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Abstract 

Although the magnitudes of inland earthquakes are smaller than those of earthquakes in subduction zones, they have caused 

catastrophic disasters in the past. Seismic damage to structures strongly depends on the geometric relationship between a 

fault and the structure itself, especially near a fault. In recent years, the locations and activities of inland active faults have 

been identified in Japan. However, the position of a rupture-starting point and rupture extent are uncertain. Together with 

this uncertainty, we have to consider the difference in the seismic performances of structures, upon which the extent of 

damage also depends. In this study, seismic ground motions near a fault were simulated with consideration of the above-

mentioned uncertainty, and the geometric distribution of the damage probability of wooden structures near a fault was 

investigated. The effect of seismic performance was also investigated. First, the ground motion with directivity on an 

engineering bedrock was simulated with a non-uniform slip model of an earthquake-source fault using the stochastic 

Green’s function. Element seismic waves overtook the phases of neighboring waves. Then, a rupture-starting point was 

decided stochastically and we assumed that the location of the earthquake-source fault followed a uniform distribution in the 

possible range. Ground motion on the surface was created by inputting the ground motion into a surface-layer model 

composed of loam using the one-dimensional equivalent linear analysis. If the maximum shear strain was over 5% in the 

response analysis result, we trimmed the input waves to maintain their reliability. Wooden structures were modeled 

considering the restoring force characteristics in accordance with the criteria of three seismic grades. Time-history response 

analysis was carried out by inputting the ground motion to the building model. Binomial discrimination as to whether or not 

damage occurred was conducted on the basis of the maximum story drift angle of the building models. Using the results of 

binomial discrimination, fragility curves assuming a lognormal distribution were constructed for each site using a 

maximum-likelihood method. Here the peak ground velocity was used as a ground-motion intensity parameter. A stochastic 

model of earthquake occurrence time was defined in consideration of the uncertainty of the earthquake scale, assuming a 

stochastic model for the variation of the slip quantity of the earthquake-source fault. We used a Brownian passage time 

distribution for making these models. Hazard curves of the ground motion were evaluated by this probability model. Finally, 

the earthquake damage probability of wooden structures was calculated for each site based on the fragility curve and the 

hazard curve mentioned above. As a result, the influence of the geometric relationship between a fault and the wooden 

structures and the seismic performance on the earthquake damage probability was obtained. The damage probability of 

wooden structures was significantly higher in the vicinity of the center of the possible range of the earthquake-source fault. 

In the vicinity of the fault, earthquake damage probability was reduced more effectively by changing the seismic grade from 

1 to 2 than from 0 to 1. 

Keywords: non-uniform slip model, risk assessment, seismic grade, uncertainty, wooden structures 

 

1. Introduction 

Active faults causing inland earthquakes exist in bedrock at depths of 15–20 km. Although the magnitudes of 

inland earthquakes are smaller than those of earthquakes in subduction zones, they have caused catastrophic 

disasters in the past, owing to severe local ground motion beneath living environments. In Japan, about 2,000 

active faults capable of causing inland earthquakes have been identified. 
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Recently, various methods of predicting damage based on earthquake records and damage reports have 

been proposed and risk-evaluation results have been reported. The cabinet office of the government of Japan 

predicted and announced the seismic intensities of earthquakes that may occur in the future[1]. It is left to local 

governments to improve their disaster-reduction plans, but two problems remain. One is that the characteristics 

of ground motion differ depending on the positional relationship between a site and a fault; for example, the 

1995 Kobe earthquake of M 7.3 caused critical damage to houses with a directivity pulse[2]. The other problem is 

that structural response varies according to structural characteristics such as height, structure type, and year of 

construction. Even ground motion of moderate amplitude can cause a high structure response owing to resonance. 

Differences in ground-motion characteristics appear strongly near earthquake faults. 

Based on tectonic geomorphology and paleoseismological investigations, researchers have surveyed 

damage mechanisms by analyzing the characteristics of surface layers and the deformation and movement of the 

ground after earthquakes. Suzuki et al.[3] pointed out that although an active fault is supposed to slip massively, 

the slip distance could be one order of magnitude smaller than predicted and may happen more frequently. Such 

a smaller-sized earthquake occurred in Nagano Prefecture in 2014 and resulted in serious damage to houses. 

Therefore, even if a fault location has been identified and the scale of an earthquake due to the fault has been 

predicted, we should consider the uncertainty in the rupture areas of the faults and the scale of the earthquake to 

improve risk assessment. 

This study first evaluates ground motions using an earthquake-source-fault model. Then, we calculate the 

damage-occurrence probabilities of wooden structures near the fault, considering differences in the seismic 

grade[4], which is a measure of seismic capacity based on the amount of bearing walls and braces. Finally, we 

clarify relations among earthquake damage risks to wooden structures, geometric position, and the earthquake 

resistances of structures. 

2. Settings of the Fault Model 

2.1 Setting the sites and the uncertainties of fault location and extent of rupture 

In this study, we focus on sites near a fault. Figure 1 shows a possible range in which an earthquake-source fault 

can exist (blue areas) and a group of sites (green circles). We set the x- and y-axes and the origin point O, as 

shown in Fig. 1. The x-axis indicates the strike direction of a fault and the y-axis is set to be orthogonal to the x-

axis. We set 98 sites that are arranged in lattice points. The top depth of the fault is assumed to be 0 km, the 

angle of inclination is assumed to be 90°, and the strike direction is assumed to be north. The earthquake-source-

fault model is discretized every 1 km in the blue areas and we assume that fault location follows a uniform 

distribution, as shown in Fig. 2. Star marks in Fig. 2 represent possible rupture-starting points, explained in 

detail in Subsection 2.3. 
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Fig. 1 － Geometric positional relation between a fault and sites on the ground 

 

 

Fig. 2 － Possible locations of an earthquake-source fault (translucent yellow) 

 

2.2 Uncertainty of the source-fault model and the rupture-starting point 

Assuming an inland earthquake, we set parameters with reference to a “recipe” for strong ground-motion 

prediction[5]. We investigate 11 magnitude patterns from M 6.5 to 7.5. The width and length of a fault are 

determined based on the data obtained by Takemura[6] and Wells and Coppersmith (1994)[7], as shown in Table 1. 

The total area of asperities is 22% that of the fault[8]. We set one asperity for earthquakes with M 6.5–6.9 and 

two asperities for those with M 7.0–7.5[7]. When we assume two asperities, their area ratio is 2:1 according to 

Ishii et al.[9]. These asperities are placed near the center of the fault for simplicity.  

 

Table 1 － Magnitude and size of faults 

Magnitude 6.5 6.6 6.7 6.8 6.9 7 7.1 7.2 7.3 7.4 7.5

Width [km] 10 11 13 15 18 20 20 20 20 20 20

Length [km] 18 20 20 20 20 20 22 26 29 33 38  

 

Somerville et al.[8] and Kikuchi and Yamanaka[10] revealed that rupture-starting points tend to exist at the 

corners of asperities. Moreover, in the case of inland strike-slip faults, the rupture proceeds from the deep part to 

the shallow. Hence, we set the rupture-starting points at the bottom corners of the asperities. Each corner is 

chosen with equal probability (hereinafter, the cases are called Cases 1 and 2) in Monte Carlo simulations. If two 

asperities exist, we set the starting point outside the asperities. For simplicity, we do not consider the scenario 

where rupture starts from the center. The source fault is divided into 1 km × 1 km square meshes, and each mesh 

is regarded as a small fault, which generates an element ground motion. 

Figure 3 shows the cases with M 6.8 and M 7.4. The blue meshes represent the background areas of an 

earthquake-source fault, and the red meshes represent asperities. Stars indicate possible rupture-starting points. 
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  (a) M 6.8 (b) M 7.4 

Fig. 3 － Examples of earthquake-source-fault models 

 

3. Simulation of Earthquake Ground Motion Using a Stochastic Green’s Function 

3.1 Simulation of element waves 

In this study, we use the stochastic Green’s function[10] to simulate earthquake ground motion. First, we produce 

mutually independent white noises with a time interval, t , of 0.01 s (i.e., the effective frequency band ranges 

from 0 to 50 Hz) and a phase distributed uniformly from 0 to 2π for all fault elements. Second, we revise the 

phase characteristics of the white noise. In the case of sites near a fault, the directivity effect, which causes 

pulse-ground motion, must be presented. We assume that element waves have similar rupture processes on the 

fault and ground-propagation paths, and give coherent phases to the white noises used in the generation of 

element waves, as shown in Fig. 4. The procedure to modulate these phases is as follows: 

Step 1: Generate white noises that are mutually independent. 

Step 2: Give a randomly selected 25% of the frequency content of the element wave of fault 1 to the phases of 

the element wave of fault 2, and give random phases to the other 75% of the frequency content. 

Step 3: Give a randomly selected 25% of the frequency content of the element wave of fault 1 to the phases of 

the element wave of fault 3, and give random phases to the other 75% of the frequency content. 

Step 4: In fault 4, randomly select 25% of the frequency content to take on the phases of faults 2, another 25% 

to take on the phases of fault 3, and give random phases to the remaining 50%. 

Next, we set up an envelope function and multiply it by the white noise in the time domain to obtain a 

model for an element waves. We adopt the envelope function of Ho and Kawase[12], which is a variant on that of 

Boore[13]. 

After that, the acceleration Fourier amplitude spectrum of the wave is modified by Boore’s basis spectrum. 

Finally, element waves are converted into the time domain using an inverse-Fourier transform. These waves 

represent those on outcrop engineering bedrock. 
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  (a) Succession of phases (b) Element waves 

Fig. 4 － Regulation of phases 

 

3.2 Simulated earthquakes on the ground surface 

We simulate earthquake ground motion using the waves explained in the previous subsection with DYNEQ, a 

computer program for one-dimensional equivalent linear analysis[14]. The subsurface ground at the site is 

assumed to be a loam layer with a depth of 20 m. The density and shear-wave velocity of the loam are 1.6 g/cm3 

and 200 m/s, respectively[14], [15]. 

After performing one-dimensional equivalent linear analysis, we check whether the maximum shear strain 

of the loam layer is not too large to offer a reliable analytical result. In this study, we adopt 5% of the maximum 

shear strain as our threshold; for values over 5%, we trim the input waves as described below based on the 

assumption that the maximum responses of houses occur at the time of the maximum amplitude of input waves 

and the wave part after the maximum amplitude, which increases the shear strain of the soil, is not important for 

judging the damage to the houses. 

We assume that the excessive shear strain occurs after the acceleration amplitude reaches its maximum 

and that the shear strain remains within the effective range below 5% prior to this point. Based on this 

assumption, we try to find the time when the shear strain is less than 5%. We regard the input ground motion at 

the bedrock level as being effective until the first zero-crossing time after it reaches the maximum. After this 

point in time, the rest of the input ground-motion data is changed to 0 to conduct equivalent linear analysis. 

Using the modified input ground motion, we perform equivalent linear analysis and check the maximum 

shear strain again. When we find that the strain is over 5%, we go back by 0.05 s to change the data to 0. We 

repeat this process until a shear strain of less than 5% is achieved. Figure 5 shows an example of the shear strain 

and simulated trimmed ground motion. The trimmed ground motion seems to be unrealistic; however, the 

maximum earthquake responses of wooden structures remain reliable because the maximum shear strain of the 

surface layer remains within a relatively small range. 
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  (a) Shear strain (b) Trimmed input wave 

Fig. 5 － Example of a trimmed input wave (x = 15 km, y = 0 km, and M 7.2) 

 

4. Fragility Evaluation of Wooden Structures 

4.1 A wooden structure model 

We consider a general two-story wooden building and construct a model using a two-mass shear-spring system. 

The details are shown in Fig. 6(a). The restoring force characteristics (Fig. 6(b)) are according to Isoda and 

Kawai[16] and are based on a spring formed by a combination of bilinear and slip springs. In this study, we deal 

with three types of seismic grades[4], 0, 1, and 2, as explained in Table 2.  
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  (a) Two-mass shear-spring system (b) Restoring force characteristics 

Fig. 6 － A wooden structural model 
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Table 2 － Seismic grade[4] 

Seismic grade Explanation 

0 
A house of grade 0 does not meet the seismic standard in the enforcement ordinance with respect 

to the Building Standard Law. 

1 
A house of grade 1 can withstand a force generated by an extremely rare earthquake occurring 

approximately once every several hundred years without toppling or collapsing. 

2 

A house of grade 2 can withstand a force 1.25 times as strong as a force generated by an 

extremely rare earthquake occurring approximately once every several hundred years without 

toppling or collapsing. 

3 

A house of grade 3 can withstand a force 1.5 times as strong as a force generated by an 

extremely rare earthquake occurring approximately once every several hundred years without 

toppling or collapsing. 

 

 

4.2 Damage evaluation and fragility curves 

We calculate the maximum story drifts of wooden structure models using time-history analysis and judge 

whether the structures are damaged using a threshold of 1/60 rad[16], [17]; we assume that a maximum story drift 

over 1/60 rad indicates “damage.” The scatter diagrams for making this judgment for three seismic grades are 

shown in Fig. 7. The maximum story drift in the large peak ground velocity (PGV) becomes smaller under 

higher seismic grades. 

1/601/601/60

 

  (a) Seismic grade 0 (b) Seismic grade 1 (c) Seismic grade 2 

Fig. 7 － Scatter diagrams for damage determination (x = 30 km and y = 5 km) 

 

Next, we evaluate the fragility curves at each site. The adopted ground-motion intensity parameter is the PGV, as 

in Okada and Takai[19]. These curves are approximated by a model using a lognormal distribution derived by the 

maximum-likelihood method. In this method, we use binary damage/no-damage data with a threshold of 1/60 

rad. Figure 8 shows some samples of fragility curves. In Figure 8(c), the curve corresponding to y = 30 km has 

been omitted because we could not obtain sufficient samples showing damage in this case. The median (PGV at 

a damage probability of 50%) of these curves is small when the distance, y, from the x-axis is small. This means 

that even if sites have the same PGV, damage may differ due to differing periodic components in ground 

motions and damage is tend to occur near the earthquake-source-fault. Comparing the three graphs, the median is 

larger when the seismic grade is higher. Houses with higher seismic grades certainly reduce the probability of 

damage with their earthquake resistance. 
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  (a) Seismic grade 0 (b) Seismic grade 1 (c) Seismic grade 2 

Fig. 8 － Examples of fragility curves (x = 30 km) 

 

5. Damage probability evaluation 

5.1 Uncertainty in earthquake magnitudes 

The Headquarters for Earthquake Research Promotion have investigated the validity of the distribution model of 

earthquake occurrence intervals so as to improve the long-term evaluation of faults[20]. According to their 

investigations, a Brownian passage time (BPT) distribution is highly valid for presenting seismic activity 

intervals because its physical interpretation is easy to understand. Thus, we assume that the distribution of fault 

slip D (here we denote random variables in capital letters) follows a BPT distribution for which 0 years have 

passed since the latest seismic activity. Then, the probability density function, fD(d), of the fault slip D is given 

as follows: 
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where D is the average slip when an earthquake occurs and  is the variability of the activity intervals of a fault, 

which has a common value for each active fault. Based on the slip-prediction model, we consider the variability 

of the slip to be correlated with the variation in the number of years passed, and thus we use 24.0α , referring 

to the Headquarters for Earthquake Research Promotion[19]. 

The empirical formula for the fault slip d that occurs during an earthquake and its magnitude, M, is given 

on the basis of historic inland earthquakes in Japan as follows[21]: 

 0.46.0log  Md ; (2) 

thus, the probability density function of magnitude when an earthquake occurs is given by the following 

equation: 

 )10()( 0.46.0  M

DM fMf . (3) 

Then, by discretizing and integrating Eq. (3), we obtain the following equation: 

 





MM

MM
M mmfmMP d)(][ . (4) 

 

P[M = m] means the probability that the magnitude, M, of an earthquake equals m, which is a discretized 

magnitude number. Figure 9 shows graphs of Eqs. (3) and (4). 
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  (a) Probability density function of Eq. (3) (b) Probability mass function of Eq. (4) 

Fig. 9 － Probability density and mass functions of magnitude M 

 

5.2 Evaluation of hazard curves 

In this study, considering the general lifespan of wooden structures, we evaluate hazard curves with an 

evaluation period of t = 30 years for all target sites. We assume that the earthquake occurrence process follows 

the probability distribution of slip variability as we have explained before. The earthquake occurrence 

probability is calculated using the earthquake occurrence frequency over a year. We use PGV again as a ground-

motion intensity parameter. The mean occurrence frequency in a year, i(v), of an event for which PGV exceeds 

the threshold v is expressed by Eq. (5) using Eq. (4): 

  
m

mMPmvVPNv ][]|[)( 0i , (5) 

where ]|[ mvVP   is the probability that PGV equals or exceeds the threshold v  when an earthquake with a 

magnitude of m occurs. Based on the set of synthesized ground motions of magnitude M = m, we model 

]|[ mvVP   using a logarithmic normal distribution. Note that we consider the hypocentral distance in the 

process of synthesizing ground motions. We approximate the PGV of the simulated ground motion using a 

logarithmic normal distribution model. N0 is the number of earthquakes in a year with magnitudes larger than 

Mmin, which can cause damage to structures, and we assign 0.1664 to N0 with reference to J-SHIS[22]. From these 

preparations, we evaluate the probability, Ph(v), using the following equation of a cumulative distribution 

function of an exponential distribution, which indicates that an earthquake for which the PGV is over v  occurs 

at least once by time t: 

 tv
vP

)(

h
ie1)(


 . (6) 

The derived hazard curves are shown in Fig. 10. This proves that the shorter the distance y from the x-axis, 

the larger the PGV tends to be. Additionally, we can see from Fig. 10(b) that PGV tends to be smaller in sites 

with x-coordinates nearer to the center of the possible area of an earthquake-source fault. 
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 (a) x = 20 km (b) y = 5 km 

Fig. 10 － Examples of hazard curves 

 

5.3 Evaluation and distribution of damage probability 

The damage probability of the wooden structures, Pd, is calculated by multiplying the probability density 

functions, pf(v), of the fragility curve, Pf(v), and the hazard curve, Ph(v), together and integrating the product from 

v = 0 to vmax = 3 m/s. Here, Pd is discretized by v = 0.001 m/s as in Eq. (7) and pf(v) is shown in Eq. (8): 
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The damage probability distributions of wooden structures with seismic grades from 0 to 2 are shown in 

Fig. 11. The figure shows that the damage probability is larger at sites near the x-axis and around the center of 

the range of the earthquake-source fault. The reason for this is possibly that directivity pulse ground motions of 

both short and long periods tend to occur, and these motions can easily cause damage. 

 

  (a) Seismic grade 0 (b) Seismic grade 2 (c) Seismic grade 3 

Fig. 11 － Damage probability over 30 years 
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5.4 Seismic strengthening effect 

Finally, we examine the seismic strengthening effect in the site groups y = 0 km, 5 km, and 10 km, where 

seismic damage is relatively high. Here, the “risk ratio” represents the damage probability after strengthening 

divided by that before. We change the seismic grade from 0 to 1 or from 1 to 2. Figure 12 shows the relationship 

between sites and the risk ratio. The small value of the risk ratio means that the risk-reduction effect is greater, 

so we can say that it is more effective to change the seismic grade from 1 to 2 than from 0 to 1. This can be 

confirmed by the shapes of the fragility curves. 

 

 

  (a) Seismic grade from 0 to 1 (b) Seismic grade from 1 to 2 

Fig. 12 － Relationship between sites and risk ratio 

 

6. Conclusion 

We evaluated the damage probabilities of wooden structures located around a strike-slip fault over 30 years. 

Ground motions are simulated using a non-uniform slip model considering uncertainty in fault location, 

earthquake magnitude, and the seismic performances of wooden structures. We observed that damage probability 

tends to be much higher near the center of the possible area of an earthquake-source fault and quantitatively 

showed that changing the seismic grade from 1 to 2 is more effective than changing it from 0 to 1. Future tasks 

include analyzing the similarities of adjacent fault elements and evaluating the case where different building 

models and different subsurface-ground models are used. 
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