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When a relatively strong earthquake occurs, it changes the conditions for failure
in its proximity and alters the occurrence probability for future events. In this study,
the occurrence probability of future earthquakes with magnitudes Mw≥ 5.8 on
the basis of Brownian passage-time (BPT) and Weibull Time-dependent models
is calculated for the next 10, 30 and 50 years in the Zagros region. According to
the method used in recent years, initially, the Coulomb stress changes caused by
earthquakes interaction is computed on each fault. Then, the impact of this
stress change on the occurrence probability of next characteristic earthquakes is
calculated, taking into account both permanent (clock advance) and transient
(rate-and-state) effects of stress changes. We concentrated on the long term slip
rate uncertainties by generating 1000 random numbers using the Monte Carlo
technique. We find that earthquake interaction effects in this region are small.
Thus, permanent and transient effects of stress change do not affect the calculated
probabilities very much. The maximum probability is related to the Kazerun fault
that shows the high seismic activity of this fault.
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ABSTRACT

1. Introduction

Earthquakes are usually triggered when the rock
overlying fault lines, breaks and suddenly releases a
significant amount of energy. Large Earthquakes
change the average shear and normal stress of the
slipping faults, and consequently change the seismic-
ity rate and the earthquake occurrence probability of
faults or fault segments provided that large shocks
occur repeatedly at approximately regular intervals.
In recent years, the interaction of faults is calculated
by Coulomb static stress change, also known as the
Coulomb failure function. The stress change can be
positive (stress increment) or negative (stress re-
duction). Positive Coulomb stress changes amplify
the background seismicity, and as a result, in areas of
high background activity, small stress changes would

cause large changes in the seismicity rate [1].
Fault interactions may accelerate or delay the fault

rupture, or trigger an earthquake momentarily [2].
Since the occurrence of a characteristic earthquake
may alter the occurrence probability of the future
events in the region, consideration of fault interac-
tions based on physical models and combining it with
renewal models such as the Brownian passage time
(BPT) and Weibull would lead us to achieve more
precise results.

In recent years, several studies were conducted
in this regard [3]. In order to improve the results of
earthquake occurrence probability, the effect of
Coulomb stress change caused by interactions should
be considered in probabilistic models. In the renewal

DOI:10.48303/jsee.2020.246183

Keywords:
Coulomb stress;
Time-dependent Model;
Probability; Weibull;
Brownian passage-time



JSEE / Vol. 22, No. 1, 20202

Hamid Zafarani and Samaneh Kazemi

processes, also called time-dependent models, the
conditional probability of next eventual large
earthquake alters with time, so that the probability is
low shortly after the last one, but then raises with
time. Time-dependent models were used to survey
shocks on single faults [4-5] or in seismic sources
including the main fault where the characteristic
earthquake is generated as well as other smaller
faults, where smaller main shocks also occur [6-7].

The Zagros fold-thrust belt, extending from
eastern Turkey to the Strait of Hormoz, 250-400 km
wide, is one of the most seismically active belts in
Asia. The Zagros fold and thrust belt formed in the
foreland of the collision between the Arabian Plate
and the Eurasian Plate. Due to the importance of
this zone, the Zagros region in Iran included in the
rectangle of coordinates 27-31.2 N° and 49.6-53.4 E°
is selected as the study area (Figure 1). The occur-
rence probability of earthquakes with Mw ≥ 5.8 with
regard to both transient and permanent effects of
Coulomb stress change is computed for periods of
10, 30 and 50 years. The BPT and Weibull dis-
tributions are used to calculate the conditional
probabilities of characteristic earthquakes. Modeling
of earthquakes and receiver faults such as Kazerun,

Sabzpushan, Qir, Karebas and parts of MFF (Zagros
Mountain Front fault) and ZFF (Zagros Foredeep
fault) and stress computation is conducted by using
Coulomb 3.3 software. The purpose of the present
study is to estimate the probability of occurrence of
an earthquake with Mw ≥ 5.8 taking into account
the uncertainties involved in slip rate and recurrence
time of earthquakes, and to identify areas with high
probability of earthquake occurrence in the Zagros
region.

2. Method

Estimation of long-term probabilities of occurrence
of earthquakes of specific size in a given time inter-
val is the primary goal in seismic hazard assessment.
Generally, two types of models have been used to
calculate the conditional probability of the next large
earthquake: Time-independent Poisson model and
renewal model. The Poissonian hypothesis is
memoryless. Scilicet this model assumes that future
earthquake is equally plausible immediately after the
past one as it is much later and the probability of
occurrence of an earthquake in a specific period
does not depend on the time elapsed after the last
earthquake. An alternative is to use time-dependent

Figure 1.  Map of the study area in the Zagros region limited by the rectangle of coordinates 27-31.2 N° and 49.6-53.4 E°, where
active faulting and fault-plane solutions of characteristic earthquakes with Mw ≥  5.8 during 1964-2016 are depicted.
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models in which some probability distributions,
describe the elapsed time between large earthquakes
[8-9]. Renewal models describe the occurrence of
earthquakes as sequence of events with independent
and identically distributed inter-event times [10-11].
Various time-dependent seismic hazard analysis
schemes differ mainly in the statistical distribution of
time interval between consecutive events of each
fault. Several models are proposed for the probabil-
ity density function (pdf) of inter-event time periods
such as the Normal, Gamma; Lognormal, Weibull and
BPT distributions. The latter sufficiently expresses
the earthquake recurrence time distribution and was
proposed to characterize the probability distribution
of inter-event times [12]. In the BPT model, the
value of the stress is raised linearly from a basis state
to a stress threshold. The BPT hazard rate increases
from zero to a finite asymptotic level unto the mean
recurrence time and then decreases toward a non-
zero constant asymptote [12]. The pdf of BPT
distribution for recurrence time based on the mean
inter-event time Tr, and the elapsed time from the
occurrence of the last characteristic earthquake t is
defined as follows:
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where α, the coefficient of variation of the distri-
bution, also called the aperiodicity parameter, is
defined as the ratio of the standard deviation σT  to
the average inter-event time .T  For clustered
earthquakes occurrence, α must be greater than 1.
For a completely accidental seismicity (Poisson
process) and absolutely cyclic events, this factor
should be   equal to 1 and 0, respectively. In this study,
we considered α values in the range of 0.5-0.75 for
individual faults [13].

The Weibull distribution that is widely used in
engineering applications nowadays follows fracture
mechanics and statistical physics [14-15]. The Weibull
hazard-rate functions start from zero at t = 0 and
then increase relatively steeply [12]. In addition, this
distribution is often used as probability density
function of inter-event times [16]. For this model, in
addition to the parameters mentioned in the previous
section, the shape parameter of the distribution γ
that is equivalent to the inverse of the coefficient of
variation is needed. The Weibull distribution [14] is

expressed according to Equation (2):
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The hazard function, ( ),h t  which is the probabil-
ity that an earthquake will occur at time t provided
that it has not previously occurred, is given by:

( ) ( )
( )1

=
−

f t
h t

F t                                                   (3)

where ( )f t  and ( )F t  are probability density function
and cumulative density function of the inter-event
times, respectively. The conditional time-dependent
probability that an earthquake will occur between
times t and t + ∆t, provided that the earthquake has
not been occurred prior to time t, can be written as:
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In order to assess how a fault or the rupture plane
of target event has been brought closer or further
from the failure due to preceding earthquakes, we
use the Coulomb failure function:

′µ ∆∆ = ∆ στ + nCFF                                            (5)

where ∆CFF, ∆τ and ∆σn are the changes in
Coulomb stress, shear stress and normal stress of
the causative fault plane, respectively. Normal stress
is positive if the fault is unclamped. The ′µ  repre-
sents the apparent coefficient of friction that includes
the unknown effect of pore pressure change and is
believed to range between 0 and 0.75 [17]. This
coefficient, based on the Skempton coefficient B and
the friction coefficient µ, is expressed as:

( )1′µ = µ − B                                                     (6)

When ′µ  is high, the pore pressure does not
influence the normal stress. The rock is so saturated
when ′µ = 0 so that the pore pressure demolishes
the influence of the normal stress [18]. We set

′µ = 0.4, which is closer to the laboratory amounts
of the major faults frictions (µ = 0.75) [19]. The
Skempton coefficient varies between 0 and 1 [20].
In the Coulomb criterion, the failure occurs on a
plane where the coulomb stress σf exceeds a
specific maximum value.
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Combination of the calculated Coulomb stress
changes ∆CFF with earthquake probability com-
putations for the next characteristic event requires
the use of stress change as an advance or delay in
the earthquake cycle. Two approaches are con-
sidered to assess the permanent effect of Coulomb
stress change on the probability of characteristic
earthquake [21]. The first approach advances the
elapsed time by modifying the time elapsed after the
last event from t to t ':

∆
+

τ
′ = CFFt t

&                                                     (7)

where τ&  is the tectonic stressing rate. The second
method decreases the expected mean recurrence
time from Tr to :′rT

∆′ = −
&r r

CFFT T
τ

                                               (8)

In this study, assuming that both techniques present
the same conclusions, the first method is selected.
The transient effects are derived from the rate-
and-state model for earthquake nucleation [22]. The
expected seismicity rate R(t) as a function of time,
t, after a stress perturbation, derived from Dieterich's
constitutive friction law [22], is given by:

( ) 0

exp 1 exp 1
=

 −∆   − − +    σ    a

RR t
CFF t
A t

             (9)

where R0 is the seismicity rate prior to change of
stress, σA  is the combination of fault constitutive
constant and normal stress, in other words σA

explains the immediate response of friction to a step
change in the slip speed [23], ta is the characteristic
relaxation time for the perturbation (also referred as
observed aftershock duration). Also, it has been
proposed for nucleation sites that are close to
rupture, indicates the time that would be elapsed
until the seismicity rate to reach its initial value
before the earthquake occurrence [22, 24], that is:

σ
τ

=a
At
&                                                           (10)

where is the tectonic stressing rate. Since, ta and
σA  are unknown for Zagros, we set at =1.4 year,,

the value is derived from window algorithm for
aftershocks [25], and then by substituting τ&  and ta in
the above equation, we obtained σA  parameter..
Therefore, the occurrence probability of an earth-
quake taking into account the transient effects is
computed by:

( ) ( ) )1 1 exp(
+∆

= − − − −= ∫
t t

t

R t dtp exp N               (11)

where N is the expected number of earthquakes in
the time interval t and t + ∆t.

3. Data and Results

Computation of Coulomb stress change of
receiver fault caused by the characteristic events
requires information about the date of the events
with Mw≥ 5.8, the magnitude and depth, hypo-
central coordinates, faulting type and fault plane
solutions. Table (1) contains the essential infor-
mation needed for modeling major faults and

Table 1. Source Parameters of the Mw ≥ 5.8 earthquakes that occurred in the area of Zagros during 1964-2016.
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earthquakes in the study area.
As, for all the considered faults in this study,

fault shape and slip heterogeneity are both uncertain,
it is assumed that all faults are rectangular and
have uniform slip distribution. In order to calculate
the length and width of rupture, Wells and Copper-
smith [33] empirical relationships among magnitude,

rupture length and rupture width is used.
The fault depth required for the calculation of

stress change is assumed to be equal to 10 km.
The Coulomb stress change due to events with
Mw≥ 5.8, that have occurred after the last charac-
teristic earthquake of each fault is computed as
shown in Figures (2) to (5). Computations are made

Figure 3. Coulomb failure function change (∆CFF) of (a) and (b).

Figure 2. Coulomb failure function change (∆CFF) of Kazerun fault at depth of 10 km caused by relevant earthquakes occurred after
27 September 2010
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in an elastic halfspace with uniform isotropic elastic
properties following Okada [34].

Fault slip rates are the main components of
time-dependent seismic hazard studies. Slip rates
can be used to estimate activity rates for more
sophisticated earthquake models such as the
characteristic earthquake model. Khodaverdian et
al. [35] modeled the whole area of the Iranian

Figure 5. Coulomb failure function change (∆CFF) of ZFF fault at depth of 10 km caused by relevant earthquakes occurred after
27 May 1989.

Figure 4. Coulomb failure function change (∆CFF) of (a) and (b).

plateau as a single system of faults (discontinuities)
and continuum media using a kinematic finite-element
code. They estimated long-term fault slip rates and
distributed an elastic strain rates by combining all
kinematic data including geological slip rates,
geodetic velocities, and stress directions for all over
Iran, so that by multiplying the shear modulus by
shear strain rate, tectonic strain rates is achieved.
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The historical data of seismic sources presented
in this study over a period of time greater than the
average return period as well as the paleoseismology
data of the seismic sources are not available.
Therefore, the annually rate of earthquakes, ac-
cording to the method described by Fields et al. [36],
is determined as follows:

0

− =
MChar Rate
M

&
                                          (12)

where M0 is the moment-magnitude relationship,
and M& is the moment rate of each segment of fault.
The parameter M0 is expressed based on magnitude
M as:

0
(1.5* )10 += M CM                                                (13)

where C is a constant value. The original value of C
was given by Hanks and Kanamori [37] as 9.05
(in SI unit). However, this was apparently rounded
off by Anderson and Luco [38] and WGCEP [39] to
C = 9. This round off seems apparently innocuous
because it results in only 0.075 difference as mag-
nitude is computed from moment (well within the

Table 2. Computed Coulomb stress change of faults and the parameters used for computing characteristic earthquake occurrence
probability in Zagros.

uncertainties associated with magnitude estimate).
However, using C = 9 means that all of magni-

tudes contain 12.2% less moment than the situation
where C = 9.05 [37]. Therefore, we set C = 9.05.
The moment rate is determined by:

= µ × × ×M V L W&                                             (14)

where µ is the shear modulus of the elastic medium
(3.2×104 MPa), V is the slip rate of fault, and L
and W are the length and width of a fault with
rectangular shape, respectively. Then by inversing
the annually rate, we computed the recurrence time
of earthquakes in Zagros area. Table (2) lists the
required data for the probability computations.

Equation (4) gives the conditional occurrence
probability P in the next 10, 30 and 50 years. If we
use t' instead of t, the same equation gives the
probability modified by the permanent effect of the
subsequent earthquakes, P_mod. The probability
obtained from the sum of the permanent and
the transient effects, P_trans, in the next 10, 30 and
50 years is computed by the Equation (9). Figures (6)
to (12) show the results for each of six sources.

Figure 6. Percentage of occurrence probability of a characteristic earthquake on each of six seismogenic faults over 10 years
beginning from 2016, according to BPT distribution, using α = 0.5, by considering permanent and transient effects of stress.
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Figure 7.  Percentage of occurrence probability of a characteristic earthquake on each 6 seismogenic faults over 30 and 50 years
beginning from 2016, according to BPT distribution, using α = 0.5, by considering permanent and transient effects of stress.

Figure 8.  Percentage of occurrence probability of a characteristic earthquake on each of six seismogenic faults over 10 and 30
years beginning from 2016, according to BPT distribution, using α = 0.75, by considering permanent and transient effects of stress..
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Figure 9. Percentage of occurrence probability of a characteristic earthquake on each of six seismogenic faults over 50 and
10 years beginning from 2016.

Figure 10. Percentage of occurrence probability of a characteristic earthquake on each of six seismogenic faults over 30 and 50
years beginning from 2016, according to Weibull distribution, using γ = 2, by considering permanent and transient effects of stress.
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Figure 11. Percentage of occurrence probability of a characteristic earthquake on each of six seismogenic faults over 10 and 30
years beginning from 2016, according to Weibull distribution, using γ = 1.33, by considering permanent and transient effects of
stress.

Figure 12. Percentage of occurrence probability of a characteristic earthquake on each of six seismogenic faults over 50 year
beginning from 2016, according to Weibull distribution, using γ = 1.33, by considering permanent and transient effects of stress.

4. Discussion

Considering the Coulomb stress changes for each
fault leads to the following results:

Positive stress change in the western part of the
Qir fault plane is more than eastern part. Therefore,

the earthquake occurrence probability would increase
in this zone. Slight positive ∆CFF of MFF fault
(located in the west of Mishan fault) encourages
its failure.
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In some parts of the ZFF fault (branch connected
to the Rag-e Sefid), Coulomb stress change would
hasten the rupture. Negative stress created in other
parts of the fault causes delay in the failure time.
Positive stress is created in the northern part of
Karebas fault speeds up the time of the next earth-
quake. On the contrary, negative stress discourages
the rupture time in the southern part.

In most northern parts of the Sabz Pushan fault,
where ∆CFF is negative, the time of the upcoming
large event would delay. In southern part, slightly
positive ∆CFF is created, which speed up the
occurrence time of the next earthquake. Also, be-
cause of the orientation of the Kazerun fault plane
with respect to the 9 April 2013 earthquake,
Coulomb stress changes in parts of the fault close
to the location of this earthquake are negative. Vice
versa, in parts away from the fault, ∆CFF is positive.
For all of sources considered in this paper, elapsed
time after the last characteristic earthquake is smaller
than the mean recurrence time. The calculated
probability values with both distributions for ZFF fault
are higher than the value calculated for the Sabz
Pushan fault. This reflects the fact that with the
increase of the gap between elapsed time after the
last characteristic event and average return period
of the earthquake, the probabilities have smaller
values.

The probabilities of earthquake occurrence based
on the Weibull distribution for the Karebas fault
with regard to permanent effects of Coulomb stress
changes (P_mod) in next 50, 30 and 10 years using
γ = 1.33 are equal to 10.56%, 6.02% and 1.87%,
respectively. This indicates that the probability
raises 4.54% in next 50 years compared to the next
30 years. Hence, in a fault zone the probability of
an upcoming large event increases with time.

In general, as the mean recurrence time
approaches the elapsed time after the last charac-
teristic earthquake, both probabilistic models show
high probability values. In a way that: for the Kazerun
fault, the probability values computed with both BPT
and Weibull models, for all of three models of prob-
ability, in most cases are significantly more than the
Qir fault. The closeness of elapsed time to average
recurrence time in the Kazerun fault with respect to
the Qir fault leads to these differences. As, this time
difference in the Qir fault is about 2.5 times of the

Kazerun fault.
The probabilities obtained from the permanent

effect are mostly higher than the conditional prob-
abilities obtained from the transient effect. This is
due to the assumption of constant background rate
made for the application of the rate-and-state
model, so that the probability in next 50 years for
MFF fault based on Weibull model using γ = 1.33
including the permanent effects increases 3.24%
compared to the probability obtained from the sum
of the permanent and the transient effects.

5. Conclusions

The present study is an effort to compute the
occurrence probability of characteristic earthquakes
(Mw ≥ 5.8) in the region of south west of Iran called
Zagros. The methodology applied is based on a model
assuming the fault interaction that leads to the
triggering of an earthquake by another one. We
used renewal models such as BPT and Weibull
distribution, including the permanent and transient
effect of the stress interaction between six
seismogenic sources.

The transient effect of stress change influences
on probabilities, so that it causes a slight increase in
the amounts of probability in some of sources, while
for others the probability is reduced. However, the
permanent effects slightly increase the probability
values. Our computations showed that earthquake
interaction effects in this region are small and range
between ~0.0-0.002 MPa. Thus, permanent and
transient effects of stress change do not affect very
much on the calculated probabilities.

The first remarkable result is that for most of the
faults both the BPT and Weibull models predicted
negligible probability of failure for the next 10, 30
and 50 years, whereas for a few of them both
models estimated relatively moderate probability
ranging between 20-31 percent. The main reason
for these low probability values the short elapsed
times, compared with the obtained mean return
periods. The recurrence times reported in this study,
range from 100-350 years. We deal with the uncer-
tainties in the parameters adopted in the modeling,
such as long-term slip rate of faults, magnitude,
focal mechanism, recurrence time and coefficient
of variation α. The last two parameters have great-
est impact on probability results. The standard
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deviation of long term slip rate for faults had a range
of about 0.04-0.31 mm/year [35], hence, we con-
centrated on the long-term slip rate uncertainties
through the Monte Carlo technique by generating
1000 random numbers.

It is necessary to note that these values may not
be perfectly accurate, because some potential
seismic sources might be remained unknown in
the Zagros region (i.e., blind faults that have not
ruptured yet). High quality and accurate input data
for modeling and calculations are of utmost
importance that should be considered in order to get
more robust results [40-41].
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