Journal of Japan Association for Earthquake Engineering, Vol. 20, No. 8, 2020

e

EXAMINATION OF AVERAGED STRESS DROP
EQUATIONS CONNECTING OUTER AND INNER
FAULT PARAMETERS FOR STRONG MOTION
PREDECTION

Kazuo DAN!, Masanobu TOHDO? and Atsuko OANA?

! Member, Dr. Eng., Ohsaki Research Institute, Inc.,
Tokyo, Japan, dan@ohsaki.co.jp

2 Member, Dr. Eng., Ohsaki Research Institute, Inc.,
Tokyo, Japan, tohdo@ohsaki.co.jp

3 Member, Dr. Eng., Ohsaki Research Institute, Inc.,
Tokyo, Japan, a.oana@ohsaki.co.jp

ABSTRACT: Averaged stress drop equations are important in fault modeling for
predicting strong ground motions, because they relate the outer and inner fault parameters
describing the asperity model. We examined several equations, including an equation of a
buried circular crack by using the seismic moment, the area of the asperities, and the stress
drop on the asperities. We compared the relationships between the seismic moment and the
seismic fault area calculated by each equation with the existing empirical relationships, and
concluded that the equation of a buried circular crack can be applied to small crustal and
subduction plate-boundary earthquakes without surface breakings such as the May 1997
Kagoshima-ken Hokuseibu earthquake (M6.1) and the 2003 Tokachi-oki earthquake (My
8.1). Most of the results showed that the equation of a buried circular crack cannot be
applied to large crustal or subduction plate-boundary earthquakes with surface breakings
such as the 2016 Kumamoto earthquake (My 7.1) and the 2011 off the Pacific coast of
Tohoku earthquake (M 9.0). This is because the equation of a buried circular crack was
derived from the fault model without surface breakings. Our examinations showed that the
stress drop equation by Fujii and Matsu’ura (2000) and the dynamic stress drop equation
by Irie et al. (2011) for a vertical strike-slip fault can be applied to the Kumamoto
earthquake and that the dynamic stress drop equation by Dorjpalam et al. (2015) for a thrust
fault can be applied to the Tohoku earthquake.
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1. INTRODUCTION

In the official procedure for predicting strong ground motions, called Recipe, by the Headquarters for
Earthquake Research Promotion (2016)", hereafter HERP, the averaged stress drop is calculated by the
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equation for a buried circular crack of Eshelby (1957)%, and this leads to unrealistic fault parameters,
such as the asperity area over 50% of the entire fault area, when the fault length gets longer. This is
because the averaged stress drop equation for a buried circular crack cannot be applied to long faults
with surface breakings (Dan et al., 2011)*. For this case, the Recipe by the HERP suggests a tentative
adoption of 3.1 MPa as the averaged stress drop which was derived by Fujii and Matsu’ura (2000)* for
vertical strike-slip fault earthquakes with surface breakings. Although the averaged stress drop equations
are important because they relate the outer and inner fault parameters describing the asperity model,
they have not been examined in detail so far.

Hence, we examined whether each of several equations of calculating the averaged stress drop is
appropriate or not by checking that the seismic fault area (fault ruptured area located within the
seismogenic layer), which is calculated from the seismic moment (one of the outer fault parameters) and
the asperity area and stress drop (two of the inner fault parameters) by the equation, is consistent with
the existing empirical relationships between the seismic moment and the seismic fault area.

Our targets are four types of earthquakes: 1) the March 1997 Kagoshima-ken Hokuseibu earthquake
(Mw6.1), the 1997 Yamaguchi-ken Hokubu earthquake (M 5.8), the 2004 Chuetsu earthquake (M 6.6),
the 2004 Rumoi-shicho earthquake (M 5.7), and the 2016 Tottori-ken Chubu earthquake (My 6.2) as
crustal earthquakes without surface breakings, 2) the 2016 Kumamoto earthquake (M 7.1) as a crustal
earthquake with surface breakings, 3) the 2003 Tokachi-oki earthquake (M 8.1) as a subduction plate-
boundary earthquake without surface (sea bottom) breakings, and 4) the 2011 off the Pacific coast of
Tohoku earthquake (M 9.0) as a subduction plate-boundary earthquake with surface (sea bottom)
breakings.

Hereafter, we call an earthquake without ground surface breakings (or sea bottom breakings) a small
earthquake and an earthquake with them a large earthquake, according to Scholz (2002)>. Some papers
we referred to in this paper derived SMGA (Strong Motion Generation Area) areas and stress drops.
However, we replaced them by asperity areas and stress drops, because Boatwright (1988)® had shown
that the asperity with the high stress drop corresponds to the SMGA by the dynamic fault rupturing
simulations.

2. CALCULATION EQUATIONS OF AVERAGED STATIC OR DYNAMIC STRESS DROP

In this Chapter, we compiled equations for calculating the averaged stress drop or averaged dynamic
stress drop. Since our targets are fault models with finite lengths, we excluded the averaged stress drop
equations for a buried vertical strike-slip fault with infinite length (Knopoff, 1957)” or for a buried
vertical reverse fault with infinite length (Starr, 1928)®.

2.1 Buried circular crack (Eshelby, 1957)?

Eshelby (1957)” obtained the equation for calculating the averaged stress drop Ao for a buried circular
crack, whose circumference has no slip, as follows:

Ao = (7/16)M,/(S/m)*/>. (1)
Here, M is the seismic moment, and S is the seismic fault area.

2.2 Vertical strike-slip equivalent semi-ellipsoidal crack with surface breakings (Watanabe et al.,
1998)”

Watanabe et al. (1998)” obtained the equation for calculating the averaged stress drop Ao for a vertical
strike-slip equivalent semi-ellipsoidal crack with surface breakings as follows:
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Here, L is the fault length, £ is the aspect ratio k = L/W, W is the fault width, v is the Poisson ratio of the
medium at the source (seismogenic layer). K, = K[(1-k%/4)"%], Es1 = E[(1-k*/4)"?], K2 =K[(1-4/k*)"?],
Ey = E[(1-4/k*)"*], and K is the first kind of the ellipsoidal integration and E is the second kind. Equation
(2) is supposed to be applied to crustal earthquakes.

2.3 Vertical strike-slip fault with surface breakings (Fujii and Matsu’ura, 2000)"

Fujii and Matsu’ura (2000)" obtained the equation for calculating the averaged stress drop Ao for a
vertical strike-slip faults with surface breakings by the dynamic fault rupturing simulation as follows:

Ao = [(aS + bWyay)/S? 1My, a =0.014(1/km), b=1. 3)
Here, Wy is the seismic fault width (equal to the thickness of the seismogenic layer). They showed that
its appropriate value is Wi = 12 km for crustal earthquakes at plate boundaries, and W, = 15 km for
crustal earthquakes inside plates.

2.4 Vertical strike-slip fault with surface breakings (Irie et al., 2011)'%

Irie et al. (2011)'? obtained the equation for calculating the averaged dynamic stress drop Ao” for a
vertical strike-slip fault with surface breakings by the dynamic fault rupturing simulation as follows:

Ac? = cMy/SWnax, € =05+ 2exp[ — L/Wpaxl- 4
Here, ¢ is the geometric stress constant which is a function of the aspect ratio L/Wyax. Wiay is the seismic
fault width (equal to the thickness of the seismogenic layer), and its value was assumed to be 15 km.
Equation (4) was supposed to be applied to crustal earthquakes.

2.5 Thrust fault with surface breakings (Dorjpalam et al., 2015)')

Dorjpalam et al. (2015)'" obtained the equation for calculating the averaged dynamic stress drop Ao”
for a thrust fault dipping 0= 15° with surface (sea bottom) breakings as follows:

Ac* = cMy/SWpar» ¢ =045+ 1.1exp[ — L/Wiaxl- (5)
Here, W is the seismic fault width and written by W, = thickness of the seismogenic layer/sind. Wyax
was set to be 200 km (thickness of the seismogenic layer is 51.8 km) in their dynamic fault rupturing
simulation. Equation (5) was supposed to be applied to subduction plate-boundary earthquakes.
3. CALCULATION EQUATIONS OF THE SEISMIC FAULT AREA
In this Chapter, we derive equations for calculating the seismic fault area S from the seismic moment
Mo, the asperity area S, and the asperity stress drop Aoy, by using the averaged stress drop equations
compiled in Chapter 2.
3.1 Buried circular crack (Eshelby, 1957)?

The averaged stress drop Ao of the asperity model is described by



Ao = ZisaspiAUaspi/S' (6)

Here, Sasi and Aoy are the area and the stress drop of the i-th asperity, respectively. For a buried circular
crack, the seismic fault area S can be calculated from Mo, Saspi, and Aoy by Eqs. (1) and (6) as follows:

§= (7/16)2773(1\/10/21'SaspiAJaspi)z- (7)

The averaged stress drop Ao can be obtained by substituting the seismic fault area S calculated by Eq.
(7) to Eq. (6).

3.2 Vertical strike-slip equivalent semi-ellipsoidal crack with surface breakings (Watanabe et al.,
1998)”

For the vertical strike-slip equivalent semi-ellipsoidal crack with surface breakings, the seismic moment
is described from Egs. (2) and (6) as follows:

n_llzk_l[{4(1 - 17)}/3]L3 ZiSaspiAJaspi/S/[Esl + {Ukz/(kz - 4)}(Ksl - Esl)] (k < 2)
M, = (8/3)7‘[_3/2{(1 - U)/(Z - U)}L?’ ZiSaspiAUaspi/S (k = 2) (8)
(2/m"/2)k ™2 (4/3)L3 By SaspilOaspi/S [ [Esz + v/ (1 = v)}{4/(k? — D} (Ksz — E)] (k> 2).

Since Eq. (2) is for a vertical fault, we can assume the seismic fault width ¥ to be equal to the thickness
of the seismogenic layer W, and then the unknown parameter is the seismic fault length L only. Hence,
we change the value of L from small to large to find a suitable length L so that the seismic moment My
by Eq. (8) matches the given seismic moment of each target event. The averaged stress drop 4o can be
obtained by substituting the suitable length L to Eq. (2).

Note here that the seismic moment M, by Eq. (8) converges on {8/(37"%)} WY iSuspiACuspi for large
L and that we cannot obtain a suitable length L when the given seismic moment M, is larger than this
upper limit.

3.3 Vertical strike-slip fault with surface breakings (Fujii and Matsu’ura, 2000)*

For the vertical strike-slip fault with surface breakings examined by Fujii and Matsu’ura (2000)", the
seismic fault area S can be calculated from Mo, Saspi, and Aouy, by Egs. (3) and (6) as follows:

§= meaxMO/[ZiSaspiAo-aspi —aM,]. (9)

The averaged stress drop Ao can be obtained by substituting S in Eq. (9) to Eq. (3).
Note here that the seismic moment M, is written by

M, = ZiSaspiAaaspi/(a +b Wmax/s)' (10)
from Eqgs. (3) and (6), that the seismic moment M, converges on Y iSupidougi/a for large S, and that we
cannot obtain a suitable seismic fault area S when the given seismic moment M is larger than this upper
limit.

3.4 Vertical strike-slip fault with surface breakings (Irie et al., 2011)'?

For the vertical strike-slip fault with surface breakings examined by Irie et al. (2011)'?, the seismic fault
area S can be calculated from Mo, Suspi, and Aoy by Egs. (4) and (6) as follows:



§= _Wn%ax IOg[ Winax ZisaspiAUaspi/(ZMO) - 0-25]- (1 1)

Here, we assumed that the averaged stress drop Ao should be equal to the averaged dynamic stress drop
Ac”. The averaged dynamic stress drop A¢” can be obtained by substituting S in Eq. (11) to Eq. (4).
Note here that the seismic moment M, is written by

My = Winax ZiSaspiAJaspi/(O-S + 2 exp[ — L/Winax]) (12)

from Eqs. (4) and (6), that the seismic moment My converges on Wax) iSaspi A0uspif2.5 for small L and
on 2Winax) iSaspi Aouspi for large L, and that we cannot obtain a suitable seismic fault area S when the
given seismic moment M is not in the range between W) iSaspi ACuspil2.5 and 2Winaxd iSuspi ACuspi.

3.5 Thrust fault with surface breakings (Dorjpalam et al., 2015)'

For the thrust fault with surface breakings examined by Dorjpalam et al. (2015)'", the seismic fault area
S can be calculated from Mo, Sauspi, and Aoug: by Egs. (5) and (6) as follows:

§= _Wrr%ax log[ Wmax ZisaspiAUaspi/(l-lMO) - 0-41]- (13)

Here, we assumed that the averaged stress drop Ao should be equal to the averaged dynamic stress drop
Ao’ The averaged dynamic stress drop Ac” can be obtained by substituting S in Eq. (13) to Eq. (5).
Note here that the seismic moment M, is written by

My = Wiax ZisaspiAGaspi/(0-45 + 1.1 exp[ - L/Wmax]) (14)

from Egs. (5) and (6), that the seismic moment My converges on Wiu) iSaspi AGugpi/1.55 for small L and
on 2.22Waxy iSaspi A0uspi for large L, and that we cannot obtain a suitable seismic fault area S when the
given seismic moment M is not in the range between Wiax) iSaspi ACuspi/ 1.55 and 2.22WaxY iSaspi ACuspi.

4. CALCULATION RESULTS OF THE SEISMIC FAULT AREAS
4.1 Crustal earthquakes without surface breakings

In this Section, we examined crustal earthquakes caused by buried faults of the March 1999 Kagoshima-
ken Hokuseibu earthquake (M 6.1), the 1997 Yamaguchi-ken Hokubu earthquake (M 5.8), the 2004
Chuetsu earthquake (M 6.6), the 2004 Rumoi-shicho earthquake (M 5.7), and the 2016 Tottori-ken
Chubu earthquake (M 6.2). Only Eq. (1) for a buried circular crack, out of the five equations compiled
in Chapter 2, can be applied to earthquakes by buried faults.

Tables 1 to 5 list the outer and inner fault parameters (Miyake et al., 2003; Shimazu et al., 2009;
Kamae et al., 2005; Maeda and Sasatani, 2009; Yoshida et al., 2018)'?"'9, used as input data in this
study, and the calculation results of the averaged stress drop Ao, the seismic fault area S, and the asperity
area ratio S,,/S. In Table 5, * shows that the calculation results are invalid because of Sq,/S over 0.5
(Dan et al., 2011)® (same in Tables 6 and 8).

These tables show that the averaged stress drops Ao are from 1.16 to 3.23 MPa except for Tottori-
ken Chubu earthquake which was excluded because of S,.,/S over 0.5 and that these values are in the
range of 0.5 to 2 times of 4o = 2.3 MPa which is obtained by Eq. (1) and the empirical relationship of
Somerville et al. (1999)'” between the seismic moment and the seismic fault area. The asperity area
ratios S,/S are from 0.11 to 0.34, and these values are in the range of 0.5 to 2 times of S,,/S = 0.22
which was obtained by Somerville et al. (1999)'” from the slip inversion results of the 15 crustal
earthquakes.



Table 1

Table 2 Fault parameters of the 1997 Yamaguchi-ken Hokubu earthquake and calculation results

Fault parameters of the March 1997 Kagoshima-ken Hokuseibu earthquake and calculation

results

outer fault parameter
(F-net, 1997)

seismic moment M o 1

40x 10" N-m

combined asperity area S 4,

S ggp 1 =42 km’

inner fault parameters
and short-period level

asperity stress drop

Aoy 1 =729 MPa

(Miyake et al., 2003)"”’

results by equation (1)
for a buried circular

VaVopm
short-period level 4 322 x 10" N-m/s>
averaged stress drop Ao 2.47 MPa
seismic fault area S 124 km2
0.34

crack

asperity area ratio S ;,, /S

outer fault parameter
(F-net, 1997)

seismic moment Mo

5.66x 10" N-m

combined asperity area S 4,

S agp1 = 144 km’

inner fault parameters
and short-period level

asperity stress drop
Ao-asp

ACqsp1 =74 MPa

(Shimazu et al.,, 2009)"

short-period level 4

192 x 10" Nenv's”

results by equation (1)
for a buried circular

crack

averaged stress drop Ao 1.16 MPa
seismic fault area S 112 km>
0.11

asperity area ratio S ,,, /S

Table 3 Fault parameters of the 2004 Chuetsu earthquake and calculation results

outer fault parameter
(F-net, 2004)

seismic moment Mo

753 % 10" N-m

(Kamae et al., 2005)' ¥

combined asperity area Sasp1=175 km’

2 2

inner fault parameters Susp =91 km S 4sp2 =16 km
and short-period level asperity stress drop Aoysp1=TMPa

results by equation (1)
for a buried circular

crack

Aoysp Aoysp2=20MPa
short-period level 4 8.72x 10" N-m/s”
averaged stress drop Ao 1.79 MPa
seismic fault area S 471 k'
0.16

asperity area ratio S 4, /S




Table 4

Table 5 Fault parameters of the 2016 Tottori-ken Chubu earthquake and calculation results

Fault parameters of the 2004 Rumoi-shicho earthquake and calculation results

outer fault parameter

. 17
(F-net, 2004) seismic moment M o 444 %10 ' N-m
combined asperity area S 4sp1=1.96 km’

inner fault parameters _ 2 _ 2
p S asp = 9.8 km S 4sp2="7.84 km

and short-period level
(Maeda and Sasatani,

2009)"”

asperity stress drop
Aoy

ACuep1=27.9 MPa

Ao uep2= 129 MPa

short-period level 4

339 x 10" Nenv's’

results by equation (1)

for a buried circular

crack

averaged stress drop Ao 3.23 MPa
seismic fault area S 48 km>
asperity area ratio S 45, /S 0.20

outer fault parameter
(F-net, 2016)

seismic moment Mo

224 x 10" N-m

inner fault parameters

combined asperity area

S, =50.9 km’

asp

S qsp 1 =389 k'

S sp2=12.0km"

and short-period level
(Yoshida et al.,, 2018)'”

asperity stress drop
Ao-asp

Aoy 1= 143 MPa

ACq5p2=T7.6 MPa

short-period level A

8.08 x 10" N-mys”

results by equation (1)

for a buried circular

crack

averaged stress drop Ao 9.12 MPa
seismic fault area S 71 km
asperity area ratio S ,,, /S 0.72*

*:invalid because of S 4,

/S over 0.5 (Dan et al., 2011).

Figure 1 shows the calculated seismic fault areas, with the seismic moments, of the four earthquakes
out of five earthquakes, excluding the result of the Tottori-ken Chubu earthquake with the asperity area
ratio S,,/S beyond 0.5. This figure also shows the empirical relationship between the seismic fault area
and the seismic moment adopted in the Recipe by HERP (2016)". This empirical relationship consists
of three lines: the first stage (Mo < 7.5 x 10'® N+m) where the ruptured fault does not reach the ground
surface and the fault length, the width, and the slip are proportional to each other, the second stage (7.5
x 10" N*m < My < 1.8 x 10* N-m) where the ruptured fault reaches the ground surface and the
fault width saturates, and the third stage (1.8 x 10°° N-m < M,) where the slip also saturates. We also
show its half and double lines in order to judge the applicability of the averaged stress drop equations.
Figure 1 indicates that the seismic fault areas calculated by Eq. (1) for a buried circular crack are
consistent with the empirical relationship adopted in the Recipe.

Figure 2 shows the short-period level 4 calculated from the asperity area S.,: and the asperity stress
drop Aoy for all the fault models in this study by the following equation:

A= [Zi{4nﬁ2Ao-aspi(Saspi/ﬂ)l/z}Z]l/z- (15)



Here, [ is the S-wave velocity at the source (seismogenic layer), and its value was taken from each
reference of the inner fault parameters. Figure 2 also shows the empirical relationship by Dan et al.
(2001)'® between the seismic moment and the short-period level, adopted in the Recipe of HERP, and
its half and double lines. The solid parts show the range of the seismic moments of the crustal
earthquakes used to obtain the empirical relationship, and the dotted parts show the ranges out of the
seismic moments. Figure 2 indicates that all the short-period levels of the fault models in this study are
within the range of 1/2 to 2 times of the empirical relationship by Dan et al. (2001)'®.

Our results show that Eq. (1) for a buried crack model is suitable for calculating the averaged stress
drop of crustal earthquakes without surface breakings.

4.2 Crustal earthquake with surface breakings

In this Section, we examined a crustal earthquake with surface breakings of the 2016 Kumamoto
earthquake (My 7.1). Here, although Eq. (1) is for a buried circular crack and it cannot be applied to
second-stage earthquakes with surface breakings, we applied it to the Kumamoto earthquake, one of the
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second-stage earthquakes, and examined its applicability, because HERP (2016)" applies it to the
second-stage earthquakes in the Recipe. We assumed W, = 15 km for the Kumamoto earthquake
because Fujii and Matsu’ura (2000)* assumed W,... = 15 km for crustal earthquakes inside the plates,
Irie et al. (2011)'? also assumed W, = 15 km in their dynamic fault rupturing simulation, and Irikura
et al. (2017)'? set the fault width to be 18 km for the Kumamoto earthquake and the upper depth of the
seismogenic layer is 3 km in Kumamoto region (HERP, 2014)”,

The dip of the faults for the Kumamoto earthquake by Irikura et al. (2017)'” is from 65° to 77°,
while Fujii and Matsu’ura (2000)* and Irie et al. (2011)'” assumed vertical faults dipping 90°.

Table 6 lists the inner fault parameters of the 2016 Kumamoto earthquake obtained by Irikura et al.
(2017)", Satoh (2017)*", and Oana et al. (2017)** and our calculation results. Here, Irikura et al.
(2017)" proposed a source model consisting of three asperities in order to reproduce strong motions
and a simplified source model consisting one asperity in order to validate the simplified source model
for strong motion prediction, and we adopted the former because we prioritized the reproducibility of
the strong motions. Note here that we could not obtain a suitable seismic fault length L when we applied
Eq. (2) for a vertical strike-slip equivalent ellipsoidal crack with surface breakings to the inner fault
parameters by Oana et al. (2017)*? because the seismic moment did not reach 4.42 x 10" N+m for large
seismic fault length L under condition of W, = 15 km.

Table 6 shows that the averaged stress drop Ao calculated by Eq. (1) for a buried circular crack are
from 0.64 MPa to 5.69 MPa except for the cases of S,,/S over 0.5 and that those by Egs. (2) to (4) for a
vertical strike-slip fault with surface breakings are from 3.44 to 3.91 MPa, which are close to Ao = 3.1
MPa obtained by Fujii and Matsu’ura (2000)* and Ao = 3.4 MPa obtained by Dan et al. (2011)*. The
asperity area ratios S,,/S calculated by Eq. (1) for a buried circular crack are from 0.072 to 0.49 and
those by Egs. (2) and (4) are from 0.072 to 0.49, which are in the range of 1/2 to 2 times of S,,/S = 0.22
obtained by Somerville et al. (1999)'7.

Figure 3 shows the seismic moment and the seismic fault area calculated by Eq. (1) for a buried
circular crack. Figure 3 also shows empirical relationships between the seismic moment and the seismic
fault area proposed by Fujii and Matsu’ura (2000)" and Dan et al. (2011)® for the second- and third-
stage earthquakes as well as the empirical relationship by the HERP (2016)". Here, the seismic fault
area S within the seismogenic layer, not fault ruptured area S;.,, is plotted for the empirical relationship
by Dan et al. (2011). It is found out that the empirical relationships by Fujii and Matsu’ura (2000)* and
Dan et al. (2011)® are in the range of 1/2 to 2 times of that by the HERP (2016)".

Figure 3 indicates that the seismic fault areas calculated from the inner fault parameters of Irikura
et al. (2017)'” and Oana et al. (2017)*? by Eq. (1) for a buried circular crack are rather larger than the
existing empirical relationships and that the seismic fault area calculated from the inner fault parameters
of Satoh (2017)*"is consistent with the empirical relationships. This is because the calculated seismic
fault area S is proportional to the square of the asperity area S, as shown by Eq. (7) and the combined
asperity area Sup is 1.6 to 1.7 times larger than those of other two models.

Figure 4 shows the relationship between the seismic moment M, and the seismic fault area S
calculated by Eq. (2) for a vertical strike-slip equivalent semi-ellipsoidal crack with surface breakings.
It is clear that the seismic fault area S calculated from the inner fault parameters of Irikura et al. (2017)"”
by Eq. (2) for a vertical strike-slip equivalent semi-ellipsoidal crack agrees with the existing empirical
relationships.

Figure 5 shows the relationship between the seismic moment M, and the seismic fault area S
calculated by Eq. (3) for a vertical strike-slip fault with surface breakings. The figure indicates that the
seismic fault area S from the inner fault parameters of Oana et al. (2017)** by Eq. (3) is consistent with
the existing empirical relationships.

Figure 6 shows the relationship between the seismic moment M, and the seismic fault area S
calculated by Eq. (4) for a vertical strike-slip fault with surface breakings. The figure indicates that the
seismic fault area S from the inner fault parameters of Oana et al. (2017)*? by Eq. (4) for a vertical strike-
slip fault with surface breakings is consistent with the existing empirical relationships.

Our results show that the seismic fault area calculated from the inner fault parameters of Satoh
(2017)*" by Eq. (1) for a buried circular crack is consistent with the existing empirical relationships



while those from the inner fault parameters of Irikura et al. (2017)'” and Oana et al. (2017)*? are larger
than the existing empirical relationships and that the seismic fault areas calculated from the inner fault
parameters of Irikura et al. (2017)'” and Oana et al. (2017)*® by Eq. (2) for a vertical strike-slip
equivalent semi-ellipsoidal crack with surface breakings and by Egs. (3) and (4) for a vertical strike-slip
fault with surface breakings are consistent with the empirical relationships by the HERP (2016)", Fujii
and Matsu’ura (2000)”, and Dan et al. (2011)”. We can summarize here that Eq. (1) for a buried circular
crack may not be suitable to be applied to the 2016 Kumamoto earthquake with surface breakings.

Table 6 Fault parameters of the 2016 Kumamoto earthquake and calculation results

(a) outer fault parameter

(c) inner fault parameters by Satoh (2017)21) and the results

outer fault parameter
[F-net, 2016]

seismic moment Mo

442x10° N°m

(b) inner fault parameters by Irikura et al . [2017] and the

results

and short-period level
(trikura et al ., 2017)'”

asperity stress drop
Aoy

Acy,1=13.6 MPa

Aoy, 2=13.6 MPa

Acyg,3=13.4MPa

short-period level 4

158 x 10" N-ms”

combined asperity area
S gp =351.36 ki

asp

Sasp1=115.2knm"

S 4sp2=103.68 kil

S 4sp3=34.56 km®

(Satoh, 2017)

asperity stress drop
Ao

Sagp1= 518k S 4up 4= 46,08 k'
combined asperity area 3 7
S ap =203.6 Kk S 45p2="51.8 km inr;er}fault par_aréleltersl S 4sp5=51.84 km
_ 2 and short-period leve _
inner fault parameters S 4sp 3= 100 km P o Ao, 1=115MPa

ATy 2=11.5MPa

ATy 3=11.5MPa

AGyp4=11.5MPa

ATy 5=11.5MPa

. 19 2
results by equation (1) averaged stress drop Ao 1.79 MPa short-period level 4 1.87% 10 N-m/s
for a buried circular seismic fault area 1,530 kni* X averaged stress drop Ao 5.69 MPa
crack results by equation (1)
asperity area ratio S 4, /S 0.13 for a buried circular seismic fault area § 710 Kkt
results by equation (2) averaged stress drop Ao 3.62 MPa crack asperity area ratio S 4, /S 0.49
for a vertical strike-slip -
equivalent semi- seismic fault area § 760 ki results b}' equa?lon (_2) averaged stress drop Ao 10.8 MPa
ellipsoidal crack with fora vertical strike-slip
surface breakings asperity area ratio S 4, /S 0.27 equivalent semi- seismic fault area S 374 km?
ellipsoidal crack with
results by equation (3) averaged stress drop Ao 8.83 MPa surface breakings asperity area ratio S ,, /S 0.94%*
for a vertical strike-slip
fault with surface seismic fault area § 311 km ;esults b)./ e?uzgli(on (11.3) averaged stress drop Ao 20.9 MPa
. 1t trike-
breakings asperity area ratio S 4, /S 0.65* Oréu:: “110:;] ssurfaec: P seismic fault area S 194 knt
averaged dynamic stress dro breakings asperity area ratio S, /S 1.81%*
results by equation (4) gec @y 4 P 7.98 MPa ¢ by 2
i ike-sli 4o averaged dynamic stress dro
for;\ v;m»ctil ?tnrlffe slip — - results by equation (4) gecdy 4 P 21.6 MPa
au le k»su ace seismic fault area § 344 km for a vertical strike-slip Ao
reakings ~, ith surfs
asperity area ratio S ,, /S 0.59* fault with surface seismic fault area S 187 ki
breakings
*:invalid because of S, /S over 0.5 (Dan et al., 201 l)J)A asperity area ratio S ,, /S 1.88*

*:invalid because of S,

5 /S over 0.5 (Dan et al, 2011y

(d) inner fault parameters by Oana et al. (2017)22) and the results

(Oana et al,, 2017)">)

asperity stress drop
AGusp

S gsp1 = 120 km”

combined asperity area 7

S,,A.p:220kmz S 45p2= 64 km

2

inner fault parameters S asp 3 =36 km
and short-period level AGu5p1=6MPa

AGqsp2=13MPa

Ac,gp3=11MPa

short-period level 4

1.14x 10" N-m/s”

results by equation (1) averaged stress drop Ao 0.64 MPa
for a buried circular seismic fault area S 3,060 Kk
k
crac asperity area ratio S ,, /S 0.072
results by equation (3) averaged stress drop Ao 3.91 MPa
for a vertical strike-slip ismic fault S B
fault with surface seismic fautt area 499 kani
breakings asperity area ratio S ,, /S 0.44
i averaged dynamic stress drop
results by equation (4) ¥ 3.44 MPa
for a vertical strike-slip ad
fault with surface seismic fault area S 567 km>
breakings
asperity area ratio S ,, /S 0.39
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Fig. 4

Fig. 5
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Relationship between the seismic moment and the seismic fault area calculated from the
inner fault parameters for the 2016 Kumamoto earthquake by Eq. (1) for a buried circular
crack
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Relationship between the seismic moment and the seismic fault area calculated from the
inner fault parameters for the 2016 Kumamoto earthquake by Eq. (2) for a vertical strike-
slip equivalent semi-ellipsoidal crack with surface breakings
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Relationship between the seismic moment and the seismic fault area calculated from the
inner fault parameters for the 2016 Kumamoto earthquake by Eq. (3) for a vertical strike-
slip fault with surface breakings
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Fig. 6 Relationship between the seismic moment and the seismic fault area calculated from the
inner fault parameters for the 2016 Kumamoto earthquake by Eq. (4) for a vertical strike-
slip fault with surface breakings

4.3 Subduction plate-boundary earthquake without surface (sea bottom) breakings

In this Section, we examined a subduction plate-boundary earthquake without surface (sea bottom)
breakings of the 2003 Tokachi-oki earthquake (M 8.1). This earthquake was caused by a thrust fault,
and had little slip on the shallow part of the fault in the inversion results from long-period motions (e.g.,
Aoi et al., 2008)*, and we have no report that any sea bottom breakings are discovered.

Table 7 lists the seismic moment and the inner fault parameters derived by Kamae and Kawabe
(2004)*¥ and our calculation results. The table shows that the averaged stress drop Ao is 10.5 MPa and
it is about 3 times larger than Ao = 3.0 MPa calculated by Eq. (1) for a buried circular crack and
empirical relationships between the seismic moment and the seismic fault area of Kanamori and
Anderson (1975)* and Utsu (2001)*®. The asperity area ratio is 0.42 and it is in the range of 1/2 to 2
times of S,,/S = 0.25, which was obtained by Somerville et al. (2002)*” from slip distributions of
subduction plate-boundary earthquakes.

Figure 7 shows the seismic moment and the seismic fault area calculated by Eq. (1). The figure also
shows the empirical relationship by Utsu (2001)*®, adopted in the Recipe, and its half and double. Here,
the empirical relationship by Utsu (2001)*® is supposed to be applied to first-stage subduction plate-
boundary earthquakes, whose seismic fault length, width, and slip are proportional to each other, and
the averaged stress drop is 3 MPa by Eq. (1) for a buried circular crack. However, the Recipe does not
describe the upper limit of the seismic moment in the empirical relationship.

The figure indicates that the seismic fault area S calculated by Eq. (1) for a circular crack is
consistent with the empirical relationship adopted by Recipe, and this means that Eq. (1) is suitable to
calculate averaged stress drops of subduction plate-boundary earthquakes without surface (sea bottom)
breakings.

4.4 Subduction plate-boundary earthquake with surface (sea bottom) breakings

In this Section, we examined a subduction plate-boundary earthquake with surface (see bottom)
breakings of the 2011 off the Pacific coast of Tohoku earthquake. This earthquake was caused by a thrust
fault. We assumed W, = 200 km in the following calculation because W,..x = 200 km was adopted in
the dynamic fault rupturing simulation to obtain Eq. (5) and the fault width of the Tohoku earthquake
was about 200 km (e.g., Yoshida et al., 2011)*®.

Table 8 lists the inner fault parameters of the Tohoku earthquake obtained by Asano and Iwata
(2012)*”, Satoh (2012)*”, Kawabe and Kamae (2013)*", and Kurahashi and Irikura (2013)*? and our
calculation results. In the table, the seismic fault area S calculated from the inner fault parameters by
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Satoh (2012)*” by Eq. (5) for a thrust fault with surface breakings is 1/39.4 of the combined asperity
area. This is because the seismic fault area by Eq. (13) gets small for a large asperity area S, and large
asperity stress drop Aoy, and because the combined asperity area of Satoh (2012)*” is about 2 times
larger than those of the three other models and the asperity stress drop is also about 1.5 times larger.
This small seismic fault area leads to a quite large averaged stress Ao of 1,117 MPa.

Table 8 indicates that the averaged stress drop Ao calculated by Eq. (1) is in a wider range of 0.09
to 3.26 MPa except for the cases of S,,/S over 0.5 and that the averaged dynamic stress drop Ac”
calculated by Eq. (5) is in a narrower range of 0.48 to 1.44 MPa, which is in the range of 1/2 to 2 times
of Ac” = 1.0 MPa derived by Dan et al. (2018)** for subduction plate-boundary earthquakes. The asperity
area ratio Su,/S derived by Eq. (1) is also in a wide range of 0.0044 to 0.11 and that by Eq. (5) isin a
narrower range of 0.025 to 0.073, which is in the range of 1/2 to 2 times of S,,/S = 0.05 derived by Dan
etal. (2018)*.

Table 7 Fault parameters of the 2003 Tokachi-oki earthquake and calculation results

outer fault parameter

20
(F-net, 2003) 821 %10 N-m

seismic moment Mo

S gp 1= 672 k'
S 4yp2 =400 km’
S 4p3 =320 k'

combined asperity area
S asp = 1,392 k"

inner fault parameters
and short-period level

(Kamae and Kawabe,
2004)""

asperity stress drop

Ao

Aoy, 1=25 MPa

Ao, 2=25MPa

Ao, 3=25MPa

short-period level 4

1.06 x 10*° N-nv's”

results by equation (1) averaged stress drop Ao 10.5 MPa
for a buried circular seismic fault area S 3,300 km’
crack asperity area ratio S ,,, /S 0.42

o Kamae and Kawabe (2004)24)
---- Utsu (2001)26) and its half and double

Moment Magnitude My
8 9
107 ; 1 1
106 e S
1054 double ="
@104 -7 half .
10347 3
102 LI RS AR | LA L A RN | LA AR | LN L B B B
1020 1021 1022 1023 1024
Mo [N-m]

Fig. 7 Relationship between the seismic moment and the seismic fault area calculated from the
inner fault parameters for the 2003 Tokachi-oki earthquake by Eq. (1) for a buried circular
crack
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Table 8 Fault parameters of the 2011 off the Pacific coast of Tohoku earthquake and calculation
results

(a) outer fault parameter

(d) inner fault parameters by Kawabe and Kamae (2013)3” and the results

outer fault parameter
IMA [2011]

seismic moment Mo

22
4.22x10" N-m

(b) inner fault parameters by Asano and Iwata (2012)29) and the results

inner fault parameters

combined asperity area
S 4 = 5,042 ke’

asp

S 4sp 1 = 1,206 kit

S gsp2= 1,296 km’

asp 2

S g3 = 1225 k'

S gp 4= 1,225 k'

and short-period level
(Asano and Iwata,

2012)*”

asperity stress drop

AGasp

Ay 1=23.9 MPa

AG4p2=278 MPa

AG4p3=175MPa

A0 4=6.6 MPa

results by equation (1)

for a buried circular

crack

results by equation (5)

for a thrust fault with
surface breakings

inner fault parameters
and short-period level
(Kawabe and Kamae,

2013)°"

combined asperity area
S 4p =6225km'

S gsp 1= 1,600 kmi®
S 4p2=2,500 k"

S 4sp 3 =441 ki

S 4sp 4= T84 ki

S 4sp5 =900 ki’

asp

asperity stress drop
A0usp

A0, 1 =204 MPa

A0y 2=21.6 MPa

Ao, 3=15.7MPa

Aoy, 4=10.5 MPa

AGysps=23.1MPa

short-period level 4

171 x 10° N- s

(c) inner fault parameters by Satoh (2012)30) and the results

(¢) inner fault parameters by Kurahashi and Irikura (2013)

short-period level 4 1.67 % 10°° N-my/s> results by equation (1) averaged stress drop Ao 0.17 MPa
averaged stress drop Ao 0.09 MPa for a buried circular seismic fault area S 703,000 km?
seismic fault area S 1,130,000 kmz crack asperity fault ratio S, /S 0.0089
asperity fault ratio S ., /S 0.0044 averaged dynamic stress drop 144 MP:
- results by equation (5) # : a
averaged dynamic stress drop . Ao
& 0.48 MPa for a thrust fault with - 2
Ao X . seismic fault area S 85,100 km'
- surface breakings 2
seismic fault area S 200,000 km™ asperity fault ratio S, /S 0.073
asperity fault ratio S ., /S 0.025 %2 and the results

inner fault parameters

combined asperity area
S asp = 11475 k'

S 4o 1 = 2,025 kit

S 4sp 2= 8,100 ki

S 4sp 3= 900 kmi”

S gy 4 =450 k"

and short-period level
(Satoh, 2012)*”

asperity stress drop
AGagp

Ao,y 1=39.77 MPa

Ao,sp2=25.85MPa

AG5p3=29.1 MPa

A0y 4=20.57 MPa

short-period level 4

351 x 10 Nens”

inner fault parameters
and short-period level

(Kurahashi and Irikura,

2013)°”

combined asperity area
S 4sp =5,385.15 km

S gp 1 = 1,156 kmi®

S 45p 2= 65025 k"

S 45p 3= 1,806.25 k'

S 4sp 4= 533.61 ki’

S 45 = 1,239.04 k'

asperity stress drop
A0usp

Aoy, 1= 16 MPa

Ao,sp2=20 MPa

A0y 3=20 MPa

Ay, 4=252MPa

A0y 5=26 MPa

results by equation (1) averaged stress drop Ao 3.26 MPa short-period level 4 1.60 x 10°° N-1mv's’
for a buried circular seismic fault area S 99,800 kit results by equation (1) averaged stress drop Ao 0.14 MPa
crack asperity fault ratio S, /S 0.11 for a buried circular seismic fault area S 823,000 Kt
_ averaged dynamic stress drop |17 MPa crack asperity fault ratio S ., /S 0.0065
results by equatlonA(S) 40" | averaged dynamic stress drop
for a thrust fault with seismic fault arca S 201 K results by equation (5) P 1.12 MPa
surface breakings - Ao
N . B for a thrust fault with - 2
asperity fault ratio S, /S 39.4 R seismic fault area S 102,000 km’
> surface breakings 2
*:invalid because of S 4, /S over 0.5 (Dan et al., 2011) ), asperity fault ratio S, /S 0.053

Figure 8 shows the relationship between the seismic moment M, and the seismic fault area S
calculated by Eq. (1) for a buried circular crack. The figure also shows the empirical relationship by Dan
et al. (2018)* as well as that by Utsu (2001)** and its half and double. Here, the empirical relationship
by Dan et al. (2018)*? is for the second- and third-stage subduction plate boundary earthquakes with
surface (sea bottom) breakings and a saturated fault width, and can be applied to earthquakes with the
seismic moment over 6.2 x 10?' N-m. It changes smoothly from the second stage to the third stage, and
its averaged dynamic stress drop is 1 MPa.

Figure 8 indicates that the seismic fault areas calculated by Eq. (1) for a buried circular crack are 3
to 10 times larger than the empirical relationships between the seismic moment and the seismic fault
area by Utsu (2001)*® and Dan et al. (2018)*¥, except for the seismic fault area from the inner fault
parameters obtained by Satoh (2012)*”. The seismic fault areas from the inner fault parameters obtained
by Satoh (2012)*” are much smaller than those from the inner fault parameters obtained by other
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Fig. 8 Relationship between the seismic moment and the seismic fault area calculated from the
inner fault parameters for the 2011 off the Pacific coast of Tohoku earthquake by Eq. (1)
for a buried circular crack
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Fig. 9 Relationship between the seismic moment and the seismic fault area calculated from the
inner fault parameters for the 2011 off the Pacific coast of Tohoku earthquake by Eq. (5)
for a thrust fault with surface breakings

researchers. This is because the seismic fault area by Eq. (7) is inversely proportional to (Supi ACuspi)®

and the combined asperity area S, is about twice of that obtained by other researchers and the asperity

stress drop Aoug: 1s about 1.5 times of that obtained by other researchers.

Figure 9 shows the relationship between the seismic moment and the seismic fault area calculated
by Eq. (5) for a thrust fault. Note here that we do not plot the result from the inner fault parameters of

Satoh (2012)*” because its asperity area ratio is S,/S = 39.4 and it cannot be an asperity model. The

figure indicates that all the calculated seismic fault areas agree with the empirical relationships by Utsu

(2001)*” and Dan et al. (2018)*?.

Our results show that Eq. (1) for a buried circular crack might be not be valid to calculate the

averaged stress drop of subduction plate-boundary earthquakes with surface (sea bottom) breakings.
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5. CONCLUSIONS

We examined averaged stress drop equations, including the one for a buried circular crack, by using the
seismic moments, the asperity areas, and the asperity stress drops. After we compared our calculation
results with existing empirical relationships between the seismic moment and the seismic fault area, we
concluded that the stress drop equation for a buried circular crack can be applied to crustal earthquakes
and subduction plate-boundary earthquakes without surface (sea bottom) breakings and that other stress
drop equations developed for earthquakes with surface breakings may be suitable for crustal or
subduction plate-boundary earthquakes with surface breakings such as the 2016 Kumamoto earthquake
and the 2011 off the Pacific coast of Tohoku earthquake.

In this paper, we examined averaged stress drop equations in terms of earthquakes without or with
surface breakings. On the other hand, we experienced damaging earthquakes such as the 2000 Tottori-
ken Seibu earthquake (M 6.6) and the 2008 Iwate-Miyagi Inland earthquake (M 6.9) with short fault
traces. These earthquakes can be assigned between the earthquakes without surface breakings and those
with surface breakings. Hence, it is necessary to obtain averaged stress drop equations applicable to this
type of earthquakes.
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