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Results are presented of a study undertaken to evaluate the ground movements
associated with various types of faulting and to assess the response of pipelines to
these fault movements. Fault types and the patterns and dimensions of surface
ruptures that occur during an earthquake are described. Correlations are developed-­
between surface fault rupture length, maximum displacement, and earthquake magnitUde.
Historic strike-slip faulting in the United States is investigated and the relation
between strike-slip faults and global plate boundaries is discussed. The effects of
surface faulting on gas distribution and transmission pipelines during the 1971 San
Fernando earthquake are examined. It is concluded that surface faulting is not
likely to occur at earthquake magnitudes less than 5.5. Coseismic slip is said to be
the most damaging type of movement for buried pipelines because it allows little
chance for stress relaxation or redistribution of soil pressures.
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PREFACE

This ~epo~t p~esents the ~esults of ,~esea~ch pe~­

fo~med by Co~nell Unive~si t~~ f''j tL:: National Science

Foundation (NSF) unde~ G~ant Numbe~ CME-8022427. The

NSF P~og~am Manage~s fo~ this ~esea~ch we~e D~s.

William Hakala, Chi Liu, and K. T. Thi~umalai.

The ,main body of this ~epo~t ~ep~esents the M. S.

Thesis ~esea~ch of Michael A. McCaff~ey. Thomas D.

O'Rourke of Co~nell University was Principal Investi­

gator for the resea~ch. F~ed H. Kulhawy and Mi~cea

D. Grigoriu were Associate Investigators, who assisted

with and ~eviewed various aspects of the research

investigations.
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ABSTRACT

Su~face faulting is one of the most damaging

types of ea~thquake-induced ground moven18nt for bu~ied

pipelines. It is important to ~ecognize the location,

dist~ibution, and potential maximum displacement as­

sociated with fault rupture, and the influence of this

movement on buried pipelines crossing active faults.

Data on faults and surface fault rupture were ob­

tained from an extensive lite~ature review in addition

to discussions with researche~s who had made field in­

vestigations of surface- rupture events. Correlations

between fault rupture length, maximum displacement,

and Richter magnitude were developed from these data.

Pipeline response to fault creep was studied by means

of a statistical evaluation of repair records for wa­

ter distribution pipelines crossing and adjacent to

the Hayward fault. In addition, a detailed investiga­

tion of pipeline performance in zones of reverse fault­

ing.during the 1971 San Fernando earthquake was made.

Linear regression analyses performed in this work

provide a means of estimating surface rupture length

and maximum displacement on the basis of earthquake

magnitude. The linear regressions with the highest

degree of statistical significance pertain to strike-
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slip faulting, whereas those with the lowest statis­

tical significance pertain to reverse faulting.

The distribution of strike-slip fault displace-

ment was investigated for several earthquakes. The

distribution of movements along the length of faulting

was found to be skewed, and a model was developed to

approximate this distribution. For purposes of analy-

sis, coseismic slip can be modeled as an abrupt planar

displacement. This modeling assumption is consistent

with the worst field conditions, and generally will
J '

provide for a moderate degree of conservatism in the

analysis.

A hyperbolic function was found to provide a good

representation of the pattern of ground displacement

across zones of fault creep. Using this function,

recurrence intervals for damage to a cast iron pipe­

line were estimated at 18 to 73 years.

The highest concentration of pipeline damage dur­

ing the 1971 San Fernando earthquake occurred within

zones of fault displacement. Sixty-seven percent of

the length of gas distribution pipelines within the

Sylmar segment of the San Fernando fault zone was

replaced. Based partially on field observations, a

simplified model is proposed for choosing the optimal

orientation of a pipeline intersecting a reverse-

oblique fault.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Pipeline systems are built up over a vast area,

and their exposure to seismic hazards usually is

greater than that of individual facilities occupying

small areas. Active faults may be several hundred

kilometers long so that it often is impossible to lo­

cate pipelines to avoid such hazards. For example,

Los Angeles depends on natural gas piped in from oil

fields in the Texas and the San Joaquin Valley and on

water that is conveyed through pipelines from the

Owens Valley and the Colorado and Feather Rivers

(Tugend, 1980). Virtually all major lifelines for Los

Angeles cross the San Andreas fault. A similar situa­

tion eXists in the San Francisco Bay Area. An earth­

quake planning scenario prepared by the California

Division of Mines and Geology (DaVis, et al., 1982)

points out that the City of San Francisco and a number

of municipal utilities in San Mateo, Santa Clara, and

Alameda counties receive water via the Hetch Hetchy

Aqueduct, which crosses the Hayward fault. Major gas

and petroleum transmission lines also cross portions

-1-
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of the Hayward and San Andreas faults.

Surface faulting not only affects populated

areas, but also influences the delive~y of expensive

~aw commodities in ~emote locations. During const~uc­

tion of the T~ans Alaska Pipeline, conside~able effo~t

was devoted to pipeline design at known fault cros­

sings, such as the Denali fault. The T~ans Alaska

Pipeline System t~anspo~ts app~oximately ,$50 million

of oil pe~ day (Oil and Gas Jou~nal, 1980), and thus

the expense of one day's downtime is significant.

Studies that summa~ize data f~om surface faulting

events include those by Richter (1958), Bonilla (1967,

1970, 1979), Bonilla and Buchanan (1970), Slemmons

(1977), and Taylo~ and Cluff (1977). Co~~elations

between su~face ~uptu~e length, displacement, and

earthquake magnitude have been made by Bonilla (1967,

1970, 1982), Bonilla and Buchanan (1970), Krinitzsky

(1974), Slemmons (1977, 1982), and Taylo~ and Cluff

(1977).

Most co~~elations involving fault length, dis­

placement, and ea~thquake magnitude have been devel­

.oped f~om wo~ldwide data. The use of obse~vations

f~om diffe~ent tectonic settings assumes that the

mechanisms of c~ustal displacement a~e sufficiently
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consistent that a gene~al g~ouping of data will lead

to statistically meaningful ~esults. This assumption

may not apply in all cases. Mo~eove~, the g~ouping of

obse~vations with diffe~ent deg~ees of accu~acy means

that va~iation in the data gene~ally inc~ease as the

obse~vations a~e collected f~om inc~easingly wide­

sp~ead sou~ces. It should be emphasized that co~~ela­

tions between fault displacement and magnitude apply

only fo~ maximum fault movement. The va~iations in

displacement along the length and ac~oss the width of

su~face faults a~e not taken into account by such co~­

~elations.

It would be inte~esting to develop co~~elations

between su~face fault length, maximum displacement,

and ea~thquake magnitude, based on a mo~e select

choice of data within a given ~egional setting. A

~elatively la~ge numbe~ of histo~ic. faulting ob­

se~vations have been obtained ro~ Caliro~nia and ad­

joining weste~n U.S. states. These obse~vations

p~ovide an oppo~tunity to develop co~~elations fo~ a

~egionally integ~ated set of ea~thquake mechanisms.

Furthe~mo~e, they p~ovide a data base ro~ which

ea~thquake magnitude and offset measurements a~e

defined in a ~elatively consistent manner.
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A close examination of the dist~ibution of "dis­

placement along the length and ac~oss the width of

su~face fault ~upture would help ~efine estimates of

displacement and establish a basis fo~ p~edicting

fault offset in a statistically significant manne~.

Seve~al cases, e.g., the 1857 Fo~tTejon (Sieh, 1978),

1906 San Francisco (Lawson, et al., 1908), 1968

Bo~~ego Mountain (Cla~k, 1972), and 1979 Imperial

Valley (Sha~p, et al., 1982) earthquakes, provide

observations of displacement which are distributed at

sUfficiently small distances to obtain a good sense of

the distribution of movement.

Studies of fault creep are an1mportant supple­

ment to the research on fault rupture. Areas ofac­

tive creep coincide with zones of previous coseismic

slip (e.g., Bu~fo!"d and Harsh, 1980 and Nason, 1971b)

so that creepobse~vations can p~ovide a means of lo­

cating principal ruptures during future faulting

events. The cumulative c~eep displacements over many

yea!"s may be equivalent in magnitude to the rapid off­

set imposed by faulting. Accordingly, a systematic

study of pipeline response to creep can help clarify

aspects of pipeline response to coseismic slip and

provide a better understanding of the maintenance ~e-
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qUi~ements and ~esidual ~isk associated· with pipelines

influenced by c~eep.

P~evious studies of pipeline ~esponse to c~eep

a~e limited. The defo~mation and offset of two Hetch

Hetchy Aqueduct pipelines f~om c~eep on the Haywa~d

fault have been desc~ibed by Cluff and Steinb~ugge

(1966). O'Rou~ke and T~autmann (1980a) discuss gas

pipeline ~esponse to c~eep on the Calave~as fault.

A study of pipeline system ~esponse to fault c~eep

~equi~es access to utility ~epai~ ~eco~ds fo~ a la~ge

numbe~ of mains. The Haywa~d fault occu~s in a highly

populated a~ea, whe~e it is c~ossed by nume~ous pipe­

lines ove~ a ~elatively long distance. Acco~dingly,

it 1s a good location fo~ studies regarding the long­

te~m pe~fo~mance of pipelines sUbject to fault c~eep.

The ~911 San Fe~nando earthquake ~ep~esents one

of the most 1mpo~tant events with ~espect to ea~th­

quake damage to bu~ied pipelines. Su~face faulting,

which occu~~ed in only 0.5% of the a~ea affected by

st~ong g~ound shaking (Housne~ and Jennings, 1912),

was a p~incipal cause of pipeline damage (Mo~an and

DUke, 1911). Mo~e than 2,400 b~eaks in pipelines we~e

repo~ted in a~eas of fault displacements (Steinbrugge,

et al., 1911). This event p~ovides an oppo~tunity to
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investigate how pipeline damage was dist~ibuted with

~espect to the location of fault movement, and to de­

tet'mine what ot'ientations, soil conditions, and

mechanical featu~es had the most significant impac~ on

pet'fot'mance. In addition, it pt'ovides an oppo~tunity

to study measut'es which may be taken to mitigate

future eat'thquake damage to pipelines.

1.2 OBJECTIVES

Pipeline t'esponse to sUt'faee fault t'uptut'e de­

pends on the type of fault movements, the amount and

distribution of these movements, the o~ientation of'

the· pipeline/fault inte~section, and the type and size

of pipeline. The aims of this study at'e to evaluate

the gt'ound movements associated with va~ious types of'

faulting -and to assess the t'esponse of pipelines to

these fault movements. The fout' main objectives set

to accomplish these goals, at'e to:

1. Desct'ibe the genet'al chat'actet'istics of

su~face faulting. A study of 42 selected

histot'ic surface faulting events 1s used

to cot't'elate the length of' sut'facefaulting

~nd maximum displacement with eat'thquake

magnitUde. The stt'ike-slip and nOt'mal sur­

face faulting events were selected from a
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specific tectonic region of the U.S., encom­

passing the San Andreas fault system and the

Basin and Range Province. These correlations

are compared with those of other researchers,

and their statistical features ar-e summa­

r-ized.

2. Evaluate the char-acter-istics of str-ike-slip

fault displacement fr-om coseismic slip along

the length and acr-oss the width of the main

r-uptur-e zone. Special attention is devoted

to the amount and distr-ibution of fault dis­

placement for- siting of a pipeline/fault in­

ter-section.

3. Investigate long-tenn pipeline per-foromance in

ar-eas of fault cr-eep. Damage is studied for

individual pipelines and pipeline systems

SUbject to cr-eep along the Haywar-d fault.

Pipeline damage is evaluated with respect to

distance fr-om the fault tr-ace center-line,

length of time subjected to cr-eep, and

variation in pipe material. A limit on the

maximum fault cr-eep offset that can be

toler-ated by bur-ied, flexible mains is

der-ived. Recur-r-ence inter-vals for- pipeline
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damage a~e estimated f~om the limit.

4. Summa~ize the cha~acte~istics of pipeline

~esponse to su~face faulting during the 1971

San Fe~nando ea~thquake. Su~face fault dis­

placements a~e studied in detail and co~~e­

lated with repai~s to the gas distribution

system and high pressure gas transmission

lines. The optimal orientation ofa pipeline

intersected by a reverse-oblique fault is

discussed.
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placement along the length and ac~oss the width of

surface ~uptu~e is investigated, and models a~e devel­

oped which ~epresent these distributions.

In Chapter 4 the dist~ibution of c~eep movements

and the long-term pe~formance of buried pipelines

c~ossing the ~ayward fault a~e discussed. Matbemati­

cal functions a~e derived ~epresenting both the pat­

te~n of displacements ac~oss zones of c~eep and limit~

ing offsets for buried, small diameter pipelines.

Chapter 5 deals with the effect~ of surface

faulting on gas dist~ibution and transmission pipe­

lines du~ing the 1971 San Fe~nando ea~thquake. The

zones of surface faulting are identiried and the dam­

age to bu~ied pipelines relative to these zones are

discussed. A model is presented fo~ siting a pipeline

in an a~ea of potential reve~se and strike slip dis­

placement.

Chapter 6 presents the summary and conclusions.

It establishes a basis for evaluating the length of

surface fault ~uptu~e and maximum displacement ~ela­

tive to ea~thquake magnitude, as well as the distribu­

tion of displacement along the length and across the

width of the main fault ~uptu~e zone. The principal

features of pipeline ~esponse to c~eep along the
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Haywa~d fault and coseismic slip du~ing the 1971 San

Fe~nando ea~thquake a~e summa~ized.



CHAPTER 2

CHARACTERISTICS OF SURFACE FAULTING

This chapte~ desc~ibes the types, patte~ns, and

dimensions of su~face ~uptu~es caused by"ea~thquake

faulting. Fault types a~e identified on the basis of

~elative movement~ of opposite sides of the fault. A

system by Bonilla (1967, 1970) is desc~ibed fo~ clas­

sifying the dist~ibution of su~face ~uptu~es commonly

obse~ved during faulting. Co~relat1ons between both

the length of su~face ruptu~e and maximum displacement

with respect to earthquake magnitude are discussed.

Co~relations a~e developed fo~ U.S. events of all

fault types, with ~eve~se faults supplemented by

wo~ldwide data.

2.1 BACKGROUND

Pe~manent diffe~ential displacement of the

earth's c~ust that p~oduces a ~oughly plana~ ~uptu~e

or rupture zone is referred to as faulting. The te~,

fault, was o~iginally used in connection with coal

mining (De La Beche, 1851), whe~e an ab~upt offset in

a coal seam was encounte~ed. Because the coal could

not be mined at its anticipated location, the mine~s

found themselves "at fault"~ Faults of this type we~e

-11-
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often single, distinct planes within the rock mass,

and general models for classification were developed

on the basis of simple, planar features. Surface

faulting during an earthquake frequently results in a

complex system of fissures, compression ridges, and

relative offsets. Although traditional methods of

describing faults do not account for these patterns,

they nevertheless prOVide a framework for distinguish­

ing different types of faulting and for evaluating the

overall directions and mag~itudes of movement.

Sudd-en, crustal displacement during an earthquake

is referred to as coseismic slip. Sudden displace­

ments are the most damaging for pipelines and other

buried structures. When movements develop quiCkly,

there is little chance forgraduaJ,. redistribution of

soil pressures. Iida (1965) estimates that the length

of time over which coseismic slip takes place may vary

from a fraction of a second, in the smallest earth­

quakes, to about 10 seconds in the largest. Displace­

ment from coseismic slip can account for all or part

of the fault displacement. Movement that occurs sub­

sequent to coseismic slip is referred to as afterslip.

It is generally characterized by a gradually increas-

. ing displacement, at a logarithmically decreasing rate
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(Bonnilla, 1982). The ~ate, howeve~, can be tempo~a~­

ily accele~ated by additional ea~thquake activity.

The time dU~ing which 'afte~slip occu~s may vary f~om a

few hours to seve~al months.

Bonilla (1970) discusses post-ea~thquake c~eep,

o~ afte~slip, and points out that, in most instances,

it ~ep~esents only a f~action of the coseismic slip.

Of the seven Califo~nia ea~thquakes fo~ which afte~­

slip has been ~eco~ded, post-ea~thquake displacements

have generally amounted to less than 30% of the co­

seismic slip. Only in the case of the 1966 Pa~kfield­

Cholame ea~thquake did the afte~slip exceed the co­

seismic movement. In this instance, an afterslip of

200 mm was measu~ed ove~ a pe~iod of twelve months,

which ~ep~esents 250% of the maximum coseismic dis­

placement. Anothe~ instance of significant afte~slip

involves the 1976 Guatemala ea~thquake, afte~ which

0.31 m of afte~slip was measu~ed ove~ 20 months at a

location whe~e 0.60 m of coseismic displacement had

occu~~ed (Bucknam, Plafke~, and Sha~p, 1978).

Although su~face faulting is less likely to occu~

as the magnitude of the ea~thquake dec~eases, the~e is

no clea~ ~elationship between the occu~~ence of su~­

face faulting and a th~eshold magnitude at which
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faulting is initiated. Indeed, many significant

earthquakes are not even accompanied by surface fault­

ing. Twenty-one earthquake shocks with land-based

epicenters and magnitudes greater than 6.0 were re­

corded in California between 1932 and 1972 (Hileman,

Allen, and Nordquist, 1973 and Bolt and Miller,

1975). Of these, only five wer'eassociated with

surface faulting. Krinitzsky (1974) points out that

surface fauling rarely occurs when the earthquake

magnitude is less than 5.4. Slemmons (1977) summa­

rizes 87 worldwide events after which surface fault

displacements were observed. Of these, eight were

earthquakes of magnitUde between 5.1 and 5.9. With

one exception, the instances of surface faulting cor-"

relate with earthquake magnitudes greater than 5.0.

The only exception is the 1966 Imperial Valley earth­

quake of magnitude 3.6, in which 15 mm of surface

movement was recorded in an area where creep had pre­

viously been noted (Brune and Allen, 1967).

Creep involves very small, episodic fault move­

ments that are not associated with afterslip or di­

r'ectly triggered by per'ceptible earthquake activity.

They are often aver'aged over' several years and ex­

pressed inter'ms of an annual rate of displacement at
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a given location. Creep has been observed on the San

Andreas fault (Burford and Harsh, 1980 and

Steinbrugge, et al., 1960), the Imperial fault and

Brawley fault zones (Cohn, et al., 1982), the Hayward

fault (Radbruch and Bonilla, 1966), and the Calaveras

fault (Armstrong and Wagner, 1980). Although creep

occurs in small increments, the cumulative displace­

ment over a period of years may cause substantial

offsets, thereby affecting pipeline performance at

some fault crossings. Creep will be discussed in the

forthcoming chapter on strike-slip faults since it

occurs predominantly on this fault type.

2.2 FAULT TYPES

Methods for classifying faults are described by

Billings (1972), based on geometric relations and rel­

ative and absolute displacement. Relative displace­

ment is the most commonly used means of classifying

faults for engineering purposes. For example,

Krinitsky (1974) and Slemmons (1977) define the prin­

cipal types of faulting on this basis.

Models of fault displacement involve simplifying

assumptions, the most important of which is that dis­

placement is confined to a single plane. Although

this method of visualizing fault movement does not ac-
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count for the complex surface patterns that are often

observed, it nevertheless sets an upper bound on the

severity of deformation for a given magnitude of total

offset. Because pipeline deformations will often be

confined to a local area, rotational fault movement is

not likely to have a significant influence on pipeline

performance.

The orientation of a fault plane is described by

the strike and dip of the plane. The direction, or

bearing, of the line of intersection between a fault

plane and the horizontal plane is the strike of the

fault. The angle between the horizontal plan~ and a

fault plane is the dip. A fault trace is the expres­

sion of a fault plane intersecting the ground surface9

A strike-slip fault is one in which the predomi­

nant component of slip is a horizontal displacement

parallel to the fault plane. This type of displace­

ment is called strike slip. Displacement of two for­

merly adjacent points on opposite sides of· a fault -de­

fine the direction of relative slip. If the opposite

side of the fault is offset from right to left, the

fault is left-lateral, whereas left to right offset is

right-lateral.

A reverse fault is one in which the side overly­

ing the fault plane, or hanging wall, slips upward



-17-

relative to the side underlying the fault plane, or

footwall. During reverse fault displacement, two for­

merly adjacent points on opposite sides of the fault

are offset vertically and overlapped horlzonta~ly.

The overlapping will result in compression or net

shortening of a structure intersecting the fault. A

thrust fault as defined by Billings (1972) is a re­

verse type fault with a dip of less than 45 degrees.

A normal fault is one in which the hanging wall

has slipped downward relative to the footwall. During

normal fault displacement, two formerly adjacent

points on opposite sides of a fault are offset verti­

cally and separated horizontally. The horizontal sep­

aration will subject a structure intersecting the

fault to tension or net extension. Combinations of

strike slip displacement with normal or reverse dis­

placement are called normal-oblique or reverse-oblique

faults, respectively. Diagrammatic sketches of fault

types depicting their relative displacement across the

fault plane are shown in Figure 2.1.

Fault displacements are subdivided into compo­

nents of net slip, dip slip, and strike slip. Figure

2.2 shows the components of slip in block diagrams.

Net slip is the total displacement, measured in the
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Strike slip foult
(Left lateral)

Normal fault

Left oblique normal fault

Reverse foult

(el

Left oblique reverse fault

Fault trace

Hanging wall

Figure 2.1. Block diagrams of fault types (modified from
Clark & Hauge, 1977).
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Legend

AS= Net Slip
AC =DB: Strike Slip

AD =CB= 'Dip Slip
0: Angle Between Fault Strike AC

and Net Slip AS

al Normal Fault

b) Reverse Fault

A

Figure 2.2. Components of fault displacement for
normal and reverse faults.
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fault plane, between two formerly adjacent points.

Dip slip is the component of net slip parallel to the

dip of the fault, and strike slip is the component of

net slip parallel to the strike of the fault. The

amount of horizontal overlapping or separation caused

by fault displacement in the plane perpendicular to

the fault is referred to as heave. The vertical off­

set measured in the same plane is referred to as

throw.

Bonilla and Buchanan (1970) have classified fault

types on the basis of direction and the ratio of

strike to dip slip. Figure 2.3 represents the plane

of a fault dipping toward the observer. Five fault

types are denoted by letters A through E, designatiing

the basic types of faults defined by Bonilla· and

Buchanan (1970): normal, reverse, strike-slip, normal­

oblique, and reverse-oblique. Displacement by fault­

ing of a point on the far side of the fault originally

at the center of the circle, to the rim of the circle,

produces the fault types indicated in the fig~re. The

radial line generated by the displacement of the point

makes an angle ~ with the strike of the fault. Figure

2.2 shows the measurement of ~ in the fault plane,

measured between the net slip in the fault plane and
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Figure 2.3. Fault types defined by slip direction in the
fault plane (after Bonilla and Buchanan, 1970).
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strike of the fault. The value ~ can be measured by

striations on the fault plane indicating the net slip

direction, or it can be calculated from values of

strike slip, (Ss)' and dip slip, (Sd)' (Bonilla and

Buchanan, 1970):

(2.1)

2.3 DISTRIBUTION OF FAULTING

Surface fautling may occur as a single narrow

ground rupture, or as a complex pattern of ground rup­

tures forming a predominant rupture zone. The zone of

principal movement may be .accompanied ·by other rup-

tures at various distances and orientations from the

main fault. The distribution of surface displacments

will depend on the type and amount of main fault move­

ment and on the geologic and topographic conditions

surrounding the fault. Bonilla (1967, 1970) has pro-

posed a system for classifying the distribution of

ground ruptures associated with faulting. The system

defines three categories or zones: the main fault zone

(Zone 1), zone of branch faults (Zone II), and zone of

secondary faults (Zone III). A typical pattern of

faulting is shown +n Figure 2.4, which is used to
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I Main fault zone

II Branch fault

m Secondary faults
I

m
I

m

(

Figure 2.4. Distribution of fault ruptures (after
Bonilla, 1967).
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classify the va~ious ~uptu~e zones.

The main fault is defined as the zone of g~ound

breakage that predominates in terms of length, dis­

placement~ and continuity. Surface ruptures. outside

the main fault zone are regarded as subsidiary faults

and include branch and secondary faults. Branch

faults diverge from the main fault zone and extend a

considerable distance from it. They intersect or can

be inferred to intersect the main fault zone. Dis­

placements a~e generally smaller, but of the same

type, as those along the main zone and their lengths

are shorter. Secondary faults do not intersect the

main fault zone, and no inference regarding their in­

tersection can be made. They usually are the same

fault type, but smaller in terms of displacement and

length, as the main fault zone.

In the case of reverse faulting, secondary faults

may occur as normal faults on the upthrown block.

These secondary features have been known to develop

movements of comparable magnitude to those in the main

fault zone. For example, the maximum scarp on the

main reverse fault caused by the 1980 El-Asnam earth­

quake was 4.2 m, as compared with an ancillary normal

fault scarp of 4 m (Leeds, 1983).
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Of the more than 30 surface faulting events in

North America studied by Bonilla (1967, 1970), at

least half had subsidiary faulting, and in only about

one-sixth of the events was there good evidence that

subsidiary faulting did not occur. The cumulative

length of all subsidiary faults, for 15 surface fault­

ing events, ranged between about 5% and 95% of the

length of the main fault. Of the nine normal faults

included in the study, the cumulative lengths of SUb­

sidiary faults compared with the main fault length

were 38%, as opposed to 7% for the five strike-slip

faults.

Displacement on branch and secondary faults be­

comes smaller with increasing distance from the main

fault zone. In general, strike-slip faults show the

most rapid decay. Bonilla (1970) indicates that dis­

placement on branch and secondary faults located more

than 6 km from the main fault zone centerline is gen­

erally less than 20% of the main fault displacement.

The width of faUlting as defined by Bonilla is

the maximum distance from the centerline of the main

zone to the outer edge of the main, branch, or second­

ary zone of faulting. The maximum width of the branch

fault zone is 0.8 kID for strike-slip faults and 2.6 km



-26-

to 4.8 km for normal and reverse faults. For second-

ary faults, the maximum width is 2.4 km for strike-

slip faults, and 12.9 km to 13.7 km for normal and.
reverse faults.

Bonilla's system depends on the identification of

the main fault zone. Main zone displacements on

large, well-defined faults, such as the San Andreas

fault, have occurred within relatively narrow boundar-

ies. These zones have been easy to define, although

variable widths have been observed for different

earthquake magnitudes. For example, the principal

displacements along the San Andreas fault were con­

fined to zones with maximum widths of 60 m and 3 m for

the 1906 San Francisco and 1966 Parkfield-Cholame

earthquakes, respectively. In some cases, the zone of.
principal movement is virtually impossible to distin-

guish. Four distinct, subparallel surface faults were

associated with the 1972 Managua earthquake, with two

of these having similar lengths of 5.1 km and 5.9 km.

The distances between these ruptures varied from 270 m

to 500 m (Plafker and Brown, 1973). Surface ruptures

caused by the 1980 Mammoth Lakes earthquakes were dis-

continuously distributed over a zone 20 km long and up

to 10 km wide (Taylor and Bryant, 1980).
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It should be recognized that the use of any sys­

tem to classify surface faulting will be subject to

oversimplifications, depending on the surficial geolo­

gy, geologic structure, and regional tectonics. Nev­

ertheless, a system such as Bonilla's provides a tool

for visualiZing general patterns, and for making qual­

itative judgments regarding the likelihood of dis­

placement relative to the main fault trace. This

classifica~ion system seems to work best for strike­

slip faults which are discussed in the next chapter.

2.4 FAULT LENGTH

As the length of surface faulting increases, so

does the potential for intersecting pipelines and

other lifeline structures that cross or are built in

close proximity to the active fault. Accordingly, the

length of faulting can be an important index with

respect to earthquake damage. Reliability analyses of

pipeline systems have been developed that account for

the probability of pipeline damage by considering

fault rupture length. Der Kiureghian and Ang (1977)

stress the need to include fault length in the evalua­

tion of seismic risk for structures built in close

proximity to active faults. Ang and Mohammadi (1979)

show that the probability of a fault rupture inter-
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secting a pipeline 1s a function of surface rupture

length and orientation of intersection. Greater

lengths of rupture correlate with greater risk of

pipeline damage.

Generally the length of surface displacement is

only a fraction of the total fault length. Albee and

Smith (1966) point out that the length of historic

surface fault ruptures in southern California range

between 20% and 50% of the fault length or fault sys­

tem on which the earthquake occurred. Even great

earthquakes on the San Andreas fault have produced

movement on less than half of its mapped distance.

The length of the San Andreas fault can be traced on

land for a distance of approximately 910 km, extending

from the San Francisco area to the Imperial Valley

(Hart, 1980). The 1857 Fort Tejon earthquake, of in~

ferred Richter magnitude 8.25, produced ground rup­

tures along 400 km of the central section of the San

Andreas fault (Sieh, 1978), or 41% of the terrestrial

fault length. Ground ruptures caused by the 1906 San

Francisco earthquake, ,of Richter magnitude 8.25

(Gutenberg and Richter, 1954), extended for a distance

of 435 km along the northern portion of the San

Andreas faUlt (Lawson» et al., 1908), or 45% of the
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terrestrial fault length.

Surface rupture length may be a fraction of the

length of subsurface faulting. The fact that many

earthquakes do not develop surface faults indicates

that movement at depth is not always transmitted to

the surface. Bonilla (1979) points out that sUbsur­

face displacements may be accompanied by one of four

conditions at the surface: 1) no surface faUlting, 2)

regional tectonic uplift or subsidence, 3) surface

rupture shorter than subsurface rupture, and 4) sur­

face ropture approximately equal in length to subsur­

face rupture.

Subsurface faulting is often inferred from seis­

mological evidence of aftershock locations and geo­

detic data on regional displacements. These mUltiple

sources of evidence can lead to difficulties when de­

veloping a consistent basis for investigating fault

length as a function of earthquake magnitude. Bonilla

(1961, 1970), for example, bases his estimate of the

Patton Bay fault length during the 1964 Alaska earth­

quake on the mapped length of breakage for both land

and sea floor to obtain a total distance of 63 km

(Plafker, 1967). Slemmons (1977), however, records

the length of rupture as 800 kIn, which is consistent
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with the eVidence of regional uplift and sUbsidence.

The two estimates of length differ by an order of mag­

nitude and illustrate the difficul~ies associated with

determining rupture distances for fault activity off­

shore.

Because earthquake magnitude is proportional to

the energy released by faulting, greater lengths of

faulting should relate to greater earthquake magni­

tudes. Tocher (1958) was the first to recognize this

relationship and to plot earthquake magnitude as a

function of surface fault length. Other researchers

who have investigated earthquake magnitude as a func­

tion of surface fault length include Iida (959),

Otsuka (1964), King and Knopoff (1968), and Slemmons

(1977). Fault length has also been co.rrelated against

earthquake magnitude by Iida (1965), Bonilla (1967,

+970, 1982), Bonilla and Buchanan (1970), and Taylor

and Cluff (1977). A comprehensive study by Bonilla

and" Buchanan (1970) correlates surface fault length as

a function of earthquake magnitude for 53 worldwide

events.

Figure 2.5 summarizes surface fault length as a

function of earthquake magnitude as reported by Taylor

and Cluff (1917). Three linear regressions are shown
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in the figure, representing the best straight line

fits for the data corresponding to worldwide and North

American events of all fault types and for worldwide

strike-slip faults. The data in the figure come p~in­

cipally from Bonilla and Buchanan (1970) with addi­

tional points introduced for the 1971 San Fernando and

1975 Oroville earthquakes.

2.5 FAULT DISPLACEMENT

Surface fault displacements may produce signifi­

cant offsets in lifeline structures that intersect the

fault. Accordingly, the extent of lifeline damage

should correspond to the magnitude of fault offset for

a constant angle of pipeline/fault intersection. The

response of buried pipelines to abrupt fault movements

has been investigated by Newmark and Hall (1975) and

Kennedy, Chow, and Williamson (1977) for cont.inuous,

butt-welded lines and by O'Rourke and Trautmann (1981)

for jointed pipelines.

Several researchers have investigated the rela­

tionship between fault displacement and earthquake

magnitude and have plotted earthquake magnitude as a

function of maximum surface fault displacement (e.g.,

Iida, 1965; Chinnery, 1969; and Slemmons, 1977). Max­

imum surface fault displacement has also been corre-
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lated with earthquake magnitude by Bonilla (1967,

1970, 1982), Bonilla and Buchanan (1970), and Taylor

and Cluff (1977). A comprehensive study by Bonilla

and Buchanan (1970) correlates maximum surface fault

displacement as a function of earthquake magnitude for

49 worldwide events.

Figure 2.6 summarizes maximum surface fault dis­

placement as a function of earthquake magnitude re­

ported by Bonilla and Buchanan (1970). Five linear

regressions are shown in the figure, representing

worldwide and North American events for all fault

types and for strike-slip, normal, and reverse faults

'separately.

2.6 CORRELATIONS BETWEEN FAULT LENGTH, MAXIMUM DIS­

PLACEMENT, AND EARTHQUAKE MAGNITUDE

As discussed in the previous two sections, fault

length and displacement have been correlated with

earthquake magnitude by various researchers. These

correlations point out important trends and help in

making quantitati~e judgments about rupture length and

displacement for a given earthquake magnitude. Be­

cause the length of faulting and amount of displace­

ment are critically important for evaluating the risk

of pipeline damage, it is worthwhile to explore in de-
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.
tail correlations between fault length, maximum sur-

face displacement, and earthquake magnitude.

Table 2.1 summarizes information associated with

historic surface faulting. The data for strike-slip,

normal, and normal-oblique faults pertain exclusively

to earthquake events in the continental United States.

The data for reverse and reverse-oblique. faults per-

tain to worldwide events. The scarcity of information

for reverse faults requires a data base developed from

worldwide observations so that a sufficient number of

data points can be used to make the correlations

statistically significant.

The table list 42 events according to the years

and names of the earthquakes for which there is infor-

mation pertaining to magnitude, rupture length, and

maximum displacement. It includes 14 strike-slip, 12

normal, and 16 reverse faults which are listed in two

chronological groups of 29 and 13 events. The first

group consists of all historic, surface faulting

events in the continental U.S. The second group in-

eludes all historic, worldwide reverse faulting

events. Reference numbers from 1 to 36 have been as-

signed to various events to identify data used in

linear regression analyses. Fault types are denoted
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ferentiation, so that the correlations are based on

data that do not represent a consistent sense of move-

mente

As discussed previously, the length of faulting

involving offshore displacements can differ signifi­

cantly depending on whether direct observations or es­

timates from regional subsidence and uplift are used

as the basis for measurement. In addition, the magni-

tude as cribedto worldwide earthquakes will vary de­

pending on the locations of the recording stations,

type of recording devices, and signal interpretation.

It is not possible to screen all sources of vari­

ation when interpreting the information from historic

fault observations. Some residual uncertainty must be

expected. Indeed, some degree of uncertainty is a di-

rect consequence of incorporating observations ob-

tained during the nineteenth and early twentiethcen-

turies.

To the extent possible, fault displacements used

for linear regression analyses in this study were

taken from a specific tectonic setting. The strike

slip and normal slip displacements are confined almost

exclusively to the California and Nevada fault sys­

tems. As indicated by Hays (1980), these systems are
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associated with a distinctive alignment of seismic ac­

tivity and structurally linked with the right-lateral

motion between the Pacific and North American plates.

The 1959 Hebgen Lake and 1934 Hansel Valley earth­

quakes are the only instances of normal faulting in­

cluded in the analyses that are not part of the

California-Nevada systems. The geologic settings for

these events are part of the overall fault-block moun­

tain structure that involves the Nevada syst~m, as

well as the Wasatch fault zone and Intermountain

Seismic Belt, so that sufficient similarities exist

among the normal slip data to warrant a common group­

ing.

The fault displacements were selected to repre­

sent coseismic slip along lengths of faulting greater

than 1.6 km (1 mile). Coseismic slip is of critical

interest with respect to pipelines because abrupt,

short-term displacements are the most damaging for

buried structures. Accordingly, fault displacement

data for the 1966 Imperial Valley and 1979 Coyote Lake

earthquakes are not included in the regression analy­

ses because they involve small displacements that can­

not be clearly distinguished from afterslip or creep.

The data were also confined to cases where dis-
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placements were linked to movements on the causative

fault. Consequently, the movement observed during the

1947 Mannix earthquake is not used because there is

strong evidence that the surface displacement was re­

lated to secondary faulting (Richter, 1958).

In this study, the length of faulting is taken as

the distance of mappable, surface rupture. This es­

tablishes a consistent basis for defining length by

relating it to features that have" been identified and

confirmed through direct observation. Because this

distance is associated with abrupt surface movements,

it is especially meaningful for pipelines and other

lifeline structures that are constructed at or near

the surface.

The data.selected for regression analyses pre~

clude offshore extrapolations of-displacement based on

evidence from regional uplift and subsidence. As

such, the reverse fault length for the 1964 Alaska

earthquake in Table 2.1 is consistent with the dimen­

sion reported by Bonilla (1970) and significantly less

than that reported by Slemmons (1977). Likewise, the

length of faulting for the 1906 San Francisco earth­

quake is a minimum length because movements on the San

Andreas fault were traced offshore, north of Point
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Arena (Lawson, et al., 1908).

The Richter magnitude used in this report and in

studies. by various researchers (e.g., Bonilla, 1967,

1970; Bonilla and Buchanan, 1970; and Slemmons, 1977)

is consistent with the values and methods for esti­

mating magnitude used by Richter (1958) and Gutenberg

and Richter (1954). Richter magnitude draws from both

local magnitude, ML, and magnitude d€rived from sur­

face waves, or teleseisms, MS' In general, the

Richter magnitude is equivalent to local magnitude for

magnitudes less than 7. It is equivalent to surface

wave magnitude for magnitudes greater than or equal to

7. Kanamori and Regan (1982) plot local against sur­

face wave magnitudes for selected California earth­

quakes and show that local magnitudes may be substan­

tially smaller than surface wave magnitudes for magni­

tudes greater than 7.

2.6.1 Correlation of Fault Length and Earthquake

Magnitude

The length of. faulting is generally considered to

be roughly proportional to earthquake energy. The

rupture distance is therefore taken as an exponential

function of magnitude, and linear regression analyses

are performed using the following expression for
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length of faulting, L:

Log L = a + bM (2.2)

where M is the Richter magnitude and a and bare con-

stants defining the best straight line fit of the

data.

Figures 2.7,2.8, and 2.9 show the length of

faulting plotted against Richter magnitude on semi-log

graphs for strike-slip, normal-slip, and reverse-slip

faults, respectively. The plots for normal and re­

verse faults also include data for events with oblique

displacements. The lineal" regression equation is
.

given in each figure in the form of ,Equation 2. 2. A

straight line representing the equation is plotted

relative to the data points, each of which is indexed

with respect to tne observations of surface faulting

summarized in Table 2.1. The coefficient of deter­

mination, 1"2, and the number of data points in each

population set, n, are also shown in the figures. For

each lineal" regression, standard tests were performed

Which shown that there is a statistically significant

trend of increasing fault length with increasing

Richter magnitude.

The lineal" regression with the highest degree of
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statistical significance pertains to strike-slip

faulting. The coefficient of determination for this

regression indicates that approximately 83%.of the

variation in the data is explained by the straight

line plot. In contrast, the low coefficient of deter­

mination for reverse faulting .indicates there is sub­

stantial variation between the data and the regression

equation.

The strike-slip and normal faults are character­

ized by approximately equal lengths of faulting at

magnitudes between 5 and 6. There is a substantial

difference between them for magnitudes greater than 7,

with strike-slip faults showing over three times the

length of normal faults at a magnitude of 8.

Figures 2.10 and 2.11 compare the linear regres­

sion plots obtained in th~s stUdy for U.S. events with

those calculated from the surface faulting data co~­

piled by Bonilla and Buchanan (1970) for North

American strike-Slip and normal faults, respectively.

The linear regression equations associated with each

data set are also shown in the figures. The agreement

between the plots for strike-slip faults is good, even

though there are considerable differences with respect

to the faulting events used in the two correlations.
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Figure 2.11. Plot of fault length vs. magnitude for normal.
and normal-oblique faults.
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There is also good agreement between the plots for

normal and normal-oblique faults, particularly for

magnitudes between 7.0 and 8.0. The regression equa­

tion developed in this work for normal faults give~

relatively large values of length for magnitudes less

than 6.0, chiefly as a result of incorporating data

from the 1980 Mammoth Lakes earthquake and not includ­

ing data from the 1934 Excelsior Mountains earthquake.

2.6.2 Correlation of Maximum Fault Displacement and

Earthquake Magnitude

Linear regression analyses are commonly performed

using the following expression for maximum fault dis­

placement, D:

Log D = a + bM

where M, a, and b are defined in the same manner as

for Equation 2.2. Figures 2.12, 2.13, and 2.14 show

the maximum fault displacement plotted against Richter

magnitude on semi-log graphs for strike-slip, normal,

and reverse faults, respectively. Events with oblique

displacements are included in the plots for normal and

reverse faults. The linear regression equation is

shown in each figure in the fOI'm'of Equation 2.3, and

the straight line representing the equation is plotted
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Figure 2.12. Plot of displacement vs. magnitude for strike­
slip faults.
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relative to the data points. The coefficient of de­

termination, r 2 , and the number of data points in each

population set, n, are also shown in the figures.

Standard.statistical tests show that there is a sta­

tistically significant slope for each regression plot.

It should be emphasized that the linear regres-

sions were developed for the most prominent components

of movement for which there are consistent observa-

tions in the record of faulting events. For the

strike-slip and normal faults, these components per-

tain to the maximum horizontal and vertical offsets,

respectively. The maximum vertical offset is also

used for the reverse faults, although sUbstantial, and

even predominant, amounts of heave and strike slip

were observed during many of these events. For all

fault types, sufficient information was lacking to

develop correlations.on the basis of maximum oblique

movement.

The· linear regression with the highest degree of

statistical significance pertains to strike-slip
..; .. '"-,

faulting. The coefficient of determination of this

regression indicates that approximately 91% of the

variation in the data is explained by the straight

line plot. In a manner similar to that for length of
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faulting, substantial variation exists between the

data and the regression line for reverse faults.

The strike-slip and normal faults are charac­

terized by approximately equal amounts of maximum dis­

placement for magnitudes between 7.0 and 8.0. There

is a substantial difference between them for magni­

tudes less than 6.5. This discrepancy may be related

to the fact that surface ruptures are amplified by

gravity effects during normal faulting. At lower mag­

nitudes, the gravity effects can contribute a signifi­

cant part of the maximum fault offset.

Figure 2.15 and 2.16 compare the linear regres­

sion plots obtained in this study for u.s. events with

those calculated from the surface faulting data com­

piled by Bonilla ano Buchanan (1970) for North

American strike-slip and normal faults, respectively.

The linear regression equations associated with each

data set are also shown in the figures. The agreement

between the plots for both strike-slip and normal

faults is good for magnitudes between 7.0 and 8.0.

For magnitudes less than about 6.5, the displacements

in this study are smaller. These differences are

mainly the result of incorporating data on strike-slip

faults from the 1975 Galway Lake, 1975 Oroville, and
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1980 Livermore Valley earthquakes. With respect to

normal faults, the differences are partially caused by

the selection of data in this study to include only

vertical offsets.

2.6.3 Discussion of Fault Analyses

Table 2.2 summarizes the 'linear regression equa-

tions developed from the statistical analyses in this

work. Equations are given for length of faulting and

maximum fault displacement pertaining to strike-slip,

normal, reverse, and all fault types. As indicated

previously, the data for strike-slip faulting show the

least amount of variation with respect to the linear

regression equations.

Although the equations in Table 2.2 are helpful

in visualizing trends and comparing different types of

faulting, their use for predictive purposes is limited

by at least two characteristics of the data set.

First, there are relatively few data so that the popu­

lation selection has a strong influence on the results

of the regression analyses. In this work, the maximum

displacement for the 1966 Imperial Valley earthquake

was not included in the regression analyses because of

uncertainty with regard to creep and afterslip. If

this movement is analyzed with the other data, the re-
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suIting ~eg~ession equation gives nea~ly twice as much

displacement for an earthquake of magnitude 5.5 than

that given by the equation in Table 2.2. The second

aspect of'the data concerns the exponential relation­

ships of length o~ displacement as a function of mag­

nitude. By plotting the logarithm of length or dis­

placement with ~espect to magnitude, even small de­

partures from the ~egression lines will result in

large variations of the arithmetic values.

Table 2.3 helps to illust~ate this second point.

Standa~d statistical techniques (e.g., Snedeco~ and

Cochran, 1980) were used to develop predictive limits

for the linear regression pe~taining to st~ike slip

displacements. Table 2.3 summarizes the results of

these analyse-s. Maximum predicted displacements are

listed fo~ several diffe~ent magnitudes. of earthquake

according to the probability, P, that the predicted

value will be exceeded. The standard statistical

methods assume that the displacement is log normally

dist~ibuted about the predicted value of the regres­

sion equation. Accordingly, the p~edictive limits a~e

calibrated with respect to exponential changes. Table

2.3 shows that the maximum predicted displacements

change by roughly a factor of five as the p~obability,
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Table 2.3. Summary of maximum predicted displacements
for strike-slip faults.

Maximum Predicted Disp1acement t m

Richter
Magnitude P=O.50a ·P=O .25 P=O'-lO . ·P=O· .05

6.0 0.13 0.23 0.40 0.58

6.5 0.36 0.64 1.12 1.62

7.0 1.04 1.82 3.23 4.68

7.5 2.95 5.24 9.33 13.80

8.0 8.31 15.49 28.18 42.65

a
Probability that predicted value will be exceeded.
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P, decreases from 0.50 to 0.05.

The selection of earthquake events for regression

analyses and the choice of appropriate measurements

for each event entails a significant amount of jUdg­

ment. As shown in Figures 2.10, 2.11, 2.15, and 2.16,

the variations resulting from different interpreta­

tions of historic earthquake faulting are not large

for earthquake magnitudes of 6.5 to 8.0. The varia­

tions associated with a given regression equation,

however, lead to a substantial range of predicted

displacements if standard statistical techniques are

used.

It should be recognized that the maximum dis­

placement may not represent the best choice of move­

ment over the entire length of surface faulting. The

maximum displacement provides an upper bound that may

be appropriate only on a local basis. Furthermore,

the displacement may be distributed over a fault rup­

ture zone several meters to several tens of meters

wide, rather than on a single rupture. Both the width

of the main rupture zone and the distribution of dis­

placement along the length of faulting are investi­

gated with respect to strike-slip faults in Chapter 3.

Information regarding these two factors is essential
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for developing a rational method of predicting fault

displacements.

2.7 SUMMARY

Fault displacements may occur in the form of co­

seismic slip, afterslip, and creep. Coseismic slip is

the most damaging displacement for pipelines and other

buried lifeline structures. There are three principal

types of fault: strike-slip, normal, and reverse.
faults. Although the actual ground ruptures caused by

an earthquake will involve complex distributions of

movement, simplified models based on abrupt, planar

displacement offer the most useful means ofclassiry-

ing faults with respect to their influence on pipe­

lines. The aerial distribution of faulting can be

visualized with the aid of a classification system

(Bonilla, 1967), in which the surface ruptures are

divided into three zones encompassing the main fault,

branch faults, and secondary faults.

Information has been summarized pertaining to all

historic, U. S. surface faulting events for which data ~

on Richter magnitude, length of faUlting, and maximum

displacement are available. Linear regression analy-

ses of the data according to fault type show statis­

tically significant trends of increasing fault length
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and maximum displacement with Richter magnitude. The

highest degree of statistical significance is associ­

ated with strike-slip faults, whereas reverse faults

show a relatively poor correlation between the linear

regression equations and observed movements. Varia­

tions in the linear regression values resulting from

different interpretations of historic faulting are not

large for earthquake magnitudes of 6.5 to 8.0, but may

be substantial for earthquake magnitudes less than

6.5.



CHAPTER 3

STRIKE-SLIP FAULTING

This chapter investigates historic strike-slip

faulting in the U.S. Faults are related to the active

global plate or subplate boundaries. Special geomor­

phic features are produced by repetitive surface fault

movements. The nature of fault creep movements on

several faults in California are discussed. The char­

acteristics of fault rupture displacement from coseis­

mic slip along the length and across the width of the

main rupture zone is described, with special attention

to the amount and distribution of fault displacement

for siting of a pipeline/fault intersection.

3.1 TECTONIC MECHANISM

Nearly all historic surface faUlting occurs in

the vicinity of major global plate boundaries or along

tectonically conspicuous subplate boundaries. Two

global belts of concentrated seismicity are prominent

in the present distr~bution of earthquakes shown in

Figure 3.1. .These belts include the circum Pacific

and the east-west seismic zone between Asia and the

Mediterranean.

The key factor controlling fault movement is the

-62-
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relationship of the fault to the regional tectonic

stress. The stress will be relieved along the path of

least resistance having a favorable orientation to the

direction of stress. The expression of this stress

relief, or strain, will be in the form of tectonic

movement. Plate or sUbplate boundaries with high

rates of regional deformation or strain, 20 mrn/yr or

greater, have the highest potential for seismic energy

release and associated potential for surface faulting

(Slemmons, 1977).

Active plate boundaries are identified on the ba­

sis of relative displacement, and include three types:

separation, .convergence, and parallel movement. The

East Pacific Rise and Mid-Atlantic Ridge are examples

of separating plate boundaries. Zones of coastal sUb-,

duction are related to converging plates, with ocean

trenches adjacent to island or mountain arc structures

occurring at the Aleutian and Japanese arcs. Examples

of parallel plate movement may be found along the

western North American Continent, in New Zealand, and

in northern Turkey. Major strike-slip faulting zones

are formed by such subparallel movement of plate or

subplate boundaries.

The major active strike-slip fault zones in the
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U.S. occur along the boundary between the North

Americ~~ and Pacific plates and are located in

California and Alaslca. Strike-slip surface faulting

in California has occurred along the San Andreas fault

system including the San Andreas, Calaveras, ~~d

Hayward faults, and the San Jacinto and Imperial fault

zones. Locations of historic surface rupture along

these faults is sho~m in Figure 3.2. The arrow indi­

cates the present movement of the Pacific plate rela­

tive to the North American plate. Right-lateral fault

displacement is common to most active faulting in

California, conforming to the influence of the rela­

tive right-lateral displacement between the plates.

Significant exceptions occur in the vicinity of the

Transverse Range where reverse faulting generally is

accompanied by components of left-lateral slip.

Strike-slip surface faulting was observed on the

Fairweather fault in 1958 (Tocher, 1960; Brogan, et

al., 1975). This fault is located np.8-r the boundaries

of the North American and Pacific plates. Figure 3.3

illustrates the major tectonic features along this

plate boundary and shows the predominant direction of

movement of the Pacific plate. Two distinct tyPp.s of

plate boundaries can be recognized in the figure. The
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Aleutian trench is the location of a compression type

boundary where the Pacific plate is subducted under

the North American plate. SUbparallel plate movement

occurs along the southeastern Alaskan and western

Canadian coast. This subparallel movement is re­

flected as right-lateral slip on the Fairweather

fault.

Other major strike-slip fault systems are recog­

nized in the circum Pacific belt by Richter (1958),

Burk and Moores (1968), Dickinson and Grantz (1968),

Hamilton and Myers (1968), Naugler and Wageman (1973),

Brogan, et al. (1975), Slernmons (1977), and Hays

(1980). Included among those referenced above is the

Alpine fault sy~tem in New Zealand. Richter (1958)

and Scholz (1973) drew attention to this system by

noting that many of its characteristics are similar to

the San Andreas fault system, including, size, type of

offset, and association of secondary faults to the

main fault. A major strike-slip fault outside of the

Pacific is tne Northern Anatolian fault system of

Turkey. Wallace (1968a) and Ambraseys (1970) have

noted the similarity between this and the San Andreas

fault system. Features characteristic of large scale

right-lateral, strike-slip faults are cornmon to both.
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3.2 GEOMORPHOLOGY

Repetitive fault displacements cause subtle but

distinctive changes in the te~~ain, p~oducing special

geomo~phic featu~es. These featu~es are prominent

whe~e active faults c~oss elongate geologic st~u~tu~es

and d~ainage channels. The geomo~phic featu~es a~e

distinguished as p~ima~y and seconda~y based on thei~

~elation to fault movements. P~imary geomorphic fea­

tures are directly related to fault displacements and

may be caused bJ the offset of geologic st~uctures, or

by dep~ession or compression along the fault trace.

Secondary features are related to erosion, deposition,

or ground water ~egimes that are alte~ed because of

the fault movements.

A fault scarp is a steep slope parallel to the

plane of principal fault movement, and Slemmons (1977)

describes it as one of the most common geomorphic fea­

tures of strike-slip faults in California. It is

formed as a direct result of offset, where the fault

has bisected an area of topog~aphic relief exposing a

scarp or plane along which the displacement occurred.

The offset of linears, such as drainage channels and

ridges, produce an ab~upt discontinuity at the plane

of fault offset. Large offsets of d~ainage channels
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are produced by repeated small shifts, with the chan­

nel reestablishing the continuity of its course during

the intervening periods. Offset drainage channels

have been detected along the San Andreas fault, and

are described by Wallace (1968b) and Sieh (1978). A

fault gap is formed by displacement which laterally

offsets a ridge so that the two parts are no longer

continuous. A saddle is a deep, short defile through

a hill, ridge, or mountain where a notch resulting

from displacement is produced at the fault intersec­

tion. Shutterridges are formed by lateral fault off­

set of ridge-and-canyontopography. The displaced

part of a ridge shuts off the adjacent canyon. Closed

depressions are created by the downward movement of

large blocks between separate faults, or by the subsi­

dence of small blocks between splays or strands of a

given fault. An example of a large block depression

is the Salton basin, California, which is described by

Brown (1922) and Hamilton (1969). The Salton basin is

bounded by the San Andreas fault to the east and the

San Jacinto fault to the west, separated by 45 km.

The Mesquite basin, California, described by Sharp, et

ale (1982), is an example of an intermediate size de­

pression. The Mesquite basin is bounded by the
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Imperial fault to the west and the Brawley fault to,

the east, separated by 5 km. Smaller depressions are

more common and, when filled with water, are termed

sag ponds •.

A fault-line scarp is a secondary feature created

by erosion acting on rock units of different resis-

tance juxtaposed by faulting. The relief of the

fault-line scarp is due solely to erosion. Other

fault-line features are similarly a product of erosion

and include fault-line valleys, gaps, and saddles.

Select geomorphic features are illustrated in

Figure 3.4. A summary of the geomorphic features

associated with strike-slip faults is presented in

Table 3.1. The geomorphic features listed in Table

3.1 are divided into two main sections, primary and

secondary, with each main section subdivided into

three subsections. The subsections for primary

features are offset, depression, and compression, and

for secondary features are erosion, deposition, and

ground water barrier. Examples of each feature and

associated references are listed in the table.

The identification of active faults can be made

through knowledge and recognition of characteristic
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Unar
ridge

Offset drainage channel

Figure 3.4.

Table 3.1.

Geomorphic features developed along active
strike-slip faults (after Wesson, et al., 1975).

Summary of geomorphic features associated
with strike-slip faults.

PEA'l'ORES !XAIU'LES REl"E1WfC!S

Pr1!arz Peatu~a

- Ott.et fault acarp Sharp (1954); Slemmcna (1911)
drainage channel Sharp (1954); Sle_ona (1917) ;

Wallace (1968)
ri41el1ne Sl_ona (1911)
sap Sharp (1954); Slemmona (1911)
sa441e. notch Sharp (1954); Sl_ona (1917)
shutterrie1se Buwalela (1937)
fiaau~ (fault trace) Sle~na (1911)

- Oepression linear valley. trough Sharp (1954); Sl_ona (1977)
oloaeel e1epresaion Sharp (1954); Sle_ona (1911)

(aas poDcl when wet)

- COlllp~eaion Presaure rie1p Wallace (1949)
1II01e track Sharp (1954)

Secondarz 'eaturea
- lroaional fault-11fte acarp Sharp (19511)

fault-line valley. Sharp Cl95li)
trculh

fault-line sap Sharp Cl9511)
fault-11fte 8&e1dle, Sharp (1954)

notch

- Oepoa1tional ponelecl alluvium Sle_ona (1977)
allUVial fan. apron Sharp (19511)

- Groundwater tlongattel sprins Sl_lIIIIIons (1977)
Barrier alisnecl aprinsa Sl_1IIIII01IlI (1917)
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geomorphic features. These features are often easier

to detect from aerial views so that remote sensing can

be a valuable means of locating active faults. The

application of remote sensing for active fault identi­

fication is described by Babcock (1971), Krinitzsky

(1974), Sherard, Cluff, and Allen (1974), NASA (1979),

and Rowan and Wetlaufer (1981). The use of detailed

field ~apping, which may be required for detection of

more subtle geomorphic features, is described by Taber

(1923), Miller (1941), Wallace (1968), Krinitzsky

(1974), Slemmons (1977), and Sieh (1978).

3.3 FAULT CREEP

Creep is the gradual, episodic movement of a

fault without the associated occurrence of an earth-

quake. Nason, Philippsborn, and Yamashita (1974) have

observed that creep movement generally occurs in cy-

clic episodes of short duration with little relative

movement between episodes. Fault creep differs from

fault slip during an earthquake because it occurs. .

slowly. The discussion of creep will be confined

mainly to faults on which movement results from tec­

tonic activity. Nontectonic subsidence can be caused

by the removal of fluids from the ground. For exam­

ple, creep has been observed on the Buena Vista fault
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in the Taft, Califo~nia oil field (Koch, 1933; Wilt,

1958; and Howa~d, 1968), whe~e c~eep appa~ently was

caused by the pumping of petroleum and water.

C~eep in the U.S. was first observed by

Steinb~ugge and Zacher (1960) on the San Andreas

fault. Since then, c~eep has been obse~ved on several

other U. S. strike-slip faults. These include the

Hayward, Calaveras, and Imperial faults. Creep obser­

vations a~e typically reported as a displacement per

year. This rate often reflects an average developed

from displacements measured over several yea~s. Rates

of creep up to 33.3 mm/yr have been observed by

Burford and Harsh (1980) for a location on the San

Andreas fault. The maximum rates of creep observed by

Nason (1971a) for the Hayward and Calaveras faults are

7 and 15 mm/yr, respectively. The creep rate on the

Imperial fault, determined by Cohn, et al'O (1982), is

6 mm/yr.

The cumulative creep offset over time may be

large, and the damage from c~eep to buried pipelines

and othe~ lifelines intersecting the fault may be sig­

nificant in some instances. A discussion of buried

pipeline response to fault creep is presented in

Chapter 4.
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Creep may occUr intermittently with earthquake­

induced faulting. For example, the San Andreas fault

is creeping at San Juan Batista and Cholame,

California, where coseismic slip occurred during the

1906 and 1857 earthquakes, respectively (Burford and

Harsh, 1980). Similarly; the Hayward fault is creep­

ing in a section on which coseismic slip occurred

during the 1868 Hayward earthquake (Nason, 1971b).

Creep is generally confined to a narrow width of

several meters (Nason, 1971b) on planes of the most

recently active ruptures. Variations in the width

over which creep displacements occur are to be ex­

pected for different faults, as are changes in the lo­

cation of most intensive shearing within the width.

The distribution of creep on the San Andreas fault is

less than 70 m wide, with the most severe shear dis­

tortion within a 15-m-wide zone (Burford and Harsh,

1980). Observations of creep for portions of the San

Andr~as, Hayward, and Calaveras. faul ts by Nason

(1971b) have shown that widths are usually more than 1

m but less than 10 m, with 5 m common.

3.4 DISTRIBUTION OF DISPLACEMENT

In the following, the distribution of displace­

ment along the length of surface faulting is dis-
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cussed. This is followed by a discussion of the dis­

tribution of displacement across the width of the main

fault zone. Emphasis is placed on historic eVidence

of fault movements, and observed displacements are

used to delineate patterns of surface faulting that

are likely to occur during future earthquakes.

3.4.1 Distribution of Displacement A~ong the Length

of Surface FaUlting

Information on the distribution of movement with

respect to the length of surface faulting requires

measurements at many locations. The fault movements

should be relatively large so they can be distin­

gUished clearly with respect to other. ground movement

features, and the locations of measurement should be

spaced at reasonably small separations to obtain a

good sense of the distribution pattern. There have

been only a few earthquakes in the continental U.S.

for which the records of surface faulting satisfy

these criteria. The earthquakes include the 1857 Fort

Tejon (Sieh, 1978), the 1906 San Francisco (Lawson, et

al., 1908), the 1968 Borrego Mountain (Clark, 1912),

and the 1979 Imperial Valley (Sharp, et al., 1982)

earthquakes. The observations pertaining to the 1940
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Imperial Valley earthquake are not of sufficient num­

ber and quality south of the U.S.-Mexico border to

permit a detailed plotting of displacements along the

entire fault length. Likewise, the records pertaining

to the 1906 San Francisco earthquake do not cover the

full rupture distance. The offshore displacements for

the 1906 event between Point Arena and Shelter Cove

represent a gap in the record of 115 km, and the dis­

placements and ~ength of faulting north of Shelter

Cove are not known.

Figure 3.5 shows the observed displacements

plotted as a function of the lengths of surface fault­

ing for the 1857 Fort Tejon, the 1968 Borrego Moun­

tain; and the 1979 Imperial Valley earthquakes. The

observations for the 1979 Imperial Valley event were

made four days after the earthquake so they do not in­

clude significant components of afterslip. The dis­

placements have been expressed as fractions of maximum

fault displacement, and the distances along the fault

have been expressed as fractions of the full surfa~e

rupture length. In each case, the pattern of dis­

placement is skewed. The points of maximum displace­

ment are located between 0.13 and 0.38 of the total

surface fault length, measured from the closest end of
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faulting.

Because of the skewed nature of the distributed

movements, it was felt that the displacement, D, could

be expressed as a function of distance along the

fault, x, by combining a linearly increasing function,
-BxAx, with a decaying exponential function, e , in

which A and B are constants. The product of these

functions is:

-BxD = Axe (3.1 )

If the distance is normalized with respect to the dis-

tance, t, at which the maximum displacement, Dmax ' oc­

curs, then it can be shown that:

A e- 1
=

B

and

1B =
t

Combining Equations 3.1, 3.2, and 3.3, we obtain:

D x (l - ~)
= e t

Dmax t

(3.2)

(3.4)
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This function is plotted in Figure 3.5 with the ob­

served distribution of displacement for the three sur-

face faulting events.

Table 3.2 summarizes observations of displace­

ments for the 1857 Fort Tejon~ the 1906 San Francisco~

the 1968 Borrego Mountain~ and the 1979 Imperial

Valley earthquakes. The table lists the length of

surface faulting~ L~ the maximum displacement~ Dmax~

and the minimum distance along the length of surface

faulting to the point of maximum displacement~ 1. The

average fault displacements are listed on the basis of

both the observed movements and the movements given by

-Equation 3.4. The observed average displacement~ DE~

was determined directly from the plot of the measured
-fault offsets. The model average displacement~ DM,

was calculated by integrating Equation 3.4 with

respect to x to obtain the area under the function.

This area then was divided by the surface faulting

length~ L, to obtain:

t Dmax t ~ (1 L )- - -) L
DM = e1- e t }(l + T) (3.5)

L

The model average displacement 1s not given for

the 1906 San Francisco earthquake because of the sub-
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stantial gaps in the record of displacement associated

with sUbaqueous locations of the San Andreas fault.

Richter (1958) points out that there is a distinct

possibility that faulting continued for a significant

distance offshore of the northern terminus of the

fault observations. Accordingly, both the length of

faulting and the minimum distance to the location of

maximum surface displacement are not known with suffi­

cient accuracy for application in the model function.

The distances and displacements given for the 1906 San

Francisco earthquake are based on the mapped lengths

of terrestrial faulting.

Table 3.3 summarizes fault movements, expressed

as fractions of the maximum displacement, with respect

to distance along the fault, expressed as a fraction

of the total length of faulting. The fractions of the

maximum displacement represent the largest displace­

ments occurring along 0.95, 0.90, 0.75, and 0.50 of

the total fault length. This table may be regarded as

a vehicle for evaluating movement on a probabilistic

basis. Each fractional displacement is, in effect,

the probability that movement generated along the

length of faulting will be less than or equal to the

fraction of the maximum displacement associated with
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it in the table.

The fractions of maximum displacement listed in

the table were determined from the field observations

associated with given earthquakes and from the inte­

gration of Equation 3.4. The model displacements as­

sociated with the 1906 San Francisco earthquake are

not listed for reasons previously discussed in aon­

junction with Table 3.2. The displacements estimated

with the aid of Equation 3.4 generally show good agree­

ment with those derived from the field observations.

The model function generally gives conservative esti­

mates for fractional fault lengths exceeding 0.75.

In summary, the observed displacements for'the

strike-slip faulting events studied ar-eskewed with

r-espect to length of surface faulting.' They have max­

imum displacements near one end of the surface faulting

lengths. The model function proposed by Equation 3.4

describes the trend of the displacement when compared

with measurements for the 1857 For-t Tejon, the 1968

Borrego Mountain, and the 1919 Imperial Valley

earthquakes.

3.4.2 Distribution of Displacement Across the Width

of Surface Faulting

Strike~slip faUlt rupture seldom occurs as a sin-
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gle fracture, but often occurs as a succession of

overlapping en echelon fractures. Large lengths of

continuous ruptures step over to the next overlapping

length of rupture. Distances up to several kilometers

between these continuous ruptures may contribute to an

apparently large fault zone width, although most of

the displacement is concentrated within narrow zones

associated with the individual rupture lengths. The
.

individual ruptures may be composed of a continuous

set of small scale, en echelon fractures having a

stepover distance of several millimeters to meters, or

may be composed of one or more abrupt planes of dis-

placement. Descriptions of the formation and occur-

renee of en echelon fracture patterns are given by

Tchalenko (1970), Slemmons (1977), Bornyakov (1980),

and Segal and Pollard (1980). Several faUlting events

have shown prominent en echelon fracturing, including

the 1906 San Francisco (Lawson, et al., 1908), the

1966 Parkfield-Cholame (Brown and Vedder, 1968), the

1968 Borrego Mountain (Clark, 1972), the 1975 Galway

Lake (Beeby and Hill, 1975), the 1975 Oroville (Hart

and Rapp, 1975), and the 1979 Imperial Valley (Sharp,

et al., 1982) earthquakes. The narrow belt of en

echelon fractures and abrupt planar offsets represents
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the main fault zone, designated as Zone I in Figure

2.4. The main fault zones of historic strike-slip

faulting in the U.S. generally have been less than 50

m wide (Bonilla, 1970).

Taylor and Cluff (1977) and Taylor (1982) present

a general view of the deformation associated with the

main zone of surface faulting. Figure 3.6 shows that

the surface deformation can be visualized in terms of

slip, which includes abrupt offsets, and distortion.

The total offset associated with both slip and distor­

tion is referred to as Shift. This latter component

is often related to the maximum displacement ata

given location along the fault.

Slip, or abrupt offset, represents the most se­

vere condition of deformation., Accordingly, it is

useful to know how much of the total shift will be

contributed by abrupt movement. The distortion is

helpful in defining the distance through which signif­

icant deformations can occur. It can be used to esti­

mate the distance either side of the fault centerline

within which special trenching or backfill procedures

should be used for pipelines at fault crossings.

The historic evidence concerning fault movement
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DISPLACEMENT

OR II_ SHIFT ~

I I
LOCATION OF LINEAR I I
FEATURE BEFORE ~ I
FAULT DISPLACEMENT I I
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I I~ SLIP

: II
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I II

--titDEFORMATiON
I ZONE

DISTORTION

LINEAR FEATURE
BEFORE FAULT
DISPLACEMENT

LOCATION OF LINEAR
FEATURE AFTER
DISPLACEMENT

DISTORTION

--

Figure 3.6. Relation of slip, shift, and distortion
(after Taylor, 1982).
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indicates that displacements are often concentrated

within a narrow zone. For example, the main zone of

surface rupture on the San Andreas fault from the 1906

San Francisco earthquake is described by Lawson, et

ale (1908) as typically occurring across a width of 1

to 15 m. Sharp, et ale (1982) reports that much of

the 1979 Imperial Valley main rupture zone occurred as

a mole track with widths commonly less than 1 or 2 m.

The combined widths of the main and branch ruptures

associated with faulting during the 1968 Borrego

Mountain earthquake were less than 50 m along 64% of

the length of surface faulting (Clark, 1972). A sim­

ilar trend in the width of rupture zone is noted along

the Cleveland Hill fault for the 1975 Oroville earth­

quake. The main rupture zone reported by Hart and

Rapp (1975) was generally less than 3 m wide, with

widths less than 1 malong 60% of the faUlting length.

Figure 3.7 shows the fraction of surface rupture

length plotted against the width of main and branch

ruptures for the 1968 Borrego Mountain earthquake.

Clark (1972) reports that, where the zone was wider

than 50 m, most of the displacement took place in a

narrow belt of fractures ranging in width from less
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Figure 3.7. Fractions of surface rupture length vs. width
of main and branch ruptures for the 1968 Borrego
Mountain earthquake rupture (based on data re­
ported by ~lark, 1972).
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than 1 m to 20 m. The maximum displacement of 380 mm

was distributed across 6 to 10 m.

Lawson, et al. (1908) have made detailed measure­

ments after the 1906 San Francisco earthquake of the

distribution of displacement along structures inter­

sected by the San Andreas fault. Many of these mea­

surements are associated with wooden fences, for which

the fence posts provide a relatively closely spaced

.set of observation points. In this study, the offset

measurements at four fences were selected because they

provide well marked and closely spaced points of mea­

surement. Figure 3.8 summarizes the results of these

measurements. The strike slip displacement is ex­

pressed as a fraction of the maximwn offset and

plotted as a function of the width of the deformation

zone. The deformation zone width varies between 50

and 200 m. Abrupt displacements occur across very

narrow widths of approximately 5 m or less. Abrupt

displacement accounts for 40% to 90% of the maximum

displacement across the zone. Three of the four dis­

tributions show that over 90% of the total displace­

ment occurred within a width of 50 m.

Three buried gas pipelines, with internal diame-

ters of 100, 200 J and 250 mm, were intersected by
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LEGEND

Fence offset at Fort Ross,
maximum displacement a 3.6 m
(Lawson, et al., 1908, p. 64).

Fence C offset at San
Andreas Reservoir, maximum
displacement a 5;2 m
(Lawson. et al., 1908, p. 96).

Fence A offset at San
Andreas Reservoir, maximum
displacement a 3.9 m (Lawson,
et al., 1908. p. 101).

Fence B offset at San
Andreas Reservoir. maximum
displacement· 5.6 m (Lawson.
et al •• 1908. p. 100).
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Figure 3.8. Distribution of displacement across the San
Andreas Fault, determined from fence offsets,
after the 1906 San Francisco earthquake.
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strike-slip faulting during the 1979 Imperial Valley

earthquake. Records of the observed pipeline deforma­

tions were taken during field inspection after the

earthquake (McNorgan, 1982). Only the IOO-rom-diameter

pipeline was oriented such that substantial tension

was imposed in the line by fault offset. Studies of

pipeline-soil interaction by Harris and O'Rourke

(1983) have shown that 100-rom-diameter pipelines are

sufficiently flexible to deform in compliance with the

pattern of soil movements. Accordingly, the 100-mm­

diameter pipeline can be used to estimate the width of

the main fault zone.

A IO-m-length of the lOO-mm-diameter pipeline was

excavated in the vicinity of the observed surface

fault rupture. The pipe had a wall thickness of 6 mm,

and was acetylene butt-welded. It was buried at a

depth of 1 m in sandy backfill. The pipeline inter­

sected the fault trace at approximately 55 degrees as

shown in Figure 3.9. Although the pipe was not rup­

tured, an S-shaped curve was observed alo~ the pipe­

line, caused by fault offset. McNorgan (1982) mea­

sured pipeline offsets perpendicular to the straight

segments of the pipeline at distances parallel to the

axis of the pipeline. The actual distribution of dis-
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Figure 3.9. Plot showing distribution of fault displacement
based on pipeline offset measurements by McNorgan
(1982) for the 1979 Imperial Valley strike slip
displacement.
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placement perpendicular to the fault is not repre­

sented by these pipeline measurements, because the

pipeline crossed the fault at an angle. Therefore,

the pipeline offsets have been converted to reflect

the relative displacement of a line perpendicular to

the fault trace. The plot shown in Figure 3.9 shows

that a displacement of 174 mm was distributed across a

zone 4.5 m wide.

The observations summarized in this work for the

1906 San Francisco, 1968 Borrego Mountain, and 1979

Imperial Valley earthquakes indicate that a substan­

tial part of the total fault offset is often concen­

trated at a single planar rupture or zone of closely

spaced planar ruptures. These observations suggest

that the best way to model fault offset is as a planar

displacement. This modeling assumption will generally

provide a moderate degree of conservatism.

3.5 LOCATION OF FAULT MOVEMENT

A major problem associated with building a pipe­

line at a fault crossing concerns the location of the

main ruptures likely to develop during an earthquake.

Cluff (1968) indicates that the most recently active

fault trace would be the most likely site of future

movements. Observations of faUlt rupture along the
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San Andreas (Burford and Harsh, 1980) and Imperial

(Cohn, et al., 1982) faults indicate that zones of

creep are likely to be the locations of future coseis­

mic movement.

Geologic surface mapping~ geophysical explora­

tion, historic accounts of faulting, and remote sens­

ing can provide information regarding the location of

the most recently active ruptures. Trenching perpen­

dicular to the fault trace can provide perhaps the

most positive and detailed evidence for assessing

fault activity and precisely locating rupture planes.

Taylor and Cluff (1913) discuss the procedures for

conducting a trench exploration program, and point out

features exposed in the trench that are relevant for

assessing fault activity.

Five trenches excavated in a study by Taylor and

Cluff (1913) along 245 m of the Hayward fault were

used to locate the active trace and determine its

width. The width was found to vary from 3 to 24 m,

but the previous movements were concentrated on iso­

lated planes a few centimeters in width and zones of

concentrated planes having widths up to 3 m. A

similar study by Woodward-Clyde Consultants (1918) OQ

a 1.1-km-long section of the Hayward fault near the
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Fairmont Hospital and Juvenile Hall in San Leandro

has found the width of the active trace to vary from

0.3 to 13 m,with concentrated movements similar to

those found by Taylor and Cluff •. Taylor, Cummings, and

Ridley (1980) have located a discontinuous set of en

echelon fractures, associated with the 1906 earthquake,

from the excavation of six trenches on the San Andreas

fault in the Portola Valley west of San Jose. The

widths of the fractures were from 2 to 7 m with iso-

lated planes a few centimeters wide and zones of con­

centrated planes up to 4 m wide. The stepover distance

between en echelon fractures was 100 m.

Information from conditions encountered during

excavation of pipeline trenches could be useful in the

locatioll and assessment of fault activity, and for

confirmation of design assumptions. Effective field

engineering during pipeline excavation can provide

feedback useful for determining whether conditions are

consistent with design assumptions, and allowing design

changes reflecting the differences in field conditions
J. .lb';.'

with those on which the design was based. Examples of

design changes at the location of a faUlt crossing

include alteration of backfill material and compaction,

and application of coatings aimed at reducing the pipe/
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soil friction to minimize pipe stress from fault

offset. Other design measures benefiting from trench

exploration feedback could involve installation of a

more flexible pipe, change of the pipeline/fault angle

of intersection, and provision for cut-off valves on

opposite sides of the fault.

~.6 SUMMARY

Strike-slip faults are associated with active

global plate or subplate boundaries. Repetitive sur­

face faulting can be recognized by special geomorphic

features. The most prominent geomorphic features are

linear valleys, scarps, and offset drainage channels

and ridges. Creep is the gradual, episodic movement

of a fault without the associated occurrence of an

earthquake. Although magnitudes of creep offsets over

a period of years may be similar to a coseismic slip

offset, the damage from creep movements is expected to

be significantly less. Rates of creep up to 33.3 mm/

yr have been observed at a location on the San Andreas

fault. Most creep movements are distributed within a

zone less than 15 m wide.

The measured displacements along strike-slip

faults have shown a skewed distribution with respect

to the length of rupture. The pattern of movement can
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be represented by an expression that combines both

linear and exponentially decaying functions of the

fault distance. This model tends to give conservative

estimates of displacement.for fractional fault lengths

exceeding 0.75. Field measurements of displacement

associated with the 1857 Fort Tejon, 1906 San

Francisco, 1968 Borrego Mountain, and the 1979 Imperi­

al Valley earthquakes indicate that the average dis­

placement along the fault is between 32 and 50% of the

maximum fault displacement. Most fault displacements

are concentrated as abrupt movements in zones less

than 15 m wide. A zone of distortion less than 50 m

wide generally accompanies abrupt qisplacement.



CHAPTER 4

BURIED PIPELINE RESPONSE TO CREEP

This chapte~ describes the measurements of dis­

tributed creep movements across the Hayward and San

Andreas faults, and the long-term performance of

buried pipelines crossing the Hayward fault. -Repair

records associated with several water dis~ribution

systems are summarized. A mathematical function, rep­

resenting the pattern of displacements across zones of

creep, is fitted to the data. A limit on the maximum

fault creep offset that can be tolerated by buried,

flexible mains is derived. Recurrence intervals for

pipeline damage are estimated from the limit.

4.1 INTRODUCTION

Displacement along the Hayward fault occurs as

gradual to episodic right-lateral slips, which accumu­

late over a period of years to cause substantial off­

sets across streets, railroads, tunnels, and pipelines

that intersect the fault. Rates of creep vary along

the length of the fault, and with time. The effects

of creep on pipelines intersecting the Calaveras fault

in the City of Hollister, California, have been

studied by O'Rourke and Trautmann (1980b). Bending was
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observed on several gas pipelines, and at one location

the pipe was cut to relieve the stress induced by

creep. Joint rotation of bell-and-spigot couplings of

cast iron water pipelines were observed.

Figure 4.1 summarizes the observation locations

and offsets reported by several investigators along

the Hayward fault from Berkeley to Fremont,

California. Eight locations of creep are shown in the

figure and a summary of the observations are listed in

the accompanying table. Observations, designated by

numbers through 3, are for displaced underground water

and transit tunnels (Radbruch and Lennert, 1966;

Brown, Brekke, and Korbin, 1981). Observations, des­

ignated by numbers 4 and 5, are for displaced curbs

and sidewalks (Nason, 1971a), and are within the East

Bay Municipal Utility District (EBMUD) study area

shown in the figure. Observation 6 is for displaced

railroad tracks discussed by Bonilla (1966), and ob­

serv,ations 7 and 8 are for pipeline and fence post

offsets, respectively, measured by Cluff and

Steinbrugge (1966). With the exception of the Western

Pacific track offset in Niles, California, the average

rate of creep for the observations summarized in the

figure is approximately 5 mm/yr.
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4.2 PIPELINE REPAIR

A substantial portion of the water service in the

eastern San Francisco Bay area is provided by three

organizations: the East Bay Municipal Utility Dis­

trict, the City of Hayward Water Department, and the

Alameda County Water District. Each of these organi­

zations provided information for this study.

A study site in the EBMUD distribution system was

selected to include a relatively large, repr~sentative

sample of pipelines in an area where ground movement

influences are associated chiefly with creep along the

Hayward fault. The study site, which is shown in

Figure 4.1, is bounded on the north by the Fairmont

Hospital and on the south by Grove St. at the border

of the City of Hayward. It is intersected by nearly 5

kIn of the Hayward fault trace. It covers an area of

6.0 kIn2 and includes approximately 76 linear kIn of

buried pipelines of which 57, 25, and 18% of the total

are composed of cast iron, steel, and asbestos cement;

respectively.

Pipeline repairs were identified from EBMUD util­

ity repair record maps and leak repair reports for the

time period of 1961 to 1981. Information concerning

the repairs was summarized to include the age and type
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of pipe repaired, date and nature of the repair, and

condition of the pipe at the time of repair. The lo­

cation of the repair relative to the centerline of the

Hayward fault zone was noted.

The centerline of the fault zone was taken as the

main fault trace shown on the Special Study Zones Map,

Hayward Quadrangle (California Division of Mines and

geology, 1982). Where possible, the fault trace l0ca­

tion was verified with fault locat!ons delineated in

the vicinity of the study site by other investigators

(Nason, 1971a; Woodward-Clyde Consultants, 1978).

Three zones adjacent to the fault trace were estab­

lished: Zone A, within 60 m either side of the fault

trace; Zone B, outside the 60 m zone but within the

boundaries of the special studies zone as defined by

the Alquist-Priolo Special Studies Zones Act (Hart,

1980); and Zone C, beyond the Alquist-Priolo Zone.

The Alquist-Priolo Zone is delineated by the State

Geol~gist to regUlate development near traces of po­

tentially hazardous faults. At the stUdy site, the

width of the Alquist-Priolo Zone is approximately 300

m. Because of active branches or splays of the fault,

the width of the Alquist-Priolo Zone often is not sym­

metric with respect to the main fault trace.
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Figure 4.2 shows the frequency of pipeline

repairs per kilometer of line at the study site. The

repair frequency is plotted for each type of pipe com­

position according to zone. The repairs from which

the figure was developed do not include repairs to

gate valves or cast iron pipelines with ieadite­

caulked joints. In the latter case, leadite has been

observed to swell in response to decomposition of its

sUlphide constituents and causes- damage unrelated to

ground movements.

The frequency of repair is more than three times

greater for cast iron and asbestos cement pipe within

the zone nearest the fault trace as opposed to the

areas outside the Alquist-Priolo Zone. The steel

pipelines, which can accommodate significant differen­

tial movement by virtue of their ductility, do not

show appreciable differences in repair frequency among

the three zones, although an increase in repair fre­

quency does occur near the main fault trace.

Although the repair records indicate that differ­

ential ground movements were associated with much of

the pipeline darnage~ many of the records show that

corrosion also contributed to darnage~ The soils in

the study site are principally adobe soils with a high
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Zone A: 60 m distance from fault trace

Zone B: Outside 60m distance from fault trace
but within the Alquist - Priolo zone

Zone C: Outside the Alquist- Priolo zone

Figure 4.2. Repair frequency for 1961 - 1981 time interval,
for the EBMUD study area.
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clay content. Soils of this type frequently are as­

sociated with corrosive environments.

Pipeline response to differential movement de­

pends on its composition, age, state of repair, and

method of installation. In particular, the perfor­

mance of a cast iron pipeline is affected by lead­

caulked joints, which may be responsible for differ­

ences in behavior among mains of the same age sub­

jected to similar patterns of movement. This is il­

lustrated in Figure 4.3, which shows the fault center­

line intersecting Grove.Way and Rose St. near the

boundary of the City of Hayward, California. Observa­

tions by Nason (1971a) on Rose St. indicate a relative

displacement of 200 mm over 37 years. Damage to the

cast iron pipelines on Grove Way occurred at·lead­

caulked joints. The 150 mm and 200-mm-diameter lines

were installed in 1934 and 1955, respeptively. Joint

repairs were made on three occasions from 1977 to

1979. In contrast, no repairs were recorded for the

150 mm diameter pipeline on Rose St., even though it

is similar in composition to those on Grove Way and

was installed in 1936.

Figure 4.4 shows a typical portion of the EBMUD

study site. The internal diameters of all pipelines
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Date Summary
of Repair

I 9-2-77 Large fracture
at joint

2 4-27-78 Joint loosened,
recaulked

3 9-18-79 Joint loosened

Legend

150 - Water main, diameter
in mm

C - Cast iron

150 C

I
Grove Way I
150 c ~~,

"E Hayward fault--..I
j zone centerline ,

~ f,J
c
.~ I 0.... loJqo

~ I Fault off.se1 Scale m .

V observations on /
Rose Street north curb of .Rose St.

J
a) Plan view, Hayward fault

in Hayward, CA.

Rose Street, north curb
1930-1967 200

100

o
~ 0

50 100

Distance, m

b) Curb offset (after Nason, 1971)

Figure 4.3. Creep displacement and pipeline damage
on the Hayward Fault.
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are shown in millimeters, and locations of repair are

indicated for a 20 year interval. The increased fre­

quency of pipeline repairs can be seen near the fault

zone centerline.

Pipeline repairs were reviewed for the distribu­

tion system operated by the Alameda County Water Dis­

trict in Fremont, California. The study area for

pipeline repairs is bounded on the north by the

Alameda County Flood Control Channel and on the south

by Warren Avenue. In particular, the repair records

for asbestos-cement pipelines were examined for' the

time interval from 1970 to 1981. Of the 13 pipelines

installed across the Hayward fault between 11 and 25

years ago, four have broken at fault crossings during

the 11 year period for which repair records were kept.

The City of Hayward Water Department also was

contacted regarding pipeline repairs in the vicinity

of the Hayward fault trace, but detailed records of

repair were not studied. Although some joint rota­

tions have been noticed in cast iron mains near the

fault trace, the number' of pipeline repairs in Hayward

are reported to be very small at fault crossings.

-4.3 MODELING OF PIPELINE RESPONSE TO CREEP

Pipelines 150 mm or less in internal diameter
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gene~ally a~e flexible with ~espect to the soil in

which they a~e embedded. Because the pipelines tend

to move as the g~ound moves, a mathematical function

desc~ibing the patte~n of g~ound movements can be used

to estimate pipeline disto~tion.

Measu~ements of dist~ibuted movements within

zones of fault c~eep fo~ the Haywa~d fault we~e made

f~om offset cu~bs and sidewalks by Nason (1971a), and

f~om alinement a~~ays and pavement offsets fo~ the San

And~eas fault by Bu~fo~d and Ha~sh (1980). These mea­

su~ements we~e plotted and analyzed using the coordi­

nate system shown in Figure 4.5a. The survey loca­

tions associated with these-data are listed in Figure

4.5b.

Fo~ each data set, the cente~line of the fault

zone was located at a point co~responding to half the

maximum offset across the fault. An effective fault

width, 2WgO , was defined as the horizontal distance

separating the points co~~esponding to 90% of the max­

imum fault offset. This definition was adopted to

p~ovide a consistent basis fo~ no~malizing the data

f~om diffe~ent locations.

Initially, the data we~eshifted so that the

center of the fault zone coincided with the origin.
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Next, the data were normalized by dividing the fault

offset values, S, by the half maximum offset, Sm' and

by dividing the distance from the fault centerline, W,

by half the effective fault zone width, Wgo •

The normalized data were fitted with a hyperbolic

tangent function of the form:

S = tanh [.2!..] (4• 1 )
Sm Wgo

where C is a constant. By taking the inverse hyper­

bolic tangent of both sides of Equation 4.1, one ob-

tains:

cw
W90

(4.2)

By plotting tanh- 1 [S/Sm] vs. W/W go , a straight line

is obtained which passes through the origin with slope

C. Standard linear regression (Snedecor and Cochran,

1980) indicates that C = -1.0, with a 95% confidence

interval of plus or minus 0.1. The coefficient of de­

termination, r 2 , is 0.84, which indicates a good fit

to the data.

Figure 4.5c shows the transformed data plotted

with the best fit straight line, and Figure 4.3d shows
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the actual dimensionless data plotted with two hyper­

bolic tangent functions. The function using C = -1. 0

corresponds to the average pattern of displacement for

the fault data, and the function using C = -2.0 corre-

sponds to an approximate upper limit of the deforma­

tion from fault creep for the same da~a.

The maximum tensile strain, €m' imposed on a

pipeline sUbjected to bending is given by

where K is the maximum curvature imposed on the pipe­m

line by differential soil displacement and d is the

outside diameter of the pipe.

The maximum curvature imposed on a relatively

flexible pipeline within the fault zone can be derived

by differentiating Equation 4.1 as:

0.773 C2

K = m
m (WgO )2

(4.4)

The maximum tolerable fault offset for a pipeline

crossing a strike-slip fault at a right angle is found

by combining Equations 4.3 and 4.4:

(4.5)
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in which 28 is the offset across the entire faultm
zone. It should be emphasized that pipelines oriented

at an oblique angle with respect to the fault are

vulnerable to axial strains that can lead to pull-out

or compression at couplings. Modifications to account

for the consequences of displacement at oblique fault

crossings have been described by O'Rourke and

Trautmann (1981).

Equation 4.5 can be used to estimate recurrence

intervals for pipeline damage. As an example, con­

sider a 150-mm-diameter c~st iron pipe with a maximum

permissible strain of 0.001 and an outside diameter of

115 rom crossing a fault zone of effective width, 2

Wgo , of 1 m. According to Equation 4.5, using a mean

value for C of -1.0, the maximum tolerable offset

would be 364 rom. Assuming an average fault creep rate

of 5 mm!yr, the recurrence interval for damage to a

pipeline with zero initi~l strain would average 13

years. If, however, the curva~ure of the distributed

movement within the fault zone approached the upper

limit, such that a value of -2.0 were appropriate for

C, the recurrence interval for damage would decrease

to only 18 years.

It is clear from Equation 4.5 that the maximum
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tolerable fault offset 1s very sensitive to the param­

eter C and the width of the fault zone. The wider the

zone of creep movement, the more distributed the pipe­

line strain due to curvature will be. A corresponding

increase in the maximum tolerable fault offset is ob­

tained for a wider zone of creep.

Fault creep offset will gradually indrease the

strain in an intersecting buried pipeline. In con­

trast, earthquake rupture offset occurs within a few

seconds causing a rapid strain increase. Accordingly,

fault movements during earthquakes may cause signifi­

cantly greater damage to buried mains than that as­

sociated with creep, even though the maximum fault

offset is identical for the two cases.

4.4 SUMMARY

Repair records for the EBMUD water distribution

system indicate that the frequency of repair for cast

iron and asbestos cement pipe within 60 m of the cen­

terline of the Hayward fault zone is from three to

four times higher than that for the same types of pipe

beyond a distance of roughly 150 m from the fault zone

centerline. A similar review of repair records for

the distribution system operated by the Alameda County

Water District shows that several asbestos cement
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pipelines, which cross the fault and are over 10 years

old, have been damaged. Because the Hayward fault

intersects a relatively small portion of the East San

Francisco Bay distribution systems, the increased fre­

quency of repair does not represent a significant

maintenance problem. Although the likelihood of pipe­

line damage increases at fault crossings, the actual

number of repairs caused by fault creep is a relative­

ly low number when considered on an anriual basis. Re­

pair records indicate that cast iron pipelines are

damaged by both excessive joint rotation and bending

strains in zones of creep along the fault trace.

A hyperbolic tangent function is found to provide

a good representation of the pattern of displacement

at zones of fault creep. Using the hyperbolic func­

tion, a theoretical limit is derived for the max~mum

offset that can be tolerated by buried, flexible

mains. The maximum tolerable offset is proportional

to the square of the fault zone width.



CHAPTER 5

BURIED PIPELINE RESPONSE TO FAULTING DURING THE 1971

SAN FERNANDO EARTHQUAKE

This chapter focuses on the effects of surface

faulting on gas distribution and transmission pipe­

lines during the 1971 San Fernando earthquake. The

chapter begins by identifying the zones of surface.
faulting and the nature of the displacement in these

zones. Pipeline damage is evaluated as a function of

both the distance from the fault trace and, the orien-

tat ion of the pipelines relative to the fault. Damage

to high pressure transmission pipelines intersected by

the fault rupture and the association of explosion

craters with the type of ground movement and pipe dam-

age are evaluated. A detailed investigation is made

at two locations to study the effects of surface

faulting on distribution mains. A model is presented

for siting a pipeline in an area of potential reverse

and strike slip displacement.

5.1 INTRODUCTION

The San Fernando earthquake of February 9, 1971

has been assigned a·local Richter magnitude of 6.4

(Allen, Hanks, and Whitcomb, 1975). The fault break

-117-
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that caused the earthquake originated on the San

Fernando fault at a hypocenter about 8 km deep, ap­

proximately 13 km north-northeast of the City of San

Fernando. Tectonic surface faulting extended 15 km

along the front of the San Gabriel Mountains from the

Lower San Fernando Lake area eastward across the

Sylmar and San Fernando communities to the Big Tujunga

Canyon. The San Fernando fault plane dips northward

at an average angle of 55 degrees (U.S. Geological

Survey Staff, 1971). Left-reverse-oblique fault move­

ment along this plane produced a 2 m uplift of an 800

km2 block of the San Gabriel Mountains and a shorten­

ing of 2 m as the block moved south (Oakeshott, 1973).

A significant left lateral displacement component of

nearly 2 m accompanied the reverse displacement. The

left-lateral strike Slip movement was of the opposite

sense compared to the predominant right-lateral move­

ment in California.

A significant part of the surface faulting oc­

curred in culturally well-developed, urban and subur­

ban communities. Although only one-half of one per­

cent of the area affected by strong ground shaking was

influenced by surface faulting (Housner and Jennings,

1972), the principal cause of utility damage has been
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ascribed to permanent ground movements (Moran and

Duke, 1971). Over 2,400 breaks in water, natural

gas, and sewer pipelines have been reported in the

area of fault displacements (Steinbrugge, et al.,

1971).

The disruption of utility services during the

earthquake raises significant questions with regard to

the seismic performance of lifeline systems in zones
•

of surface faulting. These questions pertain to the

response of individual pipelines as well as their sys­

tem-wide performance, and require an investigation of:

1) how pipeline damage was distributed with respect to

the location of fault movement; 2) what orientations,

s011 conditions, and mechanical features have the most

significant impact on performance; and 3) what mea­

sures can be taken to mitigate damage during future

earthquakes. To answer these questions, this chapter

concentrates on the field observations and repair

records associated with the natural gas distribution

and transmission system in the zones ofo largest ground

deformation along the San Fernando fault. The pat-

terns of repair and pipeline replacement are analyzed.

Factors affecting seismic performance are investi-

gated, including pipeline orientation and weld charac-
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teristics. Specific instances <of pipeline distortion

are reviewed relative to the ground movement patterns,

and a model for estimating the longitudinal distortion

of pipelines subjected to reverse and strike-slip

faulting is developed.

5.2 PATTERN OF SURFACE FAULTING AND PIPELINE DAMAGE

Three principal zones of surface faulting have been

identified along the San Fernando fault (U.S.Geolog­

ical Survey Staff, 1971), and at least two other zones

of fault-related movements have been reported in a

subsequent study (Weber, 1975). Figure 5.1 shows a

plan View of the Mission Well~ and Sylmar segments of

the San Fernando fault as well as a zone of prominent

ground ruptures and street cracks, refered to by

Eguchi, et ale (1981) as the Harding School fault

area. Each zone of prominent ground movement is

bounded in the figure by a so~id line.

The Mission Wells segment trends east-northeast

and shows both left-lateral and reverse displacement.

Where it crosses Osceola Street, in the middle of the

segment, the fault dips 60 degrees north with the

northern block uplifted 250 mm, thrusted 200 rom to the

south, and left-laterally displaced 30 mmCU.S. Geo ....

logical Survey Staff, 1971 and Weber, 1975). The
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segment had a length of nearly 1 km.

The 3-km-long Sylmar segment trends east-west

across a densely populated area. The width of the

zone of surface ruptures varied from 30 to 200 m. In

the central part of the segment, displacements across

the entire fault zone were composed of 1. 9 m of left­

lateral slip, 1.4 m of vertical offset, and 0.6 m of

thrust (U.S. Geological Survey Staff, 1971). The

largest individual ground ruptures showed displace­

ments approximately one-half of the maximum displace­

ments across the entire width of the zone. Most of

the left-lateral slip and thrust was concentrated

along the southern 25 to BO-m-wide section of the

fault zone. North of this section, vertical offsets

and extension fractures were the predominant forms of

ground rupture (U.S. Geological Survey Staff, 1971).

The Harding School fault area is located between

0.2 and 1.0 km north of the eastern part of the Sylmar

segment. This zone contained surface breaks that were

offset vertically and downward to the north with

right-lateral displacements. The maximum displace­

ments were relatively small, varying from 10 to 50

mm. Weber (1975) suggests that these displacements

reflect a tension release across bedding planes in the
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underlying bedrock.

The study area for pipeline damage is shown as an

inset in Figure 5.1 and is bounded by a dashed line in

the main part of the figure. Within the study area,

gas distribution pipelines were buried along rights­

of-way that followed existing streets. The distribu­

tion mains were composed principally of 12-m-long seg­

ments of 25 to 200-mm-internal diameter steel pipe,

connected at oxy-acetylene welded joints. Gas pres­

sure in the pipelines at the time of the earthquake

was approximately 0.24 MFa. The pipelines were buried

at a nominal depth of 0.9 m, measured from the street

surface to the top of the pipe. The soils in the

Sylmar segment are mostly silty sands and gravels. A

groundwater barrier exists across the Sylmar segment,

with the water table measured at depths well below the

pipelines of 20 and 40 m on the north and south sides,

respectively, of the barrier (Oliver, et al., 1975).

Records of pipeline repair and replacement in the

study area were provided through the courtesy of the

Southern California Gas Company, and the repair

records were checked and supplemented by information

reported by the, Southern California Gas Company

(1973). Within the study area, a total of 112 repairs



-124-

was recorded.

Pipeline segments from 100 m to 2 km in length

were replaced within several months after the earth­

quake. 0 The replaced pipelines are shown in Figure

5.1. At locations where two or more pipelines were

adjacent to each other under the same street, only the

replaced pipeline is indicated. Sixteen percent of

the total length of all distribution lines in the

study area was replaced. There was a high concentra­

tion of replacements within and adjacent to the Sylmar

segment, with replacements made for 67% of the total

length of all lines within the segment. The number of

replacements was influenced by the orientation of

pipelines relative to the trace of the fault. S1xty­

two percent of the total length of northwest oriented

pipelines within the Syimar segment was replaced,

whereas 79% of the. total length of northeast oriented

pipelines was replaced.

Figure 5.2 shows a plan view of the Sylmar seg­

ment and Harding School fault area, on which the loca­

tion of individual pipeline repairs are plotted. The

types of repairs were determined from gas leak repair

sheets provided by the Southern California Gas Com­

pany. The causes of repair were typically noted as
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breaks in the pipe and damage at welded joints.

Water from broken water distribution lines washed

soil and debris into ruptured gas pipelines so that

repairs were occasionally performed to remove block-

ages at a relatively long distance from the locations

of most severe deformation. Three locations associ-

ated with repair of gas pipelines clogged with soil

and debris are shown in Figure 5.2. All are located

several hundred meters downgrade from areas of coneen-

trated gas pipeline damage.

Gate valves were also damaged by the earthquake"

and two locations of valve repair are shown north of

the fault zone in Figure 5.2. Gate valves made of

cast. iron generally showed a significantly higher in-

cidence of damage than those composed of steel or

brass (LePire, 1982).

5.3 PIPELINE REPAIRS RELATIVE TO THE FAULT ZONE

CENTERLINE

The pattern of pipeline repair along the Sylmar

segment was analyzed as a function of distance from

tae fault zone centerline. The centerline of the

fault was taken at the middle of the zone showing the
!

most severe surface displacements near the southern

boundary of the segment. The analysis did not include
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the eastern end of the Sylmar segment because the per­

manent movements in the Harding School fault area

would have biased the data at this location. Fifty­

one records of repair were used in the analysis.

Figure 5.3 shows the number of repairs per

kilometer of pipeline plotted as a function of dis­

tance from the center of predominant fault movement.

The repairs were determined for 50-m-wide intervals.

The upper pa~t of the figure shows the number of re­

pairs on the upthrown and downthrown sides of the

fault normalized with respect to the total pipe length

in each 50-m-wide interval on the upthrown and down­

thrown sides, respectively. In a similar manner, the

lower part of the figure shows the number of repairs

on the northeast and northwest oriented pipelines

normalized with respect to the total pipe length in

each 50-m-wide interval for each group of northeast

and northwest oriented pipelines, respectively.

The relatively high number of repairs within 100

m of the fault centerline is related directly to the

permanent fault movements. It is of interest to note

that the number of repairs per kilometer within or

near the fault zone is comparable to the number of re­

pairs at the same locations for water distribution
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pipelines reported by Eguchi, et ale (1981), even

though the latter were composed of cast iron. At a

distance greater than 200 m there is a significant

difference in the level of damage, with the greater

number of repairs per kilometer on the upthrown

block. Nason (1973) has pointed out that the high

incidence of "shattered earth" observed north of the

San Fernando fault implies a significantly higher

level of seismic intensity on the upthrown as opposed

to the downthrown side of the fault. This concentra­

tion of damage from seismic shaking may have been re­

lated to the special characteristics of elastic strain

release and the mUltiple reflection of seismic waves

above the fault plane, as discussed by Nason.

The effect of pipeline orientation relative to

the fault had a significant effect on damage. Pipe­

lines oriented in the northeast direction were subject

to compressive strains from both the thrust and left­

lateral strike slip components of the fault movement.

The number of repairs per kilometer of pipeline at or

near the fault centerline was nearly four times higher

for the northeast compared to the northwest oriented

pipelines.
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5.4 PERFORMANCE OF GAS TRANSMISSION PIPELINES

Four natural gas transmission pipelines were lo­

cated at or near the zones of surface faulting. The

lines were composed of welded steel pipe lengths and

were buried in silty sand and gravel at depths of 1.2

to 1.8 m from the ground surface to the top of pipe.

Table 5.1 lists the internal diameter, type of welds,

date of installation, and nominal operating pressure

for each pipeline.

Figure 5.4 shows a plan view of the San Fernando

area, on which are superimposed the transmission pipe­

lines and outlines of the Mission Wells and Sylmar

segments .of the San Fernando fault. The approximate

locations of pipeline damage as well as the locations

of explosion craters are indicated. The explosion

craters were typically 3 m to 5 m in diameter and were

formed by the sudden release of high pressure gas.

Their round shapes and associated debris patterns made

them relatively easy to identify on aerial photo­

graphs. The 1:2,400 scale aerial photographs used to
,.;.

locate the explosion craters were taken on February

12, 1971. When possible, the air photo interpretation

was checked by reference to ground level photographs

and by discussion with utility personnel. Because the
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Table 5.1 Summary of information for gas transmission
pipelines.

Nominal
Internal Approximate Operating
Diameter Type of Date of Pressure

Line (mm) Weld Installation (MPa)

85 660 Initially oxy- 1930 2.10
acetylene welded,
but rewelded in
1932 with electric
arc techniques

102.9 . 310 Oxy-acetylene 1927 1. 04

115 410 Oxy-acetylene 1930 1. 40

1001 310 Oxy-acetylene 1926 1. 40
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air photo interpretation was confined to a limited

area within and adjacent to the Sylmar segment, it is

possible that additional explosion craters were lo­

cated at points other than those designated in Figure

5.4. The crater near the northern end of Line 115 was

identified on the basis of discussions with field per­

sonnel of the Southern California Gas Company

(Buchanan, 1982).

The presence of explosion craters implies that

damage to Line 115 occurred rapidly, before escaping

gas at a given rupture could diminish pressures at

other break locations. Most of the explosion craters

were associated with tensile failures at welded

joints, and one crater was located at a point of se­

vere compressive wrinkling of the pipeline at the

southern edge of the fault. Explosion craters at the

fault edge and at substantial distances from the zone

of faulting suggest that damage north of the fault

occu~red within a very short time of the damage from

permanent ground movements at the fault. There were

some fires caused by escaping gas, one of which was

reported by Steinbrugge, et ale (1971) at the location

of the southern-most crater on Line 115.

There was no damage to Line 85 in the area shown
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by Figure 5.4, even though the pipeline crosses the

Mission Wells segment. Line 85 had originally been

constructed with oxy-acetylene welds, but was later

repaired and rewelded using electric arc techniques.

Damage to welded, steel pipelines has been re­

ported during the 1952 Kern County earthquakes (Lind,

1954 and Newby, 1954), when lines with oxy-acetylene

welds required a greater number of repairs than those

with electric arc welds. The apparently higher inci­

dence of earthquake damage for oxy-acetylene welds may

be related to weld quality. Figure 5.5 shows a cross­

sectional view of a pipeline weld. The figure illus­

trates some of the features of a proper weld, which

are compared with an improper weld. A proper weld re­

quires good fusion between the weld and pipe wall in

the root and bevel areas. An improper weld may be

caused by poor root penetration, undercutting and

overlapping at the toe, and a lack of good fusion be­

tween the pipe and the weld. During the repair of

Line 115, toe undercutting was observed at several of

the welded joints.

'5.5 DETAILED OBSERVATION OF PIPELINE AND GROUND

DEFORMATION

Figure 5.6 shows a plan view of the eastern end
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b) Improper weld

Figure 5.5. Cross-sectional view of pipeline welds.
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LEGEND:
Distribution Mains

_ Replaced Distribution Mains
"W Ground Rupture
:; Lateral Displacement
• Vertical Displacement, Dot On Downthrown Side
._ Extension
.+ Compression

@@ ObseNatlons of Pipe Deformation
100 m

Sca.e

Figure 5.6. Plan view of ground ruptures and pipeline
damage in the eastern Sylmar segment.
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of the Sylmar segment. The inset in the figure indi­

cates the location of this area with respect to the

main portion of the fault zone. Ground ruptures and

surface displacements are shown relative to sections

of replaced distribution pipelines. The displacements

are those reported by Kamb, et ale (1971) and U.S.

Geological Survey Staff (1971). In this area, the

compressive displacement parallel to the northeast

oriented pipelines was approximately 900 mm~ and the

vertical and transverse offsets across the pipelines

were approximately 300 mm. The 100-mm and 50-mm-diam­

eter lines on Maclay and MacNeil Streets, respective­

ly, were replaced. The two 25-mm-d1ameter lines on

Chippewa and Newton Streets were not replaced, even

though extensive damage to houses, streets, and side­

walks were recorded on both streets in the zone of

fault movement (Weber, 1975 and Youd and Olsen,

1971). Apparently, the small diameter pipelines were

able to sustain the permanent differential movements

caused by faulting.

The deformation of 50-mm-diameter pipelines at

points A and B shown in Figure 5.6 were studied by

Sharp (1981) when the pipelines were excavated a few

days after the earthquake. At point A, substantial
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beam buckling of the 50-mm-diameter pipeline was ob­

served, with a downward direction of buckling into the

soil bedding beneath the pipe. At this location the

total longitudinal shortening of the pipe was approxi­

mately 460 mm. Point Bis located where a tee connec­

tion joined the pipelines on MacNeil Street and Glad­

stone Avenue. The 50-mm-diameter pipeline on Glad­

stone Avenue was deflected out of line approximately

230 rom at the tee by the 50-mm-diameter pipe on

MacNeil Street. Substantial thrust displacement was

apparently transmitted over a distance of 85 m from

the location of surface faulting on MacNeil Street.

Figure 5.7 shows a plan view of the western end

of the Sylmar segment. The inset in the figure indi­

cates the location of this area with respect to the

main portion of the fault zone. Prominent ground rup­

tures and surface displacements south of the intersec­

tion of Glenoaks Boulevard and Hubbard Street are

shown relative to locations of breaks in Line 115

(410-mm-diameter steel pipeline). The displacements

are'those reported by Kamb, et al. (1971) and Weber

(1975). The ground ruptures are based on field map­

ping by M. M. Clark and R. V. Sharp of the U.S.

Geological Survey, supplemented by air photo interpre-
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500m
Scale

ZONE OF VERTICAL
DISPLACEMENTS
AND EXTENSION

7

AREA OF
INTEREST

N

100m

Scale

Tension Break
Compression Break 300mm

Type of Break Unknown~
Ground Rupture ~ ~
See Legend, FigureS.6, ~380m
For Displacements

LEGEND:
••o

EXPLOSION
CRATER ---"'lIIR

Figure 5.7. Plan view of ground ruptures and pipeline damage
in the western Sylmar segment.
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tation. The breaks in Line 115 were located by refer­

ence to aerial photographs and repair records summa­

rized by the Southern California Gas Company. The

identification" of compression and tension breaks is.

based on repair records and discussion with field per­

sonnel who repaired the breaks.

Two zones of ground movement were evident. One

zone was located at the southern boundary of the sur­

face faulting and extended a distance of approximately

80 m along Glenoaks Boulevard from the front edge of

the fault. This zone was characterized by compressive

ground movements and is shown as the zone containing

mole tracks, 'or compression ridges. At three loca­

tions in this 'zone, severe compressive wrinkling of

the pipeline occurred at the points noted in the fig­

ure. At the break approximately 180 m south along

Glenoaks Boulevard from Hubbard Street, a compressive

shortening of approximately 100 mm was recorded across

the damaged'pipe (U.S. Geological Survey Staff, 1971).

This section of the 410-mm-diameter (wall thickness 8

mm) pipe was also ruptured. A second distinct zone of

movement was located along Glenoaks Boulevard between

90 to 160 m from Hubbard Street. This zone was char­

acterized by prominent tensile ground movements as is
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shown as the zone containing vertical displacements

and extension. Several explosion craters occurred at

locations of tensile failure across oxyacetylene pipe

welds within this zone.

Line 115 was oriented in a northwest dire~tion

and therefore sUbjected to extension caused by left­

lateral slip of the fault. The effects of left-later­

al slip are well documented on Glenoaks Boulevard,

where a net 0.6-m-extension of the road was measured

between Hubbard Street and Orange Grove Avenue (U.S.

Geological Survey Staff, 1971). The severe compres­

sive strains in Line 115 are difficult to explain un­

less the fault thrust was applied to the pipe on a lo­

cal basis. Figure 5.7 shows a ground rupture with 360

mm of right-lateral slip that intersects the pipeline

at a subparallel orientation. near a compression break

in the pipe. This local displacement was apparently

responsible for part of the compressive wrinkling ob­

served in Line 115.

The repair records for the gas distribution sy~­

tem are not detailed enough to determine whether both

compression and extension failures occurred on other

northwest oriented pipelines. Nevertheless, excellent

records of observed damage exist for a 3.6-m-high by
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5.5-m-wide box cUlvert, known as the Wilson Canyon

Channel, that crossed the center of the Sylmar segment

in a northwest orientation (Hradilek, 1972). Although

the culvert showed deformation from axial extension

and bending, there was no clear evidence of compres­

sive shortening anywhere within or adjacent to the

fault zone. Apparently, the net extension caused by

left-lateral slip was able to offset the influence of

thrust on this struc·ture.

5.6 EFFECTS OF PIPELINE ORIENTATION

The general effects of pipeline orientation rela­

tive to a reverse fault with left-lateral strike slip

are shown in Figure 5.8. Movement along the plane of

fault rupture can be resolved into a displacement com­

ponent parallel to the strike of the fault, known as

strike slip, and a component parallel to the dip of

the fault, known as dip slip. As shown in Figure

5.8a, left-lateral strike slip will impose tension in

a pipeline that intersects the fault at an angle, e,

provided that the angle is less than 90 degrees. As

shown in Figure 5.8b, the dip slip will impose com­

pression in the pipeline. If the tension imposed by

strike slip, Ss' equals. the compression caused by dip

slip, Sd' the following equation holds:
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Sd cos a sin e = Se cos e (5.1)

where a is the angle of inclination of the reverse

fault with respect to' the horizontal. By rearranging

the terms in Equation 5.1:

Ss = cos a tan e.
Sd

(5.2)

Equation 5.2 can be used to estimate the angle of

pipeline/fault intersection at which there would be

zero net axial strain. This equation can also be re­

lated to Figure 2.3 which describes the fault type as

a function of the ratio Ss/Sd' Figure 5.9 shows a

plot of the optimum angle of pipeline/fault intersec­

tion as a function of the ratio of strike slip to dip

slip for reverse fault inclinations of 30 and 60 de-

grees. As the dip slip increases with respect to

strike slip, the optimum angle of intersection de-

creases rapidly.

When siting a pipeline in an area of potential

reverse faulting, the orientation of thepipe~ should

be chosen, if possible, on the basis of the antici­

pated fault movements. When the dip slip component of

faulting predominates, the angle of pipeline fault in-
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tersection should be small. When strike slip compo­

nents will accompany the faulting, the intersection

angle should be chosen to prevent excessive tension

and compression. In these instances, Figure 5.9 can

be helpful in choosing an optimal orientation for

left-lateral displacements, and a similar line of rea­

soning can be applied to right-lateral movements. It

should be noted, however, that pipeline performance

during the 1971 San Fernando earthquake indicates that

local compressive ~orces can be imposed by reverse

faulting despite a favorable orientation of the pipe­

line.

5.7 SUMMARY

Surface faulting associated with the 1971 San

Fernando earthquake extended a distance of 15 km along

three principal zones of surface faulting, including

the Mission Wells, Sylmar, and Tujunga segments. The

three segments showed different characteristics of

ground movement. The Mission Wells segment had small­

er magnitudes of displacement and ruptures which oc­

curred in a narrow zone of shorter length compared to

the other segments. The Sylmar segment was charac­

terized by a broad zone of discontinuous ruptures.

Displacements on the Tujunga segment generally oc-
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curred on a single scarp with branch and secondary

ruptures common. Left-reverse-oblique fault displace­

ment produced regional uplift, shortening and lateral

offset of 2 m, for each component of movement. The

components of maximum displacements on a single frac­

ture were about one-half of the maximum components

across the rupture zone.

Damage to gas distribution and transmission pipe­

lines during the 1971 San Fernando earthquake show

consistent patterns with respect to surface faulting.

The highest concentration of pipeline damage occurred

within the zones of permanent fault displacement.

Sixty-seven percent of the total length of gas dis­

tribution pipelines within the Sylmar segment of the

San Fernando fault zone was replaced. Damage to

northeast oriented pipelines was consistently higher

than damage to northwest oriented pipelines because

the left-lateral strike slip component of fault move­

ment-added to the compressive strains imposed on the

northeast lines. Pipeline damage on the upthrown

block of the reverse fault was higher than that on the

downthrown block at distances greater than 200 m from

the fault centerline.

Most of the damage to gas transmission lines was
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caused by tensile failures across oxy-acet.ylene welded

joints in an area of net ground extension. It is un­

likely that these failures were related to the type of

weld, but rather to the quality of the welds.

A simplified model has been proposed for choosing

an optimal pipeline/fault intersection angle for re­

verse faults with left-lateral strike slip, and a sim­

ilar model can be used for evaluating the effects of

right-lateral strike slip. It should be noted that

pipeline performance during the 1971 San Fernando

earthquake indicates that local compressive forces can

be imposed by reverse faulting despite a favorable

orientation of the pipeline.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

In this chapter: conclusions are made regarding

the characteristics of surface fault rupture. Conclu­

sions and recommendations are drawn from the work of

the previous four chapters and have been subdivided

according to the following topics: the characteris­

tics of surface faUlting, strike-slip faulting, the

long-term per~ormance of pipelines in areas of fault

creep, and pipeline response to reverse faUlting.

6.1 CHARACTERISTICS OF SURFACE FAULTING

AlthOUgh there is no clear threshold of earth­

quake magnitUde at which surface faulting is initi­

ated, historic evidence indicates that surface fault­

ing is not likely to occur at earthquake magnitudes

less than about 5.5. Generally, the length of surface

displacement is only a fraction of the total fault

length. For example, historic fault ruptures in

California have varied typically from 20 to 50% of the

total fault length.

Simplified models based on abrupt, planar dis­

placement offer the most useful means of classifying

faults with respect to their influence on pipelines.

-149-
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The three principal types of fault are strike-slip,

normal, and reverse faults. The movements on normal

and reverse faults tend to impose tensile and compres­

sive strains, respectively, in buried pipelines.

Strike-slip displacements may impose either tensile or

compressive strains, depending on the angle of the

pipeline/fault intersection. Faults with oblique

displacements, involving a combination of strike slip

and either normal or reverse slip, require special

geometric analyses to determine the optimal angle of

pipeline/fault intersection with respect to pipeline

strains imposed during faulting.

Fault displacements may occur in the form of co­

seismic slip, afterslip, and creep. Coseismic slip

occurs within a period of several seconds. It repre­

sents the most damaging type of movement for buried

pipelines because it allows little chance for stress

relaxation or redistribution of soil pressures. Both

afterslip and creep develop gradually. Observations

of historic surface faulting indicate that afterslip

~enerallY amounts to less than 30% of coseismic slip,

with movements accumulating at a decreasing rate for a

period of several days to several months. It is rec-

·ommended that pipeline design for differential move-
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ment at fault crossings be,based on coseismic slip.

Afterslip should be considered when planning post­

earthquake repair and maintenance. The timely excava­

tion of a buried pipeline after fault movement not

only provides a measure of stress relief from coseis­

mic slip but minimizes additional deformation from

afterslip. Creep should be considered when developing

long-term maintenance plans for fault segments af­

fected by creep.

Data are summarized in Chapter 2 pertaining to

historic U.S. surface faulting events, for which pUb­

lished information on Richter magnitUde, length of

faulting, and maximum displacement were available.

These data are supplemented with information pertain­

ing to worldwide, reverse faulting events. The data

for strike-slip and normal faUlting are associated

with a common regional setting, which includes the

California and Nevada fault systems. Moreover, the

data were reviewed with special care, particularly- ..
with respect to displacement and length measurements

at low earthquake magnitudes.

Linear regression equations developed in this

study forstt'ike-slip and normal faulting events show

a relatively high level of statistical compliance with
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the data. For example, coefficients of determination

of 0.83 and 0.91 were found for correlations of

strike-slip fault length and maximum displacement,

respectively, with Richter magnitude. These coefft­

cients indicate that 83 and 91% of the data variation

are explained by the linear regression equations. The

correlations in this study show significantly smaller

maximum surface displacements than those of other

studies for Richter magnitudes less than 6.5. Larger

displacements are indicated for Richter magnitudes

greater than 8.0.

The linear regressions with the highest degree of

statistical significance pertain to strike-slip fault­

ing. In contrast, the regression analyses for reverse

faulting indicate a substantial variation between the

data and regnession equations.

The regression plots and equations developed in

Chapter 2 for strike-slip and normal faulting can be

used to estimate lengths of faulting and maximum dis­

placements for western U.S. earthquakes. However, any

use of these regression analyses for predictive pur­

poses should be made after recognizing two limita­

tions. First, there are relatively few data so that

the population selection has had a~strong influence on
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the ~esults. The analyses should only be used fo~

faults in simila~ tectonic settings with cha~acte~is­

tics simila~ to those of the data. In addition, the

~eg~ession analyses should be extended as new data fo~

the weste~n U.S. become available. Second, the ~e­

g~essions have been developed as loga~ithmic func­

tions. This implies that the length of faulting ,and

maximum displacement a~e log no~mally dist~ibuted fo~

a given ea~thquake magnitude. P~edictive limits de­

te~mined by standa~ statistical methods will be bi­

ased towa~d la~ge a~ithmetic values of fault length

and displacement. Mo~eove~, these values will in­

c~ease substantially as the confidence limits inc~ease.

The second limitation is pe~haps the most signif­

icant with ~espect to applying the ~eg~ession analy­

ses. The~e a~e insufficient data to substantiate the

assumption of log no~mal dist~ibution. Acco~dingly,

the ~eg~ession equations and plots should be con­

side~ed as a convenient means of mapping t~ends. They

should be used only as estimates of fault length and

maximum displacement, and applied cautiously when

ext~apolating the data t~ends with ~ega~d to addition­

al statistical evaluations.
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6.2 STRIKE-SLIP FAULTING

Su~face fault ~uptu~es a~e gene~ally associated

with active global plate bounda~ies. The most active

bounda~ies are recognized by concentrations of seismic

activity. Strike-slip faults a~e typically associated

with continental plate boundaries which show pa~allel

movement.

Active faults may be identified by the special

geomo~phic features produced by ~epetitive su~face

faulting. The most p~ominent geomo~phic featu~es a~e

linear valleys and scarps. These lineaments may be

recognized by remote sensing techniques, in pa~ticu-

lar, aerial photog~aphy. Geomo~phic features associ-

ated with strike-slip faults a~e summarized in Chapter

3 in the fo~m of a table and accompanying th~ee-dimen­

sional illustration.

The fault t~ace on which coseismic slip o~ c~eep

was most ·~ecently observed is the most likely location

of fu~ture strike slip movements. Accordingly, zones

of fault creep can be used to locate areas of p~obaple

coseismeic slip. T~enching pe~pendicula~to the fault

t~ace can be used to locate planes of recent ~uptu~e

and the~eby identify areas of futu~e displacement.

T~enching p~ovides some of the most positive and de-
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tailed evidence of fault activity. It can be used as

a site exploration tool and as a vehicle for feedback

and design confirmation during pipeline construction.

Observations during pipeline construction can result

in changes to accomodate true conditions. Examples of

design changes at the location of a fault crossing in­

clude alteration of backfill material and compaction,

and applicatton of coatings aimed at reducing the

pipe/soil friction to minimize pipe stress from fault

offset.

In Chapter 3, the distributions of stri~e slip

displacement along the length of surface faulting are

reviewed for four strike-slip events, including the

1857 Fort Tejon, 1906 San Francisco, 1968 Borrego

Mountain, and the 1979 Imperial Valley earthquakes.

All displacements are expressed as fractions of maxi­

mum fault movement and plotted as a funcion of the

distance normalized with respect to total surface rup­

ture length. The fractions of maximum displacment are

summarized such that they represent the largest dis­

placements occurring along 0.95, 0.90, 0.75, and 0.50

of the total fault length. Each fractional displace­

ment is, in effect, the probability that movement

generated along the length of faUlting will be less
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than or equal to the fraction of the maximum displace­

ment associated with it. The probability that a pipe­

line will be intercepted by some fraction of the maxi-

mum offset is approximately equal to that fraction,

for displacements equal to or greater than 0.75 tiDies

the maximum offset.

The measured displacements along strike-slip

faults show a skewed distribution with respect to the

length of rupture. The pattern of movement can be

represented by an expression that combines both lin­

early increasing and exponentially decaying functions

of the fault distance in the form:

D x (1 - !)
= e R.

Dmax 1.

in which D is the displacement along the surface

(6.1)

rupture at a distance, x, Dmax is the maximum dis­

placement, and R. is the minimum distance along the

length of surface faulting to the poiint of maximum

displacement. This model tends to give conservative

estimates of displacement for fractional fault lengths

exceeding 0.75.

Historical evidence from strike-Slip fault dis­

placement has shown that, across the surface fault
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~upture width, most of the displacement has been

concentrated as abrupt movement in zones less than 15

m wide, with some displacement distributed in a zone

of distortion generally less than 50 m wide. It is

recommended that fault movement be modeled as a planar

displacement for purposes of analyzing pipeline/s'oil

interaction. This is consistent with the worst condi­

tions observed in the field and sets an upper bound on

the severity of 'deformation. This modeling assumption

generally will provide a moderate degree of conserva­

tism in the analysis.

6.3 LONG-TERM PERFORMANCE OF PIPELINES IN AREAS OF

FAULT CREEP

The Hayward fault is a good location for studies

regarding the long-term performance of pipelines sub­

ject to fault creep. It is located in a highly popu­

lated area where it is crossed by numerous pipelines

over a relatively long distance. The average rate of

creep on the Hayward fault is 5mm/yr, although rates

as high as 7 mm/yr have been observed on a local

basis. The widths of the zones in which creep move­

ments occur are usually more than 1 m but less than 10

m, with 5 m common.

Repair records were studied for a section of the
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East Bay Municipal Utility District (EBMUD) involving

76 linear km of water distribution pipelines crossing

and adjacent to the Hayward fault. The frequency of

repair for cast iron and asbestos cement pipe within

60 m of the centerline of the Hayward fault zone was

from three to four times higher than that for the same

types of pipe beyond a distance of roughly 150 m from

the fault zone centerline. Steel pipelines, which can

accommodate significant differential movement by vir­

tue of their ductility, do not show appreciable dif­

ferences in repair frequency with distance from the

fault trace.

A hyperpolic tangent function was found to pro­

vide a statistically good representation of the pat­

tern of ground displacement in zones of fault creep,

as described in Chapter 4. Using this function, re­

currence intervals for damage to a 150-mm-diameter

cast iron pipeline were estimated at approximately 18

to 73 years.

Although the likelihood of pipeline damage in­

creases at fault crossings, the actual number of re­

pairs caused by fault creep is a relatively low number

when considered on an annual basis. Utility companies

should be able to accomodate this level of damage
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within the no~mal cou~se of thei~ maintenance p~o­

g~ams. A mo~e significant sou~ce of weakening is co~­

~osion. Adobe soils, with a high clay content, a~e

commonly found in the vicinity of the Haywa~d fault.

This type of soil is often associated with a co~~osive

envi~onment. It is mo~e likely that co~~osion ~athe~.

than fault c~eep will ~educe the capacity of cast iron

and steel pipelines to ~esist pe~manent ea~thquake

displacements and seismic g~ound waves in this a~ea.

6.4 PIPELINE RESPONSE TO REVERSE FAULTING

The 1971 San Fe~nando ea~thquake p~ovides an ex­

cellent case histo~y of pipeline ~esponse to pe~manent

g~ound movements. App~oximately 17,000 custome~s we~e

without gas se~vice as a ~esult of pipeline damage.

Mo~e than 500 leakes we~e ~epaired in gas dist~ibution

pipelines, and mo~e than 10 km of line we~e ~eplaced.

This dis~uption of utility se~vices ~aises significant

questions with t"egaro to seismic pe~fo~mance of life­

line- systems, including how pipeline damage was dis­

t~ibuted with ~espect to the 10cat10n of fault move­

ment, and what o~ientations, s011 conditions, and

mechanical featu~es had the most significant impact on

pe~fo~mance.

Damage to gas dist~ibution and t~ansm1ss10n pipe-
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lines show consistent patterns with respect to surface

faulting. The highest concentration of pipeline dam­

age occurred within the zones of permanent fault dis­

placement. Sixty-seven percent of the total length of

gas distribution pipelines within the Sylmar segment

of the San Fernando fault zone was replaced. Damage

to northeast oriented pipelines was consistently

higher than damage to northwest oriented pipelines be­

cause the left-lateral strike slip component of fault

movement added to the compressive strains imposed on

the northeast lines. Pipeline damage on the upthrown

block of the reverse fault was higher than that on the

downthrown block at distances greater than 200 m from

the fault centerline. This concentration of damage

correlates with the relatively high levels of seismic

intensity that have been documented for the upthrown

as opposed to downthrown blocks of reverse faults.

Most of the damage to gas transmission pipelines

was caused by tensile failures across oxy-acetylene

welded joints. It is unlikely that these failures

were related to the type of weld, but rather to the

quality of the welds. Toe undercutting was observed

at several of the welds during repair. The tensile

failures were reported at locations of explosion
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c~ate~s. Within a l-km-distance ac~oss the Sylmar

segment of the San Fernando fault zone, the~e were 11

explosion craters caused by rupture of the high pres­

sure transmission line on Glenoaks Boulevard.

Both beam buckling and compressive wrinkling of

pipelines were observed. At one location, thrust was

transmitted over 85 m along a 50-mm-diameter distribu­

tion pipeline to a tee connection, where severe bend­

ing deformation of the intersected line occurred. In

another a~ea of compressive ground movements, wrin­

kling of a 410-mm-inte~val diameter pipeline (wall

thickness of 8 mm) was observed at three locations.

The pipeline was ruptured at one location where ap­

proximately 100 mm of longitudinal shortening occurred

across the deformed section.

An abrupt change in the direction of thrust as

well as severe local compression was observed near the

western end of the Sylmar segment. At this location,

there was a rapid decrease in displacment along the

western projection of the fault and a corresponding

increase in the width of the fault zone. As a result

of these end conditions, severe compressive wrinkling

was imposed on the 410-mm-diameter gas transmission

pipeline in addition to tensile ruptures in a zone of



-162-

net extension behind the fault f~ont.

When siting a pipeline in an a~ea of potential

~eve~se faulting, the o~ientation of the pipeline with

~espect to the fault should be determined, if possi­

ble, on the basis of the anticipated movement pat­

terns. When the dip slip component of faulting pre­

dominates, the angle of pipeline/fault intersection

should be small. When strike slip components will

accompany the faulting, the intersection angle should

be chosen to prevent excessive tension as well as com­

pression. A simplified model has been proposed for

choosing an optimal orientation for reverse faults

with left-lateral st~ike slip, which is described in

Chapter 5. A similar model. can be used for evaluating

the effects of right-lateral strike slip.
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