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SUMMARY:

Dynamic source models are needed to accomplish the simulation and prediction of earthquake ground motions.
Propagation of earthquake ruptures along the fault plane is accompanied by the dynamic fault weakening. This
weakening is represented by the slip-weakening law, which defines the traction decreasing from an upper yield
stress to the residual stress as slip increases. In this paper, an attempt is made to estimate dynamic source
parameters of 2003 Bam earthquake based on source parameters inverted from kinematic model. To this end,
Fukuyama’s new energy balance relation under linear slip-weakening model together with the identified slip
model for Bam earthquake by first author is used. Then, the dynamic source parameters such as slip-weakening
distance, stress drop and strength excess are calculated. Furthermore, the released energy in the form of fracture
and radiated energies and their distribution on the fault are estimated and discussed. Finally, the radiation
efficiency from the partitioning of energy given by the slip-weakening model is estimated and compared with
some crustal earthquakes.
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1. INTRODUCTION

One of the most important source parameters is the energy released of an earthquake, which affects
both fault dynamic characteristics and type of ruptures. During an earthquake, potential energy (elastic
strain energy) released in three ways: fracture energy (Eg), frictional heat or thermal energy (Ey) and
the energy radiated as seismic waves (E;) (Tinti, Spudich and Cocco 2005). Several models such as
seismological (e.g. Rice et al. 2005; Tinti et al. 2005) and geological (Chester et al., 2005; Wilson et
al., 2005) measurements of energies absorbed on faults have been proposed to estimate energy of an
earthquake. These models used to describe a physical process of fault rupture with released energy. In
this study, Linear Slip-Weakening model (LSW), proposed by Ida (1972), is used to evaluate the near-
source energy released of the 2003 Bam earthquake.

On the 26th December 2003 an earthquake with My=6.5 shook a large area of the Kerman Province in
south-east of Iran causing more than 26000 fatalities. The hypocenter of the Bam earthquake was
located at 29.01°N, 58.26°E, at a depth of 10 km in the southwest of Bam city. More than 26000
people were killed, 30000 injured, up to 75000 left homeless, and 85 percent of the housing and
infrastructure were destroyed due to this earthquake (Ghayamghamian and Hisada, 2007). Several
rupture models have been proposed for Bam earthquake (2003). Nakamura et al. (2005) explained a
fault plane with an N-S alignment, which was located 5 km west of the old Bam fault. Talebian et al.
(2004) suggested a source model by adopting the mechanism from teleseismic observations. It
consisted of a main strike-slip fault, and an additional pure trust fault. Wang et al. (2004) proposed a
fault model consisting of three straight segments based on Envisat Asar data. The southern segment is
about 13 km, the northern one is about 6 km and the middle segment is disappeared below the city
area of Bam and is considered to be a 5 km segment connecting the southern and northern segments.
The total length of the ruptured fault is about 24 km consisting of these three segments. They
concluded that more than 80 percent of the seismic moment was released from the southern fault
segment of 13—14 km long. The southern segment corresponds about to the strike-slip fault suggested



by Nakamura et al. (2005). Ghayamghamian and Hisada (2007) used Wang model to simulate strong
ground motion in Bam station located just 700 m from causative fault. They found that the fault model
including the southern and middle segments could fully explains the observed ground motion in Bam
station. Their slip model of Bam fault consists of two asperities that are located in front and bellow the
hypocenter for the southern segment, and one big shallow asperity for the middle segment. The
asperities are embedded in a background slip that corresponds to the entire fault rupture area. In this
paper, their slip model is used to estimate dynamic source parameters and the energy released of Bam
earthquake.

2. SLIP-WEAKENING LAW

In the standard model of stick-slip mechanism, it is assumed that sliding begins when the ratio of shear
to normal stress on contact surfaces reaches to the value of static friction coefficient. Then, sliding
occurs and the coefficient of friction decreases and reaches to the dynamic friction coefficient (Scholz
1998; Xing, Mora et al. 2006). A general mechanism of stick-slip process has been explained by
Reid’s elastic rebound theory. This process begins with stress accumulation in which stresses of fault
increase until overcoming to fault strength. After that, stresses release and slip phase occurs
(Senatorski 2002).

Here, linear slip-weakening law is adopted to estimate the near-source released and fracture energies
of Bam causative fault. There are several reasons for this selection. First, this law has strong support in
laboratory experiments, and can be used for both the case of frictional slip failure on pre-existing
faults and shear failure of intact rocks. Second, kinematic model of earthquakes give some support to
the slip-weakening constitutive formulation. Third, a slip-weakening constitutive formulation is
applicable for theoretical treatment of both the fracture and frictional slip phenomena, and has
interpretation in terms of energy change of the system (Senatorski 2002).

According to slip-weakening law, an earthquake occurs when a fault weakens during the early stage of
its slip at a faster rate than the release of tectonic stress driving the fault motion. This slip weakening
occurs over a critical distance, D. (Wibberley and Shimamoto, 2005). Like other rock friction laws,
slip-weakening is a laboratory derived friction law and it has three parameters, which are estimated
based on experimental results. The linear slip-weakening can be given as:
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Where | is static coefficient of friction, [y is dynamic coefficient of friction, D, is slip-weakening
distance; X is displacement, W(x) is coefficient of friction corresponding to displacement.
Understanding the magnitude of D, in nature is severely limited. Conventional friction experiments,
typically conducted at slow slip rates and small displacements, have obtained D, values that are in
orders of magnitude lower than the values estimated from seismological data modelling for natural
earthquakes. In the following sections, the slip-weakening parameters are discussed.

2.1. Slip-Weakening Distance

The slip-weakening distance (D) is the most important parameter of dynamic rupture of an
earthquake, which controls the nucleation process of earthquake (Fukuyama, Mikumo and Olsen
2003). Several methods are proposed to estimate slip-weakening distance such as laboratory
experiments, numerical calculations and theoretical approaches. Mikumo et al. (2003) used slip
velocity functions on the fault to estimate D.. In their method, it is assumed that the time of peak slip
velocity and stress breakdown time are similar and therefore, D, is the slip at the time of peak slip
velocity (Mikumo, et al. 2003). They suggested two limits for the ratio of slip-weakening distance to
final slip (D./Dyy) as:



0.27 < Dg/Dyo; < 0.56 (2.2)

Tinti et al. (2009) performed a series of numerical tests to understand the dependence of the slip-
weakening distance (D.) on the final slip (D) during the propagation of a dynamic rupture. They
suggest histograms for the ratio of D./Dyy that shows larger frequency for the ratio of 0.4 and 0.5
(Tinti, et al. 2009).

2.2. Stress Changes

There are two parameters in relation to stress changes based on slip-weakening law: stress drop and
strength excess. Furthermore, two types of stress drop are defined as (1) static stress drop that is the
difference between the initial shear stress and the final shear stress and (2) dynamic stress drop that is
the difference between the initial shear stress and the shear stress during sliding (Fig. 2.1).
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Figure 2.1. Variation of shear stress in a fix location on fault as a function of time

Stress drop which is used for calculation of near-source energy is dynamic stress drop. For estimating
the dynamic stress drop, static stress drop should be first calculated. For strike—slip mechanism on a

shallow, rectangular fault of length L and width W (L >> W), Knopoff (1958) obtained:
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where Ao is static stress drop, wis shear modulus of rock, Dis average slip and W is width of the
fault (Knopoff 1958). Shear modulus is calculated using following equation:

p=pV; (2.4)

where pis density and Vis shear wave velocity. Mai et al. (2006) proposed a relation between
dynamic stress drop and static stress drop as:

Ao, =0.048+0.948 Ac 2.5)

where Ao, is dynamic stress drop.

According to slip-weakening model, before the slip phase, stress accumulates behind the crack tip
until reaching to the value of yield stress. This increase in stress is called strength excess, which here



assumed to bel.6 Ao, (Andrews 1976). This is because the resultant rupture velocity does not exceed

the shear wave velocity and the rupture propagates stably when the strength excess is about 1.6 times
the dynamic stress drop.

3. ENERGY BUDGET IN EARTHQUAKE

During an earthquake, stress on the fault planes changes rapidly and causes the potential release
energy of fault (Rivera and Kanamori 2005). As mentioned above, the total energy release in three
ways as schematically shown in Fig. 3.1. Beneath the frictional level of shear stress, the potential
energy dissipates as frictional heat or thermal energy throughout the slip phase but above this level of
shear stress, the potential energy is released in the forms of fracture energy and radiated energy.
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Figure 3.1. Simple representation of energy budget for earthquake

Fukuyama (2005) proposed a new concept for energy released close to the fault surfaces which can be
expressed as:

E, j 0'—0' an +J'( )andtdS (3.1)

where oy is stress component, 8;is the displacement between fault surface, N; is the unit vector
normal to the surface, . is fault surface, t,and t are initial time and time of termination of rupture,
respectively and superscript 0 and 1 are corresponding to t, and t_ , respectively (Fukuyama 2005).

Linear slip-weakening law is used for dynamic rupture in which initial shear stress (o) increase up
to the yield stress (Gy). After that, shear stress decrease linearly with slip and reaches to dynamic

friction stress (o, ) . Using these parameters in Eqn. 2.1 will result in Eqn. 5.1 as:
, 1
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The first term in the right hand side of Eqn. 5.1 corresponds to twice the strain energy change (AW)
due to slip under stress change and the second term is the fracture energy (Mikumo and Fukuyama
2006). Thus, the near-source energy and fracture energy for each segment of fault plane could be
estimated as:
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where Ao is dynamic stress drop, Ao, is strength excess and A is the area of each segment. Then, the

total near-source energy and fracture energy are estimated by Eqn. 5.3:

E=2E;
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4. ESTIMATION OF DYNAMIC PARAMETERS FOR 2003 BAM EARTHQUAKE

In this section, all parameters that are required for estimating the energy released of Bam earthquake
are discussed. The base of all calculations is the distribution of final slip on the fault plane, which is
estimated using kinematic modelling by Ghayamghamian and Hisada (2007). In the following, after
giving a brief explanation of Bam slip model, the procedure that lead to estimate dynamic source
parameters of Bam earthquake will be described.

4.1. Slip Model of Bam Fault

The slip model of 2003 Bam earthquake is determined by several researchers (Wang et al., 2004;
Funning et al., 2005 and Ghayamghamian and Hisada 2007). The latest research was provided by
Ghayamghamian and Hisada (2007) based on kinematic inversion of near-fault ground motions. This
model, which fully described the recorded near-fault and near-field ground motions, was adopted here
for the analysis. Their model is shown in Fig. 4.1 where the main asperity located near the surface
with maximum slip of about 2 m. This model include two fault segments (southern and middle
segments), which more than 80 per cent of the seismic moment was released from the southern
segment (Ghayamghamian and Hisada 2007). Consequently, the slip model of southern segment is
used to evaluate dynamic source parameters and released energy of Bam earthquake.
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Figure 4.1. Slip model of fault plane in Bam earthquake (Ghayamghamian and Hisada, 2007)



4.1. Dynamic source parameters of Bam fault

Based on Somerville et al. (2000) definition, an asperity contains sub-faults whose slip is 1.5 or more
times larger than the average slip over the fault. Thus, the sub-faults with the slip larger than 50 cm are
assumed to be the asperity regions as shown by red rectangular in Fig. 4.1.

Based on explanation given by Tinti et al. (2009) and Mikumo et al. (2003), we assumed the ratio of
D./Dyy to be 0.45. Then, the slip-weakening distance in main asperity of Bam fault evaluated to be in
the range of 20 to 55 cm. Based on Eqn. 2.3, the static stress drop can be found after estimating the
shear modulus from Eqn. 2.4. The shear modulus calculated using provided density in structural model
by Ghayamghamian and Hisada (2007) as shown in table 4.1. It is noteworthy that the slip was
occurred in two layers. Consequently, the static stress drop and its distribution on the fault are
calculated as shown in Fig. 4.2. The ratio of background stress drop to average asperity stress drop is
founded to be 39%, which is in agreement with the theoretical asperity model of Das and Kostrov
(1986). According to Das and Kostrov criteria, average stress drop of an asperity (with radius r) is
increased by the ratio (R/r) over the average stress drop on the surrounding annular crack area (with
radius R) (Das and Kostrov 1986). Finally, using Eqn. 2.5, dynamic stress drop throughout the fault
plane is calculated. The identified dynamic source parameters for two asperities of Bam fault are
summarized in table 4.2.

Table 4.1. Fault zones with various shear wave velocity

Fault zones Depth (km) V; (m/s) u (Mpa)
Layer 1 0-8 3550 35000
Layer 2 8-12 3800 40000
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Figure 4.2. Distribution of static stress drop on fault plane

Table 4.2. Dynamic source parameters for two asperities of Bam fault

Area of asperity (km?) 18.48 6.72

Slip weakening distance (cm) 22-55 28-35
Static stress drop (bar) 16-66 38-60
Dynamic stress drop (bar) 26-63 36-53
Strength excess (bar) 43-100 57-86




5. ENERGY BALANCE ON THE BAM FAULT

Based on Eqn. 3.3, the spatial distribution of near-source energy is estimated as illustrated in Fig. 5.1.
As shown in this figure, the maximum near-source energy released from main asperity with the value
of 3.2 MJ/m®. Furthermore, the distribution of fracture energy is estimated and shown in Fig. 5.2. The
parameters of near-source energy released for the two asperities are summarized in table 5.1. Another
parameter involved with released energy of an earthquake is radiation efficiency, which can be
calculated as:

Mo =——— (5.4)
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Figure 5.1. Spatial distribution of near-source energy of Bam fault
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Figure 5.2. Distribution of fracture energy on fault plane in Bam earthquake



Table 5.1. Energy released parameters for asperities of Bam fault

Dimension of fault 14 km x 12 km

Area of asperity (km®) 18.48 6.72
Ec

— (MJ/m2) 0.7-4.53 1.1-2.4
A

£

— (MJ/m2) 0.6-3.2 0.8-1.7
A
Er (10'MJ) 4.5 1.2

E, (10'MJ) 3.2 0.8
=

0.71 0.71

EF

where 7, is radiation efficiency. Venkataraman and Kanamori (2004) estimated radiation efficiency

for several crustal earthquakes and showed that this parameter for most earthquakes lies in the range of
0.25 to 1. However, Tsunami earthquakes have smaller radiation efficiencies than 0.25 (Venkataraman
and Kanamori, 2004). The radiation efficiency for Bam fault is founded to be 0.42, which is in
accordance with other crustal earthquakes.

6. CONCLOUSION

In this study, dynamic source parameters together with the near-source and fracture energies of Bam
fault were estimated using Fukuyama’s new energy balance relation and linear slip-weakening model
(Fukuyama 2005). The maximum Slip-weakening distance, static and dynamic stress drop and
strength excess were revealed to be 55 cm, 66 bar, 63 bar and 100 bar respectively.

Near-source released energy and fracture energy of bam fault asperities were found to be in the range
of 0.6 to 3.2 MJ/m* and 0.7 to 4.53 MJ/m? respectively. The near-source energy released from the
major asperity of Bam earthquake is lower than fracture energy. This might be in accordance with the
assumption of new fault rupture scenario for the Bam earthquake (Ye 2005; Fu, et al. 2007
Ghayamghamian and Hisada 2007). Thus, most of potential energy was dissipated as fracture energy
for creating new fault. The radiation efficiency was estimated to be 0.42, which is in agreement with
the values founded for Hector earthquake (1999) and Izmit earthquake (1999) by Venkataraman and
Kanamori (2004).
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