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Abstract. Accurate estimation of ground-motion intensity is the key factor in 

probabilistic seismic hazard analysis (PSHA) at near-fault area. To get PSHA 

results matched with specific geological conditions near sites, we first propose a 

co-simulation-based PSHA method combining event-based PSHA and stochastic 

finite fault method to simulate earthquake event and then ground motion in one 

framework. Then, we compare the PGA distribution between stochastic finite 

fault simulation and ground-motion prediction equations (GMPEs). Finally, we 

investigate the difference of hazard curve between our new method and tradi-

tional PSHA. The results show: (1) the distribution of PGAs by stochastic finite 

fault method is reasonable compared to GMPEs; (2) regardless of site location 

and investigation time, simulation-based PSHA gives identical results to tradi-

tional PSHA; (3) the new proposed co-simulation-based method can produce 

roughly equivalent hazard results to traditional PSHA. The results of this study 

can facilitate the PSHA at near-fault areas with insufficient strong-motion rec-

ords. 

Keywords: Event-based PSHA, stochastic finite fault method, ground-motion 
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In the seismic design of important structures such as high concrete dams, it is nowadays 
broadly accepted that the reliability depends on whether the input motion could accu-
rately represent the expected seismic actions. To determine the seismic input of crucial 
structures, the first is to determine its intensity according to seismic hazard assessment. 
Probabilistic seismic hazard assessment (PSHA) was first established in the 1960s by 
Esteva (1963) and Cornell (1968) [1–3], and aims to estimate the probability that a 
ground motion intensity level will be exceeded during a future time interval combining 
seismicity and ground-motion prediction around a specific site. In this case, whether 
the predicted ground motion can represent the corresponding earthquake geologic 
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conditions around the site is key to the final results. Thus, it is important to accurately 
estimate the ground motion intensity for the seismic design of important structures. 

Traditional PSHA uses ground motion prediction equations (GMPEs) to determine 
the ground motion intensity given earthquake source mechanics (magnitude, strike, dip, 
etc.), source-site distances and site conditions. Many GMPEs have been developed in 
different countries and regions[4]. However, the strong motion records required for de-
veloping GMPEs are still sparse in China, especially in plateau and canyon regions. If 
the geological condition near the site is significantly different to recorded strong mo-
tions, directly using current GMPEs are not reasonable. Moreover, the lack of near-
fault record makes the GMPE unreliable in areas with very short distances to earth-
quake faults (e.g., less than 10 km). Therefore, how to estimate the intensity of near-
fault ground motion corresponding to specific geological conditions is a key problem 
to more realistic PSHA. 

Obtaining near-fault strong motion by simulation if one of the methods to solve this 
problem. For example, Chiou and Young uses simulated ground motion as supplements 
to strong-motion database [5]. Tarbali et al. calculate the seismic hazard in New Zea-
land by direct simulation method [6]. However, adding simulated motion directly in 
strong motion databases ignores the conditions of specific site. Azar et al. propsed a 
stochastic ground motion simulation method and apply it into PSHA [7]. But this 
method cannot represent the rupture process of fault. On the other hand, as a semi-
empirical method, stochastic finite fault method can not only incorperate the rupture 
process in the simulation, but also be very efficient, which is an effective tools for near-
fault ground-motion simulation. 

The objective of this papar is to obtain probabilistic hazard curves by replacing 
GMPEs with ground-motion intensity measure (IM) simulated by stocastic finite fault 
method, which can better represent real geological conditions around the site. 
Therefore, we first develop a co-simulation-based PSHA method combining simula-
tion-based (or event-based) PSHA and stochastic finite fault method to simulate earth-
quake event and then ground motion in one framework. In this method, we consider the 
uncertainties of earthquake source, site conditions and path attenuation. Then, we show 
a comparison example between PGAs from stochastic finite fault simulation and NGA 
west2 GMPEs. Finally, we show the influence of replacing GMPEs to stochastic-finite-
fault simulated IMs on the results of hazard. 

2 Co-simulation-based PSHA combining event-based PSHA 
and stochastic finite fault simulation 

2.1 Probabilistic seismic hazard assessment (PSHA) 

Assuming a site is located on 𝐬𝐢, the earthquake sources around are 𝐒, and the recur-
rence of earthquakes in the study area is a stable Poisson process with an annual rate of 
λ, then the annual rate 𝜆ாሺIM ൐ 𝑥ሻ of ground motion IM exceeding 𝑥 is, 

 𝜆ாሺIM ൐ 𝑥ሻ ൌ ׬ ׬ 𝜆𝑓௠ሺ𝑚ሻ𝑃ሺIM ൐ 𝑥|𝑚, |𝐬 െ 𝐬𝐢|ሻd𝐬dm
𝐒

 
ெౣ౗౮

ெ೟
 (1) 

Co-simulation-based probabilistic seismic hazard assessment method             23



 

 

where 𝑀௠௔௫  and 𝑀௧  are the maximum and threshold magnitudes; and 
𝑃ሾIM ൐ 𝑥|ሺ𝑚, |𝐬 െ 𝐬𝐢|ሻሿ is the probability that an IM exceeds 𝑥 given magnitude 𝑚 
and distance |𝐬 െ 𝐬𝐢|. If adopting a truncated form of Gutenberg-Richter (G-R) law [8], 
the probability density function (p.d.f.) of magnitude can be represented as: 

 𝑓௠ሺ𝑚ሻ ൌ
ఉ ୣ୶୮ሾିఉሺ௠ିெ೟ሻሿ

ଵିୣ୶୮ሺெ೘ೌೣିெ೟ሻ
 (2) 

where 𝛽 ൌ 𝑏logሺ10ሻ is the model parameter. 

2.2 PSHA based on co-simulation of earthquake events and ground motion. 

2.2.1 Simulation-based PSHA. In engineering practice, we care about not only the 
annual rate of exceedance (whose reciprocal is the recurrence period), but also the prob-
ability of exceedance in certain investigation time (e.g., 50 years or 100 years). If we 
assume that the recurrence of earthquake follows Poisson assumption, we can calculate 
the probability of exceedance in investigation time 𝑇 as: 

 𝑃்ሺIM ൐ 𝑥ሻ ൌ 1 െ eିఒሺ୍୑வ௫ሻ் (3) 

However, if non-Poisson seismicity models, such as epidemic-type-aftershock-se-
quence (ETAS) model [9], STEP model [10] are adopted, Equation 3 is then not proper. 
Moreover, if much more types of uncertainties (not only the uncertainty of earthquake 
magnitude and position) are considered, the efficiency of Equation (1) will be slow 
down. Thus, we can obtain the hazard by event-based or simulation-based method [11–
14]. 

If an earthquake catalog with duration 𝑇௖ is simulated, the annual exceedance rate 
of ground motion IM at a site is: 

 λ௔௡௡௨௔௟ሺIM ൐ 𝑥ሻ ൌ
ே೐,ೌ೗೗

೎்
 (4) 

where 𝑁௘,௔௟௟ is number of all earthquakes whose IMs exceed level 𝑥 in the catalog. 
dividing the catalog into 𝑁௪ windows with durations equal to the investigation time 𝑇 
(e.g., 50 years, 100 years, etc.), the probability of exceedances is: 

 𝑃்ሺIM ൐ 𝑥ሻ ൌ
ேೢ,೐

ேೢ
 (5) 

where 𝑁௪,௘ is the number of catalog windows with at least one earthquake that gen-
erate IMs exceeding 𝑥. 

2.2.2 Stochastic finite fault method. In engineering practice, stochastic finite fault 
simulation has two extinctive advantages, that is, first, it can incorporate the main 
source features of near-site strong earthquakes; second, it has high numerical efficiency 
compared with physic-based method such as finite difference method and spectral ele-
ment method[15–18]. 

The main framework of stochastic finite fault method is described as following. 
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First, divide the entire rupture of earthquake into 𝑛𝑙 ∗ 𝑛𝑤 sub-faults. Every small 
sub-fault can then be treated as a point source. Finally, we can superposition ground 
motion generated by all sub-faults according to their sequences considering the rupture 
and propagation process, that is: 

 𝑎ሺ𝑡ሻ ൌ Σ௜ୀଵ
௡௟ Σ௝ୀଵ

௡௪ 𝑎௜௝൫𝑡 ൅ Δ𝑡௜௝൯ (6) 

where Δ𝑡௜௝  is the lag of time of sub-fault ሺ𝑖, 𝑗ሻ compared to the rupture starting 
point; 𝑎௜௝ is the ground motion at site generated by sub-fault ሺ𝑖, 𝑗ሻ, which is obtained 
from a stochastic Fourier-spectrum-based method. We can get the Fourier spectral am-
plitude of sub-fault |𝐴௜௝ሺ𝑓ሻ| from a product of Brune source spectrum 𝑆௜௝ሺ𝑓ሻ, path at-
tenuation 𝑃௜௝ሺ𝑓ሻ, and site effect coefficient 𝐺௜௝ሺ𝑓ሻ: 

 ห𝐴௜௝ሺ𝑓ሻห ൌ 𝑆௜௝ሺ𝑓ሻ ∙ 𝑃௜௝ሺ𝑓ሻ ∙ 𝐺௜௝ሺ𝑓ሻ (7) 

The most widely adopted source spectrum is the dynamic corner frequency mode 
[19], that is: 

 𝑆௜௝ሺ𝑓ሻ ൌ
஼ெబ೔ೕு೔ೕሺଶగ௙ሻమ

ଵାቆ
೑

೑೎೔ೕ
ቇ

మ  (8) 

where 𝐶 is a constant related to radiation pattern, free surface effect, partition onto 
horizontal components, density, and shear-wave velocity. 𝑀଴௜௝ is the seismic moment 
of sub-fault in dyne cm. 𝐻௜௝ is a scaler factor and 𝑓଴௜௝ is the corner frequency obtained 

as follows. 

 𝑓௖௜௝ ൌ 4.9 ൈ 10଺𝑁ோ௜௝

ି
భ
య 𝑉௦ ቀ

୼ఙ

ெబ౗౬౛
ቁ

భ
య (9) 

where 𝑁ோ௜௝ is number of ruptured sub-faults when the rupture front arrives at sub-
fault ሺ𝑖, 𝑗ሻ, 𝑉௦ is shear wave velocity, and Δ𝜎 is stress drop. 𝑀଴ୟ୴ୣ is the average seis-
mic moment over the entire rupture. 

The path attenuation 𝑃௜௝ሺ𝑓ሻ can be calculated as: 

 𝑃௜௝ሺ𝑓ሻ ൌ
ୣ୶୮൬ି

ഏ೑ೃ೔ೕ
ೂೇೞ

൰

ோ೔ೕ
 (10) 

where 𝑅௜௝ is the distance from sub-fault to the site. 𝑄 ൌ 𝑄଴𝑓ఎ is a frequency-de-
pendent attenuation factor in which 𝑄଴ is the factor at 𝑓 ൌ 1 Hz. 

The site effect coefficient 𝐺௜௝ሺ𝑓ሻ can be calculated as: 

 𝐺௜௝ሺ𝑓ሻ ൌ expሺെ𝜋𝜅𝑓ሻ (11) 

which is a high-cut filter to model near- surface “kappa” effects. 
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2.2.3 PSHA based on simulated ground motion IMs. The key of applying ground 
motion IMs simulated by stochastic finite-fault method is the conditional probability 
term in Equation (1), that is, 𝑃ሺIM ൐ 𝑥|𝑚, |𝐬 െ 𝐬𝐢|ሻ. Due to the complexity of earth-
quake source, propagation media and site condition, we cannot obtain reasonable con-
ditional probability if we do not incorporate all uncertainties in stochastic finite fault 
method. The new PSHA method proposed in this paper considers all uncertainties to 
calculate the hazard curve combining simulated ground-motion IMs by stochastic finite 
fault method and event-based PSHA. The main steps are as follows: 

Step 1: Determine the source-related parameters around the site, including locations 
of possible ruptures, source mechanisms, and seismicity parameters (annual rates and 
b value of G-R law). 

Step 2: Simulate an earthquake catalog with enough time duration based on the pa-
rameters determined by step 1 (including locations, magnitudes, event time of every 
earthquake). 

Step 3: Determine the parameter distributions of stochastic finite fault method ac-
cording to the simulated catalog and geological conditions in the study area. 

Step 4: Simulate the ground motion of each earthquake in the simulated catalog and 
calculate the ground motion IMs. Calculate the hazard curve based on Equations (4) 
and (5). 

The difficulty in applying the forementioned steps is how to determine the parameter 
distributions of stochastic finite fault method (Step 3). Because we do not intend to 
simulate the hazard curve for a real region, and we plan to compare our results with 
traditional PSHA, we in this paper use global parameters as far as possible. Here, we 
consider five types of uncertainties, of which the first four of them are single parameter, 
listed in Table 1 and described as follows. 

1)Rupture length 𝐿. We assume a logarithmic normal distribution of this parameter 
with logarithmic mean logଵ଴ሺ𝐿ሻ ൌ െ2.57 ൅ 0.62𝑀 and standard deviation 0.15 ac-
cording to Wells and Coppersmith [20]. 

2)Stress drop Δ𝜎. We also assume a logarithmic normal distribution of stress drop. 
Allmann and Shearer proposed that global stress drop is in the range of 3~500 Bar with 
an average of 30~40 Bar [21]. However, strike-fault earthquakes tend to have highest 
stress drop with an average of 100 Bar. According to their database, we use a stress 
drop distribution with mean 100 Bar and logarithmic standard 0.642. The distribution 
is truncated into a range of 3~500 Bar. 

3)High frequency attenuation coefficient 𝜅଴ , We assume 𝜅଴  follows normal 
distribution. Lang et al. summerizes some research on 𝜅଴  and derives that 𝜅଴  is 
negtively correlated with log ሺ𝑉𝑠ଷ଴ሻ  [22]. According to that study, we use a 𝜅଴ 
distribution with a mean of 0.0335 and standard deviation of 0.0141 assuming 𝑉𝑠ଷ଴ ൌ
700~800 m/s. 

4)Attenuation coefficient 𝑄଴ and 𝜂. We assume they all follows even distribution. 
Considered that NGA GMPEs are mainly based on records from California, we use 
𝑄଴ ൌ 250~300 and 𝜂 ൌ 0.4~0.5 according to the results of California by Baqer and 
Mitchell [23]. 

5)Rupture slip distribution. In stochasitc finite fault method, uneven slip distribution 
can be used to assign the seismic moment of each sub-fault. In real rupture process, 
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strong motions are mainly related to the slip herogeneity inside the rupture. In this 
study, we uses the slip distribtuion recipe from Irikura and Miyake [24]. To consider 
every possibility we use three types of asperities, as shown in Figure 1, and assume 
every type has identical possibility. 

Table 1. Parameter distribution in stochastic finite fault simulation 

Parameter name Distribution 

type 

Mean Standard devi-

ation 

Parameter 

range 

Rupture length 𝐿 Logarithmic 

normal 

logଵ଴ሺ𝐿ሻ

ൌ െ2.57 ൅ 0.62𝑀 

0.15 ~ 

Stress drop 𝜎 Logarithmic 

normal 

100 Bar 0.642 3~500 Bar 

High cut-off 

parameter 𝜅଴ 

Normal  0.03348 0.01411 0.013~0.0711 

Attenuation parame-

ter 𝑄଴ 

Normal ~ ~ 250~300 

Attenuation parame-

ter 𝜂 

Normal ~ ~ 0.4~0.5 

 

Fig. 1. Location of asperities 

3 Comparison of simulated IMs with GMPEs 

To ensure the reasonability of simulated hazard, we first compare the simulated ground 
motion IMs with GMPEs in this section. Because NGA GMPEs [25–29] use global 
records, we also use global parameters in Table 1 for stochastic ground motion simula-
tion. We use magnitude from M5 to M8 and rupture distances from 10 km to 30 km 
with an interval of 1 km. The rupture is set as strike slip with a dip of 90 degree. We 
simulate 500 times for each combination of magnitude and rupture distance. The pa-
rameter of each simulation is randomly sampled from the distributions described in 
Table 1and the rupture slip pattern of each simulation is randomly sampled from Figure 
1. 

Figure 2 shows the comparison of PGA distribution between simulations and NGA 
GMPEs with four different magnitudes. Figures 2a~d show the results of PGA mean. 
First, for M5~M7, simulated PGA means by stochastic finite fault method is similar to 
the mean from five NGA GMPEs. But for M8, stochastic finite fault simulation 
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produces lower PGAs compared to NGA GMPEs. This may be caused by larger rupture 
area and spread energy. Moreover, when the rupture distance is larger, PGAs from sim-
ulation becomes larger than NGA GMPEs. This may be the result of an unreasonable 
𝑄଴ and 𝜂. Figures 2e~f show the comparison of standard deviations between both sim-
ulations and GMPEs. We can see that regardless of magnitudes and rupture distances, 
stochastic finite fault simulations always produce larger uncertainty than GMPEs. 

 

Fig. 2. PGA mean (a~d) and standard deviation (e~f) between stochastic finite fault simulation 
and NGA GMPEs for M5~M8. 

4 Near-fault hazard based on co-simulation of earthquake 
events and ground motion 

4.1 Design of scenario 

To compare the results of proposed co-simulation-based PSHA and traditional PSHA, 
we set an engineering scenario as follows. First, we assume a 160*40 km square as 
potential source area, shown in Figure 3, around which we choose three sites A, B and 
C as our research objects. Among those, site A is inside the potential source area; sites 
B and C are outside, with a minimum distance of 5 km to the source area, as the black 
triangles show in Figure 3. We choose 𝑉𝑠ଷ଴ ൌ 760 m/s for all three sites. The earth-
quakes around are crustal earthquakes. The results of Section 3 show stochastic finite 
fault simulations will underestimate PGA for M8 than GMPEs. Thus, in this section, 
we choose M4 and M7 as the minimum and maximum magnitudes, respectively. The 
parameter of G-R law is 𝑏 ൌ 0.85 and annual recurrence rate of earthquake is 𝜆 ൌ 32 
times per year. We fix the strike and dip angles as both 90 degrees. We choose PGA as 
our interested ground-motion IM. 

We set three scenarios in this section. 
Scenario 1: traditional analytical PSHA. We calculate the annual rate directly using 

Equation (1) and probability of exceedance in 50 years directly using Equation (3). In 
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calculation, we use two NGA GPMEs, that is, BSSA14 and ASK2014 [25,26]. This 
scenario uses the same method with most of the hazard assessment in engineering prac-
tices, which can be a validation of our results. 

Scenario 2: event-based PSHA using GMPE. In this scenario, we first simulate a 1-
million-year catalogue, assuming that the source location of each earthquake is ran-
domly distributed in the square source area and the dimensions of them are determined 
by the scaling law in Wells and Coppersmith. Then, we calculate the PGAs at sites A, 
B and C using BSSA2014. Finally, we calculate the annual rate of exceedance and 
probability of exceedance in 50 years using Equations (4) and (5). This scenario is to 
validate the even-based PSHA method. 

Scenario 3. PSHA method based on co-simulation of both earthquake events and 
ground motion. In this scenario, we also use Poisson process to simulate earthquake 
catalog. However, due to the high demand of computer resources for ground motion 
simulation, we shorten the simulated catalog to 100 thousand years. Also assuming a 
random distributed source and scaling law in Wells and Coppersmith, we simulate 
ground motions and PGAs at site B for each earthquake in the catalog. In simulation, 
we choose parameters of stochastic finite fault method from Table1 and Figure 1. 
Finally, we obtain the annual rate of exceedance and probability of exceedance in 50 
years using Equations (4) and (5). 

In those three scenarios, Sceario I produces accurate analytic solution. While 
Scenarios 2 and 3 produce approximate solutions based on Monte-Carlo simulation. 
Figure 4 shows the earthquake rupture locations (M6~M7) in a 10-year window of 
earthquake catalog. Because it is difficult to show ruptures with dip of 90 degree, the 
ruptures in Figure 4 are accually with dip of 65 degrees only for display. 

 

Fig. 3. Plan view of study area 

 

Fig. 4. Examples of simulated ruptures (a 10-year window with magnitude M6-M7 and dip of 
65 degree only for display) 
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4.2 Results of hazard 

We first compare the results of Scenarios 1 and 2 when using BSSA2014, that is, the 
difference between traditional analytical PSHA and event-based PSHA. Figures 5a and 
b show the annual exceedance rate and probability of exceedance in 50 years at sites A, 
B and C in Scenarios 1 and 2, respectively. It can be seen that, when the simulation 
duration is 1 million years, not matter the investigation time is 1 year or 50 years, event-
based PSHA simulation produces identical results with traditional analytical PSHA. 

   
            (a) annual exceedance rate      (b)probability of exceedance in 50 years 

Fig. 5. Hazard results of Scenarios 1 and 2. 

Then, we compare the results between scenarios 3 and 1 (identical to 2), that is, the 
difference between proposed co-simulation-based PSHA and traditional PSHA. In this 
section, we calculate the hazard at site B. 

Figures 6a and b show the annual exceedance rate and probability of exceedance in 
50 years between Scenarios 1 (2) and 3. Because the results of scenarios 1 and 2 are 
identical, we only show the results of Scenarios 1 and 3. The results show, first, that 
compared with the traditional PSHA, the proposed co-simulation-based PSHA pro-
duces roughly equivalent hazard curves for both 1-year and 50-year investigation time. 
Figure 6a shows that, when the exceedance probability is relative higher (PGA less than 
~0.1 g), Scenario 3 produces hazard curve similar to traditional PSHA with BSSA 2014; 
when the exceedance probability becomes lower (PGA=0.2~0.7 g), Scenario 3 becomes 
closer to the results of traditional PSHA with ASK2014; when the exceedance proba-
bility is very small, the PGA of Scenario 3 becomes lower than traditional PSHA with 
BSSA2014 and ASK2014. Meanwhile, Figure 6b shows that for investigation time of 
50 years, when PGA<~0.7g, Scenario 3 is more closer to traditional PSHA with 
BSSA2014; while PGA is larger, it shows similar trends with Figure 6a. Compared 
with Figures2 a~d, the reason of this trend for Scenario 3 may be that, when the mag-
nitude is moderate (M5), the PGAs by stochastic finite fault simulation are closer to 
ASK2014; When the magnitude is larger (M6), they are much closer to BSSA2014; 
When the magnitude is very large (M7~M8), they tend to be lower than both of the two 
GMPEs. 
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    (a)Annual probability of exceedance   (b)Probability of exceedance in 50 years 

Fig. 6. Hazard results of scenarios 1 (2) and 3 

5 Conclusion 

This paper first proposes a co-simulation-based PSHA method combining event-based 
PSHA and stochastic finite fault method simulating earthquake event and then ground 
motion in one framework. Then, we compare the PGAs between stochastic finite fault 
simulation and NGA GMPEs. Finally, we compare the different between proposed co-
simulation-based PSHA and traditional PSHA methods. The results show: 

1. If adopt global parameters and set rupture slip distribution properly, PGA means 
simulated by stochastic finite fault method are similar to five NGA GMPEs when 
the magnitude is less than or equal to M7 and slightly lower when the magnitude is 
equal to M8. The standard deviations are relatively larger than GMPEs.  

2. Regardless of site location and investigation time, event-based PSHA produces iden-
tical hazard curves to traditional analytical PSHA. 

3. The proposed co-simulation-based PSHA combining earthquake events and ground 
motion simulation can produce roughly equivalent results of hazard compared with 
traditional PSHA. 
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