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Abstract 
The authors have investigated probabilistic seismic hazard analysis (PSHA) based on strong ground-motions evaluation 
using fault models. In Japan, the method called “recipe” has been proposed to set fault parameters by The Headquarters 
for Earthquake Research Promotion (HERP), it enables us to evaluate average ground motions at the target site. The 
“recipe” shows several equations and/or values for evaluating seismic parameters based on previous studies, however, 
the most appropriate way is usually selected in the deterministic approach according to engineering judgements. On the 
other hand, as for the probabilistic approach for hazard analysis, it is necessary to consider the differences of equations 
and values (median, standard deviation etc.) of fault parameters as uncertainty factors, and to involve them into the process 
of hazard analysis. Although they are generally categorized as epistemic uncertainties, it is not clear that how large are 
their effects on seismic intensities or hazard curves. 

In this paper, the authors conducted sensitivity analysis to clarify the effects on seismic hazard by uncertainties of fault 
modeling, mainly focused on the epistemic uncertainties in the method of “recipe”. A strike-slip fault of crustal earthquake 
whose magnitude was M7.0 was prepared as an object for hazard analysis. The hazard curves were calculated for 26 sites 
where the epicentral distances were from 0 to 50km. The annual frequency of occurrence was evaluated assuming a 
Poisson process based on the average slip by Matsuda(1975) and the average slip velocity by 0.25mm/year. 

Firstly, the logic tree branches were constructed based on the “recipe”. They are represented the range of probable 
uncertainties related to the differences of equations or median value of seismic source parameters. For example, two types 
of paths were prepared for evaluating main parameters such as stress drops and asperity, the one was for crack model and 
the other was for long fault model. After that, the ground motions were simulated using stochastic Green’s function 
method. For each path in the logic tree, 250 waves were generated considering the phase randomness, and the statistics 
of acceleration response (5% dumping) were evaluated. When the seismic hazard curves were evaluated, the varieties of 
seismic responses were assumed to be 0.4 as natural log-normal standard deviations. 

As a result, it was clarified that the hazard curve corresponding to the path for crack model was a little larger than that 
corresponding to the path for long fault model in short period, but their differences were not so large. On the other hand, 
the differences of median values of fmax relatively strong affected on hazard curves of shorter period, in contrast, that of 
rise time coefficient and dip angle affected on hazard curves of longer period. Although the range epistemic uncertainties 
considered in this study are limited, it was recognized that enough attention should be paid to the path which is extremely 
affected on ground-motion intensity when the weighting of logic tree and evaluating fractile hazards. 

Keywords: fault model; probabilistic seismic hazard; seismic uncertainties; logic tree, sensitivity analysis 
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1. Introduction 
Probabilistic seismic risk assessment (PRA) has been applied to quantitatively evaluate the seismic safety 

performance of important facilities such as nuclear power plants, and higher precision PRA has been more and 
more needed after 2011 Fukushima NPP events. The seismic PRA are mainly consisted with 3 processes, which 
are probabilistic seismic hazard analysis, fragility analysis of structure or its components and accident sequence 
assessment. In these days, as for the process of seismic hazard analysis, not only empirical methods such as 
ground-motion prediction equations but also ground-motion simulations using finite-fault earthquake source 
models(fault models) have been applied to predict seismic intensity at target site. In Japan, the methodology 
to set seismic source parameters of a fault model have been proposed by The Headquarters for Earthquake 
Research Promotion (HERP)[1] in order to evaluate the average ground motion caused by the fault activity, and 
it is called “recipe”. The recipe proposes several equations for setting seismic source parameters based on 
previous studies. When we evaluate ground motions in the deterministic approach, the most appropriate 
equations are usually selected according to the engineering judgment. On the other hand, in the probabilistic 
approach such as seismic hazard analysis in PRA, it is necessary to consider the differences of equations and 
seismic source parameters. Generally, the uncertainties which come from insufficient of knowledge are called 
as “epistemic uncertainties” and these epistemic uncertainties should be properly included into the process of 
hazard analysis. In the “recipe”, there seems to be the variable ranges of ground-motion prediction caused by 
epistemic uncertainty in the method, however, it is not clear that how large those effects are on seismic 
intensities or hazard curves at target site. 

In this paper, the authors evaluated ground motions at sites using fault models and conducted sensitivity 
analysis mainly focused on the epistemic uncertainties involved in the method of “recipe”, and also discusses 
the effects on the seismic hazard by uncertainties of finite-fault modeling. 

2. Methods 
2.1 Fault model 

In this study, a strike-slip fault of crustal earthquake whose magnitude is M7.0 was assumed as a target for 
hazard analysis. Fig.1 and Table 1 show the basic conditions of seismic source parameters of the target fault. 
The density ρ and shear wave velocity β near the fault were set as 2.75 g/cm3 and 3.4 km/s respectively. The 
basic dip angle was set as 90 degree. The fault length L was decided from its magnitude based on the equation 
by Matsuda(1975)[2] and the seismic moment M0 was calculated based on the equation by Takemura(1990)[3]. 
The equation for the fault area was settled by Irikura and Miyake(2001)[4] because the magnitude of the fault 
is relatively larger. The basic depth of upper and bottom of fault were settled as 2km and 20km respectively. 
The fault area was assumed to exist in the seismological layer, however if the fault width seems to be over the 
fault bottom line, the fault length was adjusted so as to consistent with in the seismological layer (The fault 
length was settled as Lmodel). In the fault plane, only one asperity was located on the center of fault area, and 
the rupture starting point was assumed on the center bottom of asperity. 

 
Fig. 1 – Basic conditions of fault model 
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Table 1 – Basic conditions of seismic source parameters 

Seismic parameter Symbol Equation or Basic values 
Magnitude M 7.0 
Fault length L log10L=0.6M-2.9  (Matsuda,1975) 
Seismic moment M0 log10M0=1.17M+10.72  (Takemura,1990) 
Depth of fault top Ztop 2km 
Depth of fault bottom Zbot 20km 
Strike θ 90 deg. 
Dip δ 90 deg. 
Rake λ 180 deg. 
Fault area S S=4.24×10-11×(M0×107)1/2 (Irikura and Miyake, 2001) 
Maximum fault width Wmax Wmax = (Ztop-Zbot)/sinδ 
Width for fault model Wmodel Wmodel = S/L, Wmodel≦Wmax 
Length for fault model Lmodel Lmodel = S/Wmax 
Average slip D D = M0/(μ×S) 
Short period acc. level A A=2.46×1010×(M0×107)1/3 (Dan et al. ,2001[5]) 
Number of asperity Nasp 1 
Asperity ratio CSa CSa = Sa/S (Sa : Asperity area) 
Slip of asperity Da Da = 2.0×D 
Rupture velocity coef. CVr Vr = CVr×Vs    , CVr = 0.72 
Rise time coef. Cτr τr = Cτr×W/Vr   , Cτr = 0.50 
High frequency cut filter fmax 6.0Hz 
Location of asperity - Center of fault plain 
Location of rupture starting point - Center of the bottom of asperity 

 
2.2 Logic tree 

In order to include the epistemic uncertainties of recipe method to hazard analysis, the logic tree shown in 
Fig.2 was constructed in this study. The logic tree was derived from the basic condition of seismic source 
parameters shown in chapter 2.1. The differences of equation for each seismic parameter come from epistemic 
uncertainty and they were expressed as branches of logic tree. In the recipe, there are mainly 2 kinds of 
branches for setting seismic source parameters, the one is the branch related to circle crack assumption by 
Eshelby(1957)[6], and another is the branch related to long fault assumption. These branches were called as 
Path A and Path B respectively in this study. Furthermore, the branches of Path B were assumed to involve the 
differences of seismic source parameters proposed by previous studies. For example, the high frequency cut 
filter fmax are proposed as 6Hz and 13.5Hz in the recipe, thus the logic tree was constructed to involve these 
differences as branches. 

Table 2 summarizes the details of all paths in the logic tree. Total 13 paths were set from Path100 to Path211. 
Path100 is a branch through the Path A which is the circle crack assumption. From Path200 to Path211 are 
branches through the Path B which is long fault assumption. Path100 and Path200 correspond to the basic 
condition shown in Table 1. Fig.3 shows the variations of asperity location and rupture starting point for 
Path100, 200, 208~211. The branches related to the asperity location were prepared 2 cases, the one is the case 
that the asperity located at the center of fault plain and the other is the case that the asperity located at the upper 
fault. Also, the branches related to the location of rupture starting point were prepared 3 cases, which are the 
right or left edge of bottom of asperity, and the center of bottom of asperity. 

Table 3 shows the comparisons of values for seismic source parameters with Path100 and Path200, and the 
right figure shows the ratio of values (Path200/Path100). The seismic parameter whose ratio is larger than 1.0 
indicates that the value of Path200 is larger than that of Path100. The average stress drop ∆σ, asperity area Sa 
and the asperity are ratio Sa/S, the values of Path200 are larger than that of Path100. On the other hand, the 
effective stress of asperity and background, the values of Path100 are larger than that of Path200. The figure 
shows the differences of seismic source parameter caused by epistemic uncertainties.  
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Fig. 2 – Logic tree for this study 

Table 2 – Path list 

No. Path Main Path (Evaluation basis) Sub Path 
1 100 Circle crack model (Path A) - 
2 200 

Long fault model (Path B) 

- 
3 201 Rake angle = 170 deg. 
4 202 Dip angle = 120 deg. 
5 203 Depth of fault = 3km 
6 204 fmax = 13.5Hz (Sato et al.1994) 
7 205 CVr = 0.8 (Somerville et al.1999, Kataoka et al.2003) 
8 206 Cτ = 0.2 (Kataoka et al.2003) 
9 207 CSa = 16% (Miyakoshi et al.2015) 
10 208 Asperity & Rupture starting point 1 
11 209 Asperity & Rupture starting point 2 
12 210 Rupture starting point 1 
13 211 Rupture starting point 2 

  

Magnitude Fault Length Seismic Moment Faults Area Depth of Fault Thickness of Fault Genetation
M L M 0 S Z top  Layer　T s

2km

3km

20kmIrikura & Miyake(2001)

Fault

Crustal, Strike slip 7.0 Matsuda(1975) Takemura(1990)

Strike Dip Rake Fault Width Average Slip Number of Asperity
θ δ λ W D N asp

W =T s/sinδ D =M 0/(μ×S ) 1

170 deg.

90 deg. 90deg. 180 deg.

120deg.

Stress Drop Short period level Equivalent radius of Asperity Asperity Area Stress Drop of Asperity
Δσ A r S a σ a

Path A Dan et al. (2001) r =(7π/4)×M 0/(A ×R )×β 2 S a=π×r 2 Δσ a=(7/16)M 0/(r
2
・R )Δσ =(7/16)M 0/R

3

Stress Drop Ratio of Asperity Area Asperity Area Stress Drop of Asperity
Δσ A S a σ a

Path B S a=C Sa×S

Miyakoshi et al. (2015)

Δσ a=(1/C Sa)×ΔσFujii & Matsu'ura(2000) Somerville et al. (1999)

Slip of Asperity Sesimic Moment of Asperity Background Area Seismic Moment Slip of Background Stress of Background
D a M 0a S b of Background M 0b D b σ b

σ b=(D b/W b)/(D a/W a) ×σ aD a=2.0×D M 0a=μ×D a×S a S b=S -S a M 0b＝M 0-M 0a D b=M 0b/(μ×S b)

Rise Time of Asperity Rupture Velocity High Frequency Cut Filter Location of 
τ a and Background τ b V r f max rupture starting point

V r  = 0.72×β Center of faultτ a =0.5×sqrt(S a )/V r

τ b =0.5×sqrt(S )/V r

τ a =0.2×sqrt(S a )/V r

τ b =0.2×sqrt(S )/V r

Center of asperity

Bottom of asperity (Left)

Bottom of asperity (Right)

Location of Asperity

6.0Hz/Tsurugi et al. (1997)

13.5Hz/Sato et al. (1994) Upper of fault
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Path100 Path200 Path208 and Path209 Path210 and Path211 

Fig. 3 – Location of asperity and rupture starting point 

Table 3 – Comparisons of seismic source parameters with Path100 and Path200 

Seismic parameters Path100 Path200  

 

M0 8.13×1018 Nm 8.13×1018 Nm 
Lmodel 21.24 km 21.24 km 
Wmodel 18.00 km 18.00 km 

D 0.67 m 0.67 m 
Δσ 2.65 MPa 3.1 MPa 
Sa 60.7 km2 84.1 km2 
CSa 15.9 % 22 % 
σa 16.7 MPa 14.1 MPa 
σb 2.94 MPa 2.69 MPa 

 
2.3 Ground motion simulation 

Fig.4 shows the locations of fault and target sites. The evaluations of ground motions and hazard curves 
were conducted for 26 sites where the epicentral distances were about from 0 to 50 km. The ground motions 
on the bedrock were simulated using stochastic Green’s function method[7]~[10] based on Eq.(1)~ Eq.(6), and 
ground motions on free rock surface were evaluated based on the deep soil structure model shown in Table 4. 
The soil structure model at 26 sites were assumed to be the same. The seismic intensity of each site was 
evaluated from average of acceleration response (damping 5%) of 250 waves of ground motions whose random 
phases are different. 

 
Fig. 4 – Locations of fault and sites 

Table 4 – Soil structural model[11] 

Layer No. ρ(g/cm3) Vp(m/s) Qp α Vs(m/s) Q α Depth(m) 
1 2.00 2100 100 0.70 700 100 0.70 10 
2 2.25 3000 150 0.70 1400 150 0.70 30 
3 2.40 4000 200 0.70 2100 200 0.70 50 
4 2.60 5500 300 0.70 3100 300 0.70 1810 

※ free soil surface : the top of the 1st layer ※ Rock soil surface : the bottom of the 4th layer 

Sa/S=15.9%
σa=16.7MPa

Sa/S=22%

σa=14.1MPa
Path208 Path209

Sa/S=22%

σa=14.1MPa
Sa/S=22%

σa=14.1MPa

Path210 Path211

0.0 0.5 1.0 1.5 2.0

σb

σa

Sa/S

Sa

Δσ

D

Wmodel

Lmodel

M0

M

Ratio of value （Path200 / Path100）

Path100 > Path200 Path100< Path200
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     Eq.(2) 
 

𝑄𝑄(𝑓𝑓) =  𝐶𝐶𝑞𝑞 ∙ 𝑓𝑓𝛼𝛼     Eq.(3) 
 

𝜏𝜏𝑟𝑟 = 𝐶𝐶𝜏𝜏 ∙ 𝑊𝑊/𝑉𝑉𝑟𝑟     Eq.(4) 
 

𝐶𝐶𝑆𝑆𝑚𝑚 = 𝐹𝐹𝑚𝑚/𝐹𝐹     Eq.(5) 
 

𝑉𝑉𝑟𝑟 = 𝐶𝐶𝑉𝑉𝑟𝑟 ∙ 𝛽𝛽     Eq.(6) 
 
where, F(f) is the Fourier amplitude spectrum of ground motion acceleration from discrete fault element (cm/s), 
Rθφ is the radiation pattern, FS is the amplification due to the free surface (=2); PRTITN is the reduction factor 
that accounts for the partitioning of energy into two horizontal components (=1); and m is the coefficient of 
the decay rate at high frequencies. ρ is the density (g/cm3); M0 is the seismic moment of the fault element (N 
m); fc is the corner frequency (Hz); β is shear velocity (km/s); Q(f) is the Q-value(Cτ=300,α=0.0 in this study);τ 
is rise time (s), which is the rapture time of fault element, W is the fault width (km), Vr is the rupture velocity 
(km/s), Sa is the area of asperity (km2); and S is the area of fault (km2) 
 
2.4 Hazard analysis 

The occurrence probability was evaluated with Poisson process. The annual frequency ν of earthquake 
caused by the target fault was calculated based on the relationship between the magnitude by Matsuda (1975) 
and average slip. The average slip velocity was assumed as 0.25 mm/year. Under these conditions, the hazard 
curves H(a) were evaluated by Eq.(7) and Eq.(8). 
 

𝐻𝐻(𝑎𝑎) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜈𝜈(𝑎𝑎))    Eq.(7) 
 

𝜈𝜈(𝑎𝑎) = 𝜈𝜈 ∙ 𝑃𝑃(𝑎𝑎)      Eq.(8) 
 
where, a is acceleration response, H(a) is annual exceedance probability, ν(a) is annual exceedance frequency, 
P(a) is exceedance probability. 

3. Results 
3.1 Results of ground-motion simulation 

Fig.5 shows the distribution of maximum acceleration response with T=0.02s of each sites and each path in 
the logic tree. The median maximum accelerations of 250 waves were calculated from larger response of EW 
direction and NS direction, and they were regarded as that of LD direction. The figures of each path shows 
that the acceleration responses with T=0.02s become larger opposite to the distance from the fault. The 
responses of Path100 and Path200 seem to be nearly the same, however, the figures indicates that the details 
reflect the differences of the conditions of fault model. For example, the acceleration responses of Path204 
whose high frequency cut filter fmax is 13.5Hz especially show the highest values of all paths. Moreover, the 
responses of Path202 whose dip angle is 120 degree show higher values than those of other paths within 10 
km, this is because the distances from the fault plain to sites become shorter than the default angle of 90 degree. 

Furthermore, comparing with Path208 and 209 or Path210 and Path211, the sites which shows higher 
response tend to be located on the direction of the fault rupture progress. This means that the acceleration 
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response with shorter period strongly affected by the location of rupture starting point, if the location of asperity 
is the same. These results indicated that even if the magnitude of fault was constant, the situations of seismic 
intensity propagation were changed depending on the conditions of seismic source parameters. 

  

 
 

 

   

   

   

  

 

Fig. 5 – Maximum acceleration for each path ( Direction: LD, T = 0.02s ) 

3.1 Results of sensitivity of seismic source parameters 

The sensitivity of seismic source parameters to seismic intensity with T=0.02s, 0.197s, 1.049s were 
expressed as tornade plots. Fig. 6 shows the results at Site1, 4, 13, for example. The vertical-axis shows 
uncertainty facters, and the horizontal-axis shows the deviation of acceleration responses of PathX normalized 
by that of Path200 (see Eq.(10)). That is to say, the results of Path200 are on the line 0 of horizontal-axis. 

𝑅𝑅𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅 =  (𝐹𝐹𝑚𝑚 𝑃𝑃𝑚𝑚𝑃𝑃ℎ𝑋𝑋  −  𝐹𝐹𝑚𝑚 𝑃𝑃𝑚𝑚𝑃𝑃ℎ200)/𝐹𝐹𝑚𝑚 𝑃𝑃𝑚𝑚𝑃𝑃ℎ200    Eq.(10) 

As a reault, it was clarified that the epistemic uncertainties of the high frequency cut filter fmax strongly 
effects on the acceleration response for the short period of T=0.02s. On the other hand, as for the long period 
of T=1.049s, it was found that the risetime coefficient and dip angle effect on the response. These trend can be 
seen at every site. Furthermore, it was clarified that Site1 which directly located on the fault was strongly 
affected by the asperity location compared with the other sites, and also that Site13 which located on the 
direction against fault strike was relatively affected strongly by the dip angle. The results of Site4 which located 
on the direction on the paralell with fault strike showed the effects of both asperity locations and rupture 

(Unit : cm/s2) 

Color bar 
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starting point.These results indicates that which seismic source parameters strongly affect on the assceleration 
response at the site are intricately changed depending on the period and the relationship between the location 
of fault and that of site. 

 

   

   

   
(a) T=0.020(s) (b) T= 0.197(s) (c) T=1.049(s) 

Fig. 6 – Tornade prots  
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3.2 Effects on hazard curves for each path 
The hazard curves were evaluated with the median and the assumed deviation (log-standard deviation = 0.4) 

of acceleration response. Fig.7 shows the results of each site with period T=0.02s, for instance. The hazard 
curves show the differences of the branch of logic tree from Path100 to Path210. The blue thick line 
corresponds to the hazard curves of Path100 and the red thick line corresponds to the hazard curve of Path200. 
The other thin hazard curves indicates the differences of the branches related to the Path B for long fault model 
(i.e. related to Path200) considering the uncertainties of seismic source parameters(from Path201 to Path211). 

It was found that large variation of hazard curves can be seen at the site located near the fault where the fault 
distance is within 20km with period T=0.02s. The results shows that, in short period, the path of circle crack 
model(Path100) was a little larger than that of long fault model(Path200) at all sites, and these trend can be 
seen except for some cases in long period. However, the differences of hazard curves between Path100 and 
Path200 were relatively small contrary to the differences of values of seismic source parameters. The result of 
Path204 with T=0.02s shows the largest hazard curve at all sites and it is extremely separated from other paths. 
In contrast, the paths related to the location of asperity or rupture starting point such as Path208, 209, 210, 211 
show different tendency depending on the site. 
 

 

 

 

    

    

    

Fig. 7 – Hazard curves of each site  
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3.3 Fractile hazard curves 
In this chapter, fractile hazard curves and uniform hazard spectra for the annual exceedance probability of 

10-4, 10-5, 10-6 were calculated at the Site1, 4, 13 in order to confirm the effects of paths related to the seismic 
source parameters which have the higher sensitivity to acceleration response. 

Fig.8 shows the results of fractile hazard curves with T=0.02s for example and shows uniform hazard spectra. 
When calculating the fractile hazard curves, the weights of Path A (i.e. Path100) and that of Path B (i.e. sum 
of Path200~211) were set as 0.5 respectively, and the weights of Path200~211 were divided into the equal 
weights with each other. The red lines in these figures indicate the results of considering all paths, and the 
black lines indicate the results of excepting for some paths which related to the higher-sensitive seismic 
parameters according to the results in chapter 3.1. The each line of fractile hazard curves shows the hazard 
curves correspond to 5, 16, 50 (the median), 84, 95 percentile respectively. 

We can see from the fractile hazard curves of T=0.02s that the red lines were a little larger than black lines 
for each site. This means that the paths which are related to higher-sensitive source parameter put some impacts 
on the results of hazard at each site. Regarding the uniform hazard spectra, it was observed that the spectra 
became a little smaller especially in short period and long period when some paths related to the higher-
sensitive parameters were excluded. For instance, the spectra shorter 0.2s and longer 1s seems to be small at 
site1, if the Path204, 206, 208, 209 were excluded from the logic tree. From the results of sensitivity analysis, 
it was inferred that Path204 (i.e. fmax), 208, 209 (i.e. location of asperity and rupture starting point) affected on 
the uniform hazard spectra of shorter period, and also Path206 (i.e. rise time coefficient) affected on that of 
longer period. 

 

   
(a) Fractile hazard curve 

   
(b) Uniform hazard spectra 

(1) Site1 (2) Site4 (3) Site13 

Fig. 8 – Results of factile hazard curves and uniform hazard spectra 

4. Conclusion 
In this study, in order to clarify the effects on seismic hazard by the epistemic uncertainties of finite fault 
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seismic hazard curves by a fault(M7.0) at the 26 sites where the fault distance is from 0~50km. 

As a result, it was clarified that the hazard curve corresponds to the path of crack model was a little larger 
than that of long fault model in short period, however their differences were not so large. On the other hand, it 
was found that uncertainties which come from the differences of setting values of some seismic source 
parameters strongly affected on the hazard curves. For example, high frequency cut filter fmax affected on hazard 
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curves of shorter period, in contrast, that of rise time coefficient affected on hazard curves of longer period. 
Furthermore, it was found that the strength of effects by the location of asperity and rupture starting point, and 
dip angle on the acceleration responses depends on the relationship between the location of site and the 
conditions of these parameters. These tendencies can be explained by the results of sensitivity analysis. It was 
also clarified that these higher-sensitive source parameters affected the fractile hazard curves and uniform 
hazard spectra. 

Although the range of uncertainties considered in this study are still limited, these results leaded us to the 
conclusion that the uncertainties of seismic source parameters of fault model affect on the seismic hazard at 
the site, and if we can not appropriately consider the path related to higher-sensitive source parameters in logic 
tree, the precise hazard evaluation might not be conducted. Therefore, it was recognized that enough attention 
should be paid to the path which is extremely affected on ground-motion intensity when the weighting of logic 
tree and evaluating fractile hazards. 
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