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Four steps in PSHA

MFD

Active faults in China



4

By Paul Tapponnier et al., 1982

Cenozoic tectonic deformation 

Of China and SE Asia

After the collision between the

Indian plate and the Eurasian

plate, the eastern extrusion of

crustal deformation denominates

the southeastern Tibetan plateau

and the southeast Asia.

Active faults in China

Might be even more complex, 
also should consider the 
subduction of the Pacific plate 
and compression from the 
Siberia region.



Compile active faults, collect parameters, and simplify fault traces

Sources: Esri, USGS, NOAA

AGE_LAST

 

Fold

PreQ

Q

Q3

Qp1

Qp1-2

Qp2

Qp3

Qh

 Original fault data from Prof. 
Xu of CEA

 About 6000 mapped fault 
traces

 Need to simplify them and 
collect slip rates, fault types, 
dipping angles etc. for 
earthquake modeling

 Slip rates and other 
parameters are collected 
from:
• ~1000 published papers
• An unpublished book by 

Prof. Xu et al. (1000+ 
pages)

Xu et al., 2016， http://www.activefault-datacenter.cn/

PSHA work for mainland China
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 China Historical Strong Earthquakes (780 B.C. – 1911 A.D.)

 1,034 earthquakes with Ms≥4.7 

 Only two earthquakes in the catalog before 780 BC

 magnitudes were converted from intensity maps

Highlights of the three China Ms catalogs

2,300 B.C.-1911 A.D.

China Historical Strong Earthquakes

 China Present Earthquakes (1912 – 1990)                                                                                         

 4,289 earthquakes with Ms≥4.7  

 some of them were instrumentally recorded

China Present Earthquakes

1912-1990

 CENC catalog (1970 – 2015, published online) 

 more than 10,000 with Ms≥4.0

 All of them were instrumentally recorded

Mw Earthquake Catalog 



4)  1976-present      National coverage of China seismograph stations;  Mw-based Global 

CMT catalog is available. Mw-based ISC-GEM catalog has more precise locations for the 

events from 1900-2011.

Mw Earthquake Catalog 



Red : Global CMT catalog 
(1976-2015). 
Green:  ISC-GEM catalog 
(1900-2013). 
Blue: Chinese earthquake 
catalog (1970-2015) 
Pink:  Chinese earthquake 
catalog (780 BC to 1969) 

historical earthquake catalogs

Mw Earthquake Catalog 



Before 1900

• Intensity 
based 
magnitude

1900-1965

• ≥Ms 7.0

• <Ms 7.0

1966-1975

• ≥Ms 7.0

• <Ms 7.0

1976-2015

• ≥Ms 7.0

• <Ms 7.0

For MS ≥ 7.0 and <MS 7.0 :

Large earthquakes (MS ≥ 7.0) magnitude often re-evaluated by the CENC.  Magnitude of the 

Wenchuan earthquake (2008) revised by CENC from MS 7.8 to 8.0 five days after its occurrence. 

Mw Earthquake Catalog 



General Orthogonal Regression (GOR)

= s2
y / s2

x

Used when the variables are related by fundamental 

physical laws
(Castellaro et al.,2006;2007; Wason., 2012; Das., 2011).

We used the common events in the China Ms catalog and the combined Mw catalog (ISC-GEM

catalog with Global CMT catalog) to derive the regression relationships between Ms and Mw.

(mostly not given)

Mw Earthquake Catalog 



1900-1965

Using the method 
of Casterllaro
(2007) to select the 
value of ɳ

Mw Earthquake Catalog 

1966-1975 1976-2015



New catalog (MW≥4.0)

1970-2015

Before 1900

1900-1969

Eastern China (>102°E) has a 
better record of historical 
earthquakes than 
western China. 

Cheng et al., 2017, BSSA

Mw Earthquake Catalog 



MFD 
We got a Mw-based earthquake catalog

G-R relationships for eastern and western China show good results

Mw Earthquake Catalog 
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Wells and Coppersmith ,1994

Surface Rupture Length, SRL~Mw (WC94) 

(evaluate the magnitude from fieldwork data) 

Rupture Scaling for the earthquakes in China

Blaser et al.,2010, GOR method was used

Leonard, 2014, bilinear regression line 



What is a scaling?

It means that big displacements do 

NOT happen on small fault plane area!

Whether the global scaling relations can be used in mainland China? 

Rupture Scaling for the earthquakes in China

Ben Dueker, ppt



Tectonic regime Recommended Scaling relations

Plate boundary 

crust

A1: Fast plate boundary faults

(> 10 mm/yr)

Hanks and Bakun (2002;2008);Wesnousky

(2008);Leonard (2014)

A2: Slow plate boundary faults

(< 10 mm/yr)

Yen and Ma (2011); Hanks and Bakun

(2002;2008) ; Stirling et al. (2008) (New Zealand-

oblique-slip)

Wesnousky (2008)(strike slip)

Stable continental Anderson et al. (1996);Nuttli (1983)

subduction

Continental Strasser et al. (2010)(interface) 

Marine Blaser et al. (2010) (subduction) 

Intraslab Ichinose et al. (2006)

Volcanic
Villamor et al. (2007); Wesnousky (2008) 

(normal)

Recommended by Stirling and Goded (2012) and Stirling et al. (2013), by tectonic regime.

Scaling Relations for Global Earthquakes

Short of the samples from the intraplate earthquakes 

Rupture Scaling for the earthquakes in China

Whether the global scaling relations can be used in mainland China? 



Theoretical frameworks for the rupture 

parameters and magnitude 

Self-similarity scaling 

L-model (Scholz, 1982) 

W-model (Romanowicz, 1992) 

For large strike slip earthquakes (RW is a constant) :

Δσ magnitude-independent

Δσ magnitude-dependent

Δσ constant

Three types of scaling relations

Rupture Scaling for the earthquakes in China



Subsurface Rupture Length,  RLD~Mw (WC94) 

(To evaluate the magnitude or rupture parameters for calculation)

SRL provides a minimum 
estimate of RLD.

(Wells and Coppersmith, 1994)

Rupture Scaling for the earthquakes in China



Rupture parameters (intraplate environment)

Different methods for the 
source parameters

1. Aftershock relocation

2. Seismic data inversion

3. Geodetic data inversion

We will use the RLDs and Mw 

data in mainland China to get 

the scaling relations.

Rupture Scaling for the earthquakes in China



4 km

22 km

30 km * 18 km

Aftershock Relocation

Mw6.5 Jiuzhaigou EQ in 2017

Recommend by Wells and Coppersmith,1994

(Fang et al.,2017)

Rupture Scaling for the earthquakes in China



Zhang et al.,2008Ning’er earthquake in 2007

Elliott et al.,2010

Teleseismic inversion

Gerze earthquake in 2008

Geodetic data inversion

For some earthquakes, rupture lengths estimated from these methods are much shorter than rupture 

lengths measured from the distribution of aftershocks.

Estimates of subsurface rupture length based on geodetic modeling or source time functions are accepted for 

regression analysis only when independent estimates of rupture length are available for corroboration.

(Wells and Coppersmith, 1994)

Rupture Scaling for the earthquakes in China



95% prediction 
intervals.

Comparison of different sources of the rupture length relative to MW

The result shows that the source model from the three methods can be used together.

Rupture Scaling for the earthquakes in China



Bilinear regressions for strike slip earthquakes 

Fault rupture is width limited by the seismogenic

Depth.

We use Mw6.7 as the divided point (Hanks
and Bakun, 2002)

(X0,Y0)

Menke, 1989

Rupture Scaling for the earthquakes in China



Regression relations of RLD with MW for dip-slip and strike-slip earthquakes.

Data sample is relatively small. 
Only two dip-slip events   (Luanxian 7.1 in 
1976 and Yuanqu 5.4 in 1965 ) in eastern 
China

Small EQs

E China

W China

F-tests show MW≥6.7 strike-slip earthquakes 
in eastern China is much smaller than those 
from WC94 and Bls10. 



All types of earthquakes (intraplate EQs)

Regression relations of RLD with MW for dip-slip and strike-slip earthquakes.

Earthquakes in Himalayan thrust zone

(interplate EQs)

Only 2015 Gorkha earthquake from 
instrumental data inversion; Others are 
interpreted from the isoseismal maps

W China:

E China:

Small EQs

L model?

Self-similarity 

scaling ?

Rupture Scaling for the earthquakes in China



Regression relations of RLD with RW for dip-slip and strike-slip earthquakes.

Gulang EQ in 1927 and Wenchuan EQ in 2008 large
obviously deviate from the line.

Different from the Self-similarity scaling.  But similar to the results of Leonard 201

β=2/3

21 km

Rupture Scaling for the earthquakes in China



Regression relations between RA and MW

Dip-slip (with large error) Strike-slip 

Hanks and Bakun, 2002

(                            )

Self-similarity scaling 

L-model

Small SS

Different from the L model

(beta=2/3)

Cheng et al., 2020,SRL

Rupture Scaling for the earthquakes in China



We compiled rupture parameters for 91 earthquakes in and around mainland China, and we 
derived earthquake magnitude-rupture scaling relations using these data. 
 For western China, Mw~ RLD scaling relations are not statistically different from global 

results (WC94, and  Blaser et al.,2010)
 For eastern China,  large strike-slip earthquakes is smaller than those for western China. 

 For RLD~RW, we obtained the relation of RW ∝(RLD)2/3 for all types of earthquakes,       
similar to Leonard for all MW > ~5 earthquakes.  

 Our MW-RA relations are close to those from WC94 and Hanks and Bakun except for 
large strike-slip earthquakes in eastern China, where we have a different MW-RLD
relation from those based on global data. 

 Our relations for dip-slip earthquakes are close to the L-model. 
 For smaller strike-slip earthquakes, our relations are between the L and self-similarity 

models. 
 Larger earthquakes in western China is consistent with the L-model, 
 Larger earthquakes in eastern China is close to the self-similarity model.

Summary

Rupture Scaling for the earthquakes in China



Earthquake scaling relations are also suitable for southeast Asia

Rupture Scaling for the earthquakes in China
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A new method for modeling earthquake rate and distribution

 Traditional method
• Identify area source zones and faults
• Model earthquake rates for each of 

them

• The total rate will be the sum of 
them

 Drawbacks
• Assume the rates are uniformly 

distributed within each source zone

• Faults are not complete and 
earthquake recurrence rates on fault 
are very uncertain, thus the total 
rate can be very off at large 
magnitudes

• Strain rate data are not explicitly 
used

• New method
• Delineate large source zones

• Model earthquake rates using historical 
earthquakes and constrained by strain rate

• Distribute the total rates to known faults 
and area sources

• Values
• Honor the knowledge of known faults

• Earthquake rates do not need to be 
uniformly distributed

• Strain rate data provide moment budget

• Capture the possible large earthquakes that 
may be missed by using the traditional 
method

Seismic hazard analysis for mainland China



Modeling total seismicity rates for a zone

• Use Tapered Gutenberg-
Richter (TGR) to model 
seismicity rate

• Derive TGR a- and b-values 
from historical catalogs

• Constrain TGR corner 
magnitude (mc) using seismic 
moment rate from strain

Seismic hazard analysis for mainland China

Yufang Rong et al., 2020, EQ spectra



Example of distributing earthquake rates to area source and faults

• Developing the software tool with GEM

• Figure legend:

• Red dashed line: total modeled 
earthquake rates for the zone

• Red dots: historical rates

• Lime: earthquake rates on each of 
the faults

• Blue: sum rates on faults

• Rate distributed to area source: 
red dashed line minus blue

Seismic hazard analysis for mainland China

Yufang Rong et al., 2020, EQ spectra



Compile active faults, collect parameters, and simplify fault traces

Sources: Esri, USGS, NOAA

AGE_LAST

 

Fold

PreQ

Q

Q3

Qp1

Qp1-2

Qp2

Qp3

Qh

 Original fault data from Prof. 
Xu of CEA

 About 6000 mapped fault 
traces

 Need to simplify them and 
collect slip rates, fault types, 
dipping angles etc. for 
earthquake modeling

 Slip rates and other 
parameters are collected 
from:
• ~1000 published papers
• An unpublished book by 

Prof. Xu et al. (1000+ 
pages)

Xu et al., 2016， http://www.activefault-datacenter.cn/

Seismic hazard analysis for mainland China



Active faults: simplify fault traces and collect slip rates

Sources: Esri, DeLorme, USGS, NPS, Sources: Esri, USGS, NOAA
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chinaactivefault2015
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Mw 7.0 - 7.5
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Mw 8.1 - 8.6

~300 faults with slip rates

Seismic hazard analysis for mainland China



 Data sources: 
 Mainland China: 

CMONOC Phase I + 
Parts of Phase II data 

 Surrounding regions: 
compiled from
literature

 Solutions are rotated to a 
common reference frame.

 Data are screened; 
outliers and redundant 
sites are removed. 

 Total number of stations 
used: 1898. 

Construct strain rate map

Composition of GPS Velocity Field

Wang and Shen, 2020

Seismic hazard analysis for mainland China



Strain rates derived from GPS velocities

Z. Shen for this project             Global Strain Rate Model from GEM

Wang and Shen, 2020

Seismic hazard analysis for mainland China



Constrain fault slip rates using geodetic data

Strike slip Compression/extension
(Wang et al., Sci. China, 2008; Wang et al. JAES, 2015)

Seismic hazard analysis for mainland China
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Slips rate from geological and geodetic data

Seismic hazard analysis for mainland China



Delineate seismic source zones

 Each source zone capture 
similar tectonics;

 Zones are delineated based 
on seismotectonics, 
geological faults, and 
historical earthquakes;

 Earthquake magnitude-
frequency distributions will 
be modeled for each zone

Sources: Esri, USGS, NOAA
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Seismic hazard analysis for mainland China



10. Calculate seismic hazard and create maps

• Example 500-year PGA calculated using OpenQuake and test data (not complete)

• Results are promising!

Seismic hazard analysis for mainland China

Yufang Rong et al., 2020, EQ spectra
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. B, C,

D, and E are NEHRP 

categories, W is water, 

and G i

Seismic site condition map 
(the bedrock geology database and the Quaternary map)

Seismic hazard analysis for mainland China

Chen et al., 2021, SRL
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Since 1327 AD, at least 18 >M7 earthquakes have occurred on the 

Xianshuihe-Xiaojiang fault zone.

Wen et al., 2008

Why we study the Xianshuihe-Xiaojiang fault? 
Xianshuihe fault is the most dangerous faults in 

China with earthquake hazard.

Seismic hazard analysis for main strike slip faults



Wenchuan earthquake in 2008 ruptured 4 

segments of >M7.0 earthquakes, with >80,000 

death and missing

3 sections with 9 segments ruptured in the 

Haiyuan 1920 M8.5 earthquake, caused at 

least 282,000 death toll.

Multisegment rupture could cause catastrophic 
earthquake hazard.

Yu et al., 2010, 

BSSA

Zhang P et al.，2003

Seismic hazard analysis for main strike slip faults



Crawford et al., 2016, GSA special paper

Wang et al., 2011, Nature Geosciences

Four segments rupture simultaneously could 
cause even larger hazards and geological 
disasters than the total of the four single 
ruptures.

Multisegment rupture could cause catastrophic 
earthquake hazard.

Wenchuan EQ ruptured four segments from InSAR and GPS inversions

Seismic hazard analysis for main strike slip faults



1st version in1957 2nd version in 1977

3rd version in 1990 4th version in 2001 The new version in 2015

The 5th version applied the three kinds of seismic source model, i.e., 
seismic zone for MFD, the fault source, and the background source.

The 4th version in 2001 started to use ground motion 

parameters zonation maps rather than the intensity map.

The compilation of NSHM of China should also consider the multi-segment rupture hazard.

Seismic hazard analysis for main strike slip faults



The 5th generation of China NSHM

1. Mainly inferred from historical 
rupture data, no consideration of the 
multi-segment hazard.

What we do is:
Jump out of the historical 
earthquake ruptures (intensity 
maps),  to model earthquake hazards 
based on fault segmentation and 
present fault slip rates. 

2. The maximum magnitudes in the 
Xianshuihe-Diandong Seismic Zone 
and the Dianxi Seismic Zone are both 
Ms8.0, mainly based on the 
maximum magnitude from the 
largest historical earthquakes. 

Seismic hazard analysis for main strike slip faults



Eq Occurrence Pattern on the fault 

Wen Xueze，2001，Acta Seismologica Sinica

Empirical studies in China show the earthquake sizes 
for fault segment have some  regularity.

This cycle is small, the next cycle is big, the ratio is 0.48.

This cycle is mediate, the next cycle is 0.69 for big or 

0.25 for small EQ.
This cycle is big, the next cycle is 0.36 for small , and 0.64 for 

mediate EQ.

Schwartz and Coppersmith,1984,JGR

Random Spatial distribution of displacement
No consideration of fault segment

No consideration of multi-segment rupture
MFD:G-R

No consideration of multi-segment rupture
MFD: Characteristic EQ, or Y-C

Seismic hazard analysis for main strike slip faults



Cunningham and Mann, 2007

Segmentation and multi-segment rupture from geological data 

Segmentation are based on the following items：Pull-apart basin/stepovers, restraining or 

releasing bend, conjugated by oblique faults, strike difference changes, etc (and so forth).

Seismic hazard analysis for main strike slip faults



Harris and Day, 1993 Harris and Day, 1999

Numerical simulations:

suggested that the rupture process might stop when encountering 

steps with a 5+ km width

Seismic hazard analysis for main strike slip faults



Strike-difference: also a indicator for 
earthquake multi-segment rupture through.

Biasi and Wesnousky, 2017

Mignan et al., 2015

Cannot rupture when >30° from
Global historical rupture data

>30° , but should also consider 
the background stress field

Seismic hazard analysis for main strike slip faults
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Seismic hazard analysis for main strike slip faults

The  Xianshuihe Fault

Step



 We integrated the MFD, fault slip rate, historical
earthquake and paleo-earthquake sequence, etc., also
considering the creep characteristics of the fault section,
to iterate the occurrence rate of multi-segment rupture
combinations and single segment ruptures.

 We established the segmentation model for the

Xianshuihe fault. We analyzed the possibilities of the

rupture combinations according to Mmax, the width

of the stepovers, and the segmenation models.

Chartier et al., 2017

Seismic hazard analysis for main strike slip faults

Cheng et al., 2021, SRL



G-R relation in the East Sichuan-Yunnan Region

Cheng et al., 2017

Seismic hazard analysis for main strike slip faults



NMS ratio：

The iteration residual of 
fault slip rate is seen as the 
NMS. 

The NMS ratio of ≤30–40% is 

introduced as a threshold to 

determine the reasonable multi-

segment combination models 

(Chartier et al., 2019). 

Xianshuihe faultSeismic hazard analysis for main strike slip faults



Comparison with the historical recurrence rate 

Xianshuihe faultSeismic hazard analysis for main strike slip faults



Our results NSHM OF China in 2015

Seismic Hazard of the Xianshuihe fault （PGA 475 yr）

Cheng et al., 2021, SRL

Xianshuihe fault

Seismic hazard analysis for main strike slip faults



Coupling ratio from the inversion of Insar and GPS

F4-F16
F1-F2

F4-F11, F14-F15

Low b value- the asperity of the potential earthquakes  

Low b values and coupling ratios are around the 

F4-F11，and most obviously around the F4 

segment

Xianshuihe fault

Seismic hazard analysis for main strike slip faults



G-R

Scaling Law of the Mw and RLD（Cheng et al., 2020）
log(RLD) = (–2.45±0.17) + (0.61 ± 0.03)Mw

Mw6.7, RLD = 40 km
F4 , Mw6.7 Return period is 381 yr
F5, Mw6.7 Return period is 249 yr

F4（1725 AD）RLD=20 km

Mw6.2 Return period is 157 yr

F5（1725 AD）RLD=18 km

Mw6.1 Return period is 194 yr

Xianshuihe fault

Seismic hazard analysis for main strike slip faults



F4（1725 AD）RLD=20 km

Scaling Law of the Mw and RLD（Cheng et al., 2020）
log(RLD) = (–2.45±0.17) + (0.61 ± 0.03)Mw

Mw6.7, RLD = 40 km
F4 , Mw6.7 Return period is 242 yr
F5, Mw6.7 Return period is 271 yr

Mw6.2 Return period is 257 yrY-C

F5（1725 AD）RLD=18 km
Mw6.1 Return period is 228 yr

Xianshuihe fault

Seismic hazard analysis for main strike slip faults

Cheng et al., 2021, SRLc
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Probabilities of the potential earthquakes on the fault   

(Cumulative probability /10 year conditional Probability )

Xianshuihe fault

Seismic hazard analysis for main strike slip faults

Cheng et al., 2021, SRL



Wang et al., 2014; 2017

Aninghe-Zemuhe-
Daliangshan area

Seismic hazard analysis for main strike slip faults



Strike-difference is also a indicator for earthquake 
multi-segment rupture through.

Biasi and Wesnousky, 2017

Mignan et al., 2015

Cannot rupture when >30° from
Global historical rupture data

>30° , but should also consider 
the background stress field

Aninghe-Zemuhe-
Daliangshan area

Seismic hazard analysis for main strike slip faults



Aninghe-Zemuhe-
Daliangshan area

Wang et al. (2014; 2017，tectonophyscis) thought the 1850 

earthquake ruptured both the Anninghe and Zemuhe fault 

with >30° strike difference 

Seismic hazard analysis for main strike slip faults



Model 2 is used to check whether

the part of the Anninghe fault and

part of the Zemuhe fault can

rupture together (Wang et al., 2014;

2017).

Model3 and Model4 are used to

check whether the multi-segment

rupture can occur on the

Daliangshan fault.

Aninghe-Zemuhe-
Daliangshan area

Seismic hazard analysis for main strike slip faults



Geological Slip Rate

Yi et al.，2008Cheng et al.,  2021. Natural  Hazards, 107, 1501-1525. 

Geodetic Slip Rate

Seismic hazard analysis for main strike slip faults

Cheng et al., 2021, Nhaz



The Xiaojiang fault is prone to multi-
segment ruptures, e.g., the 1833 M8 
Songming earthquake on the western 
branch, and the 1500 M7.5 Yiliang
earthquake on the eastern branch.

 Fault Slip rates for the western and 
eastern branch are both 5 mm/yr.

 Complicate tectonic environment 
around south part of the Xiaojiang
fault, with many small-scale faults 
around.

Xiaojiang Fault

Seismic hazard analysis for main strike slip faults



Model 1, from historical rupture data

Model 2, F5 can rupture with F4 with a ~30°
strike difference.

Model 3, the eastern branch can rupture 
together with the northern section.

Model 4, the western branch can rupture 
through a 12 km step to the segment south to 
the Fuxianhu Lake

Xiaojiang Fault

Seismic hazard analysis for main strike slip faults



Low PGA values 
around the middle 
section of the 
Xiaojiang fault 

Yi et al., 2008

Seismic hazard analysis for main strike slip faults



North Section East Branch（ruptured in 1750）

South part of the east branch

（high PGA values ）
West Branch（ruptured in 1833）

The eastern and western 
branch of the Xiaojiang
fault is prone to multi-
segment ruptures, and 
lack of mediate 
earthquqakes.

Cheng et al., 2021. JAES

Xiaojiang Fault

Seismic hazard analysis for main strike slip faults



Summary

 1. In PSHA modeling，We use the seismicity rates based on the fault slip rate,

which makes the our modeling more reliable.

 2. Our PSHA modeling is based on the fault segmentation, and also consider multi-

segment rupturing which is need to be included in prediction of the future seismic

hazard.

 3. a. The Xianshuihe fault has impending earthquake on the southern section,

especially near to the F4~F5 segments.

b. The Anninghe fault and the Zemuhe fault cannot rupture together.

c. The southern and northern sections of the Daliangshan fault cannot rupture

more than two segments.

d. The middle section of the Xiaojiang fault is prone to multi-segment rupturing.

Seismic hazard analysis for main strike slip faults



Thank you for your attention!


