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Summary 

 

Seismic hazard of aftershocks is evaluated using the ground 

motion amplitudes from small aftershocks of 2014 Mw 6.2 

Jinggu earthquake in Yunnan province of China. We assess 

the site condition and develop the ground-motion prediction 

equations (GMPEs) of this region. The strong duration is 

also calculated to further understand the potential seismic 

hazard to nearby structures. The dataset includes over 500 

events of Mw 1.5-4.0, more than 2,500 three-component 

records at hypocentral distances less than 45 km from 11 

stations which are operated by Earthquake Administration of 

Yunnan Province. The ground motion amplification derived 

from the horizontal-to-vertical (H/V) spectral ratio of each 

station ranges from 1.1 to 4.6. The time-average shear-wave 

velocity to 30 depth (𝑉𝑆30) for stations is estimated using 

fundamental frequencies associated with peak H/V ratios. 

GMPEs are obtained by regression based on the entire 

dataset. The values of geometrical spreading coefficients in 

GMPEs for peak ground velocity (PGV), peak ground 

acceleration (PGA), and response spectral acceleration (PSA) 

at frequencies 3.3 Hz and 5 Hz are close and higher than 

those for PSA at frequencies 1 Hz and 2 Hz. Significant 

duration (𝐷𝑠) of strong ground motion is calculated, and it 

suggests that 𝐷𝑠  systematically decreases with PGA. 

However, no strong correlation is observed regarding 

hypocentral distance, magnitude, and 𝑉𝑆30. 

 

Introduction 

 

On  October 7th  2014, 13:49:39 UTC (21:49 Beijing Time), 

an Mw 6.2 earthquake occurred in Jinggu Autonomous 

County, Yunnan, China. According to the report from the 

China Earthquake Networks Center, the epicenter (23.4°N, 

100.5°E) is located at the intersection of Jiufang fault and 

Manluo-Kunlongshan fault. The focal depth is ~5 km.   

Throughout the year of 2014, before Jinggu earthquake (Oct. 

7 2014), only 117 events are recorded, and the magnitude of 

all earthquakes is less than 3.0. However, after the Jinggu 

earthquake, more than 10,000 aftershocks are recorded by 

Earthquake Administration of Yunnan Province. The rich 

dataset provides the change to the ground motion analysis 

for this area. 

 

In general, more studies about ground motion are related to 

strong earthquakes, for example, the magnitude is usually 

larger than 5.0 (Wang and Lu, 2011; Xie et al., 2014; 

Beauval et al., 2017). However, small earthquakes, such as 

the aftershocks following a large earthquake also have the 

potential of causing damage to structures in the close vicinity 

of the main shock epicenter. For example, Bindi et al. (2007) 

analyzed the ground motions for northwestern Turkey using 

the aftershocks of the 1999 Kocaeli earthquake (Mw 7.4), 

and the magnitude of most aftershocks is below 4.0. Mahani 

and Kao (2017) analyzed the ground motion of induced 

earthquakes occurred in the Montney Play of northeast 

British Columbia of Canada; the magnitude range in the 

dataset is from 1.5 to 3.8. Because earthquakes caused by 

fluid injection are now frequent in central and eastern United 

States (Keranen et al., 2014; Skoumal et al., 2015) and 

western Canada (Atkinson et al., 2016; Mahani et al., 2016), 

it attracts more attention to the research of induced 

earthquakes which are mostly small earthquakes. Motivated 

by current findings from the studies of small earthquakes, we 

notice that it has significant meaning to study the aftershocks 

following a large earthquake even the magnitude is relatively 

small. Although damages are usually caused by large 

earthquakes, these small aftershocks with shallow depth and 

in an existing and complex fault zone should also be fully 

considered. 

 

In this study, we analyzed a rich dataset of ground-motion 

amplitudes from small-magnitude aftershocks of Jinggu Mw 

6.2 earthquake at short hypocentral distances. It is important 

to understand the local ground motion amplitudes for 

assessing the seismic hazard in the future. In the following, 

we first describe the database, followed by evaluating the 

site condition for each seismographic station. Then we create 

the local GMPEs. Finally, the significant duration is 

calculated using the recorded waveforms. 

 

Database 

 

The data employed in this study is from the aftershocks of 

Jinggu Mw 6.2 earthquake. Throughout the year of 2014, 

according to the information provided by Earthquake 

Administration of Yunnan Province, about 10,000 events 

were observed. However, the original times of many 

earthquakes are very close, and the seismogram records are 

blended by each other. Therefore, the first step of this study 

is selecting the clean data. Besides, we set a data selection 

criterion for this study: magnitude range from 1.5 to 4.0, 

hypocentral distance < 45 km. After data selection, we 

acquired over 500 events and more than 2,500 three-

component traces received by 11 stations. Figure 1 shows 

the map of the study area and the distribution of events  and 
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stations. The nearby reservoirs are also shown the map. The 

seismographic stations displayed in Figure 1 have the same 

sampling rates of 100 Hz. For all seismic traces, a series of 

data pre-processing procedures were implemented: we 

removed the instrument response, trend, and the mean for 

each seismogram and filtered it by a bandpass filter from 1 

Hz to 5 Hz. The frequency band was decided by qualitative 

analysis of the waveforms so that the seismic phase can be 

recognized clearly. 

 
Figure 1: Map of the study area (hollow square in the upper right 
inset) and the distribution of events and stations. The triangles mark 

the locations of stations. The small circles mark the events used in 

this study. The big circle displays the location of Jinggu Mw 6.2 
earthquake. The squares mark the locations of the nearby reservoirs. 

Faults are represented by the solid line, and the star marks the 

location of Jinggu Autonomous County.  

 

Site condition 

 

Site condition is important for developing accurate and 

useful GMPEs. A soft-soil layer can amplify the ground 

motion amplitudes significantly when seismic waves 

propagating through it (Borcherdt, 1970; Sheaer and Orcutt, 

1987). 𝑉𝑆30 is currently considered to be the most prevalent 

site parameter in GMPEs. In this study, the direct 

measurement of 𝑉𝑆30  is not available, and we adopted the 

approach proposed by Hassani and Atkinson (2016) to 

estimate the 𝑉𝑆30 for each seismographic station in the study 

area. We first obtained the fundamental frequencies (𝑓𝑝𝑒𝑎𝑘) 

for each station, and then derived the 𝑉𝑆30  based on the 

relationship between 𝑉𝑆30 and 𝑓𝑝𝑒𝑎𝑘 (Hassani and Atkinson, 

2016). 𝑓𝑝𝑒𝑎𝑘 can be acquired by calculating the H/V spectral 

ratio of ground motion amplitudes. The H/V spectral ratio is 

defined as the geometric mean of the response spectra of the 

two horizontal components over the response spectrum of 

the corresponding vertical component (Hassani and 

Atkinson, 2016). For each station, the ratio is determined by 

averaging over all the events recorded by that station, and 

the amplification factor can be decided by the maximum 

H/V ratio. According to our calculation, the ground motion 

amplification of each station ranges from 1.1 to 4.6.  Figure 

2 displays the 𝑉𝑆30 values for the study area, we interpolated 

the 𝑉𝑆30 value of each station and drew the 𝑉𝑆30 map for this 

area. According to the NEHRP categories (Borcherdt, 1994), 

the 11 stations are located in three different site classes C, D, 

and E: stations SIM, LIC, BaD, and L5309 have site class C; 

stations JIG, HeP, L5309, L5310, and WeD have site class 

D; stations L5307 and LuL have site class E. In the following, 

we used our calculations of 𝑉𝑆30 for each station to correct 

the ground-motion amplitudes to the reference site class B/C 

(𝑉𝑆30 = 760 m/s) using the semi-empirical site amplification 

equations proposed by Seyhan and Stewart (2014). Because 

we focus on the small earthquakes in this study, only the 

linear component of the correction factors is taken into 

account (Boore et al., 2014). 

 

 
Figure 2: The 𝑉𝑆30 map for the study area, the figure is obtained by 
linear interpolation. The site class of each station is also displayed 

in this figure. 

 

Ground motion amplitudes and attenuation models 

 

The ground motion amplitudes in this study are evaluated by 

the geometric mean of the horizontal components but not the 

orientation-independent measures (Boore et al., 2006) 

because the geometric mean is easier obtained. The other 

reason is that the dependence on sensor orientation is usually 

for strongly correlated motion at the period of 1 s or longer 

(Boore et al., 2006) and that is beyond the period range in 

this study.  

 

Figure 3 displays the geometric mean of the horizontal 

components of the ground motion amplitudes (PGV and 

PGA) concerning hypocentral distance in the study area. We 

drew this figure by separating the magnitude range into three 

bins: 1.5-2.5, 2.5-3.5, and 3.5-4.0. The ground motion 

amplitudes in Figure 3 were corrected to a reference site 

condition (site class B/C; 𝑉𝑆30 = 760 m/s) using the method 

we mentioned in the section of site condition. So far, there is 

no detailed analysis of the relationship between ground 

motion (PGV and PGA) amplitudes and the Modified 

Mercalli Intensity (MMI) for the study area. However, the 

above relationship in California was developed by Worden 
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et al. (2012). According to their results, the onset of damage 

(MMI = VI; Wald et al., 1999) for PGV is in the range of 

3.8-24 cm/s and 50-300 cm/s2 for PGA. Two dashed lines 

mark the lower bound of the damage onset in Figure 3a and 

Figure 3b. We observe that no matter for PGV or PGA, no 

ground motion amplitude overs the dashed lines, which is 

consistent with the local casualty incident report. 

 

 
Figure 3: PGV (a) and PGA (b) (corrected to B/C site conditions) 

concerning hypocentral distance. The prediction models are plotted 

using equation (1) and the coefficients in Table 1. The two 
horizontal dashed lines in (a) and (b) mark the lower bound of the 

damage onset for PGV and PGA, respectively. 

 

A vital component of the evaluation of seismic hazard is 

GMPEs which usually tell the relationship among distance, 

magnitude, and ground motion amplitudes. An accurate 

GMPE should be developed based on the local seismic 

dataset, such amounts of aftershocks occurred in the study 

area enable a good development for GMPEs. Understanding 

the GMPEs for the study area is important for helping to 

mitigate the damages from future earthquakes in the same 

region. In this study, we employed the same regression 

formula in the research of Atkinson (2015) to develop the 

local attenuation models (GMPEs): 

 

𝑙𝑜𝑔𝑌 = 𝑐0 + 𝑐1𝑀 + 𝑐2𝑀2 + 𝑐3log𝑅 + 𝜎𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑖𝑛𝑡𝑒𝑟 , (1) 

where 𝑌  is the ground-motion amplitude (PGV, PGA, or 

PSA at a given frequency); logs are in base 10;  𝑀 is the 

moment magnitude; 𝑅 is an effective point-source distance 

that the near-source distance-saturation effects are 

considered by involving an effective depth parameter, 

 

𝑅 = √𝑅ℎ𝑦𝑝𝑜
2 + ℎ𝑒𝑓𝑓

2  .   (2) 

To constrain the near-source behavior, we set the same form 

for ℎ𝑒𝑓𝑓 as the study of Atkinson (2015): 

 

ℎ𝑒𝑓𝑓 = max (1, 10(−1.72+0.43𝑀)).   (3) 

The standard deviation 𝜎𝑡𝑜𝑡𝑎𝑙 of residues can be divided into 

two components: interevent component 𝜎𝑖𝑛𝑡𝑒𝑟  and 

intraevent component 𝜎𝑖𝑛𝑡𝑟𝑎 , and they have the following 

relationship: 

𝜎𝑡𝑜𝑡𝑎𝑙 = √𝜎𝑖𝑛𝑡𝑒𝑟 + 𝜎𝑖𝑛𝑡𝑟𝑎 ,   (4) 

The intraevent component describes the amplitude 

variability for a single event, whereas the interevent 

component reflects the fact that some events have 

systematically high amplitudes relative to average and others 

have systematically low amplitudes. Besides, because we 

corrected the ground-motion amplitude to the reference site 

class B/C (𝑉𝑆30 = 760 m/s) according to the calculation of 

𝑉𝑆30  for each station, the site effects are ignored in the 

regression. 

 

The coefficients in equation (1) are obtained by maximum-

likelihood regression method (Joyner and Boore, 1993). 

Table 1 shows the obtained coefficients of equation (1) for 

the study region, including PGV (in cm/s), PGA (in cm/s2), 

and PSA (in cm/s2) at frequencies 1, 2, 3.3, and 5Hz. 

 
Table 1:  Coefficients of equation (1) (𝑉𝑆30 = 760 𝑚/𝑠; Site Class 
B/C). PGV in cm/s, PGA in cm/s2, and PSA in cm/s2 at frequency 1, 

2, 3.3, 5 Hz. 

 

Category c0 c1 c2 c3 𝝈𝒊𝒏𝒕𝒓𝒂 𝝈𝒊𝒏𝒕𝒆𝒓 𝝈𝒕𝒐𝒕𝒂𝒍 

PGA -0.303 1.046 -0.024 -1.786 0.339 0.149 0.370 

PGV -1.870 1.018 -0.010 -1.711 0.340 0.148 0.370 

PSA  

5 Hz 
0.381 1.131 -0.041 -1.785 0.323 0.149 0.355 

PSA 3.3 

Hz 
-0.119 1.111 -0.022 -1.691 0.328 0.148 0.360 

PSA  

2 Hz 
-0.918 0.907 0.030 -1.469 0.298 0.147 0.331 

PSA  
1 Hz 

-1.765 0.908 0.028 -1.494 0.288 0.147 0.324 

 

 
Figure 4: PGV (a and b) and PGA (c and d) residues 

(log[observed/predicted]) versus hypocentral distance and moment 
magnitude for regression to equation (1). The circles with error bars 

show the means and standard deviations of residues in five distance 

bins (0-10, 10-20, 20-30, 30-40, and 40-45 km) and five magnitude 
bins (1.5-2.0, 2.0-2.5, 2.5-3.0, 3.0-3.5, and 3.5-4.0).  
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The attenuation models for different magnitudes (M 2.0, M 

3.0, and M 3.7) are also shown in Figure 3, which is drawn 

according to the coefficients in Table 1. From the 

coefficients in Table 1, we found that the decay of ground-

motion amplitudes (coefficient 𝑐3) of PSA at frequencies 1 

Hz and 2 Hz is comparable. However, the 𝑐3 value is higher 

(more negative) for PGV, PGA, and PSA at frequencies 3.3 

Hz and 5 Hz, and this is an important implication for the 

seismic hazard assessment: large ground-motion amplitudes 

of PGV, PGA and PSA at 3.3 Hz and 5 Hz can be focused 

around the epicenter of the earthquakes. 

 

Figure 4 shows the plots of PGV and PGA residues versus 

hypocentral distance and moment magnitude. The residues 

are defined as the logarithmic ratio of the observed and 

predicted ground-motion amplitudes. The circles with error 

bars show the mean and standard deviations of residues in 

five distance bins (0-10, 10-20, 20-30, 30-40, and 40-45 km) 

and five magnitude bins (1.5-2.0, 2.0-2.5, 2.5-3.0, 3.0-3.5, 

and 3.5-4.0). No residue trend is displayed in Figure 4, and 

it suggests that further refinements in the functional form of 

the GMPE are not required.  

 

Strong motion duration 

 

The duration of an earthquake is the total time of ground 

shaking from the seismic waves arriving until it restores to 

ambient conditions. Much of this time has little effect on 

earthquake damage potential because of the relatively low 

shaking amplitudes. The strong motion duration is defined 

to help to evaluate seismic response and to assess the 

potential damage caused by earthquakes. More than 30 

definitions of strong motion duration have been defined 

during the past years (Vanmarcke and Lai, 1980; Bommer 

and Martinez-Pereira, 1999; Hancock and Bommer, 2007). 

In this study, we adopted a widely used method which is 

called significant duration ( 𝐷𝑠 ) to calculate the strong 

motion duration of the aftershocks. Significant-duration 

parameters are defined as the time interval across which a 

specified amount of energy is dissipated, and the energy 

means the integral of the square of the ground acceleration 

which is related to the Arias intensity (𝐼𝐴) (Arias, 1970): 

𝐼𝐴 =
𝜋

2𝑔
∫ 𝑎2(𝑡)𝑑𝑡

𝑇

0

,   (5) 

where 𝑎(𝑡)  is the acceleration time history, 𝑔  is the 

acceleration of gravity, and 𝑇 is the complete duration of 

recording 𝑎(𝑡). A common measure of significant duration 

is the time interval between 5%-95% (denoted as 𝐷𝑎5−95) of 

𝐼𝐴, which is used in this study.  

 

Figure 5 displays the relationship between 𝐷𝑠  and the 

parameters including hypocentral distance, moment 

magnitude, PGA, and 𝑉𝑆30. We observe a clear trend in 𝐷𝑠 

versus PGA that the values of 𝐷𝑠  systematically decrease 

with PGA. However, no obvious trend is observed for 

hypocentral distance, magnitude, and 𝑉𝑆30  versus 𝐷𝑠 , 

respectively. Combining the considerations of GMPEs and 

the strong motion duration features is important when 

assessing the seismic hazard for a region, especially for the 

area with large earthquake occurred before. 

 
Figure 5. Significant duration versus hypocentral distance (a), 

moment magnitude (b), PGA (c), and 𝑉𝑆30 (d).  

 

Conclusions 

 

We analyzed the ground motion amplitudes of the 

aftershocks of Jinggu Mw 6.2 earthquake in Yunnan 

province of China. The site condition 𝑉𝑆30  of each station 

used in this study was assessed using the fundamental 

frequency associated with the peak H/V ratios. Local 

GMPEs were developed for PGV, PGA, and PSA at 

frequencies 1 Hz, 2 Hz, 3.3 Hz, and 5 Hz. The robustness of 

the GMPEs was verified by comparing the predictions and 

the observations, and the results suggest that no further 

refinement in the functional form of the GMPE is required. 

Significant durations (𝐷𝑠) of the strong ground motions were 

calculated, strongly correlation between 𝐷𝑠  and PGA are 

presented: 𝐷𝑠 systematically decreases with PGA. However, 

no obvious trend is observed for hypocentral distance, 

magnitude, and 𝑉𝑆30 versus 𝐷𝑠, respectively. 
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