction, is
confined to the fracture plane,

e inelastic deformation begins when the stresses on the rupture front reach a certain
critical level,

e we reach the value of the coefficient of dynamic friction when the displacement on the
fracture plane exceeds a critical value 0, Leonov & Panasyuk (1959); Barenblatt (1959);
Dugdale (1960).

This law was introduced in the context of a study of tension fractures, in order to solve the
problem of singularities coming up (infinite stresses) on the rupture front (blue model in
figure 1).

The slip weakening friction law was introduced by Ida Ida (1972) and Andrews Andrews
(1976) to model dynamic ruptures for 2D models, and by Day Day (1982) for 3D models.
This is analogous to the cohesive zone model, but for mode II fractures, that is, for shear
fractures. In this law, the slip is zero until the shear stress 7 reaches a maximum value
(elasticity limit) that will be denoted by 7¢. Once this stress is attained, the slip starts and
the resistance to the sliding 74 decreases linearly until the value chl, i.e., when the plane has
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Figure 2. Schematic illustration of (a) the slip weakening friction law, (b) the velocity weakening
friction law
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If this law is combined with the Amonton-Coulomb law (equation 1), we have:

1)
[(Ms—ﬂd)(l_é_>+ﬂd]m 10 <0,

HdOefy 70 >0,

74(6) = (5)

where g < ps. In their article, Palmer and Rice Palmer & Rice (1973) presented a law
that is very close to this for which they could derive a complete analytical solution for the
rupture front. They showed that this law made it possible to regularize the numerical model
by distributing the stresses and the slip over a distance controlled by the length scale in the
friction law.

A few nuanced but important points with respect to the slip weakening law:

i. This friction law describes the start and growth of a seismic rupture. The more the fault
slips, the weaker its resistance. If the shear stress on the fault, 7, is uniform, then this
law implies that the fault will continue to slip indefinitely until 7 < 7;. This does not
match the observations. There are therefore two possibilities: either 7 is heterogeneous
along the the fault due to its geometric complexity (branches, non-linear plane, fault
jump etc.) or related to past earthquakes. The second possibility, since faults have finite
length, is that the rupture stoped because the earthquake ruptured the entire slip plane.
Consequently, when it arrived at the geometric limit of the fault, the friction resistance
7¢, is infinite by definition. For most small earthquakes it seems likely that the first
case is the applicable one. For larger earthquakes it may be assumed that the second
case is applicable.

ii. This law does not explain how the next earthquake will occur. Following an earthquake,
the entire fault plane that reruptured should, logically, have a shear stress equal to the
dynamic friction multiplied by the effective normal stress i.e., 7 = T}i = [tg0esy. Further,
for the nucleation and propagation of the next earthquake, 7 must again increase and
reach the value 75. We talk about a fault plane ‘healing’, but the slip-weakening law
does not allow this. It is thus well-suited to model a single rupture, but not to simulate
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the seismic cycle, where inter-seismic periods and earthquakes succeed one another over
a long period of time.

iii. If we go back to law 4, but pus < pg, we will then have an increase in friction with
the slip, which does not produce instabilities. We then talk of slip-hardening behavior,
which leads to ‘creep’ type behavior.

1.4 Rate weakening friction law

In order to respond to the problem of the fault plane ’healing’, i.e., to allow the shear value
T to return to the value 77, Burridge and Knopoff R. Burridge (1967) propose a new model.
They base it on a key observation made in the laboratory: once the plane has slipped from
the critical value ¢, the friction becomes a function of the slip rate V' :

V) = (1} = i)y + 7 (©)
where Vj corresponds to the characteristic slip velocity. When the slip velocity is much
smaller than Vj, the fault’s resistance to slip corresponds to the static friction (us) multiplied
by the effective normal stress (o.77), i.e., 7. Conversely, when the slip velocity is much
greater than Vj, the fault’s resistance to slip corresponds to 7'}?[ = ptq0cff. Therefore, during
an earthquake, the resistance decrease as the slip velocity is large (of the order of 1 m/s).
On the other hand, it rises again quickly as the slip on the fault slows down, when it reaches
loading velocities of the order of a mm/year to cm/year. This, this law can not only model
an earthquake individually, but also model the entire seismic cycle. Burridge et Knopoff
R. Burridge (1967) applied this friction law over a series of connected block-spring systems
used as a proxy for an elastic medium hosting a fault (cf. section 2.1.1).

1.5 Rate-and-state type friction law

Continuing with the work started by Brace and Byerlee Brace & Byerlee (1966), new exper-
imental protocols have emerged. In particular, researchers wished to explore the effect of the
sudden change in velocity observed in nature, when there is a shift from aseismic velocities
(~cm/yr) to seismic velocities (~m/s). Experiments with velocity jumps in the loading of
the system were carried out (figure 3). In his seminal 1998 paper, Chris Marone Marone

(1998) offered an exhaustive review of these works. There are four key observations from
this (figure 4).

e A sudden change in slip rate first leads to a sudden increase in the coefficient of friction.
This is called the direct effect.

e A transient adjustment is then seen towards a new, stationary value of the coefficient
of friction.

e  The coefficient of dynamic friction depends on the slip velocity.

e  The coefficient of static friction increases with time when there is no motion between
the two surfaces in contact.

James H. Dieterich was the first person to propose an empirical law that could reproduce
these observations both qualitatively and quantitatively Dieterich (1979a,b). He based this,
notably, on his own friction experiments, with velocity jumps, that involved two ground
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Figure 3. Experiments on friction, by applying velocity jumps, for different types of materials,
published by Dieterich in 1994 Dieterich & Kilgore (1994)

blocks of granodiorite. He also based it on his earlier experiments, demonstrating the co-
efficient of static friction increased with time Rabinowicz (1958). He thus interpreted the
decrease of the coefficient of friction with velocity as an effect of the reduction of the mean
contact time. And so, in his friction law, the coefficient of friction goes from 4 to ug over a
distance D., which relates the contact time ¢ to the slip velocity V' in the following manner:
V = D./t. With this, he adopted an approach that was similar to that proposed by E. Ra-
binowicz (cf. section 1.2). The law that he proposed made it possible to bring together the
different coefficients of static and dynamic friction into a single coefficient, which depended
on the slip rate. It was later refined by Ruina (1983), through the introduction of a state
variable #, which followed a law of evolution. A common way to interpret # is to relate it
to the lifespan of the asperities present on the surfaces in contact. The law was thus called
the rate-and-state law, due to the existence of this state variable, and the dependence of the
coefficient of friction on the velocity or rate.

A modern form of the rate-and-state law was given by Marone (1998):

(V. 0) = [uo + alog (%) + blog (%?)} Teff (7)
By associating this either with a law called the aging law:
: 0
ho1- (8)

D.

or with a state law called slip evolution:

: Ve Ve
6——Dclog(Dc> 9)

Here, a > 0 and b are state parameters, of an order of magnitude of ~ 1072 , associated,
respectively, with the direct effect and the transient change in the coefficient of friction
(Figure 5). fo corresponds to the refernce coefficient of friction at the reference velocity V4.

At constant slip velocity, V, the coefficient of friction ad the state variable evolve toward
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Figure 4. Experiments on friction. Figures modified as per C. Marone Marone (1998)
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a stationary value, fss and . It is thus possible to rewrite the rate-and-state law as follows:

0= DJV & fuo ot (a—b) 1og¥ (10)
0

Thus, when (a —b) < 0, the coefficient of friction decreases with the increase in slip velocity.
We then speak of a rate-weakening material. If (a—0b) > 0 then a rate-strengthening behavior
is obtained.

Today, none of the state laws (equations 8 and 9) reproduce the full set of experimental
data. The slip evolution law does not reproduce the logarithmic time dependence of the
coefficient of static friction (figure 4). If § = 0, 6 does not evolve over time. This is prob-
ably why the models tend to favor the aging law Ampuero & Rubin (2008). However, this
law offers a non-symmetric response according to which a positive (increase) or negative
(decrease) velocity jump is introduced Blanpied et al. (1998); Ampuero & Rubin (2008).
Several modifications were proposed to improve the state law. For example, by introducing
a dependency for the normal stress Linker & Dieterich (1992), by proposing a completely
different evolution of the parameter 6 Perrin et al. (1995); Kato & Tullis (2001), or by adding
a dependency to the shear rate Bhattacharya et al. (2015) . However, none of these laws
led to a consensus. On the other hand, other promising modifications made it possible to
come close to observations made in nature (cf section 3.2). Some of those include additional
friction mechanisms that increase friction through dilatancy Segall & Rice (1995); Segall &
Bradley (2012), or lead to a decrease in effective friction through the pressurization of pore
fluids Rice (2006); Schmitt et al. (2011).

2 Modeling fault behavior: the ‘spring-block slider’ model

In the brittle part of the crust, the deformation is essentially accommodated along faults
in response to the tectonic plate movement in the earth’s crust. Along these faults two
main behaviors are observed: either the fault creeps continuously at a velocity comparable
to the plate velocity (mm/yr to cm/yr), or it remains locked for years, or even centuries,
and slips suddenly in a very short time, of the order of several seconds, thus resulting in an
earthquake. An earthquake of magnitude M, 4-5 corresponds to an average slip of a few
centimeters, a M,, 7 corresponds to a slip of a few meters, and a M, 9 to 10 to a slip of 20
meters. It is thus observed that slips of the order of m/s, cause destructive seismic waves
that propagate in the surrounding medium. A simple analogy to represent the behavior of
faults on the Earth’s surface is the ‘spring-block slider’ model (Figure 6), which is described
in the following section.

2.1 Modeling the slip on a fault: creep or earthquake

2.1.1 Block-spring model In the spring-block slider model, the force that pulls on the
spring attached to the block in a constant manner represents the plate motion. The stiffness
constant k of the spring represents the rock’s elastic properties, the weight of the spring, the
compression and basal friction of the block, the friction of the fault plane (Figure 6). There
is therefore competition between the shear force pulling the block, Fy,,., and the force of the
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Figure 6. Spring Block slider model

friction that resists the shear force, F,;., defined as follows:

For=TxA=kxux (11)

Frric=pux0ey xA=pxF, (12)
To recall: 7 is to the shear stress, A is the contact area, k is the spring’s stiffness coefficient,
O.s¢ is the effective normal stress, and p is the coefficient of friction. Depending on the law
applicable to p, for example slip-hardening or slip-weakening, ‘creep’ or ‘earthquakes’ can
be reproduced as observed in nature (cf. section 1.3) .

In the case of faults that produce earthquakes, we speak of stick-slip behavior. That
is, alternating between long periods where the fault does not move but stress accumulates
(stick) and periods where the accumulated stress exceeds the fault’s resistance to slip, which
results in a slip displacement.

2.1.2 Earthquake and instability condition By applying a slip-weakening law to the
block-spring model, it is therefore possible to reproduce stick-slip behavior and deduce the
instability condition that will lead to a rapid, ‘earthquake’ type slip.

Initially, the spring is pulled over a distance x but the block does not move (phase 1 in
figures 6 and 7). We thus have:

Fspr + Ffric =0 (13)
Next, when the shear stress, 7, which is equal to the fault’s resistance to slip, 7; = us0cyy,

the block begins to move. Since the block slips in the direction parallel to Fy,, this force
decreases, just as F ;. because we applied a slip-weakening type friction to the model (cf
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Figure 7. Balance equation of forces for the block-spring model with a slip-weakening friction law

eq. 4). When Fy,,. exceeds F ., the block accelerates (phase 2a. in figure 7). We therefore
add an inertial force to equation 13.

Fop + Ffpio = mi (14)

When the coefficient of friction p reaches its dynamic value ji4, Fpie remains constant,
while F,,, continues to decrease (phase 2b in figure 7). The block finally decelerates. After
it completely stops, phase 1 (the stretching of the spring) resumes.

There is therefore an linstability’, i.e. an acceleration in slip, when F f,;. decreases faster
than F, during the slip. The instability condition is, thus, defined through the following
relation, where k, the stiffness of the spring, must be smaller than a critical value k.:

Terf(ths — fha)
e

Conversely, creep is produced if k& > k., i.e., if the system is 'rigid’ (a high k) or if the normal
stress is low.

k<k.= (15)

2.1.3 Representation of a subduction zone. A simple way of representing a subduc-
tion zone, therefore, consists of combining several blocks, connected ot each other through
springs, as proposed by Burridge and Knopoff in 1967 R. Burridge (1967). The aseismic zone
at depth is represented by a block whose basal friction responds to a slip-hardening law, and
the seismogenic zone is represented by a block whose basal friction follows a slip-weakening
law (figure 8a and b). Researchers then observed that for the seismogenic zone, the slip
accumulates in ‘steps’ (figure 8c). This is expressed by jagged variations in the shear stress,
which is accumulated over long periods of time and then released in a few seconds (figure 8d).
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We then speak of a stress-drop. For the aseismic zone, after going through a plateau, which
corresponds to the time required for the shear stress to reach the block’s value of resistance
to slip, i.e., 75 (figure 8d), the slip accumulates continuously and therefore there is indeed
creep (figure 8c).

2.2 Modeling the seismic cycle

2.2.1 Shifting to the rate-and-state law As discussed in section 1.3, while the earlier
model makes it possible to reproduce the esential steps that lead to the seismic slip, it
does not allow multiple events to be chained, since p does not return to its static value pgy
(figure 7). On the other hand, the R&S law, with the state variable 6, takes into account
the healing of the fault plane (figure 9).

If we go back to the spring-block slider model and replace the slip weakening friction law
with a rate-and-state friction law, it is possible to derive a new instability condition. In this
second case, during the acceleration phase (2a in figure 9), the slope of FY,;. is approximately
equal to ocs7(b— a)/D.. Consequently, for an instability, and potentially an earthquake, to
be generated, we must have the following relation:

(16)

2.2.2 Implications for the nucleation size of earthquakes To move from the spring-
block slider model to a slightly more realistic Earth model with elastic behavior, we use
elasticity to determine the k£ value of an elliptical crack:

= ﬁ (17)
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where G is the shear modulus, v is the Poisson’s ratio and L is the length of the zone that
slips over the fault plane (figure 10). In this case, the instability occurs when the decrease in
the frictional force is greater than the decrease in elastic force, and equation 16 is rewritten
as:

G Gerf(b—a)

(1—-v)L D,

Consequently, the zone that slips must be greater than a critical size L. in order to become
unstable and generate earthquake nucleation:

< k.~ (18)

D.G
(1 =v)7ess(b—a)

L>Lcm‘ (19)

2.2.3 Continuum model In his seminal 1993 article Rice (1993), J. R. Rice highlights
the importance of moving from ”spring-block slider” models to continuous medium models.
He demonstrated, notably, that “While the equations of Newtonian dynamics are solved
exactly in these Burridge-Knopoff models, it has not been generally acknowledged that the
dynamical solution for rupture along a chain of lumped masses,or a string of concentrated
mass in the continuous limit, bears a presently uncertain relation to dynamical solutions
for rupture along a fault embedded in a surrounding elastic continuum. For example, the
response of B-K models to an instantaneous change in stress 7 along the rupture is an
instantaneous change in the acceleration 9%§/0t?, but there is no instantaneous change in
06/0t.” This is true, on the other hand, in continuum models. The other major drawback
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is “Also, since there is no analogue to energy radiation as seismic waves in the normal
implementation of the B-K models (an exception is the recent work of Knopoftf et al. [1992]),
all potential energy lost to the system during a rupture is fully account- able as frictional
work; the same is not true for rupture in a continuum.”

It is therefore essential to highlight, in this text, that while the block-spring model makes
it possible to qualitatively reproduce the phenomena observed in nature, it is essential to
shift to a continuum model if we wish to develop robust numerical models. Interested readers
can consult The mechanics of faulting: from laboratory to real earthquakes Bizzarri & Bhat
(2012).

3 A more complex physical reality

align=left, leftmargin=2em, itemindent=0pt, labelsep=0pt, labelwidth=2em |

3.1 Spatial and temporal variability in the slip mode on faults

Until recently the deformation in fault zones, in the brittle part of the crust, was attributed
either to earthquakes or to the slow, continuous slip during the inter-seismic period (creep)
or post-seismic period. This latter phenomenon is called the afterslip and corresponds to a
logarithmic acceleration in the aseismic slip on the fault, which can be observed after large
earthquakes. However, this paradigm of two ’extreme’ behaviors is being questioned today.

Advances in technology and methodology in the field of geodesy and in seismology have
significantly improved our capacity to measure deformation rates and given us higher res-
olutions. These observations have enabled us to document a large variability in the slip
dynamic in the seismogenic zone (figure 11). Faults may have chiefly seismic behavior, have
a slow, stable slip Thomas et al. (2014a) or a transient slip Rousset et al. (2016). In ad-
dition to this, one of the most significant discoveries in the last decade has been revealing
the existence of ’slow earthquakes’ (cf. Chapter 7). These encompass several phenomena.
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Slow slip events rupture the fault very slowly over several hours or even days, at velocities
that are higher than the inter-seismic creep (cm/yr), but slower than earthquakes, such that
no detectable seismic waves are radiated Dragert et al. (2001). They are generally (though
not always) accompanied by weak seismic signals of a long duration (a few minutes to a
few weeks) called non volcanic tremors Obara (2002). Low frequency earthquakes, with a
duration close to a second, and Very low frequency earthquakes, which can last a hundred
seconds, are commonly observed within non wvolcanic tremors Ide et al. (2007); Ito et al.
(2007). As a result, it is known today that slip velocities on faults cover a continuum going
from a millimeter per year to a meter per second Peng & Gomberg (2010). This is therefore
an essential parameter to take into consideration when modeling active faults. However, the
physics behind the processes that govern this behavior is still unknown and is the subject
of much active debate in the community.

In addition to the large range of deformation velocities there is a spatial and temporal
variability in the slip mode. Contrary to what the schematic representation of figure 11 might
suggest, the phenomena described here are not restricted to a specific depth. On some faults
creep may be recorded over the entire seismogenic zone i.e. from the surface up to the
maximum depth where earthquakes are observed Titus et al. (2006); Thomas et al. (2014a).
Further, while slow earthquakes were first located beyond the seismogenic zone Obara (2002);
Ide et al. (2007), non volcanic tremors and slow slip events have recently been observed at
epths of less than 10 km, as well as in the sub-surface Ito & Obara (2006); Outerbridge
et al. (2010). Moreoever, geodetic data has shown that the seismic or aseismic behavior is
not necessarily stable over time, and that the same zone may creep and slide seismically
Johnson et al. (2012); Thomas et al. (2017a). These observations lead to two hypotheses. (1)
These different phenomena can occur under varied pressure/temperature conditions and/or
result from various deformation mechanisms. (2) They correspond to particular mechanical
and rheological properties, but which vary over time. Consequently, they also vary over
space, depending on what seismic cycle phase the observed site is undergoing.

3.2 Additional mechanisms that can come into play during earthquakes

The standard formulation of the rate-and-state law, (section 1.5), allows a numerical re-
production of a large number of the phenomena discussed above. However, this formulation
was based on slip velocity experiments ranging from 107 to 107 m/s. While comparable
to aseismic velocities (1071 to 107 m/s), they are still slow when compared to seismic
velocities (~ 1 m/s). There is increasing experimental and theoretical proof that larger slip
velocities and quantity of slip also come into play Lapusta & Barbot (2012). This has the ef-
fect of drastically reducing the dynamic friction. Wibberley and co-authors Wibberley et al.
(2008) have compiled laboratory values for different kinds of rocks and at different loading
velocities (figure 12).

The lack of experimental data on the properties of friction that are applicable to earth-
quakes is due to the difficulty of carrying out experiments in conditions similar to earth-
quakes. A laboratory experiment that would reproduce the conditions that exist during
seismic slip would simultaneously involve high slip rates (1-10 m/s), with large displace-
ments (0.1-20 m), a resulting effective normal stress (50-200 MPa), high pore pressure (0.4
to 1 times the normal stress) and high temperature (ambient temperatures of 100 to 300°C,
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Figure 12. Dependence of the coefficient of dynamic friction, in a continuous regime, on the slip
velocity. Figure modified as per Wibberley et al. (2008).

but potentially as high as 1500° C in the slip zone). Although considerable progress has
been made over the last decade, there is as yet no device that is capable of simultaneously
responding to all these requirement. It is therefore necessary to compromise on one or more
factors. Tullis and Schubert highlighted this difficulty and proposed a complete review of
the processes that could lead to substantial reductions in the friction coefficient with respect
to its typical experimental value of 0.6 Tullis & Schubert (2015). The proposed mechanisms
include:

e dynamic reduction in the normal stress or loss of contact due to the vibrations perpen-
dicular to the interface,

e dynamic reduction in the normal stress due to the contrast in elastic properties, or
permeability, on either side of the fault,

e acoustic fluidization,

e elasto-hydrodynamic lubrication,

e thermal pressurization of pore fluids,

e  pressurization of pore fluids induced by the degradation of minerals,

e local heating/melting of the point of contact between the asperities,

e lubrication of the fault through fusion, in response to frictional processes,

e lubrication of the fault through the creation of a thixotropic silica gel,

e superplastic deformation of fine grains.

These highlight the difficulty of proving which mechanism is responsible for the observed ex-
perimental behavior and to design experiments that can clearly prove or refute a mechanism
proposed in theory. Nonetheless, since it is likely that one or more of these processes is acti-
vated at high slip rates, the rate-and-state law described in section 1.5 does not adequately
reproduce this strong fall in the coefficient of dynamic friction. Indeed, for seismic velocities
(~ 1 m/s) is a typical value for (a — b) equal to —0.005, we obtain a p, of ~ 0.54. Further,
based on laboratory experiments, the effectve pg, i.e., 7/dcsf, can reach very low values (0
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to 0.2) during co-seismic slip. This observation has many implications for our understanding
of the mechanism of earthquakes: on the amplitude of the stress drop, on the propensity of
earthquakes to propagate in pulse form, on the amplitude of ground movements, and on the
orientation of stresses in the crust. N. Lapusta and S. Barbot propose two ways of modifying
the rate-and-state law to take into account these additional weakening mechanisms Lapusta
& Barbot (2012). Interested readers may refer to their publication for more details.

3.3 Going beyond the elastic Earth model

Many ground studied, geophysical observations, and laboratory experiments have high-
lighted the strong coupling that exists between the main rupture plane and the surrounding
medium. . The faults zones are not made up only of a major plane where the majority of
slip occurs, but also make up a complex group, surrounded by a zone where surrounding
rock is fractured intensively (figure 13). Seismic ruptures result in damage around the faults
with an exponential decrease in the density of microfractures perpendicular to the main
slip plane Anders & Wiltschko (1994); Mitchell & Faulkner (2009). The damage modifies
the microstructure and changes the elastic properties of the rocks at the level of the fault
breccia and in the adjacent medium Walsh (1965a,b); Faulkner et al. (2006). These changes,
in return, modify the extension an dynamic of the rupture as well as the radiation of seismic
waves Thomas et al. (2017b). They also influence seismic processes during the post-seismic
period, such as aftershocks, with the minimum size of the nucleation zone depending chiefly
on the elastic modulus Rubin & Ampuero (2005). In their experimental study, Gratier et al.
(2014) have also demonstrated that the co-seismic damage would promote aseismic slip
through pressure-dissolution, thus explaining the afterslip recorded after large earthquakes.

Co-seismic damage also increases permeability (figure 13e), which results in a variation
in the fluid pressure Sibson (1994) that modifies the fault’s resistance to slip. Geophysical
observations suggest that this effect is transient (figure 13d), because a gradual and partial
recovery of the elastic properties after the earthquake has been recorded Hiramatsu et al.
(2005); Froment et al. (2014). This evolution is probably related to the healing of microfrac-
tures and faults through the precipitation of dissolved substances, products of alteration
and/or the development of clayey minerals Mitchell & Faulkner (2008). In their model, den
Hartog & Spiers (2014) propose that the compaction through pressure-dissolution leads in
turn to the recovery of seismogenic behavior.

Moreover, several studies have demonstrated the influence of the properties of the sur-
rounding rock on the behavior of faults. Audet and co-authors have shown a direct rela-
tionship between the physical properties of the interlocking plate in the subduction zone
and the recurrence of slow earthquakes Audet & Burgmann (2014). In my microstructure
study of Taiwan’s longitudinal valley fault, Thomas and co-authors were able to demonstrate
the aseismic behavior of the fault was controlled by inherited microstructure Thomas et al.
(2014b). Perrin et al. (2016) looked at the influence of the 'maturity’ of the faults on the
accumulation of slip. A study of 27 earthquakes concluded that the more damage the fault
presents (mature fault), the greater the quantity of slip during an earthquake.
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4 Transition towards a new generation of models

The usual way of looking at the fault restricts the deformation in the brittle part of the
crust to slip along the interface (fault plane), loaded with creep at depth, whose behavior
is controlled by its frictional properties Scholz (1998). According to these properties, when
the resistance threshold is exceeded, the stress accumulated when the fault is locked is
released through seismic slip or creep, or again during slow earthquakes. Further, as the
previously cited studies have highlighted, while the behavior of the fault zones is intrinsically
related to the properties of the main slip plane, it also depends on the properties of the
surrounding rock. In parallel, the displacement on the faults induces a modification of the
physical properties of the surrounding medium. these observations suggest the existence of a
second ‘cycle’ where the properties of the fault zone evolve with respect to the slip dynamic,
which in turn influences the deformation mode.

However, the majority of models used today do not take this complex feedback into ac-
count. By attributing constant properties (pressure, temperature, petrology, microstructure)
that do not evolve with deformation, we neglect to take into account how seismic/aseismic
fault behavior is impacted by temporal variations of the physical properties of the volume
and the interface. It is thus useful to develop a new generation of models that take into
account spatial-temporal evolution of physical properties in fault zones. New models are
being developed and have already shown the importance of these interactions from a seismic
point of view Thomas et al. (2017b); Thomas & Bhat (2018); Okubo et al. (2019).
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