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No Power = No Resiliency

• No power = everyone unhappy

• How long will the power be off? 1 Day? 3 Days? 
2 Weeks? Can a power company make a 
forecast?

• Today, describe the resiliency of the electric 
system in San Francisco (and Kyushu Electric 
near Kumamoto)

• New models can now make forecasts.  



Questions

• Everybody “knows”, or at least “suspects” that 
the power will go off after a large earthquake

• Why does the power go off?

• What is the actual damage in the electric 
system? 

• Can the power company restore power to 
select critical customers within a short time 
frame (hours? days? weeks?)



Repairs, August 24 2014
Electric Distribution System

Area with PGA > 0.02g

August 24 2014
M 6.0 Napa Earthquake

Power Outages to
70,000 PG&E customers

PG&E serves 15,000,000
people, 5,100,000 customers

We studied every repair 
location and PG&E’s 
transmission and distribution  
networks, and developed 
“rational” models to forecast 
power outages.

We then applied this to 
San Francisco
for M 6 to M 8 earthquakes
on the San Andreas fault



PG&E Customers without Power

Yellow: Napa
Orange: Rohnert Park
Green: Saint Helena
Cyan: Santa Rosa

Red: Sonoma Valley
Grey: American Canyon
Blue: Vallejo

1.4% of PG&E’s 5,100,000 Customers
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City of Napa

American Canyon

Yountville
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St. Helena 21 kV

12 kV

Objective:

How to include damage 
to distribution systems 
to forecast power 
outages in future 
earthquakes

August 24 2014 Epicenter



Repairs, August 24 2014
Electric Distribution System

Repairs, August 25 2014
Electric Distribution System

Repairs, August 26 2014
Electric Distribution System



Types of Damage

• Napa 2014 Earthquake. 

• 127 damage locations. 

• 23 “types” of damage. 

• Most common (53%) is overhead conductors; 
then overhead cross arms and overhead 
jumpers. 

• No broken poles.



Repairs, August 24 - 30 2014
Electric Distribution System

Overhead
Underground







NAPA Distribution Damage



City of Napa
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Repairs, August 24 - 30 2014
Electric Distribution System
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City of Napa
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Repairs, August 24 - 30 2014
Electric Distribution System

Overhead
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Repairs to Underground 
Water Pipes
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Form of Fragility Models

Inertial: damage due to ground shaking (long period motion)

PGD: Permanent Ground Deformations (PGDs)
PGDs are due to Liquefaction, Landslide, Surface Faulting

Pulldowns. Damager to secondaries due to collapse of adjacent structures
JAPAN: This failure mode was very common in Kobe 1995.
NAPA (US): No such failures

+ Pulldowns

+ Pulldowns

JAPANUS, JAPAN, NZ, CANADA







Ground Shaking Fragility Model

km

RR is repairs per 1,000 feet

Overheads

Underground



PGD Fragility Model



Fragility Model - PGD

• Key points:

• Cables in empty ducts, with a little slack, can  
sustain 10 to 20 cm of PGD with only very rare 
failures. (But, PGDs > 1 meter are still a 
problem)

• Cables in filled ducts, or in direct burial, or in 
thermal concrete, and much more sensitive to 
PGDs. >450 buried cable failures in 
Christchurch in 2011!! Don’t build like this in 
liquefaction zones!



This design can sustain 10 to 20 cm of PGD





1906 through 1989

HAZUS (1994)

Japan 2011 (excluding tsunami)

Christchurch Sep 2010, Feb 2011

Concepcion 2010

Napa 2014

UPDATED (2016)



How Long are the Power 
Outages?



NAPA Power Outages

• High Voltage Transmission. Most had been  
seismic upgraded between 2000 and 2012, many 
$millions. No material damage. No outages.

• Low Voltage Distribution. Pretty good 
performance (127 repairs, 37 hour 
restoration). Why? Lessons learned in 1952 led 
PG&E to modify the way transformers are 
attached to wood poles: all through bolted, 
none on cross arms, none resting on platforms. 
Big repair crew (nothing else happening).



Swaying of pole and inadequate slack on 
secondary line drop to house led to failure 
of the insulator connection on the house.

Primary

Secondary

Line Drop to 

customer



Repair = “Western Union” Splice
Why? High Cable Snapping forces lead to
damage to the top cross arm, requiring two 
new fuses /cut-outs. 
Fuses were replaced



Repair = “Western Union” Splice
Nearby cross arm was replaced.
Possible burn marks on conductors



Wire burn marks. 
This failure mode can be prevented with “smart” de-energization at the substation.



This cross arm was damaged due to 
unbalanced “snap” loads.

This one was left in service, 
but it is damaged and will more
easily break in future storms.

Other cross arms had to be replaced.



Features

Historical Shoreline

Historical Creeks

Islais Creek

Historical Tidal Marshes
PG&E Substation
PG&E Distribution Feeder

Mission Creek

Sullivan Marsh

Crissy Field Marina

Slaughterhouse Slough

Yosemite Creek

Precita Creek

Hayws Creek

San Andreas Fault

Liquefaction Zones



San Francisco 
Damage Forecast

Number of repairs to distribution system



San Francisco 
Power Outage Forecast

Number of customer outages to distribution system (excludes outages due to transmission system)
There are 400,855 customers in San Francisco (1 customer = 1 account)



SF Repair Field Effort Forecast
Manhours Manhours ManhoursRepairs Repairs



SF Repair Effort Forecast
Manhours Manhours Manhours



Power Outage Durations
Manhours Outage, DaysRepair Crews

“Nearly Last Customer
Restored”“average” outage is one-half the listed Outage time, in Days



Transmission + Distribution

1 CDL = Customer Day Lost (=1 customer with no power for 24 hours; or 24 customers with no power for 1 hour)
1 CDS = Customer Day with load Shedding. A CDS is where a customer gets power for a portion of the day. CDSs occur
when power demand exceeds residual transmission capacity.



Power Outages at “Critical” 
Water Customers (pump stations)

Outages are due to distribution system damage only.
Excludes outages due to damage to transmission system, load shedding, or forced outages

Number of



Power Outages, San Francisco

Kumamoto,  

April 2016

M8

M6

M7



Power Outage Durations
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