BIBLIOGRAPHIC INFORIFATION
PB94-204989

Report Nos:

Title: Northridge, California Earthquake of January 17, 1994: Performance cof Gas
Transmission Pipelines.

Date: 16 May 94
Authors: T. D. C'Rourke and M. €. Palmer.

Performing Organization: Cornell Univ,., Ithaca. NY. School of Civil and Environmental
Engineering.

Performing Organization Report Nos: NCEER-94-0011

Sponsoring Organization: *National Center for Earthquake Engineering Research,
BuggaTo. HY.'aafional Science Foundation, Arlington, VA.*New York State Science and
Technology Foundation, Albany.

Contract Nos: NSF-BCS-90-25010, NYSSTF-NEC-91029

Type of Report and Period Covered: Technical rept.

Supplemental Notes: See alsc PB94-193943 and PB94-193851.

NTIS Field/Group Codes: 911 (Emergency Services & Planning), 430D (Police, Fire, &
tmergency Services). 97K (Fuels). 85t (Pipeline Transportation)

Price: PC AOS/MF A0l

Availability: Available from the National Technical Information Service, Springfield,

Number of Pages: 90p

Ke¥!grds: *tarthquakes, *Natural gas pipelines, *Damage assessment, California,
A:gg;a (gas distribution systems, San Fernando Valley, Northridge earthquake, Los
es

alifornia).

Abstract: On January 17, 1994 at 4:31 a.m., a magnitude 6.6 earthquake struck the Los

es metrogglitan area. Epicentered in the San Fernando Valley town of Northridge,
California, the earthquake caused serious damage to buildings and sections of elevated
freeways: ignited at least one hundred fires as it ruptured gas pipelines; and
disrupted water supply systems. This reconnaissance report provides a performarce
analysis of gas transmission lines, both during this earthquake and during previous
earthquakes, in Southern California.



NATIONAL CENTER FOR EARTHQUAKE
.II “l I ENGINEERING RESEARCH
State University of New York at Buffalo

AR g

PB94-204989

The Northridge, California Earthquake
of January 17, 1994:
Performance of Gas Transmission Pipelines

by
T.D. O'Rourke and M.C. Palmer

Cornell University
School of Civil and Environmental Engineering
Ithaca, New York 14853

Technical Report NCEER-94-0011

May 16, 1994

This research was conducted at Cornell University and was partially supported by the
National Science Foundation under Grant No. BCS 90-25010 and the New York State
Science and Technology Foundation under Grant No. NEC-91029.

REPRODUCED BY-
U.S. Departrmet of Cormmmrce
MNationai Technical information Service
Springlieid, Vieginia 22181



NOTICE

This report was prepared by Cornell University as a result of
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ABSTRACT

»#0n January 17, 1994 at 4:31 a.m., a magnitude 6.6 earthquake struck the Los
Angeles metropolitan area. Eplicentered in the San Fernando Valley town of
Northridge, California, the earthquake caused serious damage to buildings and
sections of elevated freeways; ignited at least one hundred fires as it ruptured
gas pipelines; and disrupted water supply systems.-.As a consequence, 57 people
died, another 1,500 were seriously injured, and 22.000 ware left homeless. Over
3,000 buildings, most of which were residential structures, were declared unsafe
for reentry due to earthquake damage. Los Angeles, a city which has extensively
prepared itself for earthquakes, found that it had experienced the most
destructive event since the 1906 San Francisco earthquake. Direct economic

losses are estimated currently at over $2Z0 billion.

~This reconnaissance report provides a performance analysis of gas transmission
lines, both during this earthquake and during previous earthquakes, in Southern
California.

A detalled and systematic review of the seismic performance of gas transmission
lines prior to the 1994 Northridge earthquake shows that all repairs in pipelines
affected by traveling ground waves occurred in areas which experienced seismic
intensities of MMI > VIII. A review of gas transmission line performance during
the 1994 Northridge earthquake discloses a similar pattern of seismic response.
Approximately 91% of all pipeline damage caused by traveling ground waves in the
1994 event occurred in areas with MMI > VII1. The earthquake-related damage
has been predominantly in the form of ruptures at oxy-acetylene girth welds.
The potential for damage in such welds appears tc Increase considerably for
seismic intensities equal to and greater than MM VIII.

The type of pipeline most vulnerable to earthquake effects is the pre-WWII oxy-
acetylene welded pipeline. Eighty-two percent of all earthquake-related repairs
were caused by traveling ground wave effects in oxy-acetylene girth welded lines.
The preponderant form of damage was rupture at the oxy-acetylene welds, which

often are characterized by defects such as poor root penetration, lack of good
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fusion, and overlapping and undercutting at the toe. The worst performers among
the oxy-acetylene welded lines have been those constructed before 1930, some of
which have experienced damage at a relatively high rate of over 1 repair/km
(1.6]1 repairs/mi). Oxy-acetylene welding for major transmission lines appears
to have been discontinued by SoCalGas after 1931.

In contrast to oxy-acetylene welded piping, pre-WWII pipelines with electric arc
welds have fared much better when influenced by traveling ground waves. Damage
under these conditions accounts for only 2.7% of the total repairs, which is 30
times less than the traveling ground wave damage in oxy-acetylene welded lines.
Prior to WWII, welding practices often involved the use of unshielded electric

arc techniques, which exposed the molten weld directly to the atmosphere.

Damage from permanent ground deformation associated with surface faulting, lique-
faction-induced lateral spread, and landslides represents only 9.3% of the total
repairs. This relati#ely low portion is associated with the relatively small
percentage of surface area influenced by ground failure during an earthquake.
Damage from permanent ground deformation can nonetheless be severe, resulting

in some of the most conspicuous damage during a seismic event.

Post-WWII electric arc welded pipelines in good repair have never experlenced
a break or leak as a result of either traveling ground waves or permanent ground
deformation during a southern California earthquake. The lack of damage to post-
WWII electric arc welded pipelines does not mean they are immune to permanent
ground deformation. On the contrary, there is substantial experience with modern
pipeline failures in areas of severe landslides. The repair record shows thar
modern electric arc welded gas pipelines in good repair are the most resistant
type of piping, wvulnerable only to very large and abrupt ground displacement,
and generally highly resistant to traveling ground wave effects and moderate

amounts of permanent deformation.

This report is one of three NCEER reports resulting from reconnaissance
activities following the Northridge, California earthquake. The other two
reports are The Northridge, Californis Earthquake of Janusry 17, 19%4: General
Reconnaissance Report and The Northridge, California Earthquake January 17, 1994:
Performance of Highway Bridges.
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SECTION 1

INTRODUCTION

The natural gas system in the Los Angeles metropolitan area s owned and operated
by the Southern California Gas Company (S50CalGas). It is the largest U.S. gas
system in terms of customers, with approximately 4.6 million metered services.
According to company statistics for 1993, there are 6,123 km (3,803 mi.) of
steel transmission pipelines and 43,162 km (26,809 mi.) and 24,045 km (14,935
mi.) of steel and plastic distribution mains, respectively. The transmission
pipelines are predominantly 200 to 900 mm (8 to 36 in.) in diameter and are
operated a: pressures generally exceeding 1 MPa (150 psi). The distribution
sy.tem is composed of pipelines predominantly 50 to 300 mm (2 to 12 in.) in.
diameter, limited to pressures of 0.42 MPa (60 psi) or less. The plastic piping
is made of either medium or high density polyethylene. SoCalGas identifies an
additional category of pipeline, referred to as distribution supply line, which
is predominantly 50 to 300 mm (2 to 12 in.) in diameter and is operated cypically
in the range from 0.7 to 2.8 MPa (100 to 400 psi).

In this report, transmission and distribution pipelines are defined in accordance
with the Fedaral Code of Regularions [Office of the Federal Register, 1990] and
General Order No. 112-D pertaining to the State of Califormia {Public Utilities
Commission (PUC) of the State of California, 1988). In essence, a transmission
line transports gas from a gathering line or storage facility to a distribution
center or storage facility, and operates at a hoop stress of 20% or more of the
specified minimum yield stress (SMYS) of the pipe steel. A distribution line
means a pipeline other than a transmission or gathering line. Distzribution sup-
ply lines may be classified as transmission or distribution lines, depending on

hoop stress level and function.

The pipeline system exists in an area of high seismic activity. Since 1933,
there have been at least 11 major earthquakes of local amagnitude (My) 5.8 or
larger with epicenters inside the region of the gas transmission system. Serious
earthquakes affecting areas of southern California serviced by natural gas pipe-
lines include the 1933 Long Beach, 1952 and 1954 Kern County, 1971 San Fernando,
1979 Imperial Valley, 1986 North Palm Springs, 1987 Whittier Narrows, 1991 Sierra
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Madre, 1992 Landers, 1992 Big Bear, and 1994 Northridge earchquakss.

Given the importance of natural gas as an energy source and the public safety
concerns associated with the distribucion of combustible substances, it {s useful
to review the actual performance of a gas delivery system under conditions of
unusually severe load. A majeor earthquake often is accompanied by pipeline
loadings which exceed those normally encountered in operation, thus providing
information about the limits of component performance and the overall system
response to multiple damages. This informstion is not only relevant to areas
of high seismic activity, but to all areas in which infrastructure management
requires an understanding of complex network performance and the outcomes of

various damage scenarios.

Earchquake magnitudes are reported herein on the basis of published information
in terms of local or surfac: wave magnitudes (M; or M;, respectively), with
surface wave values given for magnitudes exceeding 6.5. It should be recognized
that small adjustments in some originally reported magnitudes have been proposed
on the basis of a recent evaluation of earthquake records for southern California
[Hutton and Jones, 1993]. For the earthquakes covered in this work, the newly
proposed adjustments result in magnitudes which are within 3% of those given in

the conventional published sources.

The report is organized intc four sections, of which the first provides back-
ground and introductory information. The second seccion sumnarizes the perform-
ance of high prescure gas pipelines in 10 southern Califernia earcthquakes. The
staristics of pipeline damage are used to assess relative risk sssoclated with
pipelines of different age when subject ro traveling ground vaves or permanent
groeund deformation. The third section covers transmission pipeline performance
as a result of the i%94 Nortnridge earthquake Thvw: statistics ot pipeline repair
are compared with those of previous ez tliquakes. 1In the fourth section, an
overall evaluation of performancs is given, =nd iessons lcarned from the sarth-

quake response are < ‘scussed.
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SECTION 2

PERFORMANCE DURING PREVIOUS EARTHQUAKES

This section provides a review of gas transmission and supply line performance
during past earthquakes. Major earthquakes which have occurred in the SoCalGas
operating area are summarized, and the earthquakes which affected transmission
and/or supply line operation are identified. Case histories of pipeline perform-
ance during severe earthquakes are presented. Statistics pertaining to pipeline
response and pipe characteristics are summarized and used to show important

trends in pipeline behavior.

2.1 Summary of Major Earthquakes

Table 2-T summarizes information pertaining to ten of the most severe earthquakes
which have occurred in southern California since 1933. The table provides data
on the earthquake magnitude and maximum intensity, epicentral locaticn, portion
of pipeline network subjected to strongest shaking, and general observations
about gas transmission and supply line response. The 1940 Imperial Valley earth-
quake is not included in the table because this area was not serviced with natu-

ral gas pipelines at the time of the earthquake.

No damage or disruption of transmission and supply lines were experienced in
six of the earthquakes. In some of these cases, the earthquake epicenter and
location of surface faulting were relatively close to trancaission pipelines.
For example, the epicenter of the 1946 North Palm Springs ¢arthquake was approxi-
mately 5 km (3 mi.) from Lines 2000, 2001, and 5000, which are post-WWII lines
of 750 to 900 mm (30 to 36 in.) diameter. In addition, surface faulting caused
by the 1392 Landers earthquake has been traced to within tens of meters of a 150-
mm- (6-in.)-diameter line conveying gas to Yucca Valley and Joshua Tree and a
similar distance from Line 4000, a post-WWII 900-mm- (36-in.)-diameter pipeline.

Four earthquakes resulted in significant damage to the gas pipeline system.
They are the 1933 Long Beach, 1952 and 1934 Kern County, and 1971 San Fernando
sarthquakes. Although the 1979 Imperial Valley earthquake did not damage any
gas transmission lines, three lines were crossed by surface ruptures along the
Imperial fault and excavated for observartion and stress relief. Case histories
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TABLE 2-1.

Summary of Major Earthquakes in the Area of the Southern California Gas System

Earthquake

Magnitudel/
Intensity

Location of
Epicenter

Area Most
Severely Affected

Gas Pipeline Performance

Selected
Referenses

1933
Long Beach

1952; 1954
Kern County

1971
San Fernando

1979
Imperial
Valley

1986
North Palm
Springs

1947
Whittier
Narrows

M - 6.3
MM VIII - IX

My = 7.7
MM VIII - X

M = 6.4
MM VIII - X

Mg, - 6.6
MM VI - VII

M = 5.9
M VIl

M - 5.9
MM VIII

5.6 ka (3.5 mi.)
southwest of
Newport Beach

40 km (25 mi.)
scuth of Bakers-
field near
Wheeler Ridge

13 km (8 mi.)
northeast of
San Fernando

I kn (1.9 @i.)
south of U.S.-
Mexico border and
10 km (6.2 ni.)
froem Mexicalil

16 km (10 mi.)
northwest of
North Palm
Springs

5 km (3 mi.)
east of Rose-
mead

Long Beach, Compton,
and shore areas from
Manhattan to Laguna

Beach

Area of lgproxinatelz
10,000 km< ‘4000 mi.<)
south of Bakersfield

Area of approximately
520 kn? (204 mi.2)
around San Fernando

Imperial Valley from
Brawley to Calexico
and Holtville

Area o£ approximately
250 kn (9.5 mi.?)
centered on epicenter

Crescent-shape area of
approximately 500 km
with MM VI1 - VIII
centered on Monterey
Park

Extensive damage to pipe-
lines of Long Beach Muni-
cipal Gas Department,
particularly areas of
liquefaction

Damage to several trans-
mission lines within 10
to 25 km (6 to 16 mi.) of
Wheeler Ridge

Sarious damage to trans-
mission and supply lines
and disruption of service
in San Fernando and Sylmar

No damage to transmission
lines, although three
transmission lines were
crossed by surface rup-
tures along the Imperial
fault., The !'ines were ex-
cavated for fns;2ction and
stress relief

No damage or disruption
reported. Epicenter was

S km (5 mi.) from three
750- to 900-mm (30- to 36-
in.) transmission lines

No damage to transmission
and supply lines

Vood [1933]
Bryant [1934])
Hoff [1934]

Oakeshott [1955)

Newby [1954)
Steinbrugge and
Meran [1954]

Southern Cali-
fornia Gas Co.
[1973)

O'Rourke, et al.

[1992]

Dobry, st al.
[1992]
McNorgan [1989)

EERI [1986)

Schiff [1988]
Lsyendecker,
st al. [1988)
Jones and Hank-
son {1988]
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TABIE 2-I. Summary of Major Earthquakes in the Area of the Southern California Gas System (completad)

m;nicud.l/ Location of Area Most Salected
Earthquake I\:\l:tm:l.l:y2 Epicenter Severely Affected CGas Pipeline Performance Refarences
1991 M -5.8 20 km (12 wmi.) Area including Pass- No damage to transmission EERI {1991)
Slerra Madre MN VII northeast of ' dena, Slerra Madre, and supply lines

Pasadena between Monroviaz, and Arcadia
Cogswell Reser-

volr and Mt.
Wilson
1992 M, = 7.5 Centarad between Area including Lan- No damage to transmission EERI [1992]
Landers and MN VIII - IX Landers and dera, Joshua Tree, lines; 900-mm (36-in.) and
1992 and N, = 6.5 Yucca Valley Yucca Valley, and Big 150-mm (6-in.) transais-
Big Bsar M VII Bear Lake sion lines ware located

just north and south, re-
spectively, aof ths sain
surface faulcting

1lhgnltudc reported ax My = local magnitude and N, = surface wave magnitude
ZMaximm Nodified Ilucnlh Intenaity or range in intensities as reported or inferred from dsscriptions of damage



of these earthquakes and associated pipeline reasponse are provided in the next

several sections.

2.2 1933 Long Beach Earthquake
2.2.1 General Earthquake Characteristics

The Long Beach earthquake occurred on March 10, 1933 at 5:54 p.m. PST. A local
magnitude of 6.3 has been assigned to the earthquake [Barrows, 1973]. Strong
ground shaking was reported to have lasted from 5 to 15 seconds [Wood, 1933],
with considerable variation in duration experienced as a function of location.
The earthquake was felt over an area of 260,000 km?2 {100,000 mi.z). Maximum
seismic intensitles were reported as MM VIT to VIII, with a few isolated areas
of MM IX [Barrows, 1973]. Damage consistent with MM VII to VIII was produced
in an area roughly bounded by an elliptical curve through Manhattan Beach, Ingle-
wood, Norwalk, Fullerton, Santa Ana, and Laguna Beach, with the greatest concen-
tration of damage being in and near Compton and Long Beach [Wood, 1933]}. The
earthquake originated on the Newport-Inglewood fault, which is a zone of folds
and ruptures comprising a northwesterly trending belt of dome-shaped hills from
Newport Mesa in Orange County to the Baldwin and Cheviot Hills north of Culver
City in Los Angeles County [Barrows, 1973). The epicenter was located about 5.6
km (3.5 mi.) southwest (offshore) of Newport Beach, California at geographical
coordinates 33° 34.5'N latitude, 117° 59'W longitude. The focal depth of the
earthquake was 9.7 km (6 mi.) [Barrows, 15973].

2.2.2 Liquefaction, Landslides, and Surface Faulting

Liquefaction was reported in areas of saturated artificial fill and loose allu-
vial deposits. Considerable damage occurred in parts of Long Beach, Compton,
Willowbrook, Lynwood, Southgate, and Huntington Park, and was particularly severe
at locations which were formerly marshy along Compton Creek and the previous
courses of the Los Angeles River [Wood, 1933]. Numerous sand boils and mud vol-
cances were observed in the area west of Santa Ana and north and northwest of
Newport and Huntington Beach, as well as in the vicinity of Compton. Oakeshott
{1973] noted that fracturing and dislocation of streets and curbs were extensive
in the saturated lowland sediments of the Compton basin. Wood [1933] reported:

“Along the shore between Long Beach and Newport Beach, and in a few
localities nearby a short distance inland, road fills across marshy
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land, and similar earth construction resting on wet sand or mud,
settled, shook apart, or moved laterally, causing considerable dan-
age to the concrete highway surfaces, and to the approaches to high-
way bridges, which, being better founded, were less affected. Anal-
ogous phenomena were observed whare plers and landings adjoin the
shore. In a few places elsewhere the roadway was buckled."

Barrows [1974]) pointed out that the greatest damage to any of the bridges
affected by the earthquake was sustained by the Anaheim Bridge. The overall
length of the bridge was reduced about 225 mm (9 in.), with the most prominent
contribution to the shortening being the shifting of the south end of the bridge
to the north.

A f2w small landslides and falls of earth and loose rock material were observed
at artificlal embankments, road cuttings, and steep cliffs. According to Wood
[1933], effects of this kind were too few and small to be characteristic of the

shock. No surface faulting was detected.

2.2.3 Locations of Liquefaction and Pipeline Damage

Figure 2-1 shows tlie locations of main line repairs of water, gas, and oil lines
as plotted by Hoff [1934], and superimposed on a map of liquefaction suscepti-
bilicy prepared by Tinsley, et al. [1985]). The liquefaction susceptibility map
for the area west of the San Gabriel River was based on groundwacter data from
Mendenhall [1905a:b] and Conkling [1927]. These sources of groundwater data
refer to water levels which existed in the years prior to the 1933 earthquake.
Subsequent development in the Los Angeles area has resulted in the lowering of
groundwater levels to elevations significantly below those reported by Menden-
hall and Conkling. Accordingly., Tinsley, et al. also have prepared a liquefac-
tion susceptibility map that represents the more recent groundwater data. The
liquefaction susceptibility map for the area east of the San Gabriel River, also
prepared by Tinsley, et sl., was based on groundwater data from Sprotte, et al.
[1980), and reflects more current groundwater elevations. The shaded areas in
Figure 2-1 are areas Tinsley refers to as having "very high" and "high" suscep-
tibility to liquefaction on the basis of geologic age, type of sedimentary
deposits, and groundwater depth. Youngest Holocene deposits of fluvial origin

are most susceptible.
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<@ Legend:

Areos of high or very
high liquefaction

susceptibility

{Tinstey et al., 1985)

Location of water, gas,

and oi! pipeline breoks
{Hoff, 1934)

FIGURE 2-1. Pipeline Damage Caused by the 1933 Long Beach Earthquake [adapted
from Hoff, 1934]

A= shown in Figure 2-1, the areas with the greatest number of repairs were the
mouth of the San Gabriel River (Naples and North Seal Beach) and the North Long
Beach/Compton/Clearwater area. About 85% of all plotted repairs fall within
thes.: areas of high and very high liquefaction susceptibility.

The Naples area is located at the mouth of the San Gabriel River and, before
being settled, was a swampy lowland. The development in this area was entirely
on artificial £ill or "made ground.”™ At the time of the Long Beach earthquake,
this area was characterized by high groundwater, depths less than 1.3 m (4 £t),
and silt, loam, and sand deposits. It is in this area where more than one-third
of the pipeline failures attributed to the earthquake occurred.

The North Long Beach/Compton/Clearvater area is located near a previous conflu-
ence of the Rio Hondo River, Compton Creek, and the Los Angeles River. The high
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concentration of breaks near North Long Beach (see Figure 2-1) was adjacent to
the Los Angeles River and was located on part of the floodplain. This area is
characterized by deep alluvial deposits and, at the time of the earthquake, also

was characterized by shallow groundwater levels.

Figure 2-2 gshows a portion of a 1928 aerial photc of North Long Beach. Several
abandoned river channels are Indicated by arrows. As discussed in the section
of this work on improvements in pipeline replacement procedures, river channel

deposits have been shown in previous earthquakes to be susceptible to liquefac-
tion. In the photograph, river channels can be traced into partially developed
portions of North Long Beach, thereby implying the presence of sediments which
have the potential for 1liquefaction when saturated. A scarp also is indicated
in the photograph, which was cut by the Los Angeles River. The entire area
northwest of the scarp, at one time, has been either channel, bar, or overbank.
The liquefaction and high concentration of pipeline damage reported in the North
Long beach area demonstrates the close correspondence between this type of depo-
sitional environment and the potential for buried piping problems during an

earthquake.

2.2.4 Pipeline Performance

Pipeline damage caused by the 1933 Long Beach earthquake has been described by
Bryant [1934) and Hoff [1934]. There were more than 500 main line breaks of
water, gas, and oll lines in the areas of maximum seismic intensity [Hoff,
1934]). Within the City of Long Beach gas distribution system, there were a
total of 119 main breaks, 91 of which were in the high pressure feeder mains
[Bryant, 1934). Approximately &40 km (25 mi.) of the pipeline network, veferred
to as the high pressure system, were composed of 200- to 500-mm- (8- to 20-in.)-
diameter fzeder mains operated at 0.21 MPa (30 psi). There were 620 km (385
mi.} of 50- to 300-mm- (2- to 12-in.)-dlameter low pressure pipelines operated
at between 0.02 and 0.03 MPa (3 and 5 psi).

The National Board of Fire Underwriters [1933] provided the following descrip-
tion of Southern California Gas Company pipeline response:
"Five major and ten minor breaks were experienced in the company's

walded steel transmission mains. The company’s private telephone
gystem connecting all parts of the gas system remained in service.
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a) View of North
Long Beach

NORTH LONG BEACH

oty

b) Close-up
FIGURE 2-2. Aerial View of Channel Deposits in North Long Beach from 1928
Photograph (Fairchild Aerial Photography Collaction at Whittier
College, Flt. C-300, M:154)
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All mains south of Manchester Avenue in Los Angeles were shut off
soon after the first shock. A large crew of men was kept busy about
five days following the earthquake restoring gas service.”

It 18 not known which SoCalGas transmission lines experienced difficulties, nor
where the breaks referred to by the National Board of Fire Underwriters were
located. A detailed investigation, however, was performed for Line 765, the

approximate location of which is shown in the figure.

Line 765 was constructed in 1931. It was 650 mm (26 in.) in diameter, with 6.4
me (0.25 in.) wall thickness. It was composed of Grade A and B steel with elec-
tric arc welded, belled end pipe according to the same procedures used for por-
tions of Line 85, which are described in the forthcoming sections on the 1952
and 1954 Kern County and 1971 San Fernando earthquakes. It had been operated
at an MAOP of 1.0 MPa (150 psi) just before it was removed from service in 1992.
Although the pipeline was located in rhe region of maximum seismic inctensirty,
including locations of known liquefaction adjacent to the Los Angeles River,
there are no records of pipeline damage or repair to this line dating from the
time of the 1933 earthquake. The work orders associated with this line were
collected and reviewed by SoCalGas personnel. A detalled review of existing
records indicate that no repairs were reported on Line 765 from 1931 to 1946.

A study of the main repairs in the distribution systems operated by the Long
Beach Municipal Gas Department reveals that ground type and weld quality were
the factors which contributed most to failure. Every failure discovered in the
high pressure system occurred at a welded joint, and more than 50 of the 91
breaks were in artificially-filled areas. Forty-six breaks were discovered in
the large diameter mains [460 to 510 mm (18 to 20 in.)] that supplied the Harbor
District of Long Beach, which was an area where arcificial fills were predomi-
nant {Bryant, 1934]. Repair crews reported that the original welds lacked prop-
er penetration and proper bond with the pipe body [Bryant, 1934].

Other damage to the gas system included about 1,650 service risers broken off
below ground at the elbow, amd about 1,000 services sheared off at their
connections to the mains. Over 90% of the main connection failures were

located in the loose, artificially-filled ground in the Naples area [Bryant,



1934]. The majority of the services in this area had screw-type fittings and

were laid in shallow ditches.

2.2.5 Estimated Peak Acceleration and Liquefaction Potential

It is of interest to review the pipeline damage resulting from the 1933 earth-
quake in light of the estimated peak ground accelerations and the potential for
soll liquefaction derived from empirical prediction procedures. Attenuation
relationships developed by Idriss [1985] were used to estimate peak ground
accelerations, and relacionships proposed by Kuribayashi and Tatsuoka [1975] and
Youd and Perkins [1987] were used to estimate the maximum areal extent of soil

liquefaction.

Kuribayashi and Tatsucka [1975] established for various Japanese earthquakes a
linear relationship between earthquake magnitude and the logarithm of the maxi-
mum epicentral distance at which liquefaction was observed. Their relationship
provides a remarkably good average trend for a much larger database developed
by Ambraseys {1988} for worldwide earthquakes. The Youd and Perkins relation-
ship links a parameter, known as Liquefaction Severity Index (LSI), with the
moment magnitude of an earthquake and closest distance from the seismic source.
The LSI is the general maximum horizontal displacement, expressed in inches,
associated with liquefaction-induced lateral spreads on active floodplains, del-
tas, or other areas of gently-sloping late Holocene fluvial deposits. An advan-
tage of using LSI is that it provides an estimate of the magnitude of potential
lateral displacement, and thus can be used to judge liquefaction effects on bur-
ied gas pipelines. Both the moment magnitude, M_,, and surface wave magnitude,
Mg, were taken as 6.2 in using the attenuation and liquefaction relationships.
These values are consistent with the interrelationships among magnitude scales

described by Hanks and Kanamori [1979].

Figure 2-3a shows circular contours of equal peak ground acceleration, LSI = 2,
and maximum distances to liquefaction as determined from the empirical relation-
ships described above, all with reference to the coordinates generally taken as
the actual epicenter of the earthquake [Wood, 1933; Richter, 1958]. Benioff
[1938] has peinted out that these coordinates, in fact, represent the location
at which fault rupture originated and then propagated northward. Benioff
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concluded that faulting extended from the generally assigned epicenter a dis-
tance of 27 km (17 mi.) to the vicinity of Signal Hill. The zone surrounding
the fault trace from the origin of rupture off Newport Beach to Signal Hill is
the area within which most aftershocks occurred {Toppozada, et al., 1989].

The radial distances centered on the coordinates generally assoclated with the
main shock result in circular contours of equal peak acceleration and farthest
extent of liquefaction, which are inconsistent with the pattern of pipeline dam-
age. The preponderance of liquefaction effects and pipeline damage fall well
beyond the limits of LSI = 2 and maximum epicentral distance derived from the
Kuribayashi and Tatsuoka relationship. Moreover, the locations of concentrated
liquefaction and pipeline damage at North Long Beach and Compton are outside the

radial distance for 0.1 g peak acceleration.

Figure 2-3b provides an alternative plot in which the seismic¢ source is chosen
as the northern limit of surface faulting near Signal Hill. The resulting con-
tours of equal peak acceleration, LSI = 2, and farthest extent of liquefacrion
are consistent with the locations of pipeline damage and reported incidents of
liquefaction. The pipeline damage apparently provides supplemental evidence
regarding the direction and dispersion of seismic energy. Taking the seismic
source as the northern limit of faulting results in a damage scenario which is
conformable with the peak accelerations and liquefaction occurrences extrapo-
lated from empirical data.

2.3 1952 and 1954 Kern County Earthquakes
2.3.1 General Earthquake Characteristics

The principal Kern County earthquake occurred on July 21, 1952 at 4:52 a.m. PDT.
It has been assigned a surface wave magnitude of 7.7 [Hanks and Kanamori, 1979]
and was felt over an area of 415,000 kmZ (160,000 mi.?) [Steinbrugge and Moran,
1954), including most of southern and central California, southwestern Nevada,
and western Arizona. Selsmic intensities greater than or equal to MM VIII have
been assigned to an area of approximately 10,000 kn? (4,000 mi.?) in the vicin-
ity of Bakersfield, CA [Neumann and Cloud, 1955]. Richter [1958] reported that
MM IX "was manifested over much of the area near the fault, and effects due to

shaking assignable to X (such as large fissures and damage to underground pipes)



were developed at many localities.” The epicenter was located about 44 km (27
mi.) south-southeast of Bakersfield near Wheeler Ridge [Degenkolb, 1955] at
geographical coordinates 35° 00'N latitude, 119° 02'W longitude. The focal
depth of the earrhquake was about 16 km {10 mi.) [Oakeshott, 1953].

The causative fault of the 1952 Kern County earthquake is the White Wolf fault.
This fault is at least 52 km (32 mi.) in length [Buwalda and St. Amand, 1955],
trends N 43° E, dips 20 &egreas [Stein and Thatcher, 1981], and extends from
west of Wheeler Ridge to the vicinity of Harper'’'s Peak [Buwalda and St. Amand,
1955]. According to Oakeshott {1955), the fault rupture was a left lateral
reverse movement. The primary movement was reverse, with lesser lateral dis-

placement,

2.3.2 Liquefaction, Landslides, and Surface Faulting

There 1s little evidence of liquefaction associated with the earthquake. 3Stein-
brugge and Moran [1954)] reported that miaor g:ound slumps, subsidence, and hori-
zontal offsets in cotton rows were observed. These deformations were referred

to as "earth lurching,” and involved horizontal displacements of several centi-
meters to a half meter. Warne [1955] observed that the ground fracture patterns
occurred in looped and hooked patterns, and often were associated with sloughs,
which are undrained marshy depreassions. Although the occurrence of these defor-
mations in irrigated fields and saturated depressions implies some relationship
with liquefaction, there were no specific inves.igations undertaken to substan-

tiate that liquefaction contributed to the movements.

Large numbers of landslides occurred as a result of the main 1952 Kern County
earthquake and its aftershocks. Hundreds of large and small landslides occurred
on the day of the main shock. The slides were most numerous near the White Wolf
fault, but many occurred as far away as 80 to 100 km (50 to 60 mi{.) [Buwalda and
St. Amand, 1955]. Several types of slides resulted, including rock falls, rock
slides, loose and shallow scll flows, and massive landslides. The hummocky
topography in the area along the northwest face of Bear Mountain is typical of
landslide areas. The White Wolf fault zone, an active reverse fault that has
created a high scarp, was described by Buwalda and St. Amand as a "very favor-

able zone for landsliding on a large scale."
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The White Wolf fault {5 known to extend for 27 km (17 mi.) along the northwest
slope of Bear Mountain to Comanche Point, and has been projected across the San
Joaquin Valley to Wheeler Ridge for a total length of about 50 km (32 mi.) [Dib-
blee, 1955]. Surface ruptures were mapped over a distance of approximately 35
to 39 km (22 to 24 mi.) along the northeastern sector of the fault [Buwalda and
St. Amand, 1955}. Richter [1958] reported that the principal expression of sur-
face faulting was in the form of a 1.2-m- (4-ft)-high surface scarp on the west
flank of Bear Mountain, which was downthrown to the west. The faulting did not
occur as a clean rupture along the trace, but developed as a series of ruptures
with different trends and diverse displacements. The fault zone crossed the
Southern Pacific railroad tracks in three places, and three tunnels at two of

these crossings were severely damaged.

2.3.3 Pipeline Performance

Gas pipeline damage caused by the 1952 and 1954 Kern County earthquakes has been
described by Newby [1954] and Lind [1954). As a result of this earthquake and
a subsequent smaller Kern County earthquake in January, 1954, there were ten
incidents of damage at welded transmission line joints and two incidents of
leaks at locations of external pipeline corrosion. Nine of the damaged welds
were oxy-acetylene, and one was at an electric-welded band positioned at the
location of an original oxy-acetylene weld. Figure 2-4 shows the locations of
the damage relstive to the epicenters of the main shock and the January 12, 1954
earthquake, which had a Richter magnitude of 5.9. Newby [1954] described the
damage with reference to the figure as follous:

"It developed that the 12-inch acetylene welded line installed in

1921 had broken welds at the three locations marked 1 on Figure No.

1 (Figure 2-4). The ends of the pipe were from 1/2 to 2 inches

apart at the different breaks. The 12-inch line that had been re-

corditioned in 1932, and electric-welded using chill rings, failed

at location marked 2. This weld evidently failed from compression
and then from tension....

Pit hole leaks popped out on a 22-inch line near Taft and on an 18-
inch line at Wheeler Ridge, locations 3 (Figure 2-4). These leaks
were from external corrosion. Location 4 shows where 275 feet of
1l8-inch line was uncovered to relieve strain from the 1952 quake.

We experienced another of our many quakes on January 12, 1954 that
wasg not considered serious. However, it evidently centered near our
two 12-inch lines in the Maricopa Flat area.

As shown on Figure 2-4, this quake parted the acetylene-welded line
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FIGURE 2-4. Gas Pipeline Damage Caused by the 1952 and 1954 Kern County
Earthquakes [adapted from Newby, 1954]

at four welds at locations marked 5, and cracked an acetylena weld
20X at location marked 6, and on the electric-welded line, a lone
acetylene weld cracked 20X at location 7."

Newby also reported that the 150-mm- (6-in.)-diameter line providing gas to
Tehachapi was defcrmed upward from the ground at two locations along a steep
hillside where ground ruptures were observed. The line was intact. The line
had been installed in 1926 with oxy-acetylene welds. A supplemental pipeline
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(referred to as a loop in Figure 2-4) was installed to provide a parallel emer-

gency path. The original was kept in service without any repairs.

Company records indicate that Lines 100 and 10l were Ifnstalled in 1913 and 1921,
respectively. The wall thickness of each pipe is 6.4 mm (0.25 in.), and the
grade of steel is unknown. Maximum and minimum operating pressures for these
lines are 2.69 and 1.31 MPa (390 and 190 psi), respectively, with a maximum
allowable operating pressure (MAOP) of 2.76 MPa (400 psi). Both pipelines were
constructed with oxy-acetylene welds. Line 100 had been partially reconditioned
in 1932 with electric-welded steel bands positioned at the locations of many
original oxy-acetylene welds. Line 85 in the vicinity of the earthquake was
installed in 1931 with a diameter of 650 mm (26 in.) and wall thickness of 6.4
me (0.25 in.). The tensile strength of the steel is rated as 228 MPa (33 ksi)
with an MAOP equal to 2.19 MPa (317 psi).

The section of Line 85 south of Grapevine was constructed originally with oxy-
acetylene welds. 1In 1932, this section was partially reconditioned by rein-
forcing selected oxy-acetylene welds, especially those at angles and bends.
The oxy-acetylene welds were reinforced with steel bands, plates, or by over-
laying the original weld with an electric arc weld. A detailed review of appro-
priate pipeline strip maps indicates that approximately 30Z of all initial welds

were reinforced in this manner.

The section of Line 85 north of Grapevine was constructed originally with elec-
tric arc welds. The welding process differed from modern procedures for butt
welded transmission pipelines, such as those specified in API Standard 1104
[American Petroleum Institute, 1987). Archer [1931) has described the electric
arc welding procedure as follows:

"The ends of the joints were all of double bell type, using a heavy

liner, or chill ring, which, after being tack-welded, fits inside

the ends as they are brought together. The principal function of

this liner is to provide for proper penetration of the electric

weld, and to eliminate the danger of ‘burning through' of the arc,

thus avoiding the formation of slag or icicles protruding on the
inside of the pipe.”

Line 80.90 was constructed in 1930 with Grade B steel. It is 550 mm (22 i{n.)
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in diameter, with wall thickness of 6.4 mm (0.25 in.). Company recoxds do not
indicate the type of welds. The line had an MAOP of 2.76 MPa (400 psi).

Line 119 runs parallel to Line 85 in the area affected by the earthquake. It
was constructed in 1930 of pipe with 7.92-mm-(0.312-in.)-thick, Grade A steel
wall, and S50 mm (22 in.) nominal diameter. Records of the type of girth welds
could not be found.

Line 1134 was constructed in 194l. Its diameter varies from 450 to 500 mm (18
to 20 in.), and its MAOP is 25 MPa (360 psi). It was composed at the time of
the earthquake of Grade B steel, with 6.4-mm- (0.25-in.)-thick wall and electric
arc welds. Leaks from external corrosion were observed at Location 3 in Figure
2-4. Landslides along Wheeler Ridge caused an elbow to deform. Approximately
84 m (275 ft) of the line were uncovered to relieve strain along the northwest
flank of Wheeler Ridge.

Lind [1954]) described the earthquake performance of a 864-mm- (34-in.)-diameter
transmission line owned by the Pacifir fas and Electric Company. The pipeline
was of post-WWI1 vintage with 1l-mm (0.43-in.) wall thickness, minimum
cransverse yield strength of 330 MPa (48 ksi), and minimum transverse ultimate
strength of 448 MPa (65 ksi). The MAOP at the time of the earthquake was 5.5
MPa (790 psi).

As shown in the figure, this line crossed the White Wolf fault about 9.7 km (6
mi.) southeast of Arvin [Lind, 1954}, about 30 km (19 mi.) from the epicenter.
Estimations by Stein and Thatcher [1981) indicate that strike-slip movement near
the point of crossing was 1.0 m (3.3 ft) and reverse slip was 0.40 m {1.3 ft).
The pipeline crossed the fault at an angle with respect to the strike of approx-
inately 100° and was covered by about 0.75 m (2.5 £t) of medium to dense mate-
rial [Lind, 1954]. The pipe did not buckle, nor was it compressed sufficiently
to cause shell wrinkling. Removal of cover during stress relief operations
caused the pipe to iift as a beam a total of 720 mm (28 in.) over an uncovered
length of 170 m (558 ft) [Lind, 1954].

Using the epicentral coordinates and the attenuation relationship proposed by
Idriss [1985) for California earthquakes, it is possible to estimate the peak
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ground acceleration at locations of pipeline damage from both the 1952 main
shock and 1954 aftershock. As shown in Figure 2-4, all locations of weld damage
in 1952 were within 10 km (16 mi.) of the epicenter, and would have been sub-
jected to between 0.5 and 0.6 g peak ground acceleration on the basis of the
above attenuation relationship. All locations of weld damage in 1954 were
between 10 and 24 km (16 and 39 mi.) of the epicenter, and are assoclated with
peak ground accelerations of 0.11 to 0.23 g, as estimated by the same attenua-
tion relationship. The damage in 1954, which was comparable to that in 1952,
was triggered by an earthquake of much lower magnirude than the 1952 main shock,
and apparently is associated with considerably lower levels of peak accelera-
tion. It is not clear why comparable levels of pipeline damage resulred from
such significantly different earthquakes. There were ten aftershocks within cne
month of the main 1952 earthquake, with magnitudes ranging from 5.5 to 6.4
[Richter, 1958]. There were no additional aftershocks exceeding a magnitude of
5.0 until the January, 1954 event. The seismic activity following the main
shock may have contributed to the weakening of certain joints on Lines 100 and

101, thereby increasing their vulnerability to the 1954 earthquake.

2.4 1971 San Fernando Earthquake
2.4.1 General Earthquake Characteristics

The 1971 San Fernando earthquake occurred on February %, 1971 at 6:01 a.m. PST.
It has been assigned a local magnitude 6.4, and affected an area of 220,000 km?
(85,000 mi.2) including southern California, western Arizona, and southwestern
Nevada [Coffman, et al., 1982). Seismic intensities of MM VIII to XI were
assigned to an area of approximately 530 ko? (204 mi.?) in the vicinity of San
Fernando. An MMX was assigned to zones of large permanent ground deformation
associated with surface faulting within the Sylmar section of the San Fernando
fault and liquefaction-induced landslides and lateral spreads in the Lower and
Upper San Fernando Dams. The epicenter was locarted about 13 km (8 mi.) north-
northeast of San Fernando in the western San Gabriel mountains at geographical
coordinates 34° 24'N latitude, 118" 23.7'W longitude. The focal depth of the
earthquake was B.4 + 4 km (5.2 + 2.5 mi.) [Bolt and Gopalakrishnan, 1975].

The strong motlion record closest to the epicenter was acquired at Pacoima Dam,
8 km (5 mi.) south of the epicenter and 4 km (2.5 mi.) north of the surface



faulting. The record from the main shock showed vertical accelerations of 0.72
g and horizontal accelerations of 1.25 g, the highest recorded at that time for
an earthquake rtloud and Hudson, 1975]). Another important source of strong
motion data was the seismoscope, located about 17 km (10.5 mi.) south of the
eplicenter on the east abutment of the Lower San Fernando Dam. The seismoscope
recording, its interpretation, and conversion to acceleration history are
described by Scott [1973] and Seed, et al. [1975]. Allowing for the uncertain-
ties involved in the seismoscope record interpretation, Scott suggested that
peak accelerations of 0.55 to 0.6 g could be inferred from the record,

2.4.2 Liquefaction, Landslides, and Surface Faulting

Large ground deformations caused by the earthquake have received considerable
attention in the technical literature, and have been described in detail in a
case history study of the earthquake and its effects on buried lifeline facili-
ties [O'Rourke, et al., 1992]. Only a brief summary of the large ground defor-
mations triggered by the earthquake is given here, with the understanding that
additional information may be obtained by reference to the above-mentioned case

history.

Considerable ground deformation caused by liquefaction was observed near the
Upper Van Norman Reservoir. On the west side of the reservoir, cracks extended
from the Van Gough School to the west edge of the reservoir. Severe ground
deformation occurred at the Joseph Jensen Filtration Plant, triggered by lique-
faction of a layer of underlying loose alluvium |Dixon and Burke, 1973; Youd,
1973). Aerial photo analyses have disclosed as much as 2 to 3 m (6 to 9 ft) of
lateral soil movement along the western edge of the reservoir [0'Rourke, et al.,
1992]. The area east of the Upper Van Norman Reservoir was subjected to large
grourd deformations as a result of the earthquake. Lateral spreading caused by
soll liquefaction has been identified as the primary source of ground movement.
The large ground deformations and associated soil conditions have been described
in various published papers [e.g.. Youd, 1971 and 1973; Fallgren and Smith, 1973
and 1975; Weber, 1975; O'Rourke and Tawfik, 1983}.

Ground cracks caused by soil liquefaction also were seen around the tail race

pond and near the San Fernando Powerhouse. Permanent ground movements resulting
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from scil liquefaction also were noted northeast and east of the Lower Van Nor-

man Reservoir at Blucher Avenue [Lew, et al., 1971].

There were thousands of landslides in the hilly and mountainous terrain above
San Fernando Valley [Morton, 1975), but for the most part, they occurred in
relatively remote areas where there was little impact on lifeline facilities.
A few landslides were significant and deserve some comment. Sofl slumps
occurred near the First Los Angeles Aqueduct, and a large landslide caused
extensive damage to a 1,900-mm- (76-in.)-diameter welded steel pipeline con-
veying water as part of the Second Los Angeles Aqueduct [Subcommittee on Water
and Sewerage Systems, 1973].

Five principal zones, or segments, of surface displacement have been identified
along the San Fernando fault [Weber, 1975}, extending from the Lower Van Norman
Reservoir to Big Tujunga Wash. Offset measurements and descriptions of surface
displacements have been reported by numerous investigators [e.g., U.S. Geologi-
cal Survey Staff, 1971; Barrows, et al., 1973; Sharp, 1975; Weber, 1975]. The
actual rupture surface was relatively complex. There was a marked thrust, or
compressive, component of movement along the Tujunga segment, whereas the Mis-
sion Wells and Sylmar segments were characterized by smaller thrusts with larger
vertical components of movement [Sharp, 1975]). All segments displayed prominent

left lateral components of slip.

The 1-km- (0.62-mi.)-long Mission Wells segment of the fault dipped 60° north,
with the northern block uplifted 250 mm (10 in.), thrusted 200 mm (8 in.) to the
south, and left laterally displaced 30 mm (1.2 in.) [U.S. Geological Survey
Staff, 1971, Weber, 1975]. 1In the central part of the 3-lkm- (1.9-mi.)-long
Sylmar segment of the fault, displacements across the entire fault zone were
composed of 1.9 m (6.2 ft) of left lateral slip, 1.4 m (4.6 ft) of vertical off-
set, and 0.6 m (2 £t) of thrust (U.8. Geological Survey Staff, 1971]. The lar-
gest individual ground ruptures showed displacements approximately one-half of
the maximum displacements across the entire width of the zone. Most of the left
lateral slip and thrust was concentrated along the southern 25- to 80-m- (B2-
to 262-ft)-wide section of the fault zone. North of this section, vertical off-
sets and extension fractures were the predominant forms of ground rupture [U.S.
Geological Survey Staff, 1971].
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2.4.3 Pipeline Performance

Gas transmission and supply line damage as a result of the San Fernando earth-
quake has been described by the Southern California Gas Company [1973], O'Rourke
and Tawfik [1983], O'Rourke and McCaffrey [1984], and O'Rourke, et al. [1992].
Figure 2-5 shows a map adapted from the Southern California Gas Company [1973]
on which are plotted the gas transmission and supply lines most significantly
affected by the earthquake, locations of damage between San Fernando and just
north of Clampitt Junction, and the approximate zones of permanent ground defor-
mation associated with liquefaction adjacent to the Upper Van Norman Reservoir,
as well as surface faulting along the Sylmar and Mission Wells segments of the

San Fernando fault.

Substantial damage was sustained by Lines 1001 and 115. Line 1001 was a 300-
mm- (12-in.)-diameter steel pipeline, constructed in 1925 with oxy-acetylene
welds and operated at MAOP of 2.4 MPa (345 psi). The pipe wall thickness was
5.6 mm (0.22 in.) of unknown grade steel. Because of numerous breaks, predomi-
nantly at welds, over 8 km (5 mi.) of the line were abandoned. Line 115 was a
400-mm- (16-in.)-diameter steel pipeline of unknown grade, constructed in 1926
with oxy-acetylene welds. It had an MAOP of 1.4 MPa (205 psi) with a pipe wall
thickness of 7.9 mm (0.312 in.). In the approximate 9.7-km- (6-mi.)-length of
pipeline between Clampitt Junction and San Fernando, there were 52 breaks.
Shell buckling of the pipeline occurred in the vicinity of its crossing of the
Sylmar segment of the San Fernando fault [Southesrn California Gas Company,
1973].

Line 85 was a 650-mm- (26-in.)-diameter pipeline with the pipe wall 6.4 mm (0.25
in.) thick, SMYS of 228 MPa (33,000 psi), and was operated at MAOP of 1.7 MPa
(250 psi). It was damaged at seven locations within the zone of lateral spread-
ing along the east side of the Upper Van Norman Reservoir. The portion of the
line within the lateral spread was constructed with electric arc welds applied
at belled pipe ends, as described by Archer [1931] in Subsection 2.3.3 dealing
with the 1952 and 1954 Kern County earthquakes. In Figure 2-5, the location
marking the division between the electric arc and oxy-acetylene parts of Line
85 is shown.

North of the division, the pipeline was partially reconditioned, as explained
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Segments Associated with the 1971 San Fernando Earthquake [adapted
from Southern California Gas Company, 1973]
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in Subsection 2.3.3. The pipeline was damaged at three other locations north
of the division, of which only two are shown in the figure. All damage north
of the division was at original oxy-acetylene welds, and no repairs were made
at joints in this area which were reinforced in 1932 with electric arc welding
procedures. No difficulties were experienced where the line crossed the Mission

Wells segment of the faulr.

The utility corridor on the western side of the Upper Van Norman Reservoir was
subjected to as much as 3 m (9 ft) of lateral deformation caused by liquefac-
tion; soll movements were distributed primarily across a 400- to 500-m- (1,300-
to 1,640-fr)-length of the corridor. Pipelines at this location were of medern
construction. One 560-mm- (22-in.)-diameter (Line 120) and two 760-mm- (30-
in.)-dlameter (Lines 3000 and 3003) gas pipelines, each constructed in 1966 of
X-52 steel, were not damaged. A more detailed description of the pipelines and
soil displacement pattern is given by O’'Rourke and Tawfik [1983] and O'Rourke,
et al. [1992].

The locations of soil liquefaction and lateral spreads on both sides of the res-
ervoir were in the toe areas of alluvial fans, deposited at the base of Grape-
vine, Weldon, and Bee Canyons. Small streams and conspicuous deposits of allu-
vium and debris can be seen at the base areas of these canyons in the 1929
aerial photographs of the region. The relatively high water table adjacent to
the reservoir caused loose deposits of sand to be saturated, thereby creating
an environment conducive to liquefaction. Ground surface gradients and base
inclinations of soil deposits downslope toward the toes of the alluvial fans
promoted a pattern of lateral ground deformation which was similarly directed.
The extent of lateral spreading was confined to the width of the alluvial fan
deposits, and thus can be bracketed by tracing the shapes of these landforms
from aerial photographs.

Breaks at oxy-acetylene welds occurred in Line 102.90 just south of the Mission
Wells segment of the San Fernando fault. This pipeline was constructed in 1920-
21, with 300-mm- (12-in.)-diameter and 6.4-mm- (0.25-in.)-wall thickness of un-
known grade, and had an MAOP of 1.4 MPa (205 psi).

Lines 119 and 120 each sustained one break. The portion of Line 119 in which
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the break occurred was constructed in 1937. It was a 550-mm- (22-in.)-dlameter,
CGrade B steel pipe, with 7.9-mm- (0.312-in.)-thick wall. The line was composed
of bell end seamless pipe, with electric arc welding at the joints. A part of
the 550-mm- (22-in.)-diameter Line 120 was replaced with X-52 grade steel pipe
ad jacent to the Jensen Plant in 1966. The remaining portion, in which the break
occurred, was constructed in 1930 with 7.9-mm- (0.312-in.)-thick wall pipe of
Grade B steel. The pipe was fabricated with bells and was electric arc welded.
The line failed at a 19° elbow.

2.5 1979 Imperial Valley Earthquake
2.5.1 General Earthquake Characteristics

The 1979 Imperial Valley earthquake occurred on October 15, 1979 at 4:16 p.m.
PDT. It has been assigned a local magnitude of 6.6, and was felt over an area
of 128,000 km? (49,000 mi.2) [Dobry, et al., 1992], including southern Califor-
nia, southwestern Nevada, western Arizona, and northern Mexico. Seismic inten-
sities of MM VI to VII have been assigned to the area in the vicinity of El Cen-
tro, CA. The epicenter was located about 10 km (6 mi.) east of Mexicali, Mexi-
co, south of the United States-Mexico border, at geographical coordinates 32°
38.61°N latitude, 115° 18.53'W longitude. The focal depth of the earthquake was
approximately 9.7 km (6 mi.) [Chavez, et al, 19821].

2.5.2 Liquefaction, Landslides, and Surface Faulting

As a result of the 1979 Imperial Valley earthquake, there were numerous in-
stances of liquefaction-induced ground behavior, inciuding sand boils, cracked
ground, settlement, slumps, and lateral spreads. Youd and Bennett [1983]) and
Youd and Wieczorek [1982] described the lateral spreading that occurred at the
Heber Road site, south of Holtville, CA. This site is located about 1.6 km (1
mi.) northeast of the Imperial fault rupture. A significant lateral spread at
this site, 160 m (525 ft) wide and 100 m (328 ft) long, shifted the road and a
parallel unlined canal as far as 2.1 m (7 ft) southward toward a 2-m-deep de-
pression [Youd and Bennett, 1983], which was part of a remnant stream channel.
Youd and Bartlect [1988] surveyed the site and determined that the maximum mave-
ment of the lateral spread was 4.24 m (13.9 fr).

Earth falls were reported along the bluffs of the New and Alamo Rivers. The
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ma jority of these were located within 12 km (7.5 mi.) of the Imperial fault sur-
face rupture, but several were as far away as San Felipe Creek, 35 km (22 mi.)
from the rupture [Youd and Wieczorek, 1982]. Several small rock slides and
falls in both natural and cut slopes occurred in the Cargo Muchacho and Coyote
areas and along Interstate 8 at Devils Canyon in the Jacumba Mountains [Dobry,
et al., 1992].

Sharp, et al. [1982] reported surface rupture of the Imperial fault alomg a
30.5-km- (19-mi.)-long segment. The maximum right lateral cumulative horizontal
movement, including 160 days of post-event creep, was about 0.78 m (2.5 f¢).
The point of maximum slip was located about 5.6 km (3.5 mi.) from the south end
of the Imperfal fault rupture. Surface ruptures also occurred along the Brawley

fault zone and Rico fault.

2.5.3 Pipeline Performance

Three transmission lines operated by SoCalCGas were affected by ground defor-
mation aleng the Imperial fault as a result of the 1979 Imperial Valley earth-
quake. Information about pipelines, including installation date, composition,
coating, joint type, depth of soil cover, and operating pressure has been com-
piled by Dobry, et al. [1992], and is presented in Table 2-I1. Pipeline breaks
did not occur, and excavations were performed to inspect the pipe and relieve

stress generated by the ground movement.

To evaluate the full magnitude of fault displacement imposed on the pipelines
since their installation, it was necessary to calculate the total movement &s
the sum of three components: preseismic creep, coseismic slip, and afterslip.
Dobry, et al. [1992] developed a procedure for evaluating these components,
which then were summed to yield the maximum fault offset each pipeline had been
subjected to, from installation to the time of its excavation for imnspection
after the earthquake. Along Highway S-80, about 60 m (197 ft) north of the
westbound lane, a 100-mm- (4-in.)-diameter gas pipeline was intersected by the
Imperial fault. Between the time of installation and inspection, approximately
600 mp (24 in.) of cumulative fault displacement had occurred at the pipeline
by preseismic creep, coselsmic slip, and afterslip. A detailed description of
the pipeline inspection along Highway S$-80 is provided by McNorgan [1989]. Due
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TABLE 2-11. Characteristics of Pipelines Influenced by Fault Movements During
the 1979 Imperial Valley Earthquake (after Dobry, et al., 1992]

Pipeline Location

North Side East Side West Side
State Rt. §-80 Dogwood Road Dogwood Road
Characteristics Line No. 41-85 Line No. 6000 Line No. 6001
Installation Date 1948 1948 1966
Nominal Diameter 100 mm (4 in.) 200 mm (8 in.) 250 mm (10 iun.)
Wall Thickness 4.8 mm (0.188 in.) 7.1 mm (0.28]1 in.) 4.8 mm (0.188 in.)
Composition A-25 Steel API Grade B Steel Grade X-42 Steel
Weld Type Oxy-acetylene Electric Arc Electric Arc
Coating No. 563 SomasticP No. 562
Depth of Cover 900 mm (36 in.) 900 mm (36 in.) 900 mm (36 in.)
sandy backfill sandy backfill sandy backfill

dumped and rolled dumped and rolled dumped and rolled
Operating Pressure 2.8 MPa (400 psi) 2.8 MPa (400 psi) 5.0 MPa {725 psi)

SMYS 170 MPa (25 ksi) 240 MPa (35 ksi) 290 MPa {42 ksi)

8%o. 56 coating consists of successive layers of: 1) red oxide primer, 2)
filled asphalt, 3) two spiral wraps of cellulose acetate, 4) filled asphalt,
and 5) paper wrapping
Somastic coating composed of asphalt, aggregate, ard fiber mixture

to the orientation of the pipeline with respect to the fault movement, net ten-
sile stresses within the pipeline were induced by the right lateral fault dis-
placement. Stresses in the pipeline were relieved by excavating the backfill.
Since no pipeline damage was observed, the excavation was backfilled without
further remediation.

Lines 6000 and 6001, 200 and 250 mm (8 and 10 in.) in diameter, respectively,
crossed the Imperial fault at two places along Dogwood Road, approximately 9.5
km (5.9 mi.) north of the city of El Centro. The locations of fault-pipeline
intersection are shown in Figure 2-6. Between the time of installarion and exca-

vation after the earthquake, approximately 400 mm (16 in.) and 315 mm (12.6 in.)
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FIGURE 2-6, Locations of Gas Pipelines Crossing the Imperial Fault [adapted
from Dobry, et al., 1992]

of cumulative fault displacement had been imposed on Lines 6000 and 6001,
respectively. Vertical displacements also were imposed on the lines. Hart
{1981] measured 50 mm (2 in.) of vertical displacement twelve days after the
earthquake. Neither pipeline was damaged. Due to the compressive deformation
of Line 6001 generated by fault movement, SoCalGas personnel elected to relleve
stresses in the pipeline using a carefully planned procedure. Detalls of the
stress removal operation carried cut in February, 198] are presented in McNorgan
[1989]. To relieve the compressive stresses, a 3-m- (10-ft)-long section of
pipe was removed. After removing the pipe section and excavating 61 m (200 ft)
of the line, approximately 120 mm (4.7 in.) of expansion were observed.

2.6 General Characteristics of Pipeline Performance

Table 2-I1I provides a summary of pre-WWII transmission and supply line responsze
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TABLE 2-II1. Summary of Pre-WWII Transmisajon and Supply Line Response to Traveling Ground Vaves

Nominal Vall Distance
Instsllation Line Dlasster  Thickness snysh Affectsd® No. of  Repeirs/km
Pats Ne, m (in.) m {in.) NPa (kel) Velds Earthquaks ku (mi.) Repsivs (Repairs/mi.)
1913 100 o (12) ¢.4 (0.25) unktnown parcially 1952 and 1954 SD.4 (31.3) 2¢ 0.04 (0.06)
reconditionsd® Ketrn County
1920-21 102.%0 300 (12) 6.4 (0.23) unknown oxy-acetylens 1971 San Fer- 2.9 {1.8) 3 1.03 (1.65)
nando
1921 101 300 (12) &.4 {0.2%) unknows oxy-scetylens 1932 and 1954 48.) ()0} ”© 0.17 {0.27)
Kern County
1925 1001 300 (12) 5.6 (0.22) unknown oxy-acatylens 1971 3an Per- 19.3 (12) 28 1.45 (2.33)4
1926 115 400 (16) 7.% {0.317) unknowm oxy-acatylana 1971 San Fer- 28.3 (13.2) 53 2.16 {1.48)*
1930 00.90 330 (22) 6.4 (0.2%) 240 (33) not recorded 1952 and 1954 10.3 (6.7) 0 0
Karn County
173 120 350 (22) 1.9 (0.312) 240 (33) electric sre 1971 San Fer- 1.3 (7.0) 1 0.09 (0.14)
1930 119 350 (22) 7.7 (9.312) 208 (30) not recordsd 1952 and 1954 47.6 (29.5) o [
Kazn County
1931 as 50 (28) 6.4 to 7.9 228 (33) electric arch 1952 and 1954 58 (36) Q ]
(0.23 te Kern Councy
0.312)
1M n 650 (28) 6.4 to7.9 228 (33)  perilally 1952 and 1934 36.7 (22.0) 0 [
(0.25 ts reconditionsd® Kern Coumty
0. H2)
1931 [} 650 (26) 6.4 (0.2%) 28 (33) sleceric arcd 1971 San Fer- 8.7 (5.4) of 0
., [ ] 630 (26¢) §.4 (0.25) 228 (%) partially 1971 San Far- 14.5 (9.0) 3 0.21 (0.33)
reconditionsd? mnande
1 265 650 (28) 4.4 to 7.9 207 and slectric axch 1933 Long 1% (10 0 0
{0.23 te 228 (30 Beach
0.3112) and 33)
1937 119 550 (22) 7.9 (0.312) 240 (3%) alectric arel 1971 San Por- 6.5 (4.0) 1 0.15 (0.23)
1%l 1134 A4Y to 6.4 (0.29) 240 (133) slectxic axc 1932 and 1954 24.3 (15.1) ] ]
500 zgo Kern County
to

SBased on arsa of greatest ssismic intensity, MM VIII or greater
bﬁrm-lly ony-scetylens; miny welds Teinforesd in 1932 with electric are welds sud elsctric arc weldsd bards and platas
SCumilative dresks st welds for 1952 and 1954 sarthquakes
Spipe failure at fault cressing not included in hrask rate
®Bresk rate was leeally as as §.04 breaks/km (.72 bresks/mi.) on Glensaks Biwd. between McClay sad Feethill Biwd.
‘Hp failures at lecation of lateral spresd on San Parnands M. not included in bresk rate
li'u belled end pips with underlying steel ring
.-:fuu Kinisun Yield Stress



to traveling ground waves during the 1933 Long Beach, 1952 and 1954 Kern County,
and 1971 San Fernando earthquakes. Failures in Lines 1001 and 85 at the Mission
Wells segment of the San Fernando Fault and the Juvenile Hall lateral spread,
respectively, are not included in the data set. Some breaks in Line 1001 and
115 were caused by permanent ground movement, but could not be identified rela-
tive to the large majority of breaks generated by shaking effects. Consequently,
the data for these lines do include some damage associated with ground failure.
It should be recognized, ﬁcwever, that inclusion of a relatively small, but inde-
terminate, number of breaks caused by ground failure does not affect signifi-
cantly the statistics and trends derived from the record of pipeline perform-

ance.

The information is organized according to pipeline installation date, starting
with the oldest lines. Damage rates, expressed as repairs per km and mi., were
evaluated by dividing the line repairs by the total distance of a given line
within the area of highest seismic intensity. The review of gas transmission
and supply pipeline performance for 10 southern California earthquakes presented
in this section shows that pipelines have ruptured only in areas affected by MM
VIII or larger. Hence, MM VIIT or larger was used to establish the approximate
limits of most intense shaking. The preponderance of damage to pre-WWII pipe-
lines occurred as ruptures at oxy-acetylene welds. Damage not associated with
pipeline rupture, in the form of leaks at corrosion pits, was not included in

the data set.

In developing Table 2-1II1I, the 1952 and 1954 Kern County earthquakes were lumped
as & single cause of damage. There are several reasons for this distinction.
The 1952 main shock may have weakened various welds, thereby contributing direct-
ly to damage resulting from the 1954 event. Following the 1952 main shock, there
were many aftershocks affecting the gas transmission lines, of which the 1954
event was the last substantial aftershock. To avoid the arbitrary nature of
assigning specific levels of damage as consequences of one or more selected
aftershocks, the 1952 main shock and 1954 aftershock were combined in an attempt
to bracket the contributions to pipeline system damage of the Kern County earth-

quake sequence.

The potential influence of the 1954 event was assessed independently by using
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peak acceleration attenuation relationships proposed by 1driss [1985] to estimate
the area potentially affected by MM VIII or greater through correlations between
MMI and peak acceleration proposed by Richter [1958]. When the damage statistics
for the 1954 event caleculated with this estimate of affected area were added to
the data set, there was little alteration in the overall statistics, with a max-
imum change of only 12X in the pre-1930 break rate to a lower, less conservative

number.

The information in the table can be used to point out some interesting trends,
as illustrated in Figure 2-7. 1In this figure, the repalr rates are plotted
according to age of installation. Both earthquakes show similar trends, in that
the damage rate for pipelines constructed before 1930 are approximately an order
of magnitude higher than those constructed during or after 1930. In the Kern
County earthquakes, Line 100, reconditioned by electric arc welded bands at the
locations of original oxy-acetylene welds, experienced damage at a rate substan-
tially reduced from the rates of pre-1930 pipeline damage. In fact, one of the
two breaks assoclated with the 1913 pipeline, which was recomditioned in 1932
(see Figure 2-7a), was at an original oxy-acetylene weld that had not been recon-
ditioned. If this incident of damage was reassigned or deleted, the repalr rate
for the pipeline would be reduced by half.

Figure 2-8 shows the data for both earthquakes expressed as a pie chart in which
pre-1930, post-1929, and 1932 reconditioned pipelines are distinguished. It
should be recognized that virtually all pipelines in the post-1929 category are
known to have been electric arc welded, with the exception of Line 80.90 and a
portion of Line 119, for which no records could be found about the types of
welds. Pre-1930 pipelines account for approximately 93X of all damage associated
with traveling ground waves. Only 2X of the damage was in unreconditicned past-
1929 lines. Morecver, there is a substantial difference in the overall average
repair rate associated with a given age category. The pre-1930 damage rate is
nearly 20 times larger than the 1932 partially reconditioned pipeline rate, and
nearly 100 times that of the post-1929 damage fraquency.

A review of the repair records, and discussions with welders who repaired lines

after the 1971 San Fernando earthquake, indicate that the damage listed in Table

2-111 was predominantly at oxy-acetylene welds. This observation does not mean
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FIGURE 2-8. Pie Chart Showing Relative Proportions of Damage by Pipeline Age
Category

that oxy-acetylene welds are intrinsically weak. On the contrary, the metallur-
gical quality of an oxy-acetylene weld is not significantly different from that
of an electric arc weld, provided the work {s performed by qualified welders
according to proven procedures. Well-made oxy-acetylene and electric arc welds
are about equal In strength, although the heat-affected zone ad jacent to an oxy-
acetylene weld is somewhat larger and the joint ductility somewhat less than
those associated with an electric arc weld. The reason for the higher incidence
of weld damage is associated with poor weld quality. As described by O'Rourke
and McCaffrey [1984], repair personnel reported that many of the welds on Line
115 had characteristics such as poor root penetration, undercutting and overlap-
ping at the toe, and lack of good fusion between the pipe and the weld. These
types of features result in a flawed weld, and are not representative of the
welds achieved under the quality control standards currently in effect.

Electric arc welded pipelines have shown substantially better performance under
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traveling ground waves than oxy-acetylene welded lines. Such performance is
corroborated by the response of Line 85 to the 1971 San Fernando earthquake.
Although the electric arc welded portion of this line was damaged by permanent
ground deformation assocléted with lateral spread, no damage was experienced as
a consequence of traveling ground wave effects. In the partially reconditioned
portion of this line, all repairs were made at original oxy-acetylene welds.

No repairs were made at welds reinforced with electric arc welding procedures.

In contrast to electric arc welded pipelines, the earthquake performance statis-
tics show that oxy-acetylene welded lines have been damaged at a relatively high
rate when subjected to seismic Ilntensities exceeding MM VIII. Although most
damage was sustalned in pre-1930 oxy-acetylene welded pipelines, it would be
prudent to regard all pre-WWII oxy-acetylene welded pipelines with caution. As
previously mentioned, approximately 30% of all oxy-acetylene welds on %ine 85,
which was constructed in 1931, were reinforced in 1932 with electric arc welding
procedures. Nevertheless, breaks were sustained at three original oxy-acetylene

welds as a consequence of the 1971 San Fernando earthquake.

Electric arc welding first was introduced during 1929 for SoCalGas transmission
lines. Between 1929 and 1931, both electric arc and oxy-acetylene welding were
used. Since 1931, electric arc welding has been used on 400-mm- (16-in.)- and
larger diameter plpelines. Furthermore, it appears as if such welding has been
uged for lines equal to or larger than 250 mm (10 in.) in dlameter now incorpo-

rated in the transmission and supply lines of the system.

Table 2-IV provides a summary of transmission and supply line response to perma-
nent ground deformation generated by surface faulting and liquefaction. Only
pipelines with nominal diameters equal to or larger than 300 mm (12 in.} are
listed in the table. All damage occurred in pre-1930 oxy-acetylene welded and
1931 electric arc welded pipelines. No breaks nor disruption of supply has been
experienced in gas pipelines constructed with quality welds administered by
modern electric arc techniques, such as those consistent with APl Standard 1104
[American Petroleum Institute, 1987]. The table indicates that breaks were not
sustained in modern, electric arc welded pipelines at locations of surface fault-

ing and lateral spreads, even though the severity of ground deformation in these
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TABLE 2-1V.

Summary of Iransmission and Supply Line Response to Permanent Ground Deforsmation Triggered by

Earthquakes

Installation
Date

Line
No.

Nominal
Diametear
w (in,)

Wall
Thickness
m (in.)

suysh

MPa (ksi) Welds

Earthquake

Pipsline Response and
Ground Deformation

1924

1926

1931

1948

1966

1966
1966
1966

1001

§000

120

3000

5001

300 (12)

460 (167

650 (26)

200 (8)

550 (22)

750 (30)
750 (30)
250 (10)

5.6 (0.22)

6.4 (0.25)

6.4 {0.25)

7.1 {0.281)

7.1 (0.281)

9.5 (0.375)
9.5 (0.375)
4.8 (0.188)

unknown oxy-acetylene

unknown oxy-acetylsne

228 (33) electric arc®

240 (35) slectric arc

360 (52) aleetric arc

360 (52) electric arc
360 (52)

290 (42)

electric arc

electric arc

1971

15871

1971

1979

1971

1971
1971
1979

San Fernando

San Fernando

San Fernando

Imperial Valley

San Fernando

Ssn Fernande
San Fernando
Imperial Valley

1 break at fault crossing;
approx. 200 am (8 in.)
thruse and 30 om (1.2 In.)
lateral offser. Mulciple
bresks ar lateral spread on
San Fernando Rd.; appror.
2w (6.5 ft) lateral dis-
placement perpendicular teo
the line

Approx. 3 compresixion and
sultiple tension failures
st fault crossing: 600 mm
(24 in.) thrustc and 1.9 m
(6.2 ft) lateral offset

7 breaks at laceral spread
on San Fernando Rd.; dis-
placemant same as abave

No damage; approx. 400 pm
{16 in.) of cumulative
lateral movement st fault
crossing

No damage; approx. 2 to 3
o (6 to 10 fr) of ground
novement at lateral spread
along utility corridor on
weet sfde of Uppsr Van
Norman Reservoir

Same
Same

No damage; approx. 315 mm
(12.4 in.) of cumulstive
lateral movement at faule
crossing

3Using balled end plpe with underlying steel ring; bSpnclfind Minimum Yield Stress



instances generally was consistent with that causing rupture in pre-1930 and 1931

electric arc welded pipelines.

2.7 Summary

A detailed review of gas pipeline performance during past earthquakes indicates
that, in general, transmission and supply lines have performed well. Six serious
earthquakes with local magnitudes equal tc or greater than 5.8 and epicenters
within the region of the transmission system have not caused any damage or dis-
ruption of service in transmission and supply pipelines. Only the 1933 Long
Beach, 1952 and 1954 Kern County, and 1971 San Fernando earthquakes resulted in
high pressure pipeline damage. In each of these earthquakes, some pipelines have
been affected adversely by both traveling ground waves and permanent ground
deformation. In nene of the earthquakes has there been damage by traveling
ground waves to steel pipelines in good repair, constructed with modern welding
techniques and quality control measures. Pipeline difficulries were most severe
following the 1971 San Fernando earthquake, when ground movements from surface
faulting and liquefaction-induced lateral spreads, as well as strong shaking,
led to the highest incidence of gas pipeline damage associated with any southern
California earthquake.

There is a remarkable and consistent difference in the earthquake performance
of pipelines of different ages. Pre-WWII pipelines constructed before 1330 show
a damage rate associated with traveling ground wave effects nearly 100 times
larger than that of post-1929 pipelines. Pipelines partially reconditioned by
electric arc reinforcement at original oxy-acetylene welds show a damage rate
nearly 20 times less than that of the pre-1930 pipelines. This damage rate is,
nonetheless, five times larger than the overall average rate for post-1929 pipe-

lines, which were not reconditioned,

A similar, consistent pattern of performance can be seen in the response of gas
transmission and supply lines to surface faulting and liquefaction-induced ground
deformarion. There has been no occurrence of pipe rupture or direct disruption
of gas transmission for post-WWII pipelines from earthquake-induced permanent

ground deformation. In contrast, pre-1930 oxy-acetylene welded and 1931 electric
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arc welded pipelines have failed at locations of surface faulting and lateral

spreads.

Pipe damage from traveling ground waves and permanent ground deformation has
occurred predominantly as ruptures of oxy-acetylene welds. Poor weld quality
appears to have played a key role in the relatively high incidence of weld dam-
age. Although substantially better than their predecessors, the partially recon-
ditioned oxy-acetylene welded pipelines appear to be more vulnerable to earth-

quake effects than pest-1929 pipelines that did not require reconditioning.

Given the relatively high rate of earthquake damage assoclated with oxy-acetylene
welded lines, it would be prudent to regard with caution all pre-WWII oxy-acety-
lene welded pipelines potentially subject to seismic intensities of MM VIII or
larger. In contrast, pre-WWII electric arc welded pipelines have shown rela-

tively low rates of damage in response to traveling ground wave effects.

The data associated with pipeline performance during past earthquakes are helpful
because they point out that the predominant failure mode has been rupture at oxy-
acetylene welds. They provide for an agssessment of the relative vulnerability
of pipelines constructed at different times to both transient and permanent
ground movement, and thus can be incorporated directly into a risk assessment

methodology for repair/replacement decisions.
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SECTION 3

PERFORMANCE DURING 1994 NORTHRIDGE EARTHQUAKE

3.1 General Earthquake Characteristics

The 1994 Northridge earthquake occurred on January 17, 1994 at 4:31 a.m. PST.
It has been assigned a surface wave magnitude of 6.6 [Earthquake Engineering
Research Institute, 1994], and was felt over an area of approximately 230,000
kn? (89,000 mi.2), including southern California, southwestern Nevada, western
Arizona, and northwestern Mexico [Dewey, 1994). Maximum seismic intensities of
MM VIII to IX were assigned to areas totaling approximately 750 km? (290 mi.?2)
in the San Fernando Valley, Sylmar, Santa Monica, and Fillmore [Dewey, 1994].
The epicenter of the main shock was located in the northwestern end of the San
Fernando Valley at geographical coordinates 34° 13'N latitude, 118" 32'W longi-
tude [Porcella, et al., 1994]. The focal depth of the earthquake was approxi-
mately 18 km (11 mi.) [Porcella, et al., 1994]. Maximum horizonal ground accel-
eration exceeded 1 g in the epicentral area at several permanent stations.
Duration of strong ground shaking (peak horizontal acceleration greater than ¢.1

g) in the epicentral area was approximately eight seconds.

3.2 Lliquefaction, Landslides, and Surface Faulting

Evidence of liquefaction was reported in the northern San Fernando Valley near
the Jensen Filtration Plant, Juvenile Hall, Sylmar Converter Station, and Los
Angeles Reservoir. These locations are approximately the same as those at which
liquefaction was observed during the 1971 San Fernando earthquake, although the
magnitude and extent of ground deformation triggered by liquefaction were con-
siderably less than those in 1971. Liquefaction also was observed at Redondo
Beach, Msarina del Rey, Long Beach, Santa Monica, northeast of Culver City near
the intersections of La Brea and La Cienaga Blvds. with Interstate 10, Potrero
Canyon, and the Santa Clarita Valley along Highway 126 east of Fillmore [e.g.,
Moehle, 1994].

There were thousands of landslides in the hilly and mountainous terrain north
and south of the epicenter, including the Santa Monica, Santa Susana, and San
Gabriel Mountains. The great majority of landslides occurred in relatively



remote locations. Landslides, however, did contribute to damage in several water
transmission and trunk pipelines, highways in mountainous areas, and gas storage
field facilities.

The location of the causative fault, as inferred from the aftershock distribu-
tion, does not correspond to a readily identifiable mapped feature. The pattern
of aftershocks has disclosed a rupture plane dipping 40" to 50° to the southwest.
Extensive field surveys have not provided any confirmed evidence of surface

faulting.

There was extensive ground deformation in the Potrero Canyon on the nerth side
of the Santa Susana Mountains near the northern edge of rhe aftershock zone.
A series of discontinuous vertical offsets, some as high as 0.6 m (2 ft), and
tensile cracks developed on both the north and south sides of the canyon, appar-
ently in response to liquefaction-induced ground displacement towards the stream

within the canyon.

Another area of prominent ground deformation cut across Balboa Blvd. between
Rinaldi and Lorillard Sts. OGround movement at this location was responsible for
breaks in one gas transmission and two water trunk lines, as discussed in the

following section.

3.3 System Performance

The system performance statistics provided in this report were obtained approx-
imately three months after the earthquake. It should be recognized that some
changes in the statistics may occur in the future as additional information is

collected and clarified by SoCalGas perscnnel.

There were approximately 151,000 gas outages as a result of the earthquake, of
which 123,000 were customer initiated. Service was restored to approximately
84,000 customers within one week of the earthquake, and to almost 120,000 within
one month of the earthquake. Service could not be restored to 9,100 customers

because of structural property damage.

There were approximately 209 instances of damage to metallic distribution mains



and services where no corrosion or construction-related damage was observed.
There were 27 instances of damage to polyethylene pipes, the majority of which
were at couplings and transition fittings. In addition, there were 563 instances
of damage to metallic distribution piping where corrosion or materfal- and con-

struction-related defects were observed or where damage was of unknown origin.

There were 35 non-corrosion related repairs in the transmission system, of which
27 were at cracked or ruptured oxy-acetylene girth welds in pre-1932 pipelines.
Figure 3-1 shows a plan view of selected transmission pipelines in the area of
most severe ground shaking. Locations of damage in the form of pipeline breaks

and leaking flanges are shown in the figure.

Figure 3-2 1s a map of the area just north of the earthquake epicenter, showing
the Alisc Canyon Gas Storage Facility and the locations of two gas transmission
line breaks on Balboa Blvd. The Aliso Canyon facility, which covers some 14.7
km? (3,600 acres) and 56 km (35 mi.) of access road, is used to store gas in an
underground reservoir that once was used for oil production. Gas is injected
during low demand summer months and withdrawn during high demand winter months.
Earthquake effects in the facility included deformation of eboveground pipe sup-
ports, displacements of runs of injection and withdrawal lines, and structural
damage to a fin fan unit used to cool compressed gas before its injection in
storage wells. The supply of gas from Aliso Canyon was interrupted for five
days.

As shown in Figure 3-1, there were 24 breaks at oxy-acetylene girth welds and
one location of buckled pipe in Line 1001, which conveys gas between Newhall and
Fillmore, many of which were in Pico and Potrero Canyons. Line 1001 was con-
structed in 1925, and was operated at the time of the earthquake at 1.7 MPa (245
psi) internal pressure. The pipeline is 300 mm (12 in.) in diameter, with 5.6-
mm- (0.22-in.)-thick wall of unknown grade steel.

Of the 25 repairs in Line 1001, 18 were made in Potrero Canyon. Six breaks in
oxy-acetylene welds were located in areas ad jacent to the Santa Clara River east
of Piru and west of Potrero Canyon. One oxy-acetylene weld ruptured at the

eastern city limits of Fillmore, leaving a crater approximately 2.7 m (9 ft) deep
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and 4.5 m (15 ft) by 6 m (20 ft) in area. Gas escaping at the location of this
break under Highway 126 was ignited by a downed power line.

Figure 3-3 presents a photograph of a ruptured oxy-acetylene girth weld in pipe
of Line 1001 taken from Potrero Canybn. Figure 3-4 shows a cross-section through
the ruptured weld where there was poor weld penetration along the inside surface
of the pipe. As discussed in Subsection Z.6, the main reascen for the relatively
high incidence of oxy-acetylene weld damage is inferior weld quality, as evinced
by the poor root penetration shown in the photograph.

Flange leaks occurred at the four locations shown in Figure 3-1 at sections of
aboveground piping. There was also a break in an oxy-acetylene weld in Line 85
at 2 location approximately 39 km (24 mi.) northwest of Newhall, which is not
shown in the figure. Damage was mainly in the form of flange separation and
leaking gaskets. One of the flanges shown in Figure 3-1 was fractured. At the
damaged locations, Line 85 is a 6$50-mm- (26-in.)-diameter pipeline with a pipe
wall 6.4 mm (0.25 in.} thick, of Grade A steel, operated at MAOP of 2.2 MPa (317
psi). The ruptured oxy-acetylene weld and four leaking flanges occurred in a
partially reconditioned portion of Line 85, which is described in Subsection

2.3.3. The weld failure was at an original oxy-acetylene weld.

There was a break at a weld in Line 85 near Taft, approximately 120 km (75 mi.)
north of the epicenter. This section of the pipeline was constructed in 1931
with electric arc welds, as described in Subsection 2.3.3. The line had an MAOP
of 2.5 MPa (360 psi). There was a leaking flange at an above-ground section of
Line 119 north of the area shown in Figure 3-1. This section of the 550-mm- (22-
in.)-diameter pipeline was constructed in 1931 with & wall thickness of 7.9 mm
(0.312 in.). There is no clear record of weld type. The SMYS of the steel and
MAOF were 208 MPa (30,000 psi) and 2.5 MPa (360 psi), respectively.

A fractured oxy-acetylene girth weld was repaired in Line 122 at the location
gshown in Figure 3-1. Although this pipeline is rot operated as a transmission
line, it nevertheless is described in this report because of its relatively high
operating pressure of 1 MPa (150 psi). The pipeline was installed in 1927 with
oxy-acetylene girth welds, 6.4-mm- (0.25-in.)-thick wall, and steel of unknown
grade.
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As shown in Figure 3-1, there was a break in Line 104 inside the Aliso Canyon
Gas Storage Field. The pipeline is 250 mm (10 in.) in diameter and has an MAOP
of 1.6 MPa (228 psi). It was constructed with electric arc girth welds in 1941.
The pipe has a 5.2-mm- (0.203-in.)-thick wall of unknown grade steel.

Figure 3-5 shows a plan view of Line 104 in Aliso Canyon relative to the site
topography. The rock in.the area covered by the figures is highly fractured,
friable siltstone and sandstone with 0.6 toc 3 m (2 to 10 ft) of silty sand cover
in many places. Pipe damage appears to be related to slope displacement perpen-
dicular to the pipeline, which also caused an ad jacent 100-mm- (4-in.)-dlameter,
steel fuel oil line to fail at an aboveground vertical bend. Slope displacement
ad jacent to the access road in the northeast part of the figure threatened Line
104, and the pipeline was excavated in the slope area to free it from the adja-

cent soil.

Three water tanks in the facility were damaged. The tank supplying water to the
main plant was not damaged, but pipelines conveying water from the tank developed
leaks, thereby cutting off supply. Of approximately 12 oll storage tanks in the
facility, six were damaged. As shown in Figure 3-6, one tank collapsed and
another at the same location sustained a split seam. Damage at other oil storage
tanks was relatively minor and consisted of buckling and warping of steel plates.
The fuel gas system used for heaters and plant instruments was disrupted in sev-
eral locations. A number of transformers fell from poles, disrupting electrical

service.

Because of failed water tanks and associated piping damage, water supply inside
the facility was disrupted. Because of damage to Los Angeles Department of Water
and Power trunk and distribution mains, water supply from outside the facility
also was disrupted, Vacuum trucks were dispatched to locations of leaking trunk
lines outside the facility, where water was collected and brought back for inter-

nal use.

Thete were numerous landslides throughout the facility. Figure 3-7 shows a land-
slide of approximately 380 m3 (500 yd3) which undermined an injection line near
the top of the slope. Debris from the slide caused deformation of two withdrawal

lines and an injection line, which are located adjacent to the roadway shown in
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FIGURE 3-6. Collapsed 0il Tank in the Aliso Canyon Gas Storage Field
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the photograph. The landslide illustrated in the photo was typical of groumd
displacements in several locations. The slide was activated along joints dipping
at approximately 60° subparallel to the 45° slope. The rock is friable sandstone
of the Topanga Formation.

Figure 3-8 shows a plan view of surficial ground movement and gas facilities near
the location of a leaking flange in Aliso Canyon. Downslope movement at the Wye
structure caused tensile deformation at the flange of a withdrawal pipeline,
thereby breaking the seal at the gasket. Local soil and rock failure exposed
the drilled shaft foundations of aboveground pipeline supports north of the Wye
structure. Withdrawal and injection lines along the access road were deformed
by fallen debris in the landslide area at the eastern side of the figure. Figure
3-7 provides a photograph of the landslide. Elsewhere along the access road,
several aboveground pipeline supports were twisted and deformed.

With the exception of a leaking flange in an area of slope movement, there were
no leaks or ruptures of aboveground withdrawal and injection pipelines. Serious
damage to aboveground pipes was scarce, even though there were many deformed pipe
supports and sections of line undermined and distorted by local landslides. The
presence of large ground cracks and the potential for further ground movement
are likely to require continuing remedial action to stabilize slopes and protect

vulnerable pipes.

Gas pipeline damage on Balboa Blvd. occurred in Line 120, a 550-mm- (22-in.)-
diameter steel pipeline constructed in 1930 with unshielded electric are girth
welds. At the time of the earthquake, the line was operated at about 1.2 MPa
i175 psi). The pipe had a wall thickness of 7.2 mm (0.281 in.) and was composed
of Grade B steel. The pipeline failed in tension in a zone of tensile ground
deformation about 300 m (900 ft) north of a zone of compressive ground deforma-
tion where the pipe failed by compressive wrinkling. As shown in Figure 3-2,
the ground rupture zones occurred in the toe area of an alluvial fan and are
oriented subparallel to the surface elevation contour lines. The pattern of
ground deformation suggests that lateral spreading of the alluvial fan sediments
took place. Nearby borehcles show loose silty sands at depths of 9 to 12 m (30
to 40 ft), although water levels are indicated at considerably greater depths

in dense materials.
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Line 120 had been scheduled for replacement in the Granada Hills area. A new
600-mm- (24-in.)-diameter pipeline, with electric arc girth welds, X-60 steel,
and 6.4-mm- (0.25-in.)-thick wall, had been constructed parallel to the older
550-mm- (22-in.)-diameter line along McLennan Ave. It had not been opened for
gas flow at the time of the earthquake. Even though it crossed similar zones

of tensile and compressive ground deformation, it was not damaged.

Figures 3-9 and 3-10 show maps of the pipelines in Balboa Blvd. near the zones
of permanent ground deformaticn. In addition to numerocus distribution mains,
there were six transmission and water trunk lines at this site. There were two
750-mm- (30-in.)-diameter gas transmission lines constructed of X-52 steel in
the 1950s which were not damaged. There was a 400-mm- (l6-in.)-diameter petro-
leum pipeline, operated by the Mobil 0fl Corporation, which was not damaged.
The pipeline was composed of X-52 steel and installed in 1991. Two water trunk
lines, the 1,240-mm- (49-in.)-diameter Granada and the 1,730-mm- (68-in.)-diame-
ter Rinaldi Trunk Lines, failed in tension and compression in the tensile and

compressive zones of ground deformation, respectively.
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A 150-mm- (6-in.)-diameter gas distribution pipeline along the eastern side of
Balboa Blvd. was ruptured in tension and compression in the tensile and compres-
sive ground deformation zones, respectively. This pipeline was operated at a
pressure of approximately 0.3 MPa (453 psi). Gas escaping from the tensile rup-

ture caught fire.

The water trunk line damage in the figure represents locations where excavations
were required for repair. 1In addition, there were three other locations where
internal inspection disclosed damage of the Rinaldi Trunk Line, primarily as
separations at welded slip joints, within a distance of two blocks north of the

tensile ground deformation zone.

A detailed examination of sections of Line 120 and the Granada Trunk Line, which
were removed from the compressive ground deformation zone, each disclosed a com-
pressive shortening of approximately 230 mm (10 in.). In each case, the compres-
sive shortening and line failure occurred at a welded joint. Observations of
Line 120 in the tensile ground deformation zone showed a separation between the
failed ends of the pipe of approximately 250 mm (10 in.). Failure occurred at
a welded joint.

Figure 3-11 shows a view during repair of the Granada Trunk Line and Line 120
in the zone of tensile ground movement. Figufe 3-12 shows tensile ground cracks
in cementitious backfill covering the Mobil 0Oil pipeline in the zone of tensile
grourkd deformation. Two prominent cracks, each 50 to 75 mm (2 to 3 in,) wide,
can be seen in the photo.

Gas escaping from Line 120 was ignited by sparks from the ignition system of a
pickup truck that had stalled in the area of tensile ground deformation flooded
by the ruptured trunk lines. The gas fire spread to adjacent properties, de-
stroying five houses and partially damaging an additional structure.

There was damage at the Honor Rancho Storage Field near Newhall, although the
earthquake effects at this installation were considerably less than those at
Aliso Canyon. There was disruption of the fire loop system, brine filtration
equipment, and access roads. A 400-mm- (16-in.)-diameter water main, water tank,
gas piping, and electrical transformer also were damaged.
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3.4 General Characteristics of Pipeline Performance

Table 3-1 provides a summary of pre-WWII ctransmission line response to traveling
ground waves during the Northridge earthquake. Only pipelines which required
at least one repair are included in the table. Similar to Table 2-11I, the in-
formation is organized according to pipeline installation date, starting with
the oldest lines. Repairs are reported separately for areas affected by seismic
intensities greater than or equal to MM VIII and MM VII. Areas with MMI > VIII
were obtained from preliminary intensity maps developed by USGS [Dewey, 1994].
A single modification was made in the MMI > VIII mapping reported by Dewey [1994]
by extending the MM VIII zone at Potrero Canyon to include the area of recent
alluvial deposits along the Santa Clara River to just east of Piru. Field obser-
vations in this area have disclosed evidence of sand boils and ground cracks
which are indicative of liquefaction and consistent with MM VIII intensities.
An intensity of MM VIII has been assigned to the city of Fillmore in both this
report and the USGS mapping.

Table 3-II summarizes the transmission line response to permanent ground defor-
mation triggered by the Northridge earthquake. The table is organized in a for-
mat similar to that of Table 2-1V. Only pipelines which required repair are
included in the table.

In terms of general characteristics, the Northridge earthquake pipeline damage
is consistent with and predictable relative to the trends in damage summarized
in Section 2. The highest incidence of damage from traveling ground waves was
at oxy-acetylene girth welds, with the preponderance of this damage occurring
in a single pipeline, Line 1001. Approximately 91X of all traveling ground wave
damage was in areas of MMI > VIII, as compared with virtually all ground wave
damage 1in previous earthquakes being assigned to areas of MM VIII or larger.
Given the approximate nature of MMI, it is not surprising that relatively minor
amounts of damage would be assigned to areas with MMI < VII. Such variations
are to be expected because of the variability in interpreting and mapping MMI.
Moreover, some pipe components are likely to be relatively weak within a given
category of piping and especially vulnerable to the small loading effects asso-

clated with lower earthquake intensities.
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TABLE 3-I. Summary of Pre-WII Transmission and Supply Line Response to Traveling Ground Waves as a Result
of the 1994 Northridge Earthquake

MMI 2 VIII

Instal- Nominal Distance MMI > VIII

lation Line Diam. Wall Thickness suysf Affacted MMI > VIII Rapairs/km MMI < VII
Date No, m {in.) am {in.) MPa (kel) Velds ke (mi.) Repairs (Repairs/mi.) Repairs
1925 1001 300 (12) 5.6 (0.22) 172 (25)  oxy-acetylena 40  (24.9) 25 0.63 (1.0) 0
1927 122 380 (15) 6.4 (0.25) "R axy-acetylens 19.3 (12.0) 1 0.05 (0.08) 0
1930 119 S50 (22) 7.9 (0.312) 207 (30)  nat recordsd 3.2 (2.0) o 0 1k
1930 120 550 (22) 7.1 (0.281) 241 (35)  electric arc®  29.6 (18.4) o o o
1930 i21 650 (26) 6.4 (0.25) 241 (3%) oxy-acetylene 1.1 (0.7) 0 0 0
1931 85 650 (28) 6.4 (0.25) 228 (33)  partially 3.2 (2.0) 4b 1.56 (2.%) 1

reconditioned® .

1931 85 650 (26) 6.4 (0.25) 228 (33)  electric arc® Nad mad Rad 1
1941 104 280 {10) 5.2 (0.20%) NR® slectric are 3.7 (2.3 0 0 0

40riginally oxy-acetylens; many welds reinforced in 1932 with electric arc welded bands and plates
ing flanges
CUsing balled end pipe and underlying steel ring
t applicable becauss this entire section of plpeline was outside MM VIII ares
Mot reported
f3pecified Ninimm Yield Stress



TABLE 3-II. Summary of Transmission Line Response to Permanent Ground
Deformation Triggered by the 1994 Northridge Earthquake

Nominal
Installation Line Diam. Wall Thickness sMys® Plpelins Responss and

Date No. m (in.) mm (in.) MPa (ksi) Valds Ground Deformation

1930 120 $5¢ (22) 7.9 (0.312) 260 (35) Electric arc Ona comprsssion and
one tenaion fallure
at ground deforma-
tion on Balbos Blwd.
in Granada Hillas

1941 104 250 (10) 5.1 (0.20%) Unkmown Elsctric are One braak consist-

ing of buckls and
split at weld at an
overbend in Alisc
Canyon Cas Storsgs
Facility

4Specified Minimum Yield Stress

The general trend shown by performance statistics in 1l major easthquakes, in-
cluding the Northridge earthquake, is that the preponderance of gas transmission
line damage from traveling ground waves is likely to occur in areas of MMI >
VIII. For planning and repiacement decision purposes, the earthquake data sub-
stantiate MM V' II and higher as intensities at which the risk of damage to gas
transmission piping with oxy-acetylene welds increases significantly.

Pipeline response to permanent ground movement during the Northridge earthquake
is similar to that experienced in previous earthquakes. No breaks nor disruption
of supply has been experienced in post-WWII gas pipelines constructed with qual-
ity welds. The table indicates that hreaks were not sustained in modern electric

arc weided pipelines, but were axperienced in pre-WWII electric arc welded pipe-
lines.
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SECTION 4

CONCLUSIONS

A detailed and systematic review of the seismic performance of gas transmission
lines prior to the 1994 Northridge earthquake shows that all repairs in pipelines
affected by traveling ground waves occurred in areas which experienced seismic
intensities of MMI > VIII. A review of gas transmission line performance during
the 1994 Northridge earthquake discloses a similar pattern of seismic response.
Approximately 91% of all pipeline damage caused by traveling ground waves in the
1994 event occurred in areas with MMI > VIII. The earthquake-related damage
has been predominantly in the form of ruptures at oxy-acetylene girth welds.
The potential for damage in such welds appears to increase considerably for

seismic intensities equal to and greater than MM VIII.

Table 4-1 summarizes all gas transmission pipeline repairs which can be related
to earthquake effects, covering more than 60 years of earthquake experience in
southern California, from the 1933 Long Beach to the 1994 Northridge earthquake.
Figure 4-1 presents similar information in the form of a ple chart. During this
time, there were 1l earthquakes with local magnitudes equal to or greater than
5.8 with epicenters inside the area of transmission facilities operated by
SoCalGas. Evidence of transmission line damage could be found for only four of
these events, including the 1952 and 1954 Kern County, 1971 San Fernando, and
1994 Northridge earthquakes. The table includes damage from traveling ground
waves and permanent ground deformation. Damage is listed for breaks in both pre-
WWII oxy-acetylene and electric arc welded pipelines, leakage at locations of

corrosion, and leaking flanges.

To provide a comprehensive data set, leakage at locations of corrosion are in-
cluded. It is interesting to note the relatively low incidence of corrosion-
related earthquake damage in transmission lines, representing only 1.4X of the
total number of repairs. The data set also includes che repaired oxy-acetylene
weld in Line 122 after the Northridge earthquake. Even though this line was not
operated as a transmission pipeline, its relatively high internal pressure is

consistent with that of many transmission lines. Moreover, risks associated with



TABLE 4-1.

Summary of Earthquake-Related

Gas Pipeline Repairs

Type of Damage

Traveling Ground
Wave Damage:
Number of Repairs

Permanent Ground
Deformation Damage:
Number of Repairs

Break in pre-WWIIL

1232

l‘.

oxy-acetylene girth
welded pipeline

Break in pra-WWII 4b 10®
electric arc girth
welded pipeline

Leakage at locations 2¢ -
of corrosion

Leaking flanges 54 ---

%Refer to Tables 2-III ard 3-I. KNote that repairs to partially
reconditioned Line 85 during the 1971 San Fernando earthquake
were at oxy-acetylene welds and one of the repairs in Line 100
was at an oxy-acetylene weld. Repairs include damage to Line 122
during the 1994 Morthridge earthquake.

fer to Tables 2-III and 3-1

©Includes leaks detacted in Linas 80.90 and 1134 during tha main

1952 XKern County sarthquake
for to Table 3-1
$3sfer to Tables 2-IV and 3.II

A Pre WWI oxy-ocstylene 83.0%
B Pre WWIL electric orc 7%
C Leoking fionges 3.4%
0 Corrosion reloted 1.4%
€ Pra WWIH slectric orc 2.7T%
F Pre WWI oxy-acetylene 6.8%

Domaged by traveling 90.5%

ground waves

D Domoged by permonent
ground deformation

9.9%

FICURE 4-1. Pie Chart Showing Relative Proportions of Earthquake-Related Repaire

Associsted with Variocus Catagories of Damages
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damage to this type of facility are similar to that associated with transmission
piping.

Table 4-1 and Figure 4-1 have been developed on the basis of existing repair
records. It should be recognized that the oxy-acetylene welded Line 1001 was
s0 heavily damaged by the 1971 San Fernando earthquake that over & km (5 mi.)
of the line were abandoned. Hence, an accurate account of repailrs to this sec-

tion of pipeline could not be included in the data set.

The type of pipeline most vulnerable to earthquake effects is the pre-WWII oxy-
acetylene welded pipeline. Eighcy-cthree percent of all earthquake-related re-
pairs were caused by traveling ground wave effects in oxy-acetylene girth welded
lines. The preponderant form of damage was rupture at the oxy-acetylene welds,
vhich often are characterized by defects such as poor root penetration, lack of
good fusion, and overlapping and undercutting at the toe. The worst performers
among the oxy-acetylene welded lines have been those constructed before 1930,
some of which have experienced damage at a relatively high rate of over 1 repair/
kn (1.61 repairs/mi). Oxy-acetylene welding for major transmission lines appears
to have been discontinued by SoCalGas after 1931.

In contrast to oxy-acetylene welded piping, pre-WWII pipelines with electric arc
welds have fared much better when influenced by traveling ground waves. Damage
under these conditions accounts for only 2.7X of the total repalirs, which is 30
times less than the traveling ground wave damage in oxy-acetylene welded lines.
Prior to WWII, welding practices often involved the use of unshielded electric
arc techniques, which exposed the molten weld directly to the atmosphere. Gas
inclusions and uneven heating associated with this technique tended to produce
a weld of inferior quality relative to the shielded electric arc welds produced
according to standard procedures adopted during the WWII period.

Damage from permanent ground deformation associated with surface faulting. lique-
faction-induced lateral spread, and landslides represents only 9.5% of the total
repairs. This relatively low portion is associated with the relatively small
percentage of surface area influenced by ground failure during an earthquake.
Damage from permanent ground deformation can nonetheless be severe, resulting

in some of the most consplcuous damage during & seismic event. Pipeline ruptures
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on Balboa Blvd. during the 1994 Northridge earthquake, and along Glenoaks Blvd.
during the 1971 San Fernando earthquake, are examples. Permanent ground deforma-
tion damage during previous earthquakes has been confined entirely to oxy-acety-

lene and pre-WWII electric arc welded pipelines.

Post-WWII electric arc welded pipelines in good repair have never experienced
a break or leak as a result of either traveling ground waves or permanent ground
deformation during a southern California earthquake. A very small amount of
damage can be attributed to leaks at pipe walls thinned by corrosion, such as
the corrosion-related leakage detected after the main 1952 Kern County earth-
quake. Modern electric arc welded pipelines have been subjected to severe per-
manent ground displacement which has damaged ad jacent welded water trunk lines,
such as those subjected to 2.7 m (2 ft) of lateral spread next to the Jensen
Filtration Plant during the 1971 San Fernando earthquake. Likawisze, ground
movement on Balbea Blvd. during the 1994 Northridge earthquake ruptured the pre-
WWI1 electric arc welded Line 120, but did not damage two ad jacent post-WWII

electric arc welded transmission lines.

The lack of damage to post-WWII electric arc welded pipelines does not mean they
are immune to permanent ground deformation. On the contrary, there is substan-
tial experience with modern pipeline failures in areas of severe landslides.
The repair record shows that modern electric arc welded gas pipelines in good
repair are the most resistant type of piping, vulnerable only to very large and
abrupt ground displacement, and generally highly resiscant to traveling ground

wave effects and moderate amounts of permanent deformation.
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(PB88-213814).

“Seismic Performance Assessment of Code-Designed Structures,” by H.H-M. Hwang, J-W. Jaw and H-J.
Shau, 3/20/88, (PB88-219423).

“Reliability Analysis of Code-Designed Stnuctures Under Natural Hazards,” by H.H-M. Hwang, H. Ushiba
and M. Shinozuka, 2/29/88, (PB88-229471).

“Scismic kragility Analysis of Shear Wall Structures,” by J-W Jaw and HH-M. Hwang, 4/30/88, (PB8S-
102867).

“Base Isolation of a Muiti-Story Building Under a Hammonic Ground Motion - A Comparison of
Performances of Various Systems,” by F-G Fan, G. Ahmadi and .G. Tadjbakhsh, 5/18/88, (PB89-122238}.

"$eismic Floor Response Spectra for a Combined System by Green's Functions,” by F.M. Lavelle, L.A.
Bergman and P.D. Spanos, 5/1/88, (PB89-102873).

"A New Solution Technique for Randomly Excited Hysteretic Structures,” by G.Q. Cai and YK. Lin,
5/16/88, (PBS9-102883).

"A Study of Radiation Damping and Soil-Structure Interaction Effects in the Centrifuge,”
by K. Weissman, supervised by J.H. Prevost, 5/24/88, (PB89-144703).

"Paramcter Identification and Implementation of a Kinematic Plasticity Model for Frictional Sotils,” by J.H.
Prevost and D.V. Griffiths, to be published.

"Two- and Three- Dimensional Dynemic Finite Element Analyses of the Long Valley Dam.,” by D.V.
Griffiths and J.H. Prevost, 6/17/88, (PB89-144711).

"Damage Assessment of Reinforced Concrete Structures in Eastern United States,” by A M. Reinhom, M.J.
Seidel, SK. Kunnath and Y.) Park, 6/15/838 (PB89-122220).

“Dynamic Compliance of Vertically Loaded Strip Foundations in Multilayered Viscoelastic Soils,” by S.
Ahmad and A.SM. Israil, 6/17/88, (PB89-102891).

*An Experimenta! Study of Scismic Structural Response With Added Viscoelastic Dampers,” by R.C. Lin,
Z. Liang, T.T. Soong and R.H. Zhang, 6/30/88, (PB89-122212). This report is available only through NTIS
(sec address given above).

“Experimental Investigation of Primary - Secondary System Interaction,” by G.D. Manolis, G. Juhn and
A M. Reinhom, 5/27/88, (PB89-122204).

“A Response Spectrum Approsch For Analysis of Nonclassically Damped Structures," by J.N. Yang, S.
Sarkani and F.X. Long, 4/22/88, (PB89-102909}.

"Seismic Interaction of Structures and Soils: Stochastic Approach,” by A.S. Veletsos and AM. Prasad,
7/21/88, (PB89-122196).

“Identification of the Serviceability Limit State and Detection of Seismic Structural Damage,” by E.
DiPasquale and A.S. Cakmak, 6/15/88, (PB89-122188). This report is availablc only through NTIS (sce
address given above).

"Multi-Hazard Risk Analysis: Casc of s Simplk Offshore Structure,” by B.X. Bhartia and E.H. Vanmarcke,
7721788, (PD8S-145213).
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NCEER-88-0024

NCEER-88-0025

NCEER-88-0026

NCEER-88-0027

NCEER-88-0028

NCEER-88-0029

NCEER-88-0030

NCEER-38-0031

NCEER-83-0032

NCEER-38-0033

NCEER-88-0034

NCEER-88-0015

NCEER-88-0036

NCEER-88-0037

NCEER-88-0038

NCEER-33-003%

NCEER-88-0040

NCEER-33-0041

“Automated Seismic Design of Reinforced Concrete Buildings,” by Y.S. Chung, C. Meyer and M.
Shinozuka, 7/5/88, (PB89-122170). This repon is available only through NTIS (s¢e address given above).

"Experimental Study of Active Control of MDOF Structures Under Scismic Excitations,” by L.L. Chung,
R.C. Lin, T.T. Soong and A.M. Reinhorn, 7/10/88, (PB89-122600).

"Earthquake Simulation Tests of a Low-Rise Metal Structure,” by 1.S. Hwang, K.C. Chang, G.C. Lee and
RL. Ketter, 8/1/88, (PB89-102917).

"Systems Study of Urban Response and Reconstruction Due to Catastrophic Earthquakes,” by F. Kozin and
H.K. Zhou, 9/22/88, (PB90-162348).

*Seismic Fragility Anslysis of Planc Fmme Structures.” by HH-M. Hweng and Y.K. Low, 7/31/88, (PB89-
131445).

“Responsc Analysis of Stachastic Structures,” by A, Kardara, C. Bucher and M. Shinozuka, 9/22/88, (PB89-
174429).

"Nonnormal Accelerations Duc to Yickling in a Primary Siructure,” by D.C.K. Chen and L.D. Lutes,
9/19/88, (PB39-131437).

"Design Approaches for Soil-Structure Interaction,” by A S. Veletsos, A.M. Prasad and Y. Tang, 12/30/88,
(PB89-174437). This report is available only through NTIS (see address given above).

"A Re-cvaluation of Design Spectra for Seismic Damage Control,” by C.J. Turkstra and A.G. Tallin,
11/7/38, (PB89-145221).

"The Behavior and Design of Noncontact Lap Splices Subjected to Repeated Inelastic Tensile Loading,"
by V.E. Sagan, P. Gergely and R.N. White, 12/8/88, (PB89-163737).

“Seismic Response of Pile Foundations,” by S.M. Mamoon, P.K. Baneriee and S. Ahmad, 11/1/88, (PB89-
145239).

"Modeling of R/C Buikiing Structares With Flexible Floor Disphmgms (IDARC2)," by A.M. Reinhom,
SK. Kunnath and N. Panshshahi, 9/7/88, (PB39-207153).

*Solution of the Dam-Reservair Interaction Probiem Using a Combination of FEM, BEM with Particulsr
Integrals, Modal Analysis, and Substructuring,” by C-S. Tsai, G.C. Lec and R.L. Ketter, 12/31/38, (PB89-
207146).

"Optimal Placement of Actuators for Structural Control,” by F.Y. Cheng and C.P. Pantclides, 8/15/88,
(PB89-162846).

"Teflon Bearings in Aseismic Base Isolation: Experimental Studies and Mathematical Modeling,” by A.
Mokha, M.C. Constantinou and A.M. Reinhors, 12/5/88, (PR89-218457). This report is available only
through NTIS (see address given above).

“Scismic Behavior of Flat Slab High-Rise Builings in the New York City Arca,” by P. Weidlinger and
M. Euouney, 10/15/88, (PB90-145681).

"Evaluation of the Earthquake Resistance of Existing Buildings in New York City,” by P. Weidlinger and
M. Entouney, 10/i5/88, 10 be published.

"Small-Scale Modeling Techniques for Reinforced Concrete Structures Subjected to Scismic Loads,” by
W. Kim, A. El-Attar and R.N. White, 11/22/88, (PB89-189625).
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NCEER-88-0042

NCEER-88-0043

NCEER-38-0044

NCEER-38-0045

NCEER-38-0046

NCEER-88-0047

NCEER-890001

NCEER-89-0002

NCEER-89-0003

NCEER-89-0004

NCEER-89-0005

NCEER-89-0006

NCEER-89-000/

NCEER-89-0008

NCEER-89-0009

NCEER-89-R(10

NCEER-89-0011

NCEER-8%-0012

"Modeling Strong Ground Motion from Mulliple Event Earthquakes,” by G.W. Ellis and A.S. Cakmak,
10/18/88, (PB89-174445).

"Nonstationary Modcls of Scismic Ground Acccleration,” by M. Grigoriu, S.E. Ruiz and E. Rosenblueth,
7/15/88, (PB89-189617).

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames,” by Y.S. Chung, C. Meyer and
M. Shinozuka, 11/9/88, (PB89-174452).

"First Expert Panel Mecting on Disaster Rescarch and Planning,” cdited by J. Pantelic and J. Siwoyle,
9/15/88, (PB39-174460).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlincar Seismic Response of Siweel
Frames," by C.Z. Chrysostomou, P. Gergely and J.F. Abcl, 12/19/88, (PB89-208383).

"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Openation,” by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/83, (PB39-174478).
"Effects of Protective Cushion and Soil Compliancy on the Responsc of Equipment Within a Scismically
Excited Building,* by J.A. HoLung, 2/16/89, (PB89-207179),

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures,” by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB8$-207187).

"Hysteretic Columns Under Random Excitation,” by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-196513).

"Experimental Study of ‘Elephant Foot Bulge’ Instability of Thin-Walled Metal Tanks,” by Z-H. Jia and
R.L. Ketier, 2/22/89, (PB89-207195).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault,” by I. Isenberg, E. Richandson
and T.D. O'Rourke, 3/10/89, (PBE9-218440). This report is available only through NTIS (see address given
above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings,” by M. Subramani,
P. Gergely, CH. Conlkey, J.F. Abel and A H. Zaghw, 1/15/89, (PB89-218465).

"Liquefaction Hazards and Their Effects on Buried Pipelines,” by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481}).

*Fundamentals of System Identification in Structural Dynamics,” by H. Imai, C-B. Yun, 0. Maryyama and
M. Shinozuka, 1/26/39, (PB89-207211).

*Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico,” by
A.G. Aysla and M.J. O'Rourke, 3/3/89, (PB89-207229).

"NCEER Bibliography of Farihquake Education Materials,” by K.EK. Ross, Second Revision, %1/89,
(PB90-125352),

“Inclastic Three-Dimensionsl KResponse Analysis of Reinforced Concrete Building
Structurcs (IDARC-3D), Part | - Modeling." by S.K. Kunnath and AM. Reinhom, 4/17/89, (PB90-114612).

"Recommended Modifications to ATC-14," by C.D. Poland and J.0. Malley, 4/12/89, (PB90-108648).



NCEER-89-0013

NCEER-89-0014

NCEER-89-0015

NCEER-89-0016

NCEER-89-P017

NCEER-$9-0017

NCEER-89-0018

NCEER-89-001%

NCEER-8%-0020

NCEER-85-0021

NCEER-89-0022

NCEER-8%-0023

NCEER-89-0024

NCEER-89-0025

NCEER-8%-0026

NCEER-89-0027

NCEER-89-0028

"Repair and Strengthening of Beam-to-Cowmn Connections Subjected 1o Earthquake Loading,” by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-1098835).

“Program EXKAL2 for [dentification of Structural Dynamic Systems,” by O. Maruyams. C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877).

"Response of Frames With Bolted Semi-Rigid Connections, Part | - Experimental Study and Analytical
Predictions,” by P.J. DiCorso, A.M. Reinhom, J.R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89,
to be published.

“ARMA Monte Carlo Simulation in Probabilistic Structural Asalysis," by P.D. Spanos and M.P. Mignolkt,
7110/89, (PB90-109893).

"Preliminary Procecdings from the Conference on Disaster Preparedness - The Place of Eamhquake
Education in Our Schools,” Edited by K.E.K. Ross, &23/89, (PB90-108606).

*Proceedings from the Conference on Disaster Preparedness - The Place of Earthquske Education in Our
Schools,” Edited by K.E.K. Ross, 12/31/89, (PB90-207895). This report is available only through NTIS (see
address given above).

“Multidimensional Models of Hysterctic Meterial Behavior for Vibration Analysis of Shape Memory Encrgy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarclli, 6/7/89, (PB90-164146).

"Nonlincar Dynamic Analysis of Three-Dimensional Base Isclated Structures (3D-BASIS)* by S.
Nagarajainh, A.M. Reinhom and M.C. Constantinou, 8/3/89, (PB9C-161936). This report is available only
through NTIS (see address given above).

*Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints,” by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445).

"Subsurface Conditions of Memphis and Shelby County,” by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7726/39, {PB90-120437).

“Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines,” by K. Elhmadi and M.J.
O'Rourke, 824/89, (FB90-162322).

“Workshop on Scrvicesbility Analysis of Waier Delivery Systems,” edited by M. Grigoriu, 3/6/89, (PBS0-
127424).

“Shaking Table Swdy of a 1/5 Scale Steel Frame Composed of Tapered Members,” by
K.C. Chang, 1.5. Hwang and G.C. Lee, 9/13/89, (PB90-160169).

"DYNAID: A Computer Progam for Noalinear Scismic Site Response Analysis - Techaical
Documentation,” by Jean H. Prevost, 9/14/89, (PD90-161944). This report is available only through NTIS
(sce address given above).

"1:4 Scale Model Studies of Active Tendon Sysiems and Active Mass Dampers for Aseismic Prosection,”

by AM. Reinhor.,, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-
173248).

“Scaticring of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods,” by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145659).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures,” by HHM.
Hwang, J-W. Jaw and A.L. Ch'ng. 8731/89, (PB90-164633).
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NCEER-89-1029

NCEER-89-0030

NCEER-89-0031

NCEER-89-0032

NCEER-89-0033

NCEER-89-0034

NCEER-89-0035

NCEER-89-0036

NCEER-89-0037

NCEER-89-0038

NCEER-89-0039

NCEER-89-0040

NCEER-89-0041

NCEER-90-0001

NCEER-90-0002

NCEER-90-0003
NCEER-90-0004

NCEER-90-0005

NCEER-90-0006

“Bedrock Accelerations in Memphis Ares Due to Large New Madrid Earthquakes,” by H.H.M. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330).

“Seismic Behavior and Response Sensitivity of Sccondary Structural Systems,” by Y.Q. Chen and T.T.
Soong, 16/23/89, (PB90-164658).

“Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems,” by Y. [brahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PR90-161951).

*Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Humads, 12/1/89,
(PB90-209388).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures,” by J. M. Bracei,
A.M. Rcinhom, J.B. Mander and S.K. Kunnath, 9/27/89.

“On the Relation Between Local and Global Damage Indices,” by E. DiPasquale and A S. Cakmak, 8/15/89,
(PB90-173865).

*Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts,” by AJ, Walker and HE. Stewart,
7/26/39, (PB90-183518).

“Liguefaction Potential of Surficial Deposits in the City of Buffalo, New York,* by M. Budhu, R. Giese
and L. Baumgrass, 1/17/89, (PB90-208455).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,” by A S. Veletsos and Y. Tang,
15/89, (PB90-164294).

*Workshop on Ground Motion Parameters for Seismic Hazard Mapping.” July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PR90-173923).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority,” by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB90-207887).

“Centrifugal Modeling of Dynamic Soil-Structure Interaction,” by K. Weissman, Supervised by LH.
Prevost, 5/10/89, (PB%0)-207879).

“Linearized Identification of Buildings With Cores for Seismic Vuinerability Assessment,” by 1-K. Ho and
AE. Aktan, 11/1/89, {(PB90-251943).

"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco,”
by T.D. O'Rourke, HE. Stewart, F.T. Blackbum and T.S. Dickerman, 190, (PB90-208596).

"Nonnormal Secondary Response Due 1o Yielding in a Primary Structure,” by D.CK. Chen and L.D. Luses,
272890, (PB90-251976).

“Earthquake Education Materials for Grades K-12," by K.EK. Ross, #1690, (PBO1-251984).
“Catalog of Strong Motion Stations in Easies North America.” by RW. Busby, 4/390, (PB90-251984).

"NCEER Strong-Motion Data Basc: A User Manual for the GeoBasc Rekease (Version 1.0 for the Sun3)”
bv P. Friberg and K. Jacob, 3/31/90 (PB90-258062).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1311-1812 Type New Madrid Emrthquake,”
by HHM. Hwang and C-H.S. Chen, #/16/90(PB90-238034).
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NCEER-%0-0007

NCEER-%0-0008

NCEER-90-0009

NCEER-%0-0010

NCEER-9%0-0011

NCEER-90-0012

NCEER-90-0013

NCEER-90-0014

NCEER-%0-0015

NCEER-90-0016

NCEER-9G-0017

NCEER-90-0018

NCEER-9%0-001%

NCEER-30-0020

NCEER-90-0021

NCEER-90-0022

NCEER-90-0021

NCEER-%-0024

Site-Specific Response Spoctra for Memphis Sheahan Pumping Station,” by HH.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Sysiems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. G'Rourkc and M. Shinozuka, 5/25/90, (PB?1-108337).

"A P: gram to Generate Site Dependent Time Histories: EQGEN,” by G.W. Ellis, M. Srinivasan and A S.
Cakmak, 1/30/90, (PB91-108829).

"Active Isolation for Scismic Protection of Operating Rooms,” by M.E. Talbowt, Supervised by M.
Shinozuks, /89, (PB91-110203).

"Program LINEARID for Identification of Linear Structural Dynamic Systems.” by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312).

*Two-Dimensional Two-Phase Elasto-Plastic  Seismic Response of Earth Dems” by AN
Yiagos, Supervised by J.H. Prevost, 62090, (PB91-110197).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity,” by G.D. Msnolis, G. Juhn, M.C. Constantinou and A M. Reinhom, 7/1/90, (PB91-
110320).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details,” by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 32290, (PB91-108795).

*Two Hybrid Control Systems for Building Structures Under Strong Earthquakes,” by I.N. Yang and A.
Daniclians, 6/29/90, (PB91-125393).

"Insantaneous Optimal Control with Acceleration and Velocity Feedback,” by JN. Yang and Z. Li,
6/29/90, (PB91-125401).

*Reconnaissance Report on the Northemn Iran Eanthquake of June 21, 1990, by M. Mehmin, 10/4/90,
(PB91-125377).

*Evaluation of Liquefaction Potential in Memphis and Shelby County,” by T.5. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/90, (PB91-125427).

“Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Sieel Spring Isolation
System,” by M.C. Constantinou, A.S. Mokha and A.M. Reinhom, 10/4/90, (PB91-125385).

“Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with
a Spherical Surface,” by A.S. Mokha, M.C. Constantinou and AM. Reinhom, 10/11/0, (PE91-125419).

"Dynamic Interaction Factors for Floating Pile Groups,” by G. Gazetas, K. Fan, A. Kaynis and E. Ksusel,
9/10/90, (PB91-170381).

“Evalustion of Seismic Damage Indices for Reinforced Concrese Structures,” by S. Rodriguez-Gomez and
A.S. Cakmsk, 9/3050, PB91-171322).

*Sudy of Site Response st a Selected Memphis Site," by H. Desai, S. Ahmad, E.S. Gazetas snd MR. Oh,
10/1190, (PB91-196857).

*A User's Guide 1o Strongmo: Version 1.0 of NCEER's jon Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/1580, (PB91-171272).
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NCEER-90-0025

NCEER-90-0026

NCEER-90-0027

NCEER-90-0028

NCEER-90-0029

NCEER-91-0001

NCEER-91-0002

NCEER-91-0003

NCEER-91-0004

NCEER-91-0003

NCEER-91-0006

NCEER-91-0007

NCEER-91-0008

NCEER-91-0009

NCEER-91-0010

NCEER-91-0011

NCEER-91-0012

NCEER-91-0013

“A Three-Dimensional Analytical Study of Spatial Variability of Scismic Ground Motions,” by L-L. Hong
and A.H.-S. Ang, 103090, (PB91-170399).

“MUMOID User's Guide « A Progmm for the Identification of Modal Parameters,® by S. Rodri guez-
Go mez and E. DiPasquale, 9/30/90, (PB91-171198).
"SARCF-11 User’s Guide - Scismic Analysis of Reinforced Concrete Frames,” by S. Rodri  guez-Go mez,

Y.S. Chung and C. Meyer, 9/30/90, (PB91-171280).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Scismic Isolation,” by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561).

"Soil Effects on Easthquake Ground Motions in the Memphis Area,” by H. Hwang, C.5. Lec, K.W. Ng and
T.S. Chang, 87290, (PB91-190751).

"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilitics
and Countermeasures for Soil Liquefaction, December 17-19, 1990, edited by T.D. O’'Rowke and M.
Hamada, 2/1/91, (PB91-179259).

“Physical Space Solutions of Non-Proportionally Damped Systems,” by M. Tong, Z. Liang and G.C. Lee,
1/1581, (PB91-179242).

*“Seismic Response of Single Piles and Pile Groups,” by K. Fan and G. Gazetas, 1/10/91, (PB92-174994).

“Namping of Structurcs: Part 1 - Theory of Complex Damping.” by Z. Liang and G. Lee, 1071091, (PB92-
197235).

"3D-BASIS - Nonlincar Dynamic Analysis of Three Dimensional Basc Esolsted Structures: Part 11" by S,
Nagarajaish, AM. Reinhom and M.C. Constamtinou, 272891, (PB91-190553).

"A Multidimensional Hysterctic Modei for Plasticity Deforming Metals in Encrgy Absorbing Devices,” by
E.J. Graesser and F.A. Cozzarelli, 4991, (PB92-108364).

*A Framework for Cusiomizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarre-Anaya and S.J. Fenves, 4991,
(PB91-210930).

“Nonlincar Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,”
by G.G. Deieriein, S-H. Haieh, Y-J. Shen and LF. Abel, 7291, (PB92-113828).

“Earthquake Education Maicrials for Grades K-12," by K.EK. Ross, 43091, (PB91-212142).

"Phase Wave Velocitics and Displacement Phase Differences in a Humonically Oscillsting Pile,” by N.
Makris and G. Gazctas, 7/8/91, (PB92:108356).

*Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yoo, GC. Lee, D.S. Hao and Y.C. Yeh* 77281, (PB93-116648).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoclastic Dampers,” by K.C. Cheng, T.T.
Soong. S-T. Oh and M.L. Lai, 31791, (PR92-110816).

"Earthquake Responsc of Retsining Walls; Full-Scale Testing and Compuiational Modcling,™ by S.
Alampalli and A-WM. Elgamal, 62091, 1o be published.
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NCEER-91-0014

NCEER-91-0015

NCEER-91-0016

NCEER-91-0017

NCEER-91-0018

NCEER-91-0019

NCEER-91-0020

NCEER-91-0021

NCEER-$1-0022

NCEER-91-0023

NCEER-91-0024

NCEER-91-0025

NCEER-91-0026

NCEER-91-0027

NCEER-92-0001

NCEER-92-0002

NCEER-92-0003

NCEER-22-0004

NCEER-92.0005

"3ID-BASIS-M: Nonlincar Dynamic Analysis of Muhiple Building Base Isofaied Structures,” by P.C.
Tsopelas, 8. Nagarajeinh, M.C. Constantinou and A.M. Reinhom, 572891, (PB92-113883).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures.” by D. Theodossiou and M.C.
Constantinou, 6/1091, (PB92-114602).

"Closcd-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plae-Core Building,” by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/1591, (PB92-129980).

"Shake Tabie Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building,* by A.G. El-Attar, R.N.
Whitc and P. Gergely, 2/28/91, (PB92-222447).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar,
R.N. White snd P. Gergely, 272891, (PB93-116630).

"Transfer Functions for Rigid Rectangular Foundations,” by A.S. Veletsos, AM. Prasad and W.H. Wu,
73191,

*Hybrid Control of Seismic-Excited Nonlinear and Inclastic Structural Systems,” by I.N. Yang, Z. Li and
A. Daniclians, 8/191, (PB92-143171).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid," by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742).

"Proceedings from the Implementation of Esrthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers,” by K.EK. Ross and F. Winslow, 7/2391, (PB92-129998).

"A Swmdy of Reliability-Based Criteria for Seismic Design of Reinforced Concretc Frame Buiklings,” by
H.HM. Hwang and H-M. Hsu, 81091, (PB92-140235).

*Experimental Verification of a Number of Structural System Identification Algorithms,” by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/1891, (PB92-176577).

"Probabilistic Evaluation of Liquefaction Potential,* by HHM. Hwang and C.S. Lee,* 1172591, (PB92-
143429).

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers,” by
JN. Yang and Z. Li, 11/1591, (PB92-163807).

“Experimental and Theoretical Study of a Shiding Isolation System for Bridges,” by M.C. Constantinou,
A. Kanoum, A.M. Reinhom and P. Bradford, 11/1591, (PB92-176973).

“Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Yolume 1: Japancss Casc
Studies,” Edited by M. Hamads and T. O'Rourke, 2/17/92, (PB92-197243).

"Case Swmdies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United Stases
Casc Studics,” Edited by T. O'Rowke and M. Hamada, 2/17/92, (PB92-197250).

"Issues in Earthquake Education,” Edited by K. Ross, 2/3/92, (PB92-222389).

“Proceedings from the First 1.S. - Japan Workshop on Earthquake Protective Systems for Bridges,” Edited
by 1.G. Buckle, 2/4/92, (FB94-142239, A99, MF-A00).

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space,” A.P. Theoharis,
G. Deodatis and M. Shinozuka, 1/2/92, 10 be published.
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NCEER-92-0006

NCEER-92-0007

NCEER-92-0008

NCEER-92-0009

NCEER-92-0010

NCEER-92-0011

NCEER-92-0012

NCEER-92-0013

NCEER-92-0014

NCEER-92-0015

NCEER-92-0016

NCEER-92-0017

NCEER-92-0018

NCEER-92-0019

NCEER-92-0020

NCEER-92-0021

NCEER-92-0022

NCEER-92-0023

NCEER-92-0024

"Proccedings from the Site Effects Workshop,” Edited by R. Whitman, 2/29/92, (PR92-197201).

“Engineering Evaluation of Permanent Ground Deformations Due to Scismically-Induced Liquefaction,”
by M.H. Baziar, R. Dobry and A-W.M. Elgamal, 3/24/92, (PB92-222421).

"A Procedure for the Seismic Evaluation of Buildings in the Central and Eastern United States,” by C.D.
Poland and J.0. Malley, 4/2/92, (PB92-2224139).

“Experimental and Analytical Study of a Hybrid Isolation Systen Using Friction Controliable Sliding
Bearings,” by M.Q. Feng, S. Fujii and M. Shinozuka, 5/1592, (PB93-150282).

"Scismic Resisunce of Slab-Column Connections in Existing Non-Ductile Flat-Plate Buildings," by A..
Durrani and Y. Du, $/1892.

"The Hysteretic and Dynamic Behavior of Brick Masonry Walls Upgraded by Ferrocement Coatings Under
Cyclic Loading and Strong Simulated Ground Motion,” by H. Lee and S.P. Prawel, 5/11/92, to be
published.

“Study of Wire Rope Systems for Scismic Protection of Equipment in Buildings.” by G.F. Demetriades,
M.C. Constantinou and AM. Reinhom, 5/20/92,

"Shape Memory Structural Dampers: Material Properties, Design and Seismic Testing,” by P.R. Witting
and F.A. Cozzarclli, 5/26/92.

“Longitudinal Permanent Ground Deformation Effects on Buried Continuous Pipelines,” by M.J. O'Rourke,
and C. Nordberg, 6/15/92.

"A Simuiation Method for Stationary Gaussian Random Functions Based on the Sampling Theorem,” by
M. Grigoriu and S. Balopoulou, 6/11/92, (PB93-127496).

"Gravity-Load-Designed Reinforced Concrete Buildings: Seismic Evaluation of Existing Construction and
Detailing Strategies for iImproved Seismic Resistance,” by G.W. Hoffmann, S.K. Kunnath, A M. Reinhom
and J.B. Mander, 7/15/92, (PB94-142007, A08, MF-A02).

"Obscrvations on Water System and Pipeline Performance in the Limén Area of Costa Rica Due o the
April 22, 1991 Earthquake,” by M. O'Rourke and D. Ballantyne, 63092, (PB93.126811).

"Fourth Edition of Earthquake Education Materials for Grades K-12," Edited by K.EK. Ross, 8/1092.
"Procecdings from the Fourth Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilitics

and Countermeasures for Soit Liquefaction,® Ediked by M. Hamada and T.D. O'Rourke, 8/1292, (PB93-
163939).

*Active Bracing System: A Full Scale Implementation of Active Control,” by A.M. Reinhomn, T.T. Scong,
RC. Lin, MA. Riley, Y.P. Wang. S. Aizawa and M. Higashino, &/14/92, (FB93-127512).

*Empirical Analysis of Horizontal Ground Displacement Genersted by Liquefaction-induced Laseral
Spreads” by S.F. Bartlett and T.L. Youd, 8/17/92, (PB93-188241).

“IDARC Version 3.0: Inclastic Damage Analysis of Reinforced Concrete Structures,” by S K. Kunnath,
AM, Reinhomn and RF. Lobo, 83192, (PB93-227302, A07, MF-A02).

"A Semi-Empirical Analysis of Strong-Motion Peaks in Terms of Seismic Source, Propagation Path and
Local Site Conditions, by M. Kamiyams, M.J. O'Rourke and R. Flores-Berrones, 9/9/92, (PB93-150266).
“Scismic Behavior of Reinforced Concrese Frame Structures with Nonductile Details, Part I: Summary of

Experimentsl Findings of Full Scale Beam-Columa Joint Tests,” by A. Beres, RN. White and P. Gergely,
9/30/92, (PB93-227783, A0S, MF-AO1).
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NCEER-92-0025

NCEER-92-0026

NCEER-92-0027

NCEER-92-0028

NCEER-92-0029

NCEER-92-0030

NCEER-92-0031

NCEER-92-0032

NCEER-92-0033

NCEER-92-0034

NCEER-93-0001

NCEER-93-0002

NCEER-93-0003

NCEER-93-0004

NCEER-93-0003

NCEER-93-0006

"Experimental Resulis of Repaired and Retrofited Beam-Column Joint Tests in Lightly Reinforced
Concrete Frame Buildings,” by A. Beres, S. El-Borgi, R.N. White and P. Gergely, 102992, (PB93-227791,
A0S, MF-A01).

*A Generalization of Optimal Control Theory: Linear and Nonlinear Structures,” by J.N. Yang, Z. Li and
S. Vongchavalitkul, 11/292, (PB93-188621).

*Scismic Resistance of Reinforced Concrete Frame Stouctures Designed Only for Omvity Loads: Pant I -
Design and Propertics of 8 One-Third Scale Model structure,” by J.M. Bracci, A.M. Reinhom and J.B.
Mander, 12/192, (PB94-104502, AOB, MF-AQ2).

"Seismic Resistance of Reinforced Concrete Frame Structures Designed Only for Gravity Loads: Part I -
Experimental Performance of Subassemblages,” by L.E. Aycardi, J.B. Mander and A.M. Reinhom, 12/1/92,
(PB94-104510, ADB, MF-A02).

*Seismic Resistance of Reinforced Concretc Frame Structures Designed Only for Gravity Loads: Pan 111 -
Experimental Performance and Analytical Study of a Structural Model,” by J.M. Bracci, AM. Reinhom
and J.B. Mander, 12/152, (PB93-227528, A(09, MF-A01).

*Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Part 1 - Experimental
Performance of Retrofitted Subassemblages,” by D. Choudhuri, J.B. Mander and A.M. Reinhom, 12/8/92,
(PB93-198307, A0?7, MF-A02).

"Evaluation of Seismic Retrofit of Reinforced Concrete Frame Structures: Pant II - Experimental
Performance and Analytical Study of a Retrofitted Structural Model,” by J.M. Bracci, A.M. Reinhom and
J.B. Mander, 12/8/92, (PB93-198315, A09, MF-A03).

*Experimenwl and Analytical Investigation of Scismic Response of Structures with Supplemental Fluid
Viscous Dampers,” by M.C. Constantinou and M.D. Symans, 12/2192, {(PB93-191435).

*Reconnaissance Report on the Cairo, Egypt Earthquake of October 12, 1992," by M. Khater, 12/23/92,
{PB93-188621).

"Low-Level Dynamic Characteristics of Four Tall Flai-Plate Buildings in New York City,” by H. Gavin,
S. Yuan, J. Grossman, E. Pckelis and K. Jacob, 12/28/92, (PB93-188217).

"An Experimenial Swdy on the Scismic Performance of Brick-Infilled Stcel Frames With and Without
Retrofit” by J.B. Mander, B. Nair, K. Wojtkowski and J. Ma, 172993, (PB93-227510, A07, MF-A(Q2).

*Social Accounting for Disaster Preparcdness and Recovery Planning,” by 5. Cole, E. Pantoja and V.
Raznk, 2/22/93, {PB9%4-142114, A12, MF-A03).

*Assesement of 1991 NEHRP Provisions for Nonstructural Components and Recommended Revisions,” by
T.T. Soong, G. Chen, Z. Wy, R-H. Zhang and M. Grigoriu, 3/193, (PB93-188639).

"Evaluation of Static and Responsc Spectrum Analysis Procedures of SEAOC/UBC for Seismic Isolstod
Structures.” by C.W. Winters and M.C, Constantinou, 372393, (PB93-198299).

"Earthquakes in the Northeast - Arc We Ignoring the Hazard? A Workshop on Earthquake Science and
Safety for Educators, edited by K.E.X. Ross, 4293, (PBM-103066, A09, MF-A02).

"*inclastic Response of Reinforced Concrete Structures with Viscoclastic Braces,” by R.F. Lobo, .M.
Bracci, K.L. Shen, AM. Reinhom and T.T. Soong, 4/593, (PB93-227486, A0S, MF-AQ2).
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NCEER-93-0007

NCEER-93-0008

NCEER-93-0009

NCEER-93-0010

NCEER-23-0011

NCEER-93-0012

NCEER-93-0013

NCEER-93-0014

NCEER-93-0015

NCEER-93-0016

NCEER-93-0017

NCEER-93-0018

NCEER-93-0019

NCEER-93-0020

NCEER-93-0021

NCEER-93-0022

NCEER-93-0023

NCEER-94-0001

"Seismic Testing of Installation Methods for Computers and Data Processing Equipment,” by K. Kosar,
T.T. Soong, K.L.. Shen, J.A. HoLung and Y K. Lin, 4/12/93, (PB93-198209).

“Retrofit of Reinforced Concrete Frames Using Added Dampers,” by A. Reinhom, M. Constantinou and
C. Li, to be published.

"Seismic Bechavior and Design Guidelincs for Stecl Frame Structures with Added Viscoclastic Dampers,”
by K.C. Chang, M.L. Lai, T.T. Soong, D.S. Hao and Y.C. Yeh, 3/1/93, (PB94-141959, A07, MF-A02).

*Scismic Performance of Shear-Critical Reinforced Concrete Bridge Picrs,” by J.B. Mander, S.M. Waheed,
M.T.A. Chaudhary and S.S. Chen $/1293, (PB93-227494, A08, MF-A02),

"3D-BASIS-TABS: Compuler Program for Nonlincar Dynamic Analysis of Three Dimcnsiona! Base
isolated Structures,” by S. Nagarajaish, C. Li, AM. Reinhom and¢ M.C. Constantinou, 8293, (PB94-
141819, A09, MF-A02).

"Effects of Hydrocarbon Spills from an Qil Pipeline Break on Ground Water,” by O.). Helweg and HHM.
Hwang, 8393, (PB94-141942, A06, MF-A02).

“Simplificd Procedures for Scismic Design of Nonstructural Compenents and Asscssment of Current Code
Provisions," by M.P. Singh, L.E. Suarez, E.E. Matheu and G.0. Maldonado, 8/4/93, (PR94-141827, AQ9,
MF-A02).

"An Energy Approach to Seismic Analysis and Design of Secondury Systems,” by G. Chen and T.T. Soong,
8:6/93, (PB%4-142767, All, MF-A03).

"Proceedings from Schoal Sites: Becoming Prepared for Earthquakes - Commemorating the Third
Anniversary of the Loma Pricta Earthquake,” Edited by F.E. Winslow and K.EK. Ross, 8/1693.
"Reconnaissance Report of Damage to Historic Monuments in Cairo, Egypt Following the October
12, 1992 Dahshur Earthquake," by D. Sykora, D. Look, G. Croci, E. Karacsmen and E. Karacsmen,
8/19/93, (PB94-142221, A0S, MF-AQ2).

"The Island of Guam Earthquakc of August 8, 1993, by S.W. Swan and S.K. Harris, 9/30/93, (PBM-
141843, AO4, MF-A01).

“Engineering Aspects of the October 12, 1992 Egyptian Earthquake,” by A.W. Elgamal, M. Amer, K.
Adalicr and A. Abul-Fadl, 107793, (PB94-141983, A0S, MF-A01).

“Development of an Earthquake Motion Simulator and its Application in Dynamic Centrifuge Testing,” by
1. Krstelj, Supervised by J.H. Prevost, 10v23/93.

“NCEER-Tais¢i Corporation Research Program on Sliding Seismic Isolation Systems for Bridges:
Experimental and Analytical Study of a Friction Pendulum System (FPS)," by M.C. Consuntinou, P.
Tsopclas, Y-S. Kim and 5. Okamoto, 11/193, (PB9%4-142775, A0S, MF-A02).

*Finite Element Modeling of Elastiomeric Scismic Isolation Bearings," by L.J. Billings, Supervised by R.
Shepherd, 11/8/93, to be published.

"Seismic Vulnerability of Equipment in Critical Facilities: Life-Safety and Operational Consequences,” by
K. Porter, G.S. Johnson, MM. Zadeh, C. Scawthomn and S. Eder, 11/24/93.

"Hokkaido Nansci-oki, Japan Earthquake of July 12, 1993, by P1. Yanev and C.R. Scawthorn, 12/23/93,
*An Evaluation of Seismic Serviceability of Water Supply Networks with Application to San Francisco
Auxilinry Water Supply System,” by 1. Markov, Supervised by M. Grigoriu and T. O'Rourke, 172154,
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NCEER-94-0002

NCEER-94-0003

NCEER-%4-0004

NCEER-34-0003

NCEER-94-0006

NCEER-%4-0007

NCEER-$4-0008

NCEER-%4-0009

NCEER-94-0010

NCEER-94-0011

"NCEER-Taisei Comporation Research Program on Sliding Seismic Isolstion Syswems for Bridges:
Exporimental and Analytical Study of Systems Consisting of Sliding Bearings, Rubber Restoring Force
Devices and Fluid Dampers,” Yolumes 1 and 1L, by P. Tsopelas, S. Okamoto, M.C. Constantinou, D. Ozaki
and S. Fujii, 2/4/94.

*A Markov Model for Local and Global Damage Indices in Scismic Analysis,” by S, Rahman and M.
Grigoriu, 2/18/94, to be published.

*Proceedings from the NCEER Workshop on Seismic Response of Masonry Infills," edited by D.P. Abrams,
3/194,

“The Northridge, California Earthquake of January 17, 1994: General Reconnaissance Report” edited by
1.D. Gohz, 3/11%4.

"Scismic Encrgy Bascd Fatigue Damage Analysis of Bridge Columns: Part | - Evaluation of Scismic
Capacity,” by G.A. Chang and J.B. Mander, 3/14/94, to be published.

"Scismic Isolation of Multi-Story Frame Structures Using Spherical Sliding Isolation Systems,” by T.M.
Al-Hussaini, V.A. Zayas and M.C. Constantinou, 3/17/94.

*The Northridge, California Earthquake of January 17, 1994; Performance of Highway Bridges.” edited by
1.G. Buckle, 3/24/94.

"Procecdings of the Third U.S.-Japan Workshop on Earthquake Protective Systems for Bridges,” edited by
[.G. Buckle and 1. Friedland, 3/3154.

*3D-BASIS- 'E: Computcr Program for Nonlincar Dynamic Analysis of Scismically Isolaicd Single and
Muttipie Structurcs and Liquid Storage Tanks,” by P.C. Tsopclas, M.C. Constantinou and A.M. Reinhom,
4/12/94, 10 be published.

"The Northridge, Califomis Earthquake of January 17, 1994; Performance of Gas Transmission Pipelines,”
by T.D. O'Rourke and M.C. Pulmer, 5/16/94.
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