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Agenda
• Performance of Buried Cables in Past Earthquakes 
(Christchurch 2010, 2011, Napa 2014)  

• Shake Table and In Situ Testing of Pot Heads (115 kV, 230 
kV, 300 kV, Composite, Porcelain)

• Tests of Duct Banks

• Who has these problems on the West Coast (PG&E, BC 
Hydro recognizes and mitigatates. Some others have less 
exposure, or are “don’t see don’t worry (yet)” 

• There are NO standards. What should we do? What about 
submarine cables? 



Anshel Schiff:
“Father” of Earthquake 

Performance 
of High Voltage 

Equipment

2014 Tests of 230 kV
Bushing and Surge Arrestor with 
“pseudo” top plate of transformer, 

various types of conductors.
PSU, BPA



New Zealand



Earthquake
Level of Shaking

475 Years Christchurch



Christchurch, Feb 22 2011, 1:51 pm

Looking North, from the Port Hills

Collapse of the Central Business District



Christchurch Cathedral

February 2011



Orion

• 3rd largest NZ power distribution company

• $5 million NZ spent, 1995-2009 on seismic 
strengthening at unreinforced masonry 
substations, lines and cables



Orion Inventory 11 kV



66kV UG: 50% Failure Rate
11 kV UG: 10% Failure Rate
400V UG: 1% Failure Rate

February 22, 2011 Earthquake

Failure Rate: 1 or more faults per circuit. Many circuits have multiple faults

Major Liquefaction Zone
Modest Liquefaction Zones



Oil Tanks for 
Buried 66 kV 

Cables. 

2 of 3 were tilted 
on their 

foundations, one 
spalled concrete 

foundation….

but that is not the 
real problem….



0 psi pressure to buried oil-filled cables 
(3 cables from this substation)

This is the 
real problem!



66kV UG: 6 faults, 4 cables
11 kV UG: 433 cables
400V UG: sporadic

February 22, 2011 Earthquake

Failure Rate: 1 or more faults per circuit.
Many circuits have multiple faults

Major Liquefaction Zone
Modest Liquefaction Zones

Substation destroyed due to liquefaction
Faulted buried 66 kV Circuit





Liquefaction from the Feb 22 2011 Event

Moderate to Severe
Low to Moderate
Local
Nil



Buried Cable Failures in Christchurch
Sept 2010: 24
Feb 2011: 433
June 2011: 63





11 kV Cable Faults Feb 2011



Feb 2011 11 kV + Liq



Liquefaction Map for Christchurch

Blue: Sept 2010
White: Feb 2011
Red: June 2011





XLPE TypeJohn O’Donnell - Chief Operating Officer



XLPE TypeShane Watson - Network Asset Manager



Scale is Inches

XLPE Type

Copper Screen



XLPE Insulation

HDPE Sheath

Metallic Screen

Lead Sheath

Copper Core



May 6 1999 
Installations



66 kV Cable, Armaugh. OD = 89.1 mm

Conductor: 20.35 mm diameter, aluminum 300 mm^2
Oil ducts: 12.5 mm diameter, aluminum
Corrugated aluminum sheath: t = 1.5 mm 3.7mm depth 29.3 mm pitch 0.5 mm OD; Fy (0.01%) = 
34.5 MN/m^2. Fa = 12.2 MN/m^2. W = 9.6 kg/m



1600Cu XLPE TRENCHING DETAILS 

 

 

 





2 66 kv oil-filled cables



Oil-Filled Pipe Type 66 kV Cable - Armagh

Oil Filled Pipe Type



66 kV Oil Filled Pipe Type



66 kV Oil Filled Pipe 
Type, ArmaghPolyethylene 3 mm

Aluminum 1.5 mm

Aluminum 20.35 
mm

Insulation 4.6 mm

Oil Duct Aluminum 
12.5 mm



Oil Filled Pipe Type



Oil Filled Pipe Type



Oil Filled Pipe Type







Oil Filled Pipe Type











66 kV XLPE Type



A

C

B

66 kV XLPE Type



Several buckled cables

A

C

B

66 kV XLPE Type



66 kV XLPE Type



66 kV XLPE Type



Two 66 kV Oil 
Filled Pipe-Type 

Cables



11 kV Cable





11 kV Cable









11 kV







11 kV - Transition from direct burial to conduit







































MainPower Buried Cable 
Damage

M7. 2 Canterbury Earthquake of 
September 4 2010



Sept 4 2010. 714 am
t + 3 hours





Dropped 6 feet... Lamp still works!

Electric line is direct burial (440 V, 40 m typ)

Beswick Street



Kaiapoi, Opposite Police Station, Williams Street















Failed Meter Service to House (Liquefaction)



Rolleston, Looking  
Southeast



Rolleston, Looking Northwest



Fault Crossing - Post Earthquake



Sept 4 2010 3:14 pm
Liquefaction along the Main North Line



Liquefaction along the Main North Line

Christchurch EQ Mw ~7.1

Several days later



98% Restored

11 kV cables

66 kV cables
Restore CBD

New Substation

Large DG for Winter Demand



Why do the cables fail?

• Choice 1 .Ground settlements to 2 to 5 cm 
(LESS LIKELY)

• Choice 2. Lateral cracking of top soil cap, 
followed by block vibration (MOST LIKELY)



High Voltage Buried Cable

Before the Earthquake



Cable Stretches

During the Earthquake
Soil cap break into independent blocks and 

begin to slosh around, tending towards free face



Cable Compresses, High Curvature, Buckles and Fails

After the Earthquake (minutes)

Soil cap blocks continue to vibrate back and forth



66 kV Cable





Mitigation Strategies

• Never use direct burial cables in thermal 
concrete in liquefaction zones.

• Use overhead (if possible)

• User buried cables in PVC or HDPE conduits 
within reinforced thermal concrete duct banks



Napa California
August 23 2014



Distribution System

• Key findings. 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.

• No broken underground cables.



Location of Repairs, August 24 2014
Electric Distribution System, for entire PG&E
System

Area with PGA > 0.02g

NAPA

CALIFORNIA

NAPA M 6 EARTHQUAKE
OF AUGUST 23 2014



Hunting - Berryessa Fault Zone

City of Napa

Well Constrained
Moderately Constrained

Inferred

Earthquake Faults

Atlas Peak - Foss Valley Lineament
G

reen Valley Fault Zone

Cordelia Fault Zone

Napa Fault Zone

Browns Valley Segment

Napa Fault Zone

Airport Segment

Rodgers Creek Fault Zone

Tola Fault
Lakeview Fault

Bennet Valley Faul

0 - 100 ft

200 - 300 ft

100 - 200 ft

300 - 400 ft

400 - 500 ft

Lake Berryessa



SONOMA

NAPA

SOLANO

YOLOLAKE

MARIN

City of Napa

American Canyon

Yountville

Calistoga

St. Helena

Overhead
Underground



Napa (76,915)
Sonoma
Valley (42,296)

Petaluma (57,941)
Fairfield (109,320)

Vallejo (118,837)

Vacaville (94,275)

San Rafael (57,713) Martinez (36,673)

Berkeley (116,768)

San Francisco (825,863)

Napa County (139,045)Sonoma
County (491,829)

Oakland (400,740)

Santa Rosa (170,685)

Rohnert Park (41,232)

Richmond (106,516)

Yountville (2,933)

St Helena (5,814)

PGA (g), Max of NS, EW
Names of Cities and Populations

SERA 8.3.3.3 

Epicenter



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



Repairs, August 24 2014
Electric Distribution System

Repairs, August 25 2014
Electric Distribution System

Repairs, August 26 2014
Electric Distribution System



City of Napa

Well Constrained
Moderately Constrained

Inferred

Earthquake Faults

Napa Fault Zone

Airport Segment

Napa Fault Zone

Carneros Zone A

29

29

Observed Location of 
Surface Fault Offset

Napa Fault Zone

Browns Valley Zone B





Distribution Damage

• 166 overhead, 3 underground

• 52 fuse related

• 41 wire related

• 10 equipment related

• 6 pole / cross arm / insulator related



Repairs, August 24 - 30 2014
Electric Distribution System

Overhead
Underground



Correlating the Hazard and 
the Damage



Repairs, August 24 - 30 2014
Electric Distribution System

Overhead
Underground

30
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8

12PGV, inch/sec 
(mean NS, EW)

Observed Location of 
Surface Fault Offset
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28

24

20

12PGV, inch/sec 
(mean NS, EW)

Observed Location of 
Surface Fault Offset

24

20

Repairs, August 24 - 30 2014
Electric Distribution System

Overhead

Underground
Repairs to Underground 
Water Pipes

Liquefaction Zone

Surface Faulting Zone





2’-6” in older installations







Ground Shaking Fragility Model

RR is repairs per 1,000 feetUnderground



PGD Fragilty Model



Now, Lets Apply These Fragility 
Models for San Francisco in a future 

San Andreas Earthquake



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



Allemany

McLaren

Clarendon

Central

Crocker Amazon

Forest Knolls

Lake Merced

Lane

Lincoln

Summit

AWSS 1

Bay Bridge

AWSS 2

Modern Interpretation of Liquefaction Zones in San Franciscso

Key Customer (Water Pump Station)



SF Damage Forecast

Number of repairs to electric distribution system



In the High Seismic Zone along the West Coast of USA and 
CANADA, 

Who Has Buried High Voltage Cables Exposed to Liquefaction?

Transmission 
Pacific Gas and Electric (Lots)

BC Hydro (Lots)
San Diego Gas and Electric (Some)

SCE (Some)
BPA (Little)

Distribution
Alameda, Palo Alto, Silicon Valley, PacifiCorp, 
Portland General Electric, Seattle City Light





UTM NAD 83 Zone 10 (meters)

Liquefaction#
Susceptibility

Liquefaction Map#
Lower Mainland

Vancouver, BC#
(BC Hydro)



A-Z #1 230 AC

TBC 200 kV
 DC



1852 Map

Zones of Primary Concern



1859 Map



Mission and 7th Street at Post Office



Dore and Bryant



Cable Terminations (Potheads): 
 

Their Importance, Seismic Qualification, and Dynamic 
Characteristics 

 









Pot Heads 
with Weak 
Standoffs 
(fail at PGA 

0.25-0.5g)







PG&E 115 kV Pot Head
Shake Table Test September 10 2013

Movie













500 kV
Potheads



300 kV
500 kV







Instruments B 
and C (held with 

magnets)

B

C



Pot Head 4
CPT



300 kV Pothead
Pirelli
1968
(CPT)







NS = 7.3± Hz. EW = 7.1± Hz

300 kV DC at CPT 
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 W21: CPT PH NS MS Estimate(7.31, 3, .014, .02)

NS	Frequency	=	7.31	hz,	fitted	damping	=	3%)



Field Test of 230 kV Porcelain Pothead 
(Camosun)

• Man-shake		
• Sometimes	clean	response	
• Sometimes	not



Camosun
230 kV Pot Heads





230 kV Potheads Camosun











North South Man Shake

Movie



Camosun Pot Head
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 W29: CSN PH N-S (4,2, 2, .864, .905,0) Extract (W2,33200,1000,0)

NS	Frequency	=	4.2	hz,	fitted	damping	=	2%)
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 W30: CSN PH E-W (6.1, 2, .195, 715,0) Extract (W3, 18500,1000,0)

EW	Frequency	=	6.1	hz,	fitted	damping	=	2%)



ChCh
Feb 2011

Bromley Substation
PGA~0.5g

66 kV Potheads, 
Surge Arrestors, SF6 

CB



Full Scale Tests - Berkeley 
Nov-Dec 2011



















































NTT Telecommunication Research Lab, Tsukuba

o NTT does not bury their cables without a conduit 
o Telecom cables bundles and power cable bundles are in separate conduits 
o Moisture and telecom cables cannot co-exist particularly optical fiber cables











Summary



Buried Cables

• Direct Burial: Highly Vulnerable to PGDs of 3 
inches or higher

• In Empty PVC Conduits: OK for PGDs < 6 
inches if slack available. Still vulnerable for 
High PGDs

• Duct Banks: Non-reinforced: Vulnerable. 
Reinforced: Very tough

• Pull Vaults: Detailing is critical 



PotHeads

• Standoffs (porcelain and composites) are 
vulnerable. Age can degrade(?)

• Porcelain: Yet to fail one

• Composite: Yet to fail one



Where do we Go?

• The Industry needs a Seismic Design Guide

• Cable Manufacturers: Need to provide P, M, 
EI, EA, Strain to failure (axial, compression, 
bending)

• A/E: Need to include seismic as a load case in 
areas with poor soil / PGDs. Then design 
ducts, conduits, vaults accordingly



Who Should do this?

• Cigre

• IEEE 693

• PG&E and BC Hydro

• Similar issues for Communication cables, so 
applies to AT&T, Verizon, T Mobile, Sprint et 
al


