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Problem of Interest: 

For a site in the Greater Vancouver Area, under a seismic event with  a 2% probability of 

exceedance in 50 years (2475-yr level) with the uniform hazard spectra (UHS) below as defined by 

GSC (2015) 5th generation seismic hazard model, to determine: 

1. Seismic slope sliding displacement for a yield acceleration ay of 0.13g (Bray and Travasarou, 2007) 

2. Liquefaction potential of sands at a site with measured shear wave velocities with depths and 

Vs = 450 m/s for depths from 114 – 146 m, assuming (N1)60 = 24 for the sands. 
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Characteristics of 
Earthquakes in BC: 
• Two earthquake 

sources with 
dramatically different 
magnitudes (M~7 for 
InSlab/Crustal and M~9 
for Subduction 
Interface)   
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Possible Answers to Q2: 

1. Select InSlab/Crustal time histories for GSC ALL-

SOURCES Spectra for the site period, e.g., 1.0 to 2.0 sec 

2. Select subduction interface time histories for GSC ALL-

SOURCES Spectra for the site period 
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How to close the gap between 
the two sets of result? 
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How about adjusting InSlab/Crustal 

source target spectra to: 

Somewhere between the two blue dash lines 
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The gap getting  larger 
Subduction Interf.:   Yes,  will liquefy. 
Inslab/Crustal:   No, will not liquefy. 

Seismic engineer’s answer=? 



How about using conditional mean spectra 

(CMS) for subduction interface events? 

1. Can the CMS represent the scenario spectra for subduction EQs when they are anchored 

to the ALL-SOURCE UHS (including both M~7 and M~9 earthquake sources)? Has CMS 

method been developed from data of single source (M~7) or from multiple sources (M~7 

and M~9)?  

2. Are any natural and recorded THs available for CMS of M~9 ? 
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Not sure where the results 
from CMS will plot 



1. Seismicity in southwestern Canada (120 min, skipped) 

2. GSC (2015) Fifth Generation Seismic Hazard Model and Probability Seismic Hazard 

Analysis (PSHA) results up to 2%/50 years (i.e., 2475-yr) for crustal, in-slab, interface 

subduction, and all source combined (i.e., ALL-SOURCE). 

3. Developing UHS for 5000-yr Level (1%/50 years) for two seismic sources:  Cascadia 

subduction interface (Interf.) and Inslab/Crustal from GSC (2015) PSHA results 

4. Seismic slope displacements from empirical equations (Bray and Travasarou 2007, 

Macedo et al. 2017) for a probability of 2%/50 years  

5. Factors of Safety (FoS) against liquefaction of a soil column using nonlinear finite element 

time history analyses (VERSAT, Wutec 2016) for a probability of 2%/50 years  

6. Conclusion Remarks 

Outline 

Probability Approach for Ground and Structure Response to  

GSC 2015 Seismic Hazard including  

Crustal and Subduction Earthquake Sources 
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The fourth generation seismic hazard maps of Canada developed by 

Geological Survey of Canada (GSC) included hazard values for a 

probability of 2%/50 years that were adopted in the seismic provisions in 

the 2005 and 2010 National Building Code of Canada (NBCC). However, 

these hazard values were derived from only the crustal earthquake 

sources (magnitude in the order of 7), while seismic hazards from the 

Cascadia subduction earthquake source (magnitude in the order of 9) were 

evaluated separately using a deterministic approach for hazard 

assessment based on the distances to the site. The hybrid method mixing 

probabilistic and deterministic approaches makes it impossible to design a 

certain structure to withstand seismic risk at a given overall probability 

level including all earthquake sources. 

GSC (2005) fourth generation 

seismic hazard model 

-  PSHA does not include hazard from Cascadia subduction earthquake 
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• The 2015 GSC fifth generation seismic hazard model addressed the above issue by 

providing seismic hazard maps (e.g., 2%/50 years) with seismic hazards from all 

earthquake sources including the contribution from the Cascadia subduction 

earthquake. However, the total Uniform Hazard Spectra (UHS) possesses challenges to 

civil engineers in how to apply the UHS in engineering design as the two earthquake 

sources have dramatically different magnitudes (M7 for crustal and M9 for subduction 

interface) and thus they would result in ground and structural response (such as ground 

displacement, soil liquefaction potential, or bending moment in building columns) in an 

order of magnitude difference. Using the UHS_ALL-Source for crustal and subduction 

earthquake sources would be inadequate for engineering performance assessment or in 

design of new buildings. 

• crustal, in-slab, and interface subduction hazard values  are provided in the 2015 GSC 

Model for the 13148 grid points (10 km by 10 km) 

GSC (2015) fifth generation 

seismic hazard model 

 
-  PSHA includes hazard from Cascadia subduction earthquake 
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2015 Seimsic Model  



GSC (2015) fifth generation 

seismic hazard model  
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2015 Seimsic Model  

  



GSC (2015) fifth generation 

seismic hazard model  

2015 GSC Model 13148 grid points (10 km by 10 km) impacted by Subduction  
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GSC_SWCan_Inslab_PGA.txt 
GSC_SWCan_Inslab_PGV.txt 
GSC_SWCan_Inslab_Sa0.05.txt 
GSC_SWCan_Inslab_Sa0.1.txt 
GSC_SWCan_Inslab_Sa0.2.txt 
GSC_SWCan_Inslab_Sa0.3.txt 
GSC_SWCan_Inslab_Sa0.5.txt 
GSC_SWCan_Inslab_Sa1.0.txt 
GSC_SWCan_Inslab_Sa2.0.txt 
GSC_SWCan_Inslab_Sa5.0.txt 
GSC_SWCan_Inslab_Sa10.0.txt 
GSC_SWCan_Interface_PGA.txt 
GSC_SWCan_Interface_PGV.txt 
GSC_SWCan_Interface_Sa0.05.txt 
GSC_SWCan_Interface_Sa0.1.txt 
GSC_SWCan_Interface_Sa0.2.txt 
GSC_SWCan_Interface_Sa0.3.txt 
GSC_SWCan_Interface_Sa0.5.txt 
GSC_SWCan_Interface_Sa1.0.txt 
GSC_SWCan_Interface_Sa2.0.txt 
GSC_SWCan_Interface_Sa5.0.txt 
GSC_SWCan_Interface_Sa10.0.txt 

GSC (2015) fifth generation 

seismic hazard model  
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Open File 8090:  Contains 13148-point data for crustal, in-slab, and interface hazard values for southwestern 

Canada (PGA, PGV, Sa at 0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, 5.0, 10.0 s) 

44 grid files below 

grid_files 
GSC_SWCan_All_PGA.txt 
GSC_SWCan_All_PGV.txt 
GSC_SWCan_All_Sa0.05.txt 
GSC_SWCan_All_Sa0.1.txt 
GSC_SWCan_All_Sa0.2.txt 
GSC_SWCan_All_Sa0.3.txt 
GSC_SWCan_All_Sa0.5.txt 
GSC_SWCan_All_Sa1.0.txt 
GSC_SWCan_All_Sa2.0.txt 
GSC_SWCan_All_Sa5.0.txt 
GSC_SWCan_All_Sa10.0.txt 
GSC_SWCan_Crust_PGA.txt 
GSC_SWCan_Crust_PGV.txt 
GSC_SWCan_Crust_Sa0.05.txt 
GSC_SWCan_Crust_Sa0.1.txt 
GSC_SWCan_Crust_Sa0.2.txt 
GSC_SWCan_Crust_Sa0.3.txt 
GSC_SWCan_Crust_Sa0.5.txt 
GSC_SWCan_Crust_Sa1.0.txt 
GSC_SWCan_Crust_Sa2.0.txt 
GSC_SWCan_Crust_Sa5.0.txt 
GSC_SWCan_Crust_Sa10.0.txt 

http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244
http://geoscan.nrcan.gc.ca/starweb/geoscan/servlet.starweb?path=geoscan/shorte.web&search1=R=299244


GSC (2015) fifth generation 

seismic hazard model  

Seismic Grid Points in Greater Vancouver Region 
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GSC (2015) fifth generation 

seismic hazard model  

Seismic Grid Points in Greater Victoria Region 
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2015 Seimsic Model  



GSC (2015) 

fifth 

generation 

seismic 

hazard 

model  

Data from Open File 8090 for 

ALL-source, crustal, Inslab, 

and interface hazard values 

• At 50-yr, 72-yr, 100-yr, 

225-yr, 475-yr, 1000-yr, 

2000-yr and 2475-yr  

• At the Vancouver Grid 

Point No. 34044 (49.266 

N; -123.15 W) 

• One line from each of the 

44 grid files to form this 

table 

14 
VGS Meeting 2017.11.14 by G Wu Part 2 - GSC 

2015 Seimsic Model  



GSC (2015) fifth generation 

seismic hazard model  

475-yr and 2475-yr UHS Curves for Vancouver Grid Point No. 34044 : 

ALL-source, crustal,  InSlab, and Interface hazard values 
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GSC (2015) fifth generation 

seismic hazard model  

475-yr and 2475-yr UHS Curves for Grid Point No. 34101 (49.08 N; -123.264W) near GSC 

Borehole FD95-S1 at the Roberts Bank Port (150 m deep):  ALL-source, crustal,  InSlab, and 

Interface hazard values 
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GSC (2015) fifth generation 

seismic hazard model  

475-yr and 2475-yr UHS Curves for Grid Point No. 34310 (48.446N; -123.32W) in 

Victoria:  ALL-source, crustal,  InSlab, and Interface hazard values 
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2015 Seimsic Model  



GSC (2015) fifth generation 

seismic hazard model  

Acceleration Sa (1.0) Hazard Curves for the Vancouver site and the R.B. Port Site:  ALL-source, 

crustal,  InSlab, and Interface hazard values 

(Note:  Acce hazard curves for  T=0.05, 0.1, 0.2, 0.3, 0.5, 2.0, 5.0, 10.0 s not shown) 

 

18 
VGS Meeting 2017.11.14 by G Wu Part 2 - GSC 

2015 Seimsic Model  



UHS for 5000-yr Level (1%/50 years) for:  

Subduction Interface and Inslab/Crustal 

NOT required:  ALL Source at 5000-yr; 

Required by the probability approach:   Interface and Inslab/Crustal at 5000-yr.  How: 

1. Contact GSC for critical high impact projects:  The individual source data at the 5000-yr level would be used  

when the 2475-yr ALL Source UHS values were calculated by GSC; or 

2. Use the below proposed method by extrapolating the InSlab/Crustal curve to 5000-yr and back-calculating 

5000-yr values for Interface.  Note:  InSlab/Crustal curves are more suitable for extrapolation! 
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UHS for 5000-yr Level (1%/50 years) for:  

Subduction Interface and Inslab/Crustal 

1. Extend the InSlab and Crustal curves beyond the 2475-yr level on the Log-Log scale;  

2. Add probability of InSlab and Crustal points at a given period (e.g. 1.0 s) which will result in the combined 

InSlab/Crustal hazard curve, see below STEP 1;  and 

3. Subtract probability of the ALL Source by the InSlab/Crustal points, also for the period of 1.0 s, for the portion of 

the Subduction Interface curve from 2475-yr to 5000-yr level. 

4. DO NOT ADD Sa Values at a given probability level  -  This is why we have to carry out the Probability Approach. 
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Hazard at 5000-yr level 

STEP  1 STEP  2 



UHS for 5000-yr Level (1%/50 years) for:  

Subduction Interface and Inslab/Crustal 

The calculations are coded in an 

Excel file so the 5000-yr UHS and the 

10,000-yr UHS (if required for 

analysis, likely, for InSlab/Crustal 

source) can be auto-generated and 

plotted. 
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UHS for 5000-yr Level (1%/50 years), 

and 10,000-yr when required  

For Vancouver Grid Point No. 34044:   

Subduction Interface and InSlab/Crustal ONLY 

Note: Contact GSC if 10,000-yr Interface UHS (dash line) has a major impact to the analysis results.   
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UHS for 5000-yr Level (1%/50 years), 

and 10,000-yr when required  

Grid Point No. 34101 (49.08 N; -123.264W) near GSC Borehole FD95-S1 at the Roberts Bank 

Port (150 m deep):  Subduction Interface and InSlab/Crustal ONLY 

Note: Contact GSC if 10,000-yr Interface UHS (dash line) has a major impact to the analysis results 
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UHS for 5000-yr Level (1%/50 years), 

and 10,000-yr when required  

For Victoria Grid Point No.  34310:   

Subduction Interface and InSlab/Crustal ONLY 

Note: Contact GSC if 10,000-yr Interface UHS (dash line) has a major impact to the analysis results 
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Hazard at 5000-yr level 

  



Seismic Slope Displacements 

for a Probability of 2%/50 years  

• Empirical equations by Bray and Travasarou (2007) for InSlab/Crustal Source, and by 

Macedo et al (2017) for Subduction Earthquake Source; 

• Using spectral acce. Values, Sa(1.5Ts), from the individual UHS curves for the two 

earthquake sources:  InSlab/Crustal and Subduction Interface 
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For InSlab/Crustal (M~7) Source from Bray and Travasarou (2007) : 

Probability for Zero-displacement 

 (D) using Eq. [3]: 

 

Nonzero seismic displacement (D) for  

Ts>0.05 s is estimated using Eq. [5]: 

 

Net probability of nonzero disp. (D)  

using Eq. (7):   



Seismic Slope Displacements 

for a Probability of 2%/50 years  
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For Subduction Interface (M~9) Source from Macedo et al (2017) : 

Probability for Zero-displacement (D) using Eq. (2) or (3) below: 

 

 

 

 

Nonzero seismic displacement (D) for Ts>0.05 s is estimated using Eq. [4]: 

 

 

 

Net probability of nonzero disp. (D) using Eq. (6):   

     P(D>d) = [1-P(D=0)] • P(D>d|D>0)                    (6) 

  



Seismic Slope Displacements 

for a Probability of 2%/50 years  
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• Yield acceleration coefficient  ky = 0.13 

• Initial period of the sliding mass: Ts = 0.33s and 0.67s   

• M_InSlab/Crust =7.0;    or 

• M_subduction-interface= 9.0 

• Sa(1.5Ts) = from UHS curves (1000-yr, 2475-yr, 5000-yr, etc), or interpolated in 

between the curves, for subduction-interface source or for InSlab/Crustal source at a 

probability level (P) -  a total of 100 probability (P) points from 0.001 to 0.0001. 

 

  Input parameters used in below examples are: 

Example cross section of dam with 

downstream slope potential sliding 

mass evaluated for seismic 

displacements:  D = f (Prob.) 

Source:  Figure 10 of Bray and 

Travasarou (2007)   



Seismic Slope Displacements 

for a Probability of 2%/50 years  

Example 1:  For a site located at Vancouver Grid Point No. 34044:   Ts=0.33 sec   
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InSlab+Crustal Prob(D>d|D>0) P1 Interface Prob(D>d|D>0) P2 P = P1 + P2 at D (cm)

Prob(D>d|D>0) Sa(InSlab+Crust)ln(D) D (cm) e=0 Prob(D>d) Sa(Interface) ln(D) D (cm) e=0 Prob(D>d) Prob-TOTAL No.
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Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Vancouver Grid Point 

No. 34044  Ts=0.33 sec  

At 28.21 cm,  

P1 = 0.0002884 

P2 = 0.0001095 

 

*using VLOOKUP in 

Excel: 

P = P1 + P2 

  ~= 0.000400 

InSlab+Crustal Prob(D>d|D>0) P1 Interface Prob(D>d|D>0) P2 P = P1 + P2 at D (cm)

Prob(D>d|D>0) Sa(InSlab+Crust)ln(D) D (cm) e=0 Prob(D>d) Sa(Interface) ln(D) D (cm) e=0 Prob(D>d) Prob-TOTAL No.



  

30 VGS Nov 14, 2017 by G Wu - Part 4 Bray's Disp 

  

Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Vancouver Grid Point 

No. 34044   Ts=0.33 sec  

At 28.21 cm,  

P1 = 0.0002884 

P2 = 0.0001095 

 

*using VLOOKUP in 

Excel: 

P = P1 + P2 

  ~= 0.000400 
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Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Vancouver Grid Point 

No. 34044 

 

Site Slope Period:   

 

Ts=0.67 sec 
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Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Near the Roberts Bank 

Port at  Grid Point  

No. 34101    

 

Site Period 

 

Ts=0.33 sec  
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Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Near the Roberts Bank 

Port at  Grid Point  

No. 34101   Ts=0.67 sec  

(1).  P(D=0) ~ 45% 

(2).  At 20.42 cm,  

P1=0.00174 

P2=0.00234 

 

*using VLOOKUP in 

Excel: 

P = P1 + P2 

  ~= 0.000408 
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Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Near the Roberts Bank 

Port at  Grid Point  

No. 34101   Ts=0.67 sec  

At 20.42 cm,  

P1=0.00174 

P2=0.00234 

 

*using VLOOKUP in 

Excel: 

P = P1 + P2 

  ~= 0.000408 
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Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Victoria Grid Point  

No. 34310   Ts=0.33 sec  

At 65.01 cm,  

P1=0.00224 

P2=0.00176 

 

*using VLOOKUP in 

Excel: 

P = P1 + P2 

  ~= 0.000402 
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Seismic Slope 

Displacements 

for a 

Probability of 

2%/50 years  

  
Legend: 

Red  -   ALL Source 

Green - Interface 

Blue  – InSlab/Crustal 

 

Victoria Grid Point  

No. 34310    

 

Site Slope Period 

 

Ts=0.67 s 



• In-adequate : Applying Sa values from the All-source spectra (UHS) 

for displacement calculation in equations for M~9 subduction :  

 

 

 

 

 

 

• The error in results could become larger when time history (TH) 

analyses are used for computing Factor of Safety (FoS) against 

liquefaction, as shown in Part 5, and in predicting displacements. 

Seismic Slope Displacements 

for a Probability of 2%/50 years   

• Probability approach:  Using Sa(1.5Ts) values from 

the individual spectra curves for the two earthquake 

sources:  InSlab/Crustal and Subduction Interface  
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NO! 

YES 



Seismic Slope Displacements 

for a Probability of 2%/50 years  
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• Relationships between displacements (D) from All-source and individual sources: 

 Half Probability Rule: D_2475-yr_All-source must exist between D_5000-yr_Interface and D_5000-

yr_InSlab/Crustal; D_2475-yr_All-source must not be outside of D values of the two individual sources 

at Half of the Probability of the 2%/50-years, i.e., at the 1%/50 years or 5000-yr level. 

 Largest at the Same Probability Rule:  D_2475-yr_All-source must be greater than each of the D_2475-

yr_Interface and D_2475-yr_InSlab/Crustal;  At the same probability level, D_2475-yr_All-source 

should be the largest among the three D values. 

 The D value from the less strong earthquake source in terms of response (displacement etc.), 

between the InSlab/Crustal and the Interface, would be determined up to the 10,000-yr level  in order 

to determine the D_2475-yr_All-source.  It is expected that extrapolation beyond  the 10,000-yr level 

could be required in some limited cases, with likely small error in the D_2475-yr_All-source.  Normally 

the D_2475-yr_All-source values can be determined within the 10,000-yr level as demonstrated in the 

displacement calculations using methods by Bray and Travasarou (2007) and Macedo et al. (2017). 

 



Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years for 1D Soil Column 

• Example location at Roberts Bank Port GSC Borehole FD95-S1 (150 m deep), near Grid Point No. 

34101 (49.08 N; -123.264W).  Shear wave velocity and soil stratigraphy at FD95-S1 were used. 
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TH Analysis for Liquefaction  

Crow, H.L, Good, R.L., Hunter, J.A., Burns, R.A., Reman, A., and Russell, H.A.J., 2015. Borehole geophysical logs in 

unconsolidated sediments across Canada; Geological Survey of Canada, GSC Open File 7591 

Fraser Delta, BC:  Quaternary sediments, up to several hundred metres thick, underlie much of the Fraser Lowland and Fraser Delta. 

This succession consists of sediment deposited during at least three glaciations and intervening interglaciations, and is made up of till 

and stratified sediment packages separated by unconformities (Clague et al., 1991; Clague, 1998). Interglacial paleosols and 

associated sediment occur locally.   

Logging was conducted in 46 boreholes to determine the structure and geotechnical parameters of the delta and glacial stratigraphies 

in support of earthquake hazard studies in the region (e.g. Hunter et al., 1994; Hunter, 1995; Luternauer and Hunter, 1996; Hunter et 

al., 1998a,b). Boreholes intercept sediment consisting of alternating strata of mud and sand interpreted to be Holocene topset and 

foreset deposits of the Fraser River delta, and underlying Pleistocene sediment (Hunter et al., 1998a; Christian et al., 1998). The 

deepest well is the Richmond well (FD96-1) drilled by the GSC to a depth of 330 m (Dallimore et al., 1995, 1996). These data are 

further supported by logs in a 600 m deep borehole, the Conoco Dynamic Mud Bay well that penetrates to Miocene age sediment 

(not part of this data release). Most of the dataset consists of three logs (natural gamma, inductive conductivity and magnetic 

susceptibility) and P-wave and S-wave downhole measurements. 



Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years for 1D Soil Column 

• Example location at Roberts Bank Port GSC Borehole FD95-S1 (150 m deep), near Grid Point No. 

34101 (49.08 N; -123.264W).  Shear wave velocity and soil stratigraphy at FD95-S1 were used.  
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Figure 4 in Open File 7591 
(2015): Boreholes on the BC 
mainland (Fraser delta and 
Abbotsford), and in the 
Nanaimo lowlands near 
Parksville on Vancouver 
Island. Surficial geology 
modified from Fulton 
(1995). Total of 54 boreholes 
in this region 



Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years for 1D Soil Column 

• Example location at Roberts Bank Port GSC Borehole FD95-S1 (150 m deep), near Grid Point No. 

34101 (49.08 N; -123.264W).  Shear wave velocity and soil stratigraphy at FD95-S1 were used.  

• See below:  Greater Vancouver Region for GSC(2015) Seismic Grid and Boreholes 
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FD95-S1  



Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years for 1D Soil Column 

• Example location at Roberts Bank Port GSC Borehole FD95-S1 (150 m deep), near Grid Point No. 

34101 (49.08 N; -123.264W).  Shear wave velocity and soil stratigraphy at FD95-S1 were used.  
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Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years for 1D Soil Column 

• VERSAT-1D Soil Column with Elastic Base (or Compliance Base, or Viscous Base Boundary) by 

applying Outcropping Velocity Time History (TH) Input 

• Figure 8 of VERSAT Technical Manual (Wutec Geotechnical Int. 2016): The elastic 

base model with a viscous boundary  
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Surface outcropping motions 

on firm ground with Vs30 of 

450 m/s: Applicable for GSC 

(2015) seismic hazard values 

Within motions (114 m below ground surface) on 

firm ground with Vs30 of 450 m/s are different from 

the outcropping motions, likely lower.   



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years: 
VERSAT 1D Soil Model  
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• Using nonlinear finite element 

time history analyses (VERSAT-

1D, Wutec 2016) 

• VERSAT 1D Soil Model:  23 layers 

used in the model for a total of 

114 soil elements (1 m thick 

each); elastic base with Vs=450 

m/s; outcropping velocity TH 

applied to the model 

 

 



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years  

• Using nonlinear finite 

element time history 

analyses (VERSAT-1D, 

Wutec 2016) 

• VERSAT-1D Site Response 

Analysis:  TOTAL STRESS 

METHOD 

• Assuming (N1)60 = 24 for 

FoS against liquefaction 
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Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years  

• Using nonlinear finite 

element time history 

analyses (VERSAT-1D, 

Wutec 2016) 

• TH Selections: 6 THs for 

InSlab and 6 THs for 

Crustal 

• Scaling factor 1.29 from 

2475-yr to 5000-yr; and 

1.66 to 10,000-yr 
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• @R.B.Port pt.34101 
• InSlab/Crustal Source 



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years  

• Using nonlinear finite 

element time history 

analyses (VERSAT-1D, 

Wutec 2016) 

• TH Selections: 11 THs for 

Subduction Interface  

• Scaling factor 1.40 from 

2475-yr level to 5000-yr, 

and 1.60 used for 7500-yr 

 

47 
VGS Meeting on Nov-14-2017 by Dr. G Wu Part 5 - 

TH Analysis for Liquefaction  

• @R.B.Port pt.34101 
• Subduction Interface  



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years: 
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12 InSlab/Crustal 

Ground Motions (GM) 

for  2475-yr:   

PGA =0.40g 

 

 



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years: 
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11 Subduction Interface 

GM for 2475-yr 

PGA = 0.20g 

 



Factors of 
Safety (FoS) 
against 
liquefaction 
for Probability 
of 2%/50 
years: 
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12 InSlab/Crustal and 

11 Subduction 

Interface Ground 

Motions (GM) linearly 

scaled to 2475-yr level 

for VERSAT 1D Site 

Response Analysis 

 

 

Ground Motions Linearly Scaled for GSC (2015) 2475-yr InSlab/Crustal and Subduction Interface 

Spectra for for R.B. Port, i.e., pt. 34101

Duration PGA PGV PGD Arias Int. 5%-95%

Name Date Magnitude (sec) [g] [m/s] [m] [m/s] [sec]

0.201

1 Japan Tohoku 11-Mar-2011 9.0 FKS020 210.0 0.168 0.307 0.135 2.3 112.7

2 Japan Tohoku 11-Mar-2011 9.0 IWTH18 210.0 0.247 0.375 0.218 2.2 85.8

3 Japan Tohoku 11-Mar-2011 9.0 IWTH26 210.0 0.212 0.289 0.18 2.3 100.0

4 Chile Maule 27-Feb-2010 8.8
Santiago La 

Florida
208.0 0.247 0.208 0.068 1.9 39.8

5 Chile Maule 27-Feb-2010 8.8 Matanzas 120.4 0.173 0.177 0.052 1.6 34.7

6 Japan Tohoku 11-Mar-2011 9.0 MYG006 210.0 0.184 0.236 0.094 1.7 110.2

7 Japan Tohoku 11-Mar-2011 9.0 MYG010 210.0 0.19 0.195 0.043 2.2 105.1

8 Japan Tohoku 11-Mar-2011 9.0 MYG017 210.0 0.189 0.209 0.043 2.1 105.2

9 Japan Tohoku 11-Mar-2011 9.0 MYGH06 210.0 0.214 0.337 0.115 1.5 88.2

10 Chile Maule 27-Feb-2010 8.8
Santiago 

Penalolen
171.0 0.214 0.172 0.048 1.9 35.0

11 Chile Maule 27-Feb-2010 8.8 Valdivia 79.0 0.178 0.231 0.467 1.9 41.0

0.376

1 Northridge, CA 17-Jan-1994 6.7 Chalon Rd 31.1 0.354 0.312 0.061 1.7 9.0

2 Turkey, Kocaeli 17-Aug-1999 7.5 Izmit 30.0 0.344 0.572 0.363 1.8 13.3

3 Loma Prieta, CA 18-Oct-1989 6.9 Santa Teresa Hills 50.0 0.482 0.493 0.405 4.0 10.1

4 Iran, Tabas 16-Sep-1978 7.4 Tabas 33.0 0.386 0.446 0.169 2.4 16.5

6 Imperial Valley, CA 15-Oct-1979 6.5 Cerro Prieto CPE 63.8 0.364 0.25 0.113 5.7 30.0

5 Taiwan, Chi-Chi 20-Sep-1999 7.6 TCU071 50.4 0.325 0.278 0.090 3.4 24.0

0.428

1 Washington Nisqually 28-Feb-2001 6.8
Gig Harbour, Fire 

Station
99.0 0.348 0.322 0.136 2.4 24.6

2 Japan MiyagiOki 16-Aug-2005 7.2 MYG014 130.0 0.575 0.415 0.049 5.7 22.8

3 Western Washington 13-Apr-1949 6.9
Olympia 

Highway Lab
75.3 0.355 0.385 0.137 3.1 19.7

4 Washington Puget Sound 29-Apr-1965 6.7
Olympia 

Highway Lab
69.4 0.534 0.319 0.098 3.0 20.8

5 Washington, Nisqually 28-Feb-2001 6.8
Olympia 

Highway Lab
110.0 0.355 0.296 0.062 1.9 18.3

6 Mexico, Michoacan 11-Jan-1997 7.1 Villita, Stn VIL 55.1 0.398 0.444 0.124 1.7 15.9

InSlab Ground Motions

Crustal Ground Motions

Subduction Interface Ground Motions

Earthquake

Set

Recording 

Station



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
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• Using nonlinear finite element time 

history analyses (VERSAT-1D, Wutec 2016) 

• See TH response  (2475-yr, Sub. Interface) 

• Nonlinear hysteretic Shear strain – stress 

curve for Elem 30 at 30 m depth 

• Accelerations at base (within) PGA 0.11g 

• Accelerations at ground surface PGA 0.14g; 

Note: Valdivia has PGA 0.178g at firm 

ground (Vs30 of 450 m/s) outcropping. 

 

 

 



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years: 
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o Shear stress THs for Elem 30 at 30 m depth (2475-yr, 

Subduction Interface), assuming (N1)60=24 

 

• Japan Tohoku M9.0 (210 sec), FoS = 0.94 

 

 

 

 

• Chile Maule M8.8 (79 sec) ), FoS = 1.27 

 

VERSAT 1D Factor of safety against liquefaction 
• Cyclic Shear Stress Model for Liquefaction 



Factors of Safety (FoS) 
against liquefaction 
for Probability of 
2%/50 years: 
VERSAT 1D Soil Model  
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• Shear stress THs for Elem 30 at 30 m depth (2475-yr, 

InSlab/Crustal), assuming (N1)60=24 

 

• 1965 Puget Sound (69 sec), FoS = 1.74 

 

 

 

 

• 1989 Loma Prieta (50 sec) ), FoS =1.90 

 

VERSAT 1D Factor of safety against liquefaction 
• Cyclic Shear Stress Model for Liquefaction 



Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years: Method A – “use Mean” 
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Summary FoS for:   12 InSlab/Crustal and 11 Subduction Interface Time Histories (THs) 

 

MEAN  



Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years:   
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Determining FoS_All-Source from FoS_InSlab/Crustal and FoS_Interface, one by one, using Excel:  

 



Factors of Safety (FoS) against liquefaction for 
Probability of 2%/50 years:   
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Method A “use Mean” 

Pros: 

• Requires least number of analyses to obtain 

performance results at one probability level, e.g., 

2475-yr level (2%/50 years) or 10,000-yr; 

• Straightforward and suitable for probability analysis 

involving 2 EQ sources, i.e., easy implementation 

Cons: 

• use “Mean” for aleatory uncertainties in results  

• Aleatory uncertainty (variability, stochastic uncertainty) 

characterizes the inherent randomness in the system under study - 

irreducible uncertainty such as material properties derived from lab 

testing;  characterized by frequency distributions.  

• Results between two probability levels require 

interpolation 

 

 

Result:  Method A “use Mean” 



Factors of Safety (FoS) against liquefaction for 
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Method B “all Cumulated” VERSAT 

output 

(*.SIG)

FoS_liq D:Probability

2.19 0.000029

1.64 0.000029

1.73 0.000029

1.45 0.000029

1.40 0.000029

1.62 0.000029

1.46 0.000029

1.71 0.000029

1.67 0.000029

1.92 0.000029

1.73 0.000029

1.07 0.000029

1.84 0.000012

1.41 0.000012

1.44 0.000012

1.23 0.000012

1.19 0.000012

1.36 0.000012

1.25 0.000012

1.45 0.000012

1.44 0.000012

1.63 0.000012

1.49 0.000012

0.91 0.000012
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Assumption:   (N1)60 = 24 

Prob - Low Prob - High D -Probability DP -each TH

EQ Level Prob. (12 THs)

1000-yr 0.001000 0.632

2500-yr 0.000400 0.283 0.632 0.350 0.000029

5000-yr 0.000200 0.141 0.283 0.141 0.000012

10,000-yr 0.000100 0.045 0.141 0.097 0.000008

50000-yr 0.000020

Prob - Low Prob - High D -Probability (11 THs)

EQ Level Prob.

1000-yr 0.001000 0.632

2500-yr 0.000400 0.283 0.632 0.350 0.000032

5000-yr 0.000200 0.163 0.283 0.120 0.000011

7500-yr 0.000133 0.058 0.163 0.106 0.000010

40000-yr 0.000025

  ( X 10-3)

  ( X 10
-3

)

Interface Subduction - 

max. 7500-yr

InSlab+Crustal  - max. 

10,000-yr

Probability Method B Processing Data for FoS_Liq of R 

B Port at 10 m Depth            2017.11.04
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Method B “all Cumulated” 

 0.91 0.000012 1.46

1.58 0.000008 1.49

1.23 0.000008 1.58

1.22 0.000008 1.62

1.07 0.000008 1.63

1.03 0.000008 1.64

1.16 0.000008 1.67

1.08 0.000008 1.71

1.25 0.000008 1.73

1.26 0.000008 1.73

1.41 0.000008 1.84

1.31 0.000008 1.92

0.79 0.000008 2.19

1.15 0.000032 0.79

1.44 0.000032 0.79

1.28 0.000032 0.86

1.79 0.000032 0.87

1.41 0.000032 0.88

1.26 0.000032 0.88

1.37 0.000032 0.93

1.15 0.000032 0.94

1.86 0.000032 0.96

1.57 0.000032 0.98

1.30 0.000032 1

G
ro

u
p

 2

1.30 0.000032

0.87 0.000011

1.11 0.000011

0.98 0.000011

1.39 0.000011

1.11 0.000011

0.96 0.000011

1.05 0.000011

0.88 0.000011

1.40 0.000011

1.21 0.000011

1.02 0.000011

0.79 0.000010

1.00 0.000010

0.88 0.000010

1.25 0.000010

1.01 0.000010

0.86 0.000010

0.94 0.000010

0.79 0.000010

1.26 0.000010

1.10 0.000010

0.93 0.000010
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Method A "use Mean" Method B "all cumulated"

Interface 1.42 1.4

InSlab/Crustal 1.63 1.64

All Sources 1.25 1.25
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Method B “all Cumulated” 

Pros: 

• Aleatory uncertainties naturally included by using 

results from each of all analyses ; 

• Suitable for analyses involving multiple EQ sources 

and in systematic risk analysis; 

• Does not require interpolation of results between 

probability levels. 

Cons: 

• Require analyses to be completed at more than 

two probability levels; 

• Require estimating incremental probability (DP), 

assumed Log-linear between two adjacent P. 

 

 

Result:  Method B “all Cumulated” 



1. Use of the Probability Approach will reduce the epistemic uncertainties when dealing with seismic hazard 

including both InSlab/Crustal (M~7) and Subduction (M~9) earthquake sources 

o Epistemic uncertainty (subjective uncertainty) characterizes the lack of knowledge, which is  reducible uncertainty through increased 

understanding (research), or increased data, or through more relevant data.  Characterized as degrees of “belief”.  

2. Don’t be fooled by spectra (UHS) when M~7 and M~9 are mixed in contribution; spectral values are less 

impacting on ground and structural response (displacement, liquefaction) than earthquake magnitude;   

duration (5% – 95%) of a M~9  subduction quake could be 10 times longer than a M~7 crustal quake.  

Note:  the energy released in a M~9 quake is about 100 times that in a M~7 quake. 

3. Don’t be fooled by seismologists – they have not yet incorporated the M~9 factor into their equations of 

solutions, ONLY spectra!  We, engineers, are required to mange the M~9 factor. 

4. Maintain traditional ways of solving engineering problems (such as using UHS, Site Class correction for 

hard rock) while cautiously moving into and applying new ideas (such as CMS for subduction quakes, 

kappa correction on spectra for hard rock);  A new idea could represent direction for future solutions but 

it starts with a great uncertainty that requires data and research to reconcile to its maturity.   

 

 

Conclusion Remarks (1) 

Probability Approach for Ground and Structure Response to GSC 2015 Seismic 

Hazard including Crustal and Subduction Earthquake Sources 
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5. The proposed Probability Approach for seismic hazard involving both M~7 and M~9 is a sensible 

method, not only accurate in theory but also practical in reality. In the example liquefaction analysis 

using VERSAT (Wutec Geot, 2016),  46 runs are conducted for the Probability Approach which are twice 

when the two sources (M~7 and M~9) are analyzed separately at one probability level (2%/50 years or 

2475-yr level) for total of 23 runs (12 THs for InSlab/Crustal M~7 and 11 THs for Subduction M~9). 

6. Use sensible method and apply engineers’ priorities in engineering project works.  We would not need 

500 sets of THs for a probability analysis; instead 23 sets/46 runs as in the example base-case analysis. 

7. Apply the “Half probability” Rule and the “Largest at the same probability” Rule when using the 

Probability Approach to plan the analyses for using either Method A or Method B. 

8. Method A “use Mean” and Method B “all Cumulated” are both adequate approaches when only two EQ 

sources are of concern; and results from both methods are almost the same in the example.  

9. Method B “all Cumulated” would be more suitable for analyses involving multiple EQ sources and in 

systematic risk analysis.  It does not require interpolation of results between probability levels; and the 

aleatory uncertainties are inherently reflected in results. 

Conclusion Remarks (2) 

Probability Approach for Ground and Structure Response to GSC 2015 Seismic 

Hazard including Crustal and Subduction Earthquake Sources 
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Conclusion Remarks 
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Conclusion Remarks 

Probability Approach for Ground and Structure 

Response to GSC 2015 Seismic Hazard including 

Crustal and Subduction Earthquake Sources 

 

THE END 

 

Questions  ? 

 

 

 


