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Characteristics of Afterslip 



in the south, near the Batu Islands, where the
coseismic and postseismic models predict slip
rakes that are parallel to the general direction of
convergence between the Australian plate and
the Sunda Block (Fig. 3). Although poorly con-
strained, such behavior implies along-strike
variations in strain partitioning.

The correlation between coseismic Coulomb
stress change, DCFS, on the plate interface and
the distribution of afterslip (Fig. 3) (23) sug-
gests that afterslip is a response of the
megathrust to the sudden increase of stress
due to the earthquake rupture. The patch with
large afterslip up-dip of the coseismic rupture
clearly coincides with a zone of increased
DCFS; this correlation also seems to hold for
the down-dip afterslip zone, except east of Nias
where the afterslip model is poorly resolved.

The coseismic slip distribution (Fig. 2) shows
a distinct saddle between the Simeulue and Nias
patches. This region of low slip corresponds to
the location of the hypocenter and to the location
of a distinct north-south bend in the band of
aftershocks (Fig. 2). Previous studies have sug-
gested that a structural tear occurs in this region,
corresponding to the Batee Fault, and may be
associated with more complex megathrust ge-
ometry than that used here (17, 34).

To test the extent to which the spatial
variations in slip are stationary in time, we
consider historical and paleogeodetic records
(19, 20). Southeast of Nias, beneath the Batu
Islands, the region of 2005 afterslip correlates
with a prominent cluster of medium-sized earth-
quakes in the past century (20). However, coral

microatolls show that, as in 2005, vertical defor-
mation during the great historical earthquakes of
1797, 1833, and 1861 was small (35). Hence,
we presume that megathrust slip in this region
is primarily aseismic, with the medium-sized
earthquakes representing small, spatially limited
locked regions (22). We have inferred similarly
low seismogenic coupling beneath the northern
half of Simeulue in the region separating the 2004
and 2005 events (24). Seismicity preceding the
2005 earthquake (25) reveals distinct northeast-
southwest–trending zones near northeastern
Simeulue and near the Batu Islands (Fig. 2).
We suggest that these zones that experience fre-
quent small earthquakes during the interseismic
period are likely to be regions dominated by
aseismic slip. Because of the higher rates of
seismicity in these regions, it may be more likely
that a large megathrust event would nucleate there
and eventually grow into areas that are more
tightly coupled. Such behavior may be seen for the
Nias-Simeulue earthquake as well as the 2004
Aceh-Andaman and 1995 Antofagasta, Chile,
earthquakes (12, 15).

The cGPS postseismic displacement histo-
ries are well fit if we assume that afterslip results
from rate-strengthening frictional sliding of the
plate interface in response to the coseismic stress
change (Fig. 4, A to C) (23). The model is a
system consisting of a spring and a slider with a
single degree of freedom (36), where the slider
obeys an experimental rate-strengthening fric-
tion law (37, 38): tss 0 snm* þ Asn ln(V/V*),
where tss is the driving shear stress, sn is the
normal stress, A is a positive rheological

parameter, V is the sliding velocity, and m*
and V* are reference values. The postseismic
displacement follows the predicted log[1 þ
(t/TGPS)] temporal evolution, where the charac-
teristic time, TGPS, is estimated to be È3 days,
and dtss/d ln V 0 Asn is on the order of 0.2 to
0.7 MPa. Alternatively, by analyzing the
evolution of slip as a function of the evolving
postseismic stresses according to our afterslip
model (39), we find Asn to be È0.2 MPa both
up-dip and down-dip of the coseismic rupture
(fig. S8). If we assume that hydrostatic ambient
pore pressure gives values of effective normal
stress due to overburden of È200 MPa and
È1000 MPa for the up-dip (È10 km) and down-
dip regions (È60 km), respectively, these values
result in estimates of A of È5 " 10–4, com-
parable to the value of È10 " 10–4 at 35 km
depth derived from afterslip following the
2003 Mw 8.0 Tokachi-oki, Japan, earthquake
(39), or the value of 3 " 10–4 at 50 km depth for
the 2001 Mw 8.4 Arequipa, Peru, earthquake
(40). These values are one to two orders of
magnitude lower than estimated in laboratory
studies (41, 42). A value of A at the lower end of
experimental estimates (È50 " 10–4) would im-
ply a low effective normal stress of È40 MPa.
Any explanation for such a low value is con-
jectural; high pore pressure is one possibility.

About 2100 aftershocks with body wave
magnitude mb 9 3 (43) occurred in the first year
following the 2005 event. These aftershocks
amount to only È7% of the postseismic geodetic
moment, indicating that afterslip was essentially
aseismic. Most of these aftershocks form a distinct

Fig. 4. Observed and modeled post-
seismic displacements (A to C) and the
relationship of these displacements to
the cumulative number of aftershocks
near each of the stations (D to F). Black
solid lines in (A) to (C) are estimated
from a one-dimensional spring-slider
model in which afterslip obeys a
velocity-strengthening friction law [see
(23) for analytical functions and model
parameters] (44). Blue, green, and red
refer to vertical (U), east (E), and north
(N) displacements, respectively. Note
that the scale differs between panels.
Regions used to calculate cumulative
seismicity are shown in fig. S10.
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Afterslip is a rate strengthening 
process 

 
demonstration adapted from Avouac [2015] 



Assuming that surface displacement evolves as the 
logarithm of time and because the medium is elastic, 
afterslip on the fault is given by 
 

U=U0×log(1+t/t0), U0>0 (1) 
 

The frictional stress is related to fault slip by 
 

τ=τ0 –KU, K>0 (2) 
 

where K is the stiffness of the fault. 
 
Differentiating (1) with respect to time gives 
 

V=dU/dt=V0/(1+t/t0) (3) 
with  

V0=U0/t0 



Combining Eqs. (1) with (2) gives 
 

τ=τ0 –KU0×log(1+t/t0) (4) 
 

Using (3), (4) becomes 
 

τ=τ0 +K U0×log(V/V0) (5) 
 

The growth of surface displacement with the logarithm of 
time (Eq. (1)) and the presence of an elastic medium 
(Eq. (2)) surrounding a slipping region of fixed sized (for 
K to be defined) implies that the frictional stress is 
rate strengthening and that the functional 
dependence is logarithmic  (so highly non-linear) as 
observed in laboratory experiment.. 
 
 
 

 
 



Afterslip Models 



Assuming steady-state rate and state friction 
  

τ=τ*+A log(V/V*) 
where 

A=σ(a-b)>0 
σ: normal stress 

a, b: rate and state parameters 
 

Marone et al. (1991) proposed the following form for 
afterslip  

U=(A/K) log(1+t/t0)+ VLt 
 

t0=A/(KVcs) 
Vcs: coseismic slip velocity 

VL: loading or long term velocity 
K: equivalent stiffness of the afterslip region 



The formula 
U=(A/K) log(1+t/t0)+ VLt 

 
 predicts 

 
•  A logarithmic growth of postseismic slip as the 

logarithm of time, consistent with the observations 

•  An infinite amount of afterslip at large time and no 
return to a steady-state velocity 

•  The characteristic time t0=A/(KVcs) is mainshock 
dependent throught Vcs 

 
 

 
 
 



Perfettini and Avouac (2004) derived a modified 
expression given by 
 

U=VLtr log[1+(V+/VL)×(exp(t/tr)-1)] 
 

where 
 

tr=A/(KVL) 
tr: duration of the postseismic phase 

 
V+/VL=exp(ΔCFS/A) 

 
ΔCFS: Coulomb stress change induced by the 

mainshock in the afterslip region 
 
 

 
 



The formula U=VLtr log[1+(V+/VL)×(exp(t/tr)-1)] implies 
 

•  A logarithmic growth of postseismic slip as the 
logarithm of time, consistent with the observations 

•  When t>>tr, this expression implies that 

U~VLt 
And the long term sliding velocity of the creeping region 
is the loading velocity 

•  The characteristic time tr=A/(KVL) is not mainshock 
dependent 

•  V+ is the sliding velocity of the creeping region right 
after the mainshock 

 
 



In the limit t<<tr, U=VLtr log[1+(V+/VL)×(exp(t/tr)-1)] 
reduces to 

U~VLtr log[1+t/t1], t<<tr (I) 
 

where 

t1=(VL/V+)tr=A/(KV+) 
 

Since VLtr=A/K and t0=A/(KVcs), Eq. (I) reduces to 
 

U=(A/K) log(1+t/t0) (II) 
 

assuming Vcs=V+ so that t1=t0. 
 

 
 

 
 



 
 
So the approach of Perfettini and Avouac (2004) reduces 
to the one of Marone et al. (1991) in the limit of small 
observation time (t<<tr). 
 
The characteristic time tr=A/(KVL) is independent of the 
mainshock and is related to the frictional properties 
(through A) and size (through K) of the creeping region, 
and on the loading (or long term) sliding velocity of the 
creeping region. 
 

 
 

 
 



Validity of the Steady-State 
Approximation 



Perfettini and Ampuero (2008) showed that following a stress 
step, the rate strengthening region starts to accelerate 



•  An initial accelerating phase during which slip localize over a 
region of size Lb 

•  The acceleration phase is followed by a relaxation phase 
where slip spreads in a crack-like manner 

•  The size of the acceleration region is Lb=G dc/bσ, similar to 
the nucleation of a rate weakening fault 



The size of the acceleration region is Lb=G dc/bσ, similar to the 
nucleation of a rate weakening fault 



•  If the size of the initial stress perturbation is larger than the 
nucleation size Lb=G dc/bσ, there is an initial acceleration 
phase 

•  If the size of the initial stress perturbation is smaller than the 
nucleation size Lb=G dc/bσ, there is no initial acceleration 
phase and the steady state approximation is always valid 



•  When existing, The duration of the acceleration 
phase is tmax~(a/b) dc/V+ where V+=VLexp(Δτ/aσ), 
after which relaxation occurs at steady-state 

•  Based on laboratory values, the duration of tmax 
spans an enormous range  of short time scales, from 
10-6 s to a few days (depending on the value of dc) 

 
•  The maximum velocity is Vmax~VL exp[Δτ/(a-b)σ] as 

it would be assuming the steady-state approximation 

•  So deviations from steady-state, if existing, should 
be noticeable only in the very early stage of the 
postseismic phase 

 



Physical Basis of the Rate 
Strengthening Rheology 



Eyring transition-state theory [Eyring, 1935] to determine 
the frequency ν with which an event occurs when it has 
to overcome a potential energy barrier of height Ea  

 
ν=ν0 exp[-(Ea-τΩ)/(kBT)] 

 
τ: applied stress 

ν0: reference frequency 
Ω: activation volume  

(volume activated by the process) 
T: temperature 

kΒ: Boltzmann constant 
 

Under the presence of body deformation, the height of the energy 
barrier is reduced by an amount τΩ. 

 
 
 
 
 
 



Probability P+ for the activated volume to move in the 
direction of the applied stress 

 
P+=P0 exp[-Ea/(kBT)] exp[τΩ/(kBT)] 

 
Probability P- for the activated volume to move in the direction 
opposite to the applied stress 

 
P�=P0 exp[-Ea/(kBT)] exp[-τΩ/(kBT)] 

 
The mean sliding velocity is given by 

 
V=V0 [P+ + P�]

V0: reference velocity 
 
 
 
 
 
 



V=V* {exp[τΩ/(kB T)] + exp[-τΩ/(kBT)]} 
 

with 
 

V*=V0 P0 exp[-Ea/(kBT)]  
 

yielding 
 

V=2V* sinh[τΩ/(kBT)] 
 

To relate τ to V, we assume that the probability of a 
backward jump is negligible (P+>>P-) 

 
V ≈V* exp[τΩ/(kBT)]

 
 
 
 
 
 



Since 
 

V ≈V* exp[τΩ/(kBT)] 
 

we get 
 

τ≈A log(V/V*) 
 

with 
 

A=(kBT/Ω)>0 
 

So thermally activated processes (dislocation creep, 
diffusion creep, pressure solution creep…) lead to a 
logarithmic rate strengthening rheology.  
 
The rheological parameter increases linearly with T. 

 
 

 
 
 
 
 
 



Rate and state friction and the 
Bowden-Tabor theory of friction 



Because surfaces are rough, the frictional contact is 
sustained by a small fraction (typically 0.1-1 %) of the 
nominal contact area. 

Dieterich and Kilgore, 1996 



Therefore, the few contacts bearing the contact support 
a huge load, beyond their elastic limit. 
 
In the Bowden-Tabor theory of friction, it is assumed 
that those contacts are plastic and that the frictional 
force is given by 

F = τpΣr 
 

F: frictional force 
τp: plastic stress 

Σr: real contact area 
 

Estrin and Bréchet, 1996 



The frictional stress is given by 
 

τ = τpΣr/Σ0 
 

τ: frictional stress 
Σ0: total (nominal) contact area 

 
We study small deviations from a reference state (…)* 

 
τp = τp

* + Δτp, | Δτp|<<τp
*  

Σr = Σr
* + ΔΣr, | ΔΣr|<<Σr

*   
 

All parameters further derived will depend on the value 
of the reference state. 



τ = (τp
* + Δτp)×(Σr

* + ΔΣr)/Σ0 
 

τ = (τp
* Σr

*+τp
* ΔΣr+ΔτpΣr

* +Δτp ΔΣr)/Σ0 
 
 

The term Δτp ΔΣr is a 2nd order term and is negligible (not 
true if the perturbation is not infinitesimal) 

 
τ = (τp

* Σr
*+τp

* ΔΣr+ΔτpΣr
*)/Σ0 

 
It is assumed that under steady-state sliding (Arrhenius	
type law or Eyring theory) 

  
Δτp

ss = τp
* βτ log(V/V*) 

βτ<<1 : material constant 
τp

*: plastic stress at the reference state 
V*: sliding velocity in the reference state 



τss = [τp
* Σr

* + Σr
*τp

* βτ log(V/V*)+ τp
* ΔΣr

ss]/Σ0 
 

τp
*: frictional stress under steady-state sliding 

 
The friction coefficient µss=τ/σ* in steady state sliding is 
given by 

 
µss = µ*+a log(V/V*) + τp

* ΔΣr
ss/(σ*Σ0) 

 
σ*: normal stress in the reference state 

 
with 

 
µ*=(τp

*/σ*)×(Σr
*/Σ0)  

a=(τp
*/σ*)×(Σr

*/Σ0)βτ= βτµ* 
 
 
 
 



 It is assumed that under steady-state sliding 
 ΔΣr

ss = -Σr
* βΣ log(V/V*)  

βΣ<<1: material constant 
 

Finally, we get 
 

µss= µ*+(a-b) log(V/V*) 
 

with 
 

b = (τp
*/σ*)×(Σr

*/Σ0)βΣ = βΣµ* 
 
 

We have related the µ*, a, and b parameters to the 
elementary parameters of the model. 
 
Note that since a=βτµ*, stability of frictional sliding is 
controlled by the parameter 
 

b/a = βΣ/βτ  
 
 
 
 



We will assume that the following equation 

µss = µ*+a log(V/V*) + τp
* ΔΣr

ss/(σ*Σ0) 
 

is valid away from steady-state so that 
 

µ = µ*+a log(V/V*) + τp
* ΔΣr/(σ*Σ0) 

 
Since b = (Σr

*τp
*)/(σ*Σ0) βΣ, the friction coefficient can be 

written as 
 

µ = µ*+a log(V/V*) + b [ΔΣr/(βΣ Σr
*)] 

 
 
 
 



Comparing 
 

µ = µ*+a log(V/V*) + b [ΔΣr/(βΣ Σr
*)] 

 
with 

 
µ = µ*+a log(V/V*) + b log(θ/θ*) 

 
gives 

 
θ = θ* exp[ΔΣr/(βΣ Σr

*)] 
 

The state variable is directly related to the changes 
of contact area  

 
 
 
 
 



Since  
 

µ = µ*+a log(V/V*) + τp
* ΔΣr/(σ*Σ0) 

 
it is recommended to use the form 

 
µ = µ*+a log(V/V*) + Φ

 
as in this case 

 
Φ = τp

* ΔΣr/(σ*Σ0) 

Φ is directly proportional to the changes of real 
contact area 

 
 
 
 
 



•  The Bowden-Tabor theory of friction support the rate 
and state framework 

•  To determine the evolution of friction, an evolution law 
relating the state variable to the variable of the 
system (slip, sliding velocity, normal stress, 
temperature…) is required. 

•  The existing evolution laws were empirically derived. 
 
	



The most popular evolution laws are the aging law 
 

dθ/dt = 1-Vθ/dc 
 

and the slip law 
 

dθ/dt = (-Vθ/dc
’) log(Vθ/dc

’) 
 

dc and dc
’ are derived using laboratory data and are 

“evolution law” dependent. 
 

Therefore, dc≠dc
’  

 
 
	



During static contact (V≈0), the aging law becomes  
 

dθ/dt≈1 
 

θ≈t+θ(0)

θ(0): value of the state variable at t=0 
 

which is the main reason for the physical interpretation 
of θ as representing the age of the contacts. 

 
During static contact and considering the aging law, the 
changes of friction coefficient are given by 

 
Δµ=b log[θ(t)/θ0]=b log[1+t/θ0]=ΔΦ 



It is observed experimentally on transparent materials 
that during static contact, the surface area grows 
logarithmically with time [Dieterich and Kilgore, 1996]. 
This phenomenon is responsible for frictional healing. 
 
Since during stationary contact and under the aging law 

 
ΔΦ=b log[1+t/θ0] 

 
and given that Φ=τp

* ΔΣr/(σ*Σ0), the logarithmic increase 
of Φ  with time is consistent with an increase of the 
plastic contact area ΔΣr with time. 



Consequently, the interpretation of the state variable as 
the contact time is only true during stationary contact 
and considering the aging law.  
 
Assuming that friction obeys the Bowden-Tabor 
theory, the proper physical meaning of the state 
variable is that it is related to the changes of contact 
area, not the contact time. 



During static contact (V≈0), the slip law implies that 
 

dθ/dt≈0 
 

as dθ/dt=(-Vθ/dc
’)log(Vθ/dc

’)≈0 when Vθ/dc
’≈0 

Therefore, the slip law predicts no evolution of the state 
variable (and hence the contact area) during static 
contact, contradicting laboratory experiments of frictional 
healing. 
 
But the slip law well adjust velocity steps in the 
laboratory [Bhattacharya et al., 2015] while the aging law 
does not. 
 
None of the popular evolution laws are able to adjust 
the entire spectrum of laboratory experiments. 



URGENT NEED FOR NEW EVOLUTION 
LAWS!!! 



CONCLUSIONS 



The estimate of the frictional parameters (µ*, a, b,dc) 
are: 

 
•  Material dependent 

•  Evolution law dependent 

•  Reference state dependent 
 
Therefore, it appears highly risky to compare the values 
of the frictional parameters obtained considering 
different experimental setups… Something that is 
currently done. 



What is the relevant rheology to model aseismic slip 
(for instance afterslip)? 
 

•  Rate strengthening rheology (dislocation creep, 
diffusion creep, pressure solution creep…) ? 

•  Rate and state friction under steady-state sliding ? 

•  Full rate and state friction ? 
 
 



•  Under the Bowden-Tabor theory of friction, the state 
variable is a proxy for the relative changes of real 
contact area 

•  The existing evolution laws (aging and slip) are 
empirically derived 

•  None of the existing evolution laws properly adjust 
simultaneously velocity steps and frictional healing 
experiments 

•  Need for new evolution laws 



THANK YOU 


