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PREFACE

This report presents the results of research per-
formed by Cornell University fu tki2~ National Secilence
Foundation (NSF) under Grant Number CME-8022427. The
NSF Program Ménagers for thls research were Drs.
William Hakala, Chi Liu, and K. T. Thirumalal.

The main body of this report represents the M.S.
Thesis research of Mlichael A. McCaffrey. Thomas D.
O'Rourke of Cornell Unlversity was Princilpal Investi-
gator for the research. .Fred H. Kulhawy and Mircea
D. Grigoriu were Associate Investigators, who assisted
with and reviewed varlous aspects of the research

Investigations.
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ABSTRACT

Surface faulting 1s one of the most damaging
types of earthquake-induced ground movement for buried
pipelines., It is important to recognize the locatlon,
distributlion, and potential maximum displacement as-
soclated with fault Pupture, and the influence of this
movement on buried pilpelines croésing active faults.

Data’on faults and surface fault rupture were ob-
tained from an extenslve literature revliew in addition
to discussions with researchers who had made field 1ine-
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 repalr records for wa-
ter distrilbution pipelines crossing and adjacent to
the Hayward fault. In addition, a detalled investiga-
tion of pipellne performance in zones of reverse fault-
ing . during the 1971 San Fernando earthquake was made.

Linear regression analyses pérf&rmed in this work
provide a means of estimating surface rupture length
and maxlimum 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 statils-
tical significance pertaln to reverse faulting.

The distribution of strike-sllp fault displace-
ment was investigated fot several earthquakes. The
distribution of movements along the length of faulting
was found to be skewed, and a model was developed to
approximate thls distribution. For purposes of analy-
sls, coselsmic slip can be modeled as an abrupt planar
displacement. This modeling assumption is consistent
ﬁith the worst fleld conditions, and generallylwill
provide for a moderate degree of conservatism in the
analysils.

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 plpe-
line were estimated at 18 to 73 years.

The highest concentration of pilpeline damage dur-
ing thel1971 San Fernando earthquake occurred within
zones of fault displacement. Sixty-seveﬁ percent of
the length of gas distributioq plpelines within the
Sylmar segment of the San Fernando fault zone was
replaced. Based partially on field observations; a
simpliified model 1s proposed for choosing the optimal
orlentation of a pipeline intersecting a reverse-

oblique fault.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Pipellne systems are bullt up over a vast.area,
and thelr exposure to selsmic hazards usually is
greater than that of individual facilitilies occupying
small areas. Active faults may be several hundred
killometers long so that 1t 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 1s conveyed through plpelines 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-
tlon exists in the San Franclsco Bay Area. An earth-
quake planning scenario prepared by the Californla
Division of Mines and Geology (Davis, et al., 1982)
points out that the Clity of San PFrancisco and a number
of municipal utilitlies 1n 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
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of the Ha&ward and San Andreas faults.

Surface faulting not only affects populated
areas, but also influences the delivery of expensive
raw commodities in remote locations. During construc-
tion of the Trans Alaska Pipeline, considerable effort
was devoted to plpeline design at known fault cros-
8ings, such as the Denali fault. The Trans Alaska
Pipeline System transports approximatély;$50 million
of oll per day (Oil and Gas Journal, 1980), and thus
the expense of one day's downtime 1s significant.

Studies that summarize data from surface faulting
events include those by Richter (1958), Bonilla (1967,
1970, 1979), Bonilla and Buchanan (1970), Slemmons
(1977), and Taylér and Cluff-(1977). Correlations
between surface rupture length, diéplacement, and
earthquake magnitude have been made by Bonilla (1967,
1970, 1982), Bonilla and Buchanan (1970), Krinitzsky
(1974), Slemmons (19?7, 1982), and Taylor and Cluff
(1977).

Most correlatiéns‘invdlving_fault length, dis-
placement, and earthquake magnitude have been devel-
.opéd_from worldwide data. The use of observations
from different tectonic settings assumes that the:

mechanisms of crustal displacement are sufficlently



conslstent that a general groupling of data will lead
to statistlcally meaningful results. This assumption
may not apply in all cases., Moreover, the grouping of
observations with different degrees of accuracy means
that variation in the data generally increase as the
observations ‘are collected from increasingly wide-
spread sources. It should be emphasized that correla-
tions between fault displacement and magnitude apply
only for maximum fault movement. The variations in
displacement along the length and across the width of
surface faults are not taken into account by such cor-
relations.

It would be interesting to develop correlations
- between surface fault length, maximum displacement,
and earthquake magnitude, based on a more select
choice of data within a given regional setting. A
relatively large number of historic faulting ob-
servations have been obtained for California and ad-
joining western U.S. states. These observations
provide an opportunity to develop correlations for a
reglonally Integrated set of earthquake mechanlsms.
Furthermore, they provide a data base for which
earthquake magnltude and offset measurements are

defined in a relatively consistent manner.



A close examination of the'distribution'of'dis-
placement along the length and acrOSS‘thé wldth of
surface fault rupture would help refine estimates of
displacement and establish a basls f¢r predicting B
fault offset in a statiétically significant manner.
Several cases, e.g., the 1857 Fort TeJon (Sieh, 1978),
1906 San Francisco (Lawson, et al., 1908), 1968
Borrego Mountain (Clark, 1972), and 1979 Imperial
Valley {Sharp, 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 an important supple-
ment tc the research on fault rupture. Areas of ac-
tive creep coihcide with zones of previous coseismic
siip (e.g., Burford and Harsh, 1980 and Nason, 1971b)
so that creep'observations can provideba means 6f lo=-
cating principal ruptufes durling future faulting'
events. The cumulative créep displaéements over many
years may be equivalent 1In magnitude tq the rapid off-
set imposed by faulting. Accordingly, a,syétematic
study of pilpeline response to creép can help clarify-
aspects of plpeline response to coselsmic slip and

provide a better understanding of the maintenance re-



quirements and residual risk associated with plpelines
influenced by creep.

Previcus studles of pipeline response to creep
are limited. The deformation and offset of two Hetch
Hetchy Aqueduct pipelines from creep on the Hayward
fault have been described by Cluff and Steinbrugge
(1966). O'Rourke and Trautmann (1980a) discuss gas
pipeline response to creep on the Calaveras fault.

A study of plpeline system response to fault creep
requires access to utility repair records for a large
number of mains. The Hayward fault oceurs ;n a highly
~populated area, where 1t 1s crossed by numerous pipeQ
lines over a relatively long distance. Accordingly,
it 1s a good locatlion for studles regarding the long-
term performance of plpelines subject to fault creép.

The 1971 San Fernando earthquake represents one
of the most important events with respect to earth-
quake damage to buried pipelines. Surface faulting,
which occurred in only 0.5% of the area affected by
strong ground shaking (Housner ahd Jennings, 1972),
was a principal cause of pipellne damage (Moran and
Duke, 1971). More than 2,400 breaks in pipelines were
repbrted in areas of fault displacements (Steinbrugge,

et al., 1971). This event provides an opportunity to
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investigate how plpeline damage was distributed with
respect to the location of fault movement, and to dew
termine what orientations, soil conditions, and
mechanlcal features had‘the most significant impact on
performance., In addition, it provides an opportunity
to study measures which may be taken to mitigate

future earthquake damage to pipelines.

1.2 OBJECTIVES
Pipeline response to surface fault rupture de=
pends on the type of fault movements, the amount and
distribution of these movements, the orientation of
the pipeline/fault 1ntersection; and the type and size
of pipeline. The aims of this study are to.evaluate
the ground movements assoclated with various types of
faulting -and to assess-the response of pipelines to
these Tault movements. The four malin objecti#es_set
to accomplish these goals, aré to: |
1. Describe the general characteristics of
surface faulting. A study of 42 selected
historic surface faulting events is used
to correlate the length of surface faulting
and maximum displhcement with earthguake
magnitude. The strike—slip'and normal sur-

‘face faulting events were selected from a



speclfic 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 are summa-
rized.

Evaluate the characteristics of strike-slip
fault displacement from coselsmic siip along
the length and across the width of the main
rupture zone. Speclal attentlon 1is devoted
to the amount and distribution of fault dis-
placement for siting of a pipeline/fault in-
tersection.

Investigate léng—term pipeline performance 1n
areas of fault creep. Damage 1ls studled fob
individual pipelines and plpeline systems
subject to creep along the Hayward fault.
Plpelline damage 1ls evaluated with respect to
distance from the fault trace centerline,
length of time subjected to creep, and
variation in pipe material. A limif on the
maximum fault creep offset that can be
tolerated by buried, flexible mains 1s

derived. Recurrence intervals for pipeline



damage are estimated from the limit,

4., Summarize the characteristics of pipeline
response to surface faulting during the 1971
San Fernando earthquake. Surface fault dis-

- placements are studled in detall and corre-

lated with repairs to the gas distribution
‘system and high preésure gas transmission
lines. The optimal orieﬁtation of ‘a2 plpeline
intersected by a reverse=oblique fault is

discussed,

1.3 SCOPE

This report 1s composed of six chapﬁers, of which
the first chapter presents background iﬁformation and
describes the objectivés and scopé of the study;

Chapter 2 describes fault types, and the patterns
and‘dimehsions of surface ruptures that occur during
an earthquake. Correlations are developed between
surface fault rupture length, maximum displacement,
and earthquake magnitude.

Chapter 3 1nvestigate$ histéric strike-slip
faulting in the U.S. The relation between strike-slip
faults and global plate boundaries is dlscussed, as
are the'geomorphic features which are caused by Ee-

petitive fault movements. The diséribution of dis-



placement along the length and across the width of
surface rupture is investigated, and models are devel=-
oped which represent these distributions.

In Chapter 4 the distribution of cfeep movements
and the long-term performance of buried pipelines
crossing the Hayward fault are discussed. Mathemati-
cal functions are derived representing both the pat=-
.tern of displacements across zones of creep and limite
- ing offsets for buried, small diameter pipelines.

Chapter 5 deals with the effects of surface
faulting on gas distribution and transmission plpe-
lines durlng the 1371 San PFernando earthquake. The
zones ;>f surface faulting are ldentified and the dam=-
age to buried plpelines relative to these iones are
discussed. A model 1s presented for siting a pipeline
in an area of potentlal reverse and strike slip dis-
placement.

Chapter 6 presents the summary and conclusions,.
It egtablishes a basis for evaluating the length of
surface fault rupture and maximﬁm displacement rela-
tive to earthquake magnitude, as‘well as the distribu-
tion of displacement along the length and across the
width of the main fault rupture zone. The principal

features of pipeline response to creep along the
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Hayward fault and coselsmic sllip during the 1971 San

Fernando earthquake are summarized.



- CHAPTER 2
CHARACTERISTICS OF SURFACE FAULTING

This chapter describes the types, patterns, and
dimensions of surface ruptures caused by earthquake
faulting. Fault types are ldentified on the basis of
relative movements of opposite sides of the fault. A
éystem by Bonillia (1967; 1970) is described for clas-
8ifying the distribution of surface ruptures commonly
observed during faulting. Correlations between both
the length of surface rupture and maximum displacement
with respect to earthquake magnitude are discussed.
Correlations are developed for U.S. events of all
fault types, wilth reverse faults supplemented by
worldwide data.

2.1 BACKGROUND

Permanent differential displacement of the
earth's crust that produces a roughly planar rupture
or rupture zone is referred to as faulting. The term,
fault, was originally used in connection with coal
mining (De La Beche, 1851), where an abrupt offset in
a coal seam was encountered. Because the coal could
not be mined at its antlicipated location, the miners

found themselves "at fault". PFaults of this type were

-]l
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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 fissufes, compression ridges, and
relative offsets. Although traditional methods of
describing faults do not account for these batterns,
they nevertheless provide a framework for distinguish-
ing different types of faulting and for evaluating the
overall directions and magnitudeslof movement.

Sudden, crustal displacement during an earthquake
;s referred to*as coselsmic slip. Sudden displace-
ments are thé most damaging for plpelines and other
buried structures. When movements develop quickly,
there 1s 1ittle chance for gradual redlstributlion of
‘soll pressures. Ilda (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 lafgest. Displacew=
ment from coselsmic sllp can account for all or part
of the fault displacement. Movement that occurs sub-
sequent to coseismic slip is referred to as aftersiip.
It ié generally characterized by a gradually increas-

" ing displacement, at a logarithmically decreasing rate
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(Bonnilla, 1982).

The rate, however,

can be temporapr-

1ly accelerated by additional earthquake activity,

The time during which ‘afterslip occurs may vary from a

few hours to several months.

Bonilla (1970) discusses post-earthquake creep,

or afterslip, and points Qut that, in most instances,

it represents only a fraction of the coselsmic silp.

Of the seven California earthquakes for which after-

slip has been recorded, post-earthquake displacements

have generally amounted to
seismic.slip. Only in the
Cholame earthquake did the
seisﬁic movement. In this

200 mm was measured over a

less than 30% of the c¢o-
case of the 1966 Parkfield-
afterslip exceed the co-
instance, an afterslip of

perlod of twelve months,

which represents 250% of the maximum coseismic dis-

placement.

Another instance of significant afterslip

involves the 1976 Guatemala earthquake, after which

0.31 m of afterslip was measured over 20 months at a

location where 0.60 m of coselsmic displacement had

occurred (Bucknam, Plafker, and Sharp,

1978).

Although surface faulting 1s less likely to occur

as the magnitude of the earthquake decreases, there 1s

no clear relationship between the occurrence of sur-

face faulting and a threshold magnitude at which
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faulting 1s lniltiated. Indeed, many significant
earthquakes are not even accompanlied by surface fault-
ing. Twenty-one earthquake shocks wlth 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,
1375). Of these, only filve were assoclated with
surface faulting. Krinitzsky (1974) points out tﬁat
surface faullng rarely occurs when the earthquake
magnitude 1s less than 5.4. Slemmons (1977) summa-
rizes 87 worldwide events after which surface fault
displacements were observed. Of tﬁese, eight were

" earthquakes of magnitude between 5.1 and 5.9. With
one exceptlion, the instances of surface faulting COP=
relate with earthgquake magnitudes greater thaﬁ'S.O.
The only exception is the 1966 Imperial Valley earth-
quaké of magnitude 3.6, in which 15 mm of sufface
movement was recorded in an area where c¢reep had pre-
viously been noted (Brune and Allen, 1967).

Creep involves very small, episcdic fault move=-
ments that are not assoclated wlth afterslip or 4i-
rectly triggered by pefceptible earthquake activity.
They are often averaged over several years and ex-

‘pressed in terms 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 Bonillia, 1966), and the Calaveras
fault (Armstrong and Wagner, 1980). Although creep
occcurs in small increments, the cumulative dilsplace-
hent over a period ¢of years may cause substantlal
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 1s the most commonly used means of classifying
faults for engineering purposes. For example,
Krinitsky (197?)‘and Slemmons (1977) define the prin-
cipal types of faulting on thils basis.

Models of fault displacement involve simplifying
assumptions, the most important of which 1s 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, 1t nevertheless sets an uppeb bound on the
severity of deformation for a gilven magnitude §f total
offset. Because plpeline deformations wlll often be
confined to a local area, rotational fault movement 1is
~not likely to have a significant influence on pipeline
performance.,

The Qrientation'éf g fault plane 1s described by
the strike and dip of the plane. The direction, or
beéring, off the line of intersection between a faglt
pléne and the horizontal plane is the strike of the
fault. The angle between the horilzontal plane and a
fault plane is the dip. A‘fault‘trace is ﬁhe expres-
slon of a fault plane intersecting the ground surface,

A strike-slip fault is one in which the predomi-
nant component of slip‘is a2 horizontal displacement
parallel to the fault plane. This type of displace-
ment is called'strike slip. Displacement of two for-
merly adjJacent 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 fto left, thel
fault 1s left-lateral, whereas left to right offset 1s
right-lateral. |

A reverse fault 1s one in which.the side overly-

ing the fault plane, or hanging wall, slips upward
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relative to the side underlying the fault plane, or
footwall. During reverse fault displacement, two for-
merly adjacent polnts on oppeosite sides of the fault
are offset vertically and overlapped norizontally.

The overlapping will result in compression or net
shortening of a stbucture 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 1s one in which the hanging wall
has slipped downward relétive to the footwall. During
nermal fault displacement, twe formerly adjacent
points on opposite sides of a fault are offset vertl-
cally and separated horizontally. The horizontal sep-
aration willl subject a structure intersecting the
fault to tension or net extension. Cqmbinations of
strike slip displacement with normal or reverse dis-
placement are called nermal-cbllque or reverse~$blique
faults, respectively. Diagrammatic sketches of faulf
types depicting thelr relative displacement across the
fault plane are shown in Figure 2.1,

Fault displacements are subdivided into compo~-
nents of net siip, dip slip, and strike slip. Figure
2.2 shows the components of siip in block dlagrams.

Net slip 1s the total displacement, measured in the
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Strike slip foult
{Left lgterat)

Normal faoult Reverse foult

Left oblique normal fault Left oblique reverse foult .

‘Fault troce

Hanging wall

Figure 2.1. Block diagrams of fault types (modified from
Clark & Hauge, 1977). -
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A c a) Normal Fault
\
\\

Legend
AB= Net Slip
AC=DB= Strike Slip

AD=CB= Dip Slip
@ = Angle Between Fault Strike AC
and Net Siip AB

b) Reverse Fault

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

Dip siip is the component of net slip parallel to the
dip of thé fault, and strlke slip is the component of
net slip parallel to the strike of the fault. The
amount of horilzontal overiapﬁing or separation caused
by fault displacement iﬂ the plane perpendicular to
the fault 1s referred to as heave. The vertical off-
set measured in the same plane is referred to as
throw.

Bonilla and Buchanan (1970) have>classif1ed 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 thfough E, designatiing.
the basic tyées of faults defined by Bonilla ang
Buchanan (1970): normal, reverse, strike-slip, normal-
oblique, and reverse-oblique. Displagement 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 clrcle,
produces the fault types indicated in the figure. The
radial line generéted 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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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 b&
striations on the fault plane indlcating the net slip
direction, or it can be calculated from values of
strike slip, (S_), and dip siip, (S, (Bonilla and

Buchanan, 19%70):

mlm
o o

cotangent ¢ = (2.1)

2.3 DISTRIBUTION OF PFAULTING

Surface fautling may occur as a single narrow
grbund.ruptufe, or as a complex pattern of ground rup-
tures forming a predominant rupture zone. The zone of
principal movement may be.accompaniedvby other rup-
tures at various distances and orieﬁtations from the
main fauit. The distribution of surface disﬁlacments
will depend on the type and amount of méin fault move-
ment and on the geologlc and topographic conditions
surroundihg the fault. Bonllla (1967, 1970) has pro-
posed a system for classifying the distributlon of
ground ruptures assoclated with faulting. The system
defines three categdries or zones: the main fault zone
(ane 1), zone of branch faults (Zoné 1), énd zone of
secondary faults (Zone III). A typical pattern of

faulting 1s shown in Figure 2.4, which 1is used to



I Main fault zone
II Branch fauit

II Secondory faults

~H
~H

Figure 2.4. Distribution of fault ruptures (after
Bonilla, 1§67).
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classify the varlious rupture zones, _

The main fault is defined as the zone of ground
breakage that predominates in terms of length, dis-
placement, and continuity. Surface ruptures. outside
the maln fault zone arerregarded as subsldlary fauits
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 are generally sméller, but of the same
type, as those along thé main zone and their lengths
are shorter. Secondary faults do not intersect the
main fault zone, arid no inference regarding thelr in-
tersectlion can be made. They usualiy are the'same
fault type, but smaller in terms of displacement and
length, as the main fault zone.

In the case of réverse 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, ﬁor 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
Jeast half had subsidiary faulting, and in only about
one-sixth of the events was there good evidence that
subsidiary faulting did net occur. The cumulative
length of all subsidiary faults, for 15 surface fault-
ing events, ranged between about 5% and 95% of the
iengtb 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 T% for the five strike-slip
faults.

Displacement on branch and secondary faults be-
comes smaller wilth increasing distance from the main
fault zone. In general, strike-slip faults show the
most rapld decay. Bonilla (1970) 1indicates 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 1s
the maximum distance from the centerline of the main
zone to the cuter edge of the main, branch, or second-
ary zone of faulting. The maximum width of the branch

fault zone is 0.8 km for strike~-slip faults and 2.6 km
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to 4.8 km for normal and reverse faults. For second-
ary faults, the maximum width is 2.4 km for strike-
slip faglts, and 12.9 km to 13.7 km for normal and.~
reverse faults.

Bonilla's system dépends on the 1dentificétioﬂvof
the main fault zone. Maln 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 magnltudes. For example, the pﬁincipal
displécements along the San Andreas fault were con-
fined to zones with maximum widths of 60 m and 3 m for
the 1906 Sén Francisco and 1966 Parkfield-Cholame
earthquakes, respectively. In some cases, the zone of
principal movement 1s virtually lmpossible t& distin-
gulsh. Four distinct, subparallel surface faults were
assoclated with the 1972 Managua earthquake, with two
of these having similar lengths of 5.1 km and 5.9 km.
The distances between phese‘ruptures varied from 270 m
to 500 m (Plafker andrBrown, 1973). Surface ruptures
caused by the 1980 Mammoth Lakes earthquakes wére dis-
continuocusly 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 sdbject to
oversimplifications, depending on the sufficial geolo-
gy, geologle structure, and regional tectonics. Nev-
ertheless, a system such as Bonilla's pro#ides a tool
for visuallizing general patterns, and for making gqual-
itative Jjudgments regarding the likelihood of dis-
placement relative to the main fault trace, This
classiflcation system seems to work best for strike-

slip faults which are discussed in the next chapter.

2.4 PFAULT LENGTH

As the lengtﬁ of surface faulting increases, 30
does the potential for intersecting pipelines and
other 1lifeline structures that cross or are buillt in
close proximity to the active fault. Accordingly, the
length of faulting can be an important index with
respect to earthquake damage. Rellabllity analyses of
plpeline systems have been developedlthat account for
the probability of pipeline damage by considering
fault rupture length. Der Kiureghlan and Ang (1977)
stress the need to include fault length in the evalua-
tion of selsmic risk for structures bullt in close
proximity to active faults. Ang and Mohammadl (1979)

show that the probabllity of a fault rupture inter-
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secting a pipeline 1s a function of surface rupture
length and orientatlon of intersectlon. Greater
lengths of rupture correlate with greater risk of
pipeline damage.

Generally the 1en§th of surface displacement‘is
only & fraction of the total fault length. Albee and
Smith (1966) point out that the length of historic
surface fault ruptures 1n southern California range
between 20% and 50% of the fault length or fault sys-
tem on which the earthguake occurred. Even great
earthquakes on the San Andreas fault have produced
movement on less than half of 1ts mapped distance.
The length of the San Andreas fault can be traced on
‘land for a distance of approximately 970 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 sectlon of the San
Andreas fault (Sieh, 1978), or U41% of the terrestrial
fault length. QGround 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 &Sz.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
earthuakes 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 tectoniec uplift or subsidence, 3) surface
rupture shorter than subsurface rupture, and 4) sur-
face rupture apprcximately equal in length to subsur-
face rupture. | |

Subsurface faulting 1s often inferred from seis-
mological evidence of aftershoék locations and geo-
detic data on regional displacements. These multiple
sources of evidence can lead to difficultles when de-
veleoping a consistent basis for Iinvestigating fault
length as a function of earthquake magnitude. Bonilla
(1967, 1970), for example, bases his estimate of the
Patton Bay fault‘length during the 1964 Alaska earth-
quéke‘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 km, which is consistent



-30-

with the evidence of regional uplift and subsidence.
The two estimates of length differ by an order of mag-
nitude and illustrate the difficulties associated with
determining rupturé distances for fault activity off—
shore. |

Because earthuake magnitude is proportional to
the energy released by faulting, greater lengths of
faulting shouldlrelaﬁe to greater earthquake magni-
tudes. Tocher (1958) was the first to'recogﬁize this
relationship and to‘plot earthquake magnitude as a
function of surface fault length. Other researchers
who have investigated earthquake magnitude as a funce
tion of ‘surface fault length include Iida (1959),
Otsuka (1964), King and Knopoff (1968),‘and Slemmons
(1977). Fault length has alsc been correlated against
earthquake magnitude by Iida (1965), Bonilla (1967,
1970, 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 worldwlde
events.

Figure 2.5 summarizes surféce fault length és a
function of earthquake magnitude as reported by Taylor_

~and Cluff (1977). Three linear regressions are showh
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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
strikeQSIip faults. The data in the figure come prin-
cipally from Bonllla and Buchanan (1970} with addi-
tional polnts introduced for the 1971 San Fernando and

1975 Oroville earthquakes.

2.5 FAULT DISPLACEMENT

Surface fault displacements may produce signifi.
cant offsets in 1ifeline structures thatlintersect the
fault. Accqrdingly, the e%tent of lifeline damage .
should correspond to the magnitude of fault offset fo:.‘
a constant angle of pipeliﬁe/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 éontinuous,
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 fe.g.,
Iida, 1965; Chinnery, 1969; and Slemmons, 1977). Max-

imum surface fault displacement has also been corre-



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
displacemeht as a function of earthquake magnitude for
49 worldwide events.

Figure 2.6 summarizes maximum surface fault dis-
placement as a function ofnearthquake magnitude re-
ported by Bonilla and Buchanan (1970). Five linear
regressions are shown in the filgure, representing
-worldwide and North American events for all fault
types and for strike-sliip, 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 quantitative Jjudgments about rupture length and
displacement for a glven eartfhquake magnitude. Be-
cause the length of faulting and amount of displace-
ment are critically 1mportanﬁ for evaluating the risk

of pipeline damage, 1t 1s worthwhlle 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-cblique 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 gase developed from
worldwide observations so that a sufflclent 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 1is infor-
mation pertaining to magnitude, rupture length, and
maximum displacement. It 1lncludes 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 fauliting
events in the continental U.S. The second group in-
cludes 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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by letters A, B, C, D, and E, representing normal,
reverse, normal-oblique, reverse-oblique, and strike-
slip faulting, respectively. This lettering system is
the same as that used by both Bonilla and Buchanan
(1370) and Slemmons (2977).

The reliability and accuracy of the observations
vary, depending on the source of information ahd man-
_ner in which the measurements were made. For example,
the strike-slip displacement of 0.9 m listed in Table
2.1 for the 1868 Hayward earthquake is taken from in-
direct evidence reported by Lawson, et al. (1908). 1In
contrast, the maximum strike-slip displacement of 0.38
m for the 1968 Borrego Mountain earthquake was ob-
tained as a result of organlzed field reconnalssance
and detalled mapping. The records of the Borrego
Mountain earthquake include a comprehensive account of
how strlke slip movements were distributed both along
the length of faulting and throughout the width of the
main fault zone (Clark,‘l972),

'In some instances, not all'components of the
fault movement are reported. This 1is especially true
for many cof the reverse faults. As a consequence,
correlations have been devised for displacements rep-

resenting maximum throw and oblique-slip, without dif-
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ferentiation, so that the correlations are based on
daté that do not represent & consistent sense of mové-
ment,

As discussed previously, the length of faulting
involving offshore displacements can differ signifi-
cantly depending on whether direct cobservations or es-
timates from regional subsidence and uplift are used
as the basis for measurement. In addition, the magni-
tude ascribed to worldwlde 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 observationé. Some Eesidﬁal unceftainty must be
expected. Indeed, some degree of uncertainty is a di-
rect consequence of incorporating observations ob-
tained during the nineteenth and early twentlieth cenw
_ turles,

To the extent possible, fault displacements used
for linear regression analyses 1n this study were
taken‘ff;m;a specific tectoniec setting. The strike
slip and normal slip displacements are confined almoét
exclusively to the California and Nevada faulf'sys-~

tems. As indicated by Hays (1980), these systems are
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. associated with a distinective alignment of seismlic ac~
tivity and structurally linked with the right-lateral
motion between the Paclfic and North Americén plates.
The 1959 Hebgen Lake and 1934 Hansel Valley earth-
quakes are the only 1n$tances of normal faulting in-
cluded iIn the analyses that are not part of the
California-Nevada systems. The geologic settings for
these events are part of the overall fault-block mecun-
tain structure that involves the Nevada system, as
well as the Wasatéh fault zone and Intermountain
Seismic Belt, so that sufficlent similarities exist
among the normal slip data to warrant a common group-
ing.

The fault displacements were selected to repre-
sent coselsmic slip along lengths of faulting greater
than 1.6 km (1 mile). Coselsmic slip is of critical
interest with respect to plpelines because abrupt,
short-term displacements are the most damaging for
buried structures. Accordingly, fault displacement
data‘fov the 1366 Imperial Valléy 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. Conseqﬁently, the movement observed durlng the
1947 Mannix earthquake 1s not used because there 1is
strong evidence that the surface displacement was re-
lated to secondary faulting (Richter, 1558).

In this study, the length of fauiting is taken as
the distance of mappable, surface rupture. This es-
tablishes a consistent basis fof.definihg length by
relating it to features that have been identified and
confirmed through direct observation. Because this
distance 1s assocliated with abrupt surface movements,
it 1s especially meanlngful for pipelines and'othef
1ifeline 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 subsidenée. As
sueh, the reverse fault length for the 1964 Alaska
earthquake in Table 2.1 is conslstent with the dimen-
sion reported by Bonilla (1970) and significantly less
than that reported by Slemmons (1977). Likewise, the
length of faulting for the 19064San Franclsco earth-
bquake-is a minimum length because movements on the San

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

The Richter magnitude used in thils repeort and in
studies. by various researchers (e.g., Bonilla, 1967,
1970; Bonilla énd Buchanan, 1970; and Slemmons, 1977)
1; conslstent 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 derived from sur-
face waves, or teleselsms, MS' In general, the
Richter magnltude is equivalent to local magnitude for
magnltudes less thah 7. It 1s equivalent to surface
wave magnitude fof magnitudes greater than or equal to
T. Kanamori and Regan (1982) plot local against sur-
face wave magnltudes for selected California earth-
quakes and shéw 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 1s therefore taken as an exponential
function of magnitude, and linear regression analyses

are performed using the followlng expression for
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length of faulting, L:
Log L = a + bM - o (2.2)

where M is the Richter magnitude and a and b are con-
sﬁants defining fhe bestrstraight line fit of the
data. |

| Figures 2.7, 2.8, and 2.9 show the length of
faultiﬁg plotted against Richter magnitude on semi-log
graphs fbr 3trike~slip, normal-slip, and reverse-slip
faults, respectively. The plots for normal and ref
verse faults also include data for events with oblique
displacements. The linear regresslion equation is
given 1n each figure in the form pf-Equation‘E.z. A
straight line representing the equation is plotted
relative to the daﬁé points, each of which is indeied
with respect to the observations of surface faulting
summarized in Table 2.1. .The coefficlent of deter-

mination, 2

, and the number of data points in each

population set, n, are also show@ in the figures.. For

eéch linear regression, standard tests were performed

which shown that there 1s a statisticaliy silgnificant

trend of increasing fault length with increasing |
Richter magnitude.v_ |

The linear regression with the highest degree of
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statistical significance pertalns to strike-slip
faulting. The coefficient of determination for this
regression indicates that approximately 83%.of the
variation in the data 1is explalned by the straight
line plot; In contrast,.the low coefficlent of deter-
mination for reverse faulting indicates there is sub-
stantial variation between the data and the regression
équation. .

The strike-slip and normal faults are character-
ized by approximately equal lengths of faulting at
magnitudes between 5 aﬁd 6. There 1s a substantial
difference between them for magniﬁudes 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 tth‘sﬁudy for U.S. events with
those calculated from the surface faulting data com=-
plled by Bonilla and Buchanan (1970) for North
American strike-slip and normal féults, respectively.
The llnear regression equaqions 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 differencés with respect

to the faulting events used in the two correlations.
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There is also good agreement betﬁeen the plots for
normal and normal-oblique faults, particularly for
magnitudes between 7.0 and 8.0. The régreséion equa=~
tion developed in thils work for normal faults gives
relati?ely 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 Excelslor Mountains earthquake.

2.6.2 Correlation of Maximum Fault Displacemgnt and
Earthquake Magnitudé
Linear regression analyses are commonly performed
using‘the followlng expression for maximum fault dilse

placement, D:
Log D = a + bM | (2.3)

where M, a, and b are defined in the same manner as
for Equation 2.2. Figuresl2.12; 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 ﬁormal and
reverse faults. The linear regression equatibn is
shown in each figure 1in the form of Egquation 2.3, and

the stralght line representing the equation is blotted
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Figure 2.13.

Earthquake Magnitude

Plot of displacement vs. magnitude for
normal and normal-oblique faults.
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relative to the data points. The coefficient of de-
termination, r?, and the number of data innts in each
population set, n, are also shown in the figures,
Standard statistical tests show that there 1s a sta-
tistically significant Slope for each regression piot.

It shouid be emphaslized that the llinear 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 maxlimum horizontal and vertical offsets,
respectively. The maximum vertical offset is ﬁlso
used for ﬁhe 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
develqp correlations ,on the basis of maximum obllque
movement. |

The linear regression with the highest degree of
statistical‘significance pertains to strike-=slip
féuitlhg. The coefficient of determinétion of‘this'
regression indicates that approximately 91% of the
variation in the data is‘éxplained by the.straight

1line plot. In a manner similar to that for length of



-53-

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
1s 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 wlth
those calculated from the surface faulting data com-
plled bj Bonilla and Buchanan (1970) for North
American strike-slip and normal faults, respectively.
The linear regression equations assoclafed wlth each
data set are also shown in the figures, The agreement
between the plots for both stfike—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 statistlical analyses Iin 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 varlation with respect to the linear
regression equafions;

Although the equations in Table 2.2 are helpful
in visualizing trends and comparing different types of
faulting, their use for predlctive purposes is limited
by at least two characteristics of the data set.
First, there are relatively few data so that the popu-
latlion selectlon has a strong influence on the results
of the regression analyses. In this wérk, the maxlmum
displacement for the 1966 Imperial Valley earthquake
was not included 1n 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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sultiné regression equation glves nearly twice as much
displacement for an earthquake of maénitude 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 or displacement as a function of mag-
nitude. By plotting the logarithm of length or dis-
placement with respect to magnitude, even small de-
partures from the regression lines will result in
large variations of the arithmetic values.

Table 2.3 helps to illustrate this second point.
Standard statistical techniques (e.g., Snedecor and
Cochran, 1980) were used to develop predictive limits
for the linear regression pertaining to strike s1ip
displacements., Table 2.3 summarizes the results of
these analyses. Maximum predicted displacements are
l1isted for several different magnitudes. of earthquake
according to the probability, P, that the predicted
value will be exceeded. The standard statlistical
methods assume that the displacement 1s log normally
dist;ibuted about the predicted value of the regres-
sion equation. Accofdingly, the predictive limits are
calibrated with respect to exponential changes. Table
2.3 shows that the maximum predicted displacements

change by roughly a factor of five as the probability,
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Table 2.3. Summary of maximum predicted displacements
for s8trike-slip faults.

Maximum Predicted Displacement, m

Richter

Magnitude P=0.50%  B=s0.25  P=0.10 ' P=0.05
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 ©  L2.65

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 apbropriaté measurements
for each event entalls a significant amount of Jjudg-
ment. As shown in Figures 2,10, 2.11, 2.15, and 2.16,
the variations resulting from different interpreta-
tions of historic earthguake faulting are not large
.for earthquake magnitudes of 6.5 to 8.Q. The varia-
tions assoclated with a glven regression equation,
however, lead to a substantial range of predicted
displacements 1f standard statistical technlques are
used.

It should be recognized that the maximum dis-
placement may not represent the best cholce of move-~
ment over the entire length of surface faulting. The
maximum displacement provides an uppef 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
wlide, 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 1s 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 c¢o=-
selsmic slip, afterslip, and creep. Coselsmlic 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 céused by
an earthquake will involve complex distributions of
movemeﬁt, simplified models based on abrﬁpt, planar
displacement offer the most useful means oflclassify-r
ing faults with respect to their influence on pipe-
lines. The aerial distribution of faulting can be
visualized with the aid of a classification systém
(Bonilla, 1967), in whiech the surfﬁce ruptures are
divided into three zones encompassing the main fault,
branch faults, and secondarj faults.

Information has been summarized pertaining to all
historie, 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 maxlimum displacement with Richter magnitude. The
highest degree of statisticalAsignificance is associ-
ated with strike-slip faults, whereas reverse faults
show a relatlvely poor correlation between the linear
regression equations and observed movements. ‘Varia-
tions iIn the linear regresslon values resulting from
different interpretations of historic faulting are not
large for earthquaké magnitudes of 6.5 to 8.0, but may
be substantial for earthquake magnitfudes less than

6.5,



CHAPTER 3
STRIKE-SLIP FAULTING

This chapter investigates historic strike—slip.
fauiting in the U.S. Faults are related to the acﬁive
global plate or subpiate boundaries. Special géomor-
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 siip 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 viecinity of major global plate 5oundaries or along
tectonically conspicuous subplate boundaries. Two
global belts of concentrated seismicify are prominent
in the jresent distribution of earthguakes shown in .
Pigure 3.1. .These belts include the circum Pacific
and the east-west seismic zone between Asia and the
Mediterraneah.

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 relleved alohg the path of
least resistance having a favorable crientation to the
direction of stress. The expression of this stress
relief, or strain, wlll be In tﬁe form of tectonic
movement, Plate or subplate boundaries with high
rates of regional deformation or strain, 20 mm/yr or
greater, have the highest potential for seismic energy
release and associated potentiszl for surface faulting
(Slemmons, 1977).

Active platé boundaries are identifled on the ba-
sis of relative dilsplacement, and include three typesﬁ
separation, convergence, and parallel movemenf. The -
East Pacific Rise and Mid-Atlantic Ridge are examples
of separating plate boundaries. Zones of coastal Sub1 '
ductioﬁ are related to converging plates, wlth ocean
trenéhes adjacent to island or mountaln arc structures
oceurring at the Aleutian and Japanese arcs. Examples
of parallel plate movement may be found along the
western North American Contlnent, in New Zealand, and
in northern Turkey. Major strike-slip faulting zones
are formed by such subparailel moveﬁent of plate or
subplate boundaries.

The major actlive strike-slip fault zones in the
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U.S. occur along the boundary between the North
American and Pacific plates and are located in
Callifornia and Alaska. Strike-slip surface faulting
in California has occurred along the San Andreas fault
system Including the San Andreas, Calaveras, and
Hayward faults, and the San Jacinto and Imperial fault
zones. Locations of historic surface rupture along
these faulﬁs 1s shown 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 1s common to mest active faulting in
California, conforming to the 1nfluence of the rela-
tive right-lateral displacement between the plates.
Significant exceptions occur 1in the vicinity of the
Transverse Range where reverse faulting generally 1is
accompanied by components of leff-lateral slip.
Strike-slip surface faultling was observed on the
Fairweather fault in 1958 (Tocher, 1960; Brogan, et
al., 1975). This fault 1s located near fthe boundariles
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 types of

plate boundaries can be recognized in the figure. The



66—

1
& ¢
% CALIFORNIA
W& \savwanp ~ @SACRAMENTO
X N\ FAULT N
N>y e S

1906 o2 MO\ CALAVERAS FAULT
SAN FRANCISCOMIR {30 1852

Y

\ North “
A Americon \
{" Plate a2

\ LN
\\ R
\\
i
Pacific
Plate
1968
7951 \
‘ 1940
EXPLANATION : SAN DIEGO 3 B Conto ¥y Ny
At owe Rocently #ctive fauit Vo = == = WeERIAL
FAULT .
L] Surtece rupture ' Aut =
BRI Two recorded ruptures ;

s0 100 150 KILOMETERS
i y I— | .

o

Figure 3.2. Major faults in California and locations of

historic surface rupture (after Hays, 1980).



67—

Totschunda g
Fault
=3

\
'S AMERICAN

(51}
e
L]
-t

éO°~
PACIFIC K
Queen
: Charlotte
jsland :
Fault
PLATE & PLATE
Q
<63 _ //
( - Juan de 5
%0 Fuca Ridge ~ CAnap,” 9%
° VST —
(-]
Q
g
~7

Figure 3.3. Sketch map of northwestern North America show-
ing major tectonic features along Pacific-North
American plate boundary (after Naugler and
Wageman, 1973). ;



68~

Aleutian trench is the location of a'compression type
boundary where ﬁhe Pacific plate is éubducted under
the North American plate. Subparallel plate movément
occurs along the southeastern Alaskan and western
Canadian coast. This subparallel movement 1s re-
flected as right-lateral slip on the Faipweather
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 61973),
Brogan, et al. (19758), Slehmons (1977), and Hays
(1980). ‘Included among those referenced ébove is the
Alpine fault system in New Zealand. Richter (1958)
and Scholz (1973) drew attention to this systém by
noting that many of its bharacteristics 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 i1s the Northern Anatolian fault system of
Turkey. Walla;e (1968a) and Ambréseys (1970) have
noted the similarity between this and the Sén Andreas
fault system. Features characteristic of large scaleb

right-lateral, strike-slip faults are common to both.
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3.2 GEOMORPHQLOGY

| Repetitive fault displacements cause subtle but
distinctive chaﬁges in the terrain, producing specilal
geomorphic features. These features are prominent
where active faults cross elongate geologle structures
and drainage channels. The geomorphic features are
distingulshed as primary and secondary based on thelir
relation to fault movementé. Primary geomorphic fea-
tures are directly related to fault displacements. and
may be caused by the offset of geologlc structures, or
by depression or compression along the fault trace.
Secondary features are related to erosion, deposition,
or ground water regimes that are altered because of
the fault movements.

A fault scarp is a steep slope parallel to the
plane of prinecipal fault movement, and Slemmons (1977)
describes 1t as one of the most ¢ommon 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 topographic relief exposing a
scarp or plane along which the displacement occurred.
The offset of linears, such as dralnage channels and
ridges, produce an abrupt discontinuity at the plane

of fault offset. Large offsets of drainage channels
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are produced by repeated small shifts, with the chan-
nel reestablishing the continuity of 1ts course during
the intervening perlods. Offset drainage channels
have been detected along the San Andreas faulﬁ,‘and
are described by Wallacé (1968b) and Sieh (1978). A
fault gap is formed by dlsplacement which laterally
offsets a ridge so that the two parts are no longer
éontinuous. A saddle is a deep, short deflile through
a hill, ridge, or mountain where a notch reSult;ng
from displacemenﬁ 1s produced at the fault intersec-
tion. Shutterridges are formed by lateral faulf of f-
set of ridge-and—canyon'topography. The displaced
part of a ridge shuts off the adJacént canyon. Closed.
depressions are created by the downward movement of
llarge blocks between separate faults, or by the subsl-
dence of small blocks between splays or strands 6f a
given fault. An examplé of a large block depression
1s the Salton basin, California, which 1is described by
Brown (1922) and Hamilton (1969). The Salton basin 1is
bounded by the San Andreas fault to the east and the
San Jacinto fault to the west, separated by 45 km.

The Mesquite basin, Californla, described by Sharp, et
al. (1982), is an example of an intermediate size de-

pression. The Mesqulte 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 1s a secondary feature created
by erosion acting on rock units of different resis-
tance Jjuxtaposed by faulting. The relief of the
fault-line scarp 1s due solely to erosion. Other
fault-line features are similarly a product of ercsion
and include fault-=1line valleys, gaps, and saddles.

Select geomorphic features are illustrated in
Pigure 3.4. A summary of the geomorphic features
associated with strike-slip faults 1s 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 subsectlions. The subsections for primary
features are offset, depression, and compression, and
for secondary features are eros;on, deposition, and
ground water barrier. lExamples of each feature and
assoclated references are listed in the table.

The identification of active faults can be made

“through knowledge and recognition of characteristic
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Offset drainage channel

Shutter
ridge

Linsar valley

Figure 3.4. Geomorphic features developed along active
strike-slip faults (after Wesson, et al., 1975).

Table 3.1. Summary of geomorphlc features assoclated
wlith strike-slip faults.
PEATURES EXAMPLES REPERENCES
Erimary Peaturss

- Qfriet fault scarp Sharp (1954); Slemmons (1977)

drainage channel Sharp (1954); Slammons (1977);
Wallace (196€8)

ridgeline Slemmons (1977)
gap Sharp (1954); Slemmons (1977)
saddle, noteh Sharp (1954); Slemmons (1977}
shutterridge Buwalaa (1937)
fissure {fault trace) Slemmons (1977}

= Depresaion linear valley, trough Sharp (1954); Slemmons {1977)
closad depression Sharp (1954); Slemmons (1977)

(sag pond when wet)

- Compreasion Pressure ridge Wallace (1949)

aole track Sharp (1954)
Sscondany Festures

= Erosional " fault~line acarp Sharp (1954)

fault=line valley, Sharp (1954)
trough

fault=line gap - Sharp (1954)
faulteline saddle, Sharp (1954)

- Depositional

= Groundwater
Barrier

nowch

ponded alluvium
alluvial fan, apron

slongated spring
sligned spriangs

Slemmoins (1977)
Sharp (1954)

Slemmons {1677)
Slemmons (1977)
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geomorphic features. These features are often easier
to detect from aerial views so that remote sensing can
be é valuable means of locating active faults. The
application of remote sensing for active faulft identi-
fication 1is described by Babcock (1971), Krinitzsky
(1974), Sherard, Cluff, and Allen (1974), NASA (1979),
and Rowan and Wetlaufer (1981). The use of detalled
field mapping, which may be required for detectlon of
mofe subtle geomorphic features, 1is described‘by Taber
(1923), Miller (1941), Wallace (1968), Krinitzsky
(1974), Slemmons (1977), and Sieh (1978).

3.3 FAULT CREEP

Creep 1is the gradual, episodic movement of a
fault without the assoclated occurrence of an earth-
quake. Nason, Philippsborn, and Yamashita K (1974) have
observed that creep movement generally occurs in cy-
clic episcdes of.short duration with little relative
movement between episodes. Fault creep differs from
fault slip during an egrthquake'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 flulds from the ground. For exam-

ple, creep has been observed on the Buena Vista fault
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in the Taft, California oil field (Koch, 1933; Wilt,
1958; and Howard, 1968), where creep apparently was
caused by the pumping of petroleum and water.

Creep in the U.S. was first observed by
Steinbrugge and Zacher (1960) on the San Andreas
fault, Since then, creep has been observed on several
other U. S. strike-slip faults. These include the
Hayward, Calaveras, and Imperlal faults. Creep obser-
vations are typlcally reported as a dlsplacement per
year. This rate often reflects an average developed
from displacements measured over several years., 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 observéd 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. (1982), is
6 mm/yr.

The cumulative creep offset over time may be
large, and the damage from creep to buried pipelines
and other lifelines 1ntérsect1ng the fault may be sig-
nificant in some instances. A discussion of buried
plpeline response to fault creep is presented in

Chapter 4.



-75=-

Creep may occur intermittently with earthquake-
induced faulting. For exémple, 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 1is creep-
ing in a section on which coselsmic slip occurred
during the 1868 Hayward earthquake (Nason, 1971b).

Creep 1s generally confined to a narrow width of
several meters (Nason, 1971b) on planes oE the ﬁost
recently actlve ruptures. Variations in the wildth
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 1is
less than 70 m wide, with the most severe shear dis-
tortion within a 15-m=-wide zone (Burford and Harsh,
1980). Observatlions of creep for portions of the San
Andreas, Hayward, and Calaveras faults by Nason
(1971b) nave 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 1s dis-
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cussed. This is foilowed by a discuséion of the dis-
tribution of diﬁplacement across the width of the main
fault zone. Emphasls 1s placed on historic evidence
of faulf 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 Féulting

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 respedt to other.ground movement
features, and the locatlons 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 contlnental 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, 1972),
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 quallity south of the U.S3.-Mexico border to
permit a detailed plotting of displacements along the
entlire fault length. Likewlse, 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
fepresent a gap in'the record of 115 km, and the dis-
placements and length of faulting north of Shelter
Cove are not known.

Figure 3.5 shows the observed displacements
plotted as a function ¢f 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 aftersllip. The dis-
placements have been expressed as fractlons of maximum
fault displacement, and the distances along the fault
have-been expressed as fractions of the full surface
rupture length. In each case, the pattern of dis-
placement 1s skewed. The polnts 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, 1t was felt that the displacement, D, could
be exﬁressed as a function of distance along the
fault, X, by combining a linearly increasing function,

-Bx

Ax, with a decaying exponential function, e , in

which A and B are constants. The product of these

funections is:

D = Axe B¥ - | (3.1)

If the distance is normallzed with respect to the dis-

tance, ¢, at which the maximum displacement, D oc-

max’
curs, fthen it can be shown that:

5 =%e‘ | (3.2)
and

B =1 | G
Combining Equations 3.1, 3.2, and 3.3, we obtain:

' X
e(l - ,-Q’) (3014)

|
@M

max
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This functlion 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 displaée«
ments for the 1857 Fort'Tejoh, the 1906 San Franecisco,
the 1968 Borrego Mountain, and the 1979 Imperial
Valley earthquakes. The table 1ists 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, 2. ‘The
average fault displacements are listed on the basis of
both the observed'movements and the movements given by

e

Equation 3.4. The observed average displacement, DE’

was determined directly from the plot of the measured

fault offsets. The model average displacement, Dyrs
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:

L Tmex 2 “l'% 01+ D (3.5)
WALy S CES | WS .

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 assoclated
with subagueous locations of the San Andreas fault.
Richter (1958) points out that there 1s a distinct
possibllity that faulting continued for a significant
distance offshore of the northern terminus of the
fault observatlons. Accordingly, both the length of
faulting and the minimum distance to the iocation of
maximum surface displacement are not known with suffi-
clent accuracy for applicatioﬁ in the model function.
The distances and displacements given for the 1906 San
Franclsco 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 aé 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 probabllistic
basis. Eéch fractional displacement is, in effect,
the brobability that movement generated aleong the
length of faulting will be less than or egual to the

fraction of the maximum displacement assoclated 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.u; The model displacements és—
sociated with the 1906 San Francisco earthquake are
not listed for reasons previously discussed in con-
junction with Table 3.2. The displacements estimated
with the ald of Equation 3.4 generally show good agree=-
ment with those derived from the field observations.
The model functlon generally glves conservative estl-
mates for fractional fault lengths exceeding 0.75.

In summary, fhe observed displacements for the
strike-sllp faulting evenﬁs studied are skewed with
respect to lehgth of surface faulting. They have max-
lmum displacements near one end of the surface faulting
lengths. The model function proposed by Equation 3.4
describes the trend of the dlsplacement when compared
with measurements for the 1857 Fort Tejon, the 1968
Borrego Mountain, and the 1979 Imperial Valley

earthquakes.

3.4.2 Distribution of Displacement Across the Width
of Surface Faulting

Strike-slip fault rupture seldom cccurs as a sin-
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gle f&acture, but often occurs as a succession of
overlapplng 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 1s concentrated within Narrow zones
associated with the individual rupture lengths. The
individual rupturés 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 occcur-
rence 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 1506 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 H1ll, 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



—86-

the main fault 2cone, deslgnated as Zone I in Flgure
2.4. The main fault zones of historic stfike-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 asscciated with the
main zone of surface faulting. Figure 3.6 shows that
‘the surface deformation can be visualized in terms of
slip, which inéludes abrupt offsets, and distortion.
The total offset 'associlated with both slip and distor-
tion is refer&ed to as shift. Thils latter component
is often related to the maximum displacement at a
given location along the fault.

Slip, or abrupt offsét, represents the most ;e-
vere éondition of deformation., Accordingly; it 1is
useful to know how much of the'totalvshift wlll be
cohtributed By abrupt movement. The .distortion is
helpful in defining the distance through which slgnif-
icant deformations éan occur. It can be used to esti-
mate the distance either side of the fault centerline
within which special trenching or backfill procedufes
should be used for plpelines at fault crossings.

The historic evidence concerning fault movement
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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
2l. (1908) as typlcally occurring across a width of 1
to 15 m. Sharp, et al, {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
assoclated with faulting duriﬁg the 1968 Borrego
Mountain earthquake were less than 50 m along 64% of
the length of surface faulting (Clark, 1972). A sim=-
1lar 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 geﬁerally less than 3 m kide, with
widths less than 1 m along 60% of the faulting length.
FPigure 3.7 shows the fraction of surface rupture
length plotted against the width of main and branch
ruptures for the 1968 Borrego Mountain earthquaﬁe.
Clark (1972) reports that, where the zone was widef
than 50 m, most of the displacement took place in a

narrow belt of fractures ranging in width from less
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Fractions of surface rupture length vs. width

of main and branch ruptures for the 1968 Borrego
Mountaln earthquake rupture (based on data re-
ported by Clark, 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 19Q6 San Francisco earthquake of the
distribution of displacement along structures inter-
sected by the San Andreas fault. Many 6f these mea-
surements are associated with wooden fences, for which
the fence posts provide a relatively closely‘spaced
set of obsefvafion points. 1In this study, the offset
measurements at four fences were selected because they
provide well marked and closely spaced polints 6f mesg-
surement. Figure 3.8 summarizes the results of these
measurements. The strike»slip displacement is ex-
pressed as a fraction of the maximum offset and
plotted as a function of the width of the deformation
zone, The deformation zone width varles between 50
and 200 m. Abrupt displacements occur across very
narrow wldths of approximately 5 m or‘less. Abrupt
displacement accounts for L0% to 90% of the maximum
displacement across the zone. Three of the four dis-
‘tributions show that over 90% of the total displace=
ment oécurred within a kidth of 50 m.

Three buried gas plpelines, with internal diame~-

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

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

EJ Fence C offset at 3an
Andreas Reservolr, maximum
displacement = 5.2 m
(Lawson, et al., 1908, p. 96).

« )  Fence A offset at San
Andreas Reservoir, maximum
displacement = 3,9 m (Lawson,
et al., 1908, p. 101).

P Pence B offset at San
Andreas Reservoir, maximum
displacement = 5.6 m {Lawson,
et al., 1308, p. 100).

Fraction of Maximum Displacement

- 50 100 150 200 250
Main Fault Zone Width (m)

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 durihg field Inspection after the
earthquake (McNorgan, 1982). Only the 100-mm-diameter
pibeline was-oriented'sﬁch that substantial tenslon
was impbsed'in the line by fault offset. Studlies of
pipeline-soil interaction by Harris and O'Rourke
(1983) have shown that 100-mm-diameter pipelines are
sufficlently flexible to deform in compliance with the
pattern of soll mqvements; Accordingly, the 100-mm-~
diameter plpeline can be used to estlmate the width of
the main fault zone.

A 10-m-length of the 100-mm-dlameter plpeline waé
excavated in thé vielnity 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 backfilli. The pipeline inter-
sected the fault trace at approximately 55 degfees as
" shown 1in Flgure 3.9. Although the pipe was not rup-
tured, an S-shaped curve was observed along the pipe-
line, caused by fault offset. McNorgan (1982) mea-
sured plpellne offsets perpendicular to the straight
segments of the pipeline.at distances parallel to the
éxis of the pipeline. The actual distribution of dis~
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Plot showing distribution of fault displacement
based on pipeline offset measurements by McNorgan
(1982) for the 1979 Imperial Valley strike slip
dlsplacement.
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placement perpendicular to the fault is not repre-
Sented by these plpeline measurements, because the
pipeline crossed the fault at an angle. Therefore,
the pipeline offsets have been converted to reflect -
the relative displacemeht of a line perpendichar to
the fault trace. The plot shown in Figure 3.9 shows
that a displacement of 174 mm was distributed across a
éone 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 fauit offset is as a planar
displacement. Thls modeling assumption will generally

provide a moderate degrée of conservatism.

3.5 LOCATION OF FAULT MOVEMENT

A major problem assoclated with bullding a pipe-
line at o fault crossing concerns the location of the
maln ruptures llkely to develop during an earthquake.
Cluff (1968) 1ndicates that ﬁhe most recently active
faﬁlt trace would be the most llkely 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 1likely to be the locations of future coseis-
mlc movement.

Geologic surface mapping, geophysical explora-
tion, historic accounts of fauiting, and remote sens-
ing can provlde information regarding the location of
the most recently actlve ruptures. Tfenching 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 (1973) 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 TayloE and
Cluff (1973) along 245 m of the Hayward fault were
used to locate the actlve trace and determine 1ts
width. The width was found to vary from 3 to 24 m,
but the previous movements were concentrated on 150-
lated planes a few centimeters 1n width and zones of
concentrated planes having widths up to 3 m. A
similar study by Woodward-Clyde Consultants (1978) om

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

has found the wldth 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 & 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 froml2 tb 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 frdm conditions encountered during
excavatlion of plpelline trenches cpuld be useful in the
locatlon and assessment of fault activity, and for
~confirmation of design assumptlons. 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
with thoéguéguwhich the design was based. Examples of
design changes at the location of a féul@ crossing
include alteration of backfill material and compaction,

and application of coatings aimed at reducing the pipe/
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'soilifriction to minimize plpe 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 intersectlion, and provision for cut-off valves on

opposite sides of the fault.

3.6 SUMMARY

- Strike-slip faults are assoclated with active
global plate or subplate boundaries. Repetitive sur-
face faulting can be recognized by speclal geomorphic
features. The most prominent geomorphlic features are
lineér valleys, scarps, and offset dralnage channels
and ridges. Creep is the gradual, episodic movement
of a fault wilthout the assoclated occurrence of an
earthquake. Although magnitudes of creep offsets over
a period of years may be simllar to a coselsmic slip
offset, the damage from creep movements 1is 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 strlke-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 comblnes both
linear and exponentially decaylng functions of the
fault distance. This model tends to glve conservative
estimates of displacement .for fractional fault lengths
exceeding G.75. Field measurements of displacemenﬁ
associated with the 1857 Fort Tejon, 1906 San

Francisco, 1968 Borrego Mountain, and the 1979 Imperl-
.él Valley earthquakes 1nd;cate-that the average dis-
placement along the fauit_is between 32 and 50% of the
maximum fault displacement. Most fault displacements
are concentfated as‘abrupt movements iﬁ zoneé less

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

wide generally accompanies abrupt dlsplacement.



CHAPTER &4
BURIED PIPELINE RESPONSE TO CREEP

This chapter 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 assoclated with several water distribution
systems are summarized., A mathematical function, rep-
resenting the pattern of displacements across zones of
¢creep, 1s fitted to the data. A limit on the maximum
fault creep offset that can be tolerated by buried,
flexible mains is derived. Recurrence infervals for

plpeline damage are estimated from the limlt.

4.1 INTRODUCTION

Displacement along the Hayward fault occurs as
gradual to eplsodic right-lateral sllips, which accumu-
late over a period of years to cause substantial off-
sets across étreets, railrcads, tunnels, and plpelines
.tha't intersect the fault. Rates of creep vary along
the length of the fault, and with time. The effects
of creep on pipelines intersectling the Calaveras fault
in the City of Holllster, California, have been

studied'by O'Rourke and Trautmann (1380b). Bending was

e Jo PN
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observed on several gas pipelines, and at one location
the pipe was cut to relleve the stress 1nduded by
creep. dJoilnt rotation of bell-and-spigot couplings of
cast iron water pipelines were obéerved.

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 accompanylng table. Obsgervations, deslignated 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, 197la), 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=-
servations 7 and 8 are for plpelline and fence post
offsets, respectively, measured by Cluff and
Steinbrugge (1966). With the exception of the Western
Pacific track offset in Niles, Californla, the average
rate of creep for the observatlons 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 Franclsco Bay area ié provided by three
organizations: the East Bay Municipal Utility Dis~
trict, the City of Hayward Water Department, and thé
Alameda County Water District. Each of these organi-
zations provided information for this study.
| A study site in the EBMUD disﬁribution system was
selected to Include a relatively large, representative
sample of pipelines in an areaz where ground movement
influences are assoclated chlefly with creep along the
Hayward fault. The study site, which is shown in
Figufe 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 1s 1ntersécted by nearly 5
km of the Hayward fault trace. It covers an area of |
6.0 km® and includes approximately 76 linear km of
buried pipelines of which 57, 25, and 18% of the total
are composed of cast iron, steel, and asbestos cement,
respeétively.

Pipeline repairs were ldentified from EBMUD util-
ity repailr record maps and leak repa;r 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 repalr, and
condition of the plpe at the time of repair. The lo=
cation of the repair relative ﬁo 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 leca-
tion was verified with fault locatlons delineated in
the vicinity of the study silte by other investigators
(Nason, 1971a; Woodward-Clyde Consultants, 1978).
Three zones adjacent to the fault trace weré estab-
lished: Zone A, within 60 m elther side of the fault
trace; Zone B, outside the 60 m zone but within the
boundaries of the specilal studiles zone as deflned by
the Alquist-Priolo Special Studies Zones Act (Hart,
1980); and Zone C, beyond the Alquist-Priolo Zone.

The Alquist-Prioclo Zone is delineafted by the State
Geologist 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-Priolec Zone often 1s not sym-

metric with respect to the main fault trace.
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Figure 4.2 shows the frequency of pipeline
repalrs per kilometer of line at the study site. The
repair frequency 1s plotted for each type of pipe com-
position according to zone. The repairs from which
the figure was developed do not include fepairs to>
gate valves or cast iron pipelines with leédite-
caulked joihts. In the latter case, leadite has been
observed to swell in response to decomposltion of 1its
sulphlde constituents and causes damage unrelated to
ground movements. | |

- The freqﬁency of repalr 1is moré than three times
greater for cast lron and asbestos cement pipe within
the zone nearest the fault trace as opposed to the-

- areas outside the Alquist-Prlolc Zone. The steel
plpelines, which can accommodate significant differenf
tial movement by virtue of their ductility, do not
show appreclable differences in repair frequency among
the three zones, although an increase in repalr fre-
quencj does occur near the maln fault trace.

Although the repalr records indicate that differ-
ential ground movements were assoclated wlth much of
the pipeline damage, many of the records show that
corrosion also contributed to damage. The soils in

the study site are principally adobe solls with a high
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Legend

. Cast iron

Steel

Z' Asbhestos
| cement

NN\

60m distance from fault irace

Qutside 60m distance from faoult trace
but within the Aiquist- Priolo 2zone

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 cohtent. Soils of this type frequently are as-
sociated with corrosive environments.

Pipeline response to differential movement de-
pends on lts composition, age, state of repair, and
method of installation.‘ In parficular, the perfor;
mance of a cast iron pipeline is affected by lead-
caulked Jjoints, which may be responsible for differ-
ences in behavior among mains of the same age sub~
Jected to simllar patterns of movement. This 1s 1l-
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. OQObserva-
tions by Nason (197l1a) on Rose St. indicate a relative
displacement of 200 mm over 37 years. Damage to the
cast iﬁon plpellines on Grove Way occurred at: lead-
caulked joints. The 150 mm and 200-mmfdiameter lines
were Iinstalled in 1934 and 1955, respectively. 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 1installed in 1936,

Figure 4.4 shows a typlcal portion of the EBMUD

study slte. The internal diameters of all pipelines
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Legend
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Joint loosened,
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Joint loosened
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a) Plan view, Hayward fault
in Hayward, CA.
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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
indlcated 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 coperated by the Alameda County Water Dis-
trict in Premont, 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 plpelines were examined for the
time interval from 1970 to 198l. 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 repalr records were kept.

The City of Hayward Water Department also was
contacted regarding pipeline repairs in the wvicinity
of the Hayward faulf trace, but detailed records of
repalr 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 ecrossings.

4.3 MODELING OF PIPELINE RESPONSE TO CREEP

Pipelines 150 mm or less 1in internal dlameter
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generally are flexlble with respect to the soill in
which they are embedded. Because the plpelines tend
to move as the ground moves, a mathematical function
describing the pattern of ground movements can be used
to estimate pipeline distortion. |

Measurements of distributed movements within
zones of fault creep for the Hayward fault were made
from offset curbs and sidewalks by Nason (1971le), and
from allnement arrays and pavement offsets for the San
Andreas fault by Burford and Harsh (1980). These mea=
surements were plotted and analyzed using the coordi-
nate system shown in Figure U4.5a., The survey loca-
tlons assoclated wlth these data are listed in Flgure
4L.5b.

.For each data set, the centerline of the fault
zone was located at a point c¢orresponding to half the
maximum offset across the fault. An effective fault
width, 2Wy,, was deflned as the horizontal distance
separating the points corresponding to 90% of the max~
imum fault offset. This definition was adopted to
provide a consiétent basis for normalizing the data
from different locations.

Initlally, the data were shifted so that the

'center_of the fault zone colncided with the origin.
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vNext, 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 centeriine, W,
by half the effective fault zone width, Wggq.

The normalized data were fitted with a hyperbolic

tangent function of the form:

§-... = tanh [.C—w-....]
S, W o

(4.1)
where C 1s a constant. By taking the lnverse hyper-
bolic tangent of both sides of Equation 4.1, one ob=

tains:

CW

v (4.2)
Wag

tanh=! [g—] =
m

By plotting tanh=! [S/s.] vs. W/Wgp, a straight line
is obtained which passes through the origin with slope
C. Standard linear regression (Snedecor and Cochran,
.1980) indicates that € = -1.0, with a 9%% confidence
interval of plus c¢or minus 0.1. The coefficlent of de-
termination, r%, is 0.84, which indicates a good it
to the data.

Figure 4.5c¢c shows the transformed data plotted

with the best rit straight llne, and Figure 4.3d shows
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the actual dimensionless data pldtted with twovhyper~
bolic tangent functions. The function using C = -1.0
corfesﬁdnds to the average pattern of displacement for
the fault data, and the function using C = =2.0 corre-
sponds to an approximate upper limilt of the deforma-
tion‘from fault creep for the same data.

The maximum tenslile strain, € imposed on a

bipeline subjected to bending 1s given by

e = O | (4.3)

where Km 1s the maximum curvature imposed on the pipe-
line by differential soill 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:

0.778,0%

K = C(4.4)
m (Wggq)?

The maximum tolerable fault offset for a plipeline
crossing a strike-sllp fault at a right angle 1s found

by combining Equaticns 4.3 and 4.4:

- 5. 2em(W30)2

28
m c24

(4.5)
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in which 2Sm»is the offset across the entire fault
zone. It should be emphasized that pipelines oriented
at an oblique angle with respect to the fault are
vulnerable t¢o axlal sftrains thatﬁcah lead to pull-out
or compression at couplings. Modlfications to accéunt
for the consequences of displacement at oblique fault
crossings have been desc¢ribed 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-dlameter cast iron pipe with a maximum
permissible strain ofro.obl and an outslde diameter of
175 mm crossing & fault zone of effective width, 2
Wgo, of 7 m. According to Equation 4.5, using a mean
value for C of -1.0, the maximum tolerable offset
would be 364 mm. Assuming an average fault creep rate
of 5 mm/yr, the recurrence interval for damage to a |
pipeline with zero initial straln would average 73
years., va, howeQer, the curvature of the distributed
'movement within the fault zoné 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 1iIs 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 wiil_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 wlthin 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 distriﬁution
system indicate that the frequency of repalr 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 repailr recofds 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 daﬁaged. Because the Hayward fault
intersects'a relatively small portion of the East San
Francisco Bay distribution systems, the increased fre-
quency of repalr does nét represent a significant |
maintenance problem. Although the likelihood of pipe-
line damage increases at fault crossings, the actual
ﬁumber of repairs causéd by fault creep 1s a relative-
1y low rnumber when considered on an annual basis. Re-
pair records indlcate that cast iron pipelines are
damaged by both excessive Joint rotation and bénding
strains‘in zones of creeptalong the fault trace.

A hyperbolic tangent function 1s found to provide
a good répresentation of the pattern of displacement
“at zones of fault creep. Using the hyperbolic funce
tion, a theoretical 1limit 1s derived for the maximum
offset that can be tolerated by‘buried,lflexible
maihs. 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 distributlon and transmission pipe-
lines during the 1971 San Fernando earthquake. The
éhapter begins by identifying the zones of surface
faulting and the nature of the d;splacement in these
zones. Pipeline damage 1is evaluated as a fuﬁction of
both the distance from the fault trace and the orien-
tation of the plpelines relative to the fault. Damage
to high pressure tfansmission pipelinesvintersected by
the fault ruptuﬁe and the asséciation of explosion
craters with the type of ground movement and pipe dam-
age are evaluated. A detalled investigation is made
at two locatlions to study the effects of surface
faulting on distribution mains. A model 1s 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
Fernandé. 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. Geologlcal
Survey Staff, 1971). Left-reverse-oblique fault move-
ment along this plane produced a 2 m uplift of an 800
km? block-of the San Gabriel Mountains and a shorten=-
ing of 2 m as the block moved south (Oakeshoti, 1973).
A significant left lateral displacement component of
nearly 2 m écéompanied the reverse displacement. The
left-lateral strike sl{p movement was of the opposite
seﬁse compared to the predominant right-lateral move-
ment in California. |

A significant part of the surface faulting oc-
curred in culturally wéil-developed, urban and subure
ban communities.v'Althoﬁgh only one-hall 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 utllity services during the
earthquake ralses significant questions with regard to
the seismic performanc§ of lifeline systems in zones
of surface faultlng. These questions pertain to the
response of individual pipélines as well as their sys-
tem-wilde performance, and requlire an investigation of:
1) how pipeline damage was distributed with respect to
the location of fault movement; 2) what orientations,
soll 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 questlons, thls chapter
concentrates on the fleld observations and repalr
records associated with the natural gas distribution
and fransmission system 1n the zones of" largest ground
deformation along the San Fernando fault. The pat-
terns of repair and pipeline replacement are analyzed.
Factors affecting seismic performance are Ilnvesti-

gated, including pilpeline 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 longlitudinal distortion
of pipelines subjected to reverse and strlke-sliip

faulting is developed.

5.2 PATTERN OF SURFACE FAULTING AND PIPELINE DAMAGE

Three prinecipal zones of surface faulting have been
identified along the San Fernande 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 Mlssion Wells and Sylmar segments of
the San Fernando fault as well as a -zone of prominent
ground ruptures and street cracks, refered to by
Eguchl, et al. (1981) as the Harding School fault
area., Eacﬁ zone of prominent ground movement 1s
\bounded in the figure by a solid line.

The Mission Wells segment trends east-northeast
and shows both left-lateral and reverse displacement.
Where 1t crosses Osceola Street, in the middle of the
segment, the fault dips 60 degrees north with the
northern block uplifted 250 mm, thrusted 200 mm to the
south, and left-laterally displaced 30 mm (U.S. Geo-
logical Survey Staff, 1971 and Weber, 1975). The
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segment had & length of nearly 1 km.

The 3-km~long Sjlmar segment trends east-west
across a densely popﬁlated area. The width of the
zone of surface ruptures varled 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 sllp and thrust was concentrated
along the southern 25 to 80—m—wide section cof thé‘
fault zone. North of this section, vertical offsets
and extenslon fractures were the predominant forms of
ground rupture (U.S. Geological Survey Staff, 1971).

The Harding School fault area 1s located between
0.2 and 1.0 km north of the eastern part of the Sylmar
segment. Thils 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 1s 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 distributlon pipelines were buried along rights-
of-way that followed existing streets. The distribu-~-
tion mains were composed principally of 1l2-m-long seg-
ments of 25 to 200-mm-~internal dilameter steel pipe,.
connected at oxy-acetylene welded Jjolnts. Gas pres-
sure in the pipelines at the time of the earthquake
was approxiﬁately 0.24 MPa. 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 mosfly silty sands and gravels. A
groundwater barrier exists across the Sylmar segment,
wlth 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 repailr and replacement 1in 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 repalrs
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was recorded.
Pipeline segments from 100 m to 2 km in length
were replaced within several months after the eaprth-

quake. , The replaced pipelines>are shown in Plgure

5.1. At locations where two or more pipelines weﬁé
adjacent to each other under the same street, only the
replaced pipeline 1s indicated. Sixteen percent of
the total length of all distrivutlon lines In the
study areﬁ was replaced. Thére was & high concentra-
tion of replacements within and adJacent to the Sylmar
segment, wlth replacements made for 67% of the total
length of all lines within the segment. The number of
replacements was influenced by the orientation of
plpelines relative tolthe trace of the fault. Sixty~
two percent of the total length of northwest oriented ‘
pipelines within the Syimar segment was replaced,
whereas 79% of the total lengﬁh of northeast oriented
plpelines 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 ﬁipeline repalrs are plotted. The
types of repalrs were determined from gas leak repair
sheets provided by the Southern California Gas Com-

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

Water from broken water distribution lines washed
soll and debris into ruptured gas pipelines so that
repalrs were occasionally performed to remove hlock=-
ages at a relatively long distance from the locations
of most severe deformétion. Three locationé assocl-
ated with rebair of gas pipelines clogged with soil
and debris are shown in Figure 5.2. All are located
séveral hundred meters downgrade from areas of concen=
trated gas plpeline damage. |

Gate valves were also damaged by the earthguake,
and two locatlons of valve repair are shown north of
the fault zone 1in Pigure 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-
the 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 repalr were used in the analysis.

FPigure 5.3 shows the number of repalrs per
kilometer of pipeline plotted as a function of dis-
tance from the center of predominant fault movement.
The repalrs were determined for 50-m-wide intervals.
The upper part of the figure shows the number of re-
palrs on the upthrown and downthrown sldes of the
fault normalized with respect to the total pipe length
in each 50-m-wide interval on the upthréwn and down-
thrown sides, respectively. In a simllar manner, the
lower part of the figure shows the number of repalrs
on the northeast and northwest oriented pipelines
normalized with respect to the fotal pilpe length in
each 50-m-wide Ilnterval for each group of northeast
and northwest oriented plpelines, respectively.

The relatively high number of repairs within 100
m of the fault centerline is ﬁelated 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 1s comparable to the number of re-

palrs at the same locations for water distribution
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Figure 5.3. Plot showing number of pipeline repairs as a
function of distance from the fault zone.
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plpelines reported by Eguchi, et al. (1981), even
though the latter were composed of cast iron. At a
distance greater than 200 m there 1s 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 PFernandc fault implies a significantly higher
level of selsmic Intensity on .the upthrbwn as opposed
.to the downthrown side of the fault. This concentra=-
tion of damage from seismic shaking may have been re-
lated to the speclal characteristics of elastic straln
release and the multiple reflection of seismic waves
above the fault plane, as discussed by Nascn.

The effect of pipellne orientation relati&e to
the fault had a significant effect on damage. Pipe=-
lines oriented In the northeast direction were subject
to compressive stralns {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 tc the northwest oriented

plpelines.
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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 preésure
for each pilpeline. ’

Figure 5.4 shows a plan vieﬁ of the San Fernando
area, on which are superimposed the transmission plpe-
lines and cutilnes of the Mission Wells and Sylmar
segments of thé San Fernando fault. The approximate
locations of pipeline damage as well as the locations
of explosilon craters are indicated. The explosion
craters were typlcally 3 m to 5 m in diameter and were
formed by the sudden release of high pressure gas.
Thelr round shapes and assoclated debris patterns made
them relatively easy to identify on aerial photo-
graphs. The 1:2,400 scale aerial photographs used to
locéﬁe the explosion craters were taken on February
12, 1971. When possible, the alr photo 1nterpretatioﬁ
was checked by reference to ground level photographs

and by discussion with utility personnel. Because the



-131-

Table 5.1 Summary of information for gas transmission

plpelines. :
- 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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alr photo interpretatlion was confined to a limited
area wilthin and adjacent to the Sylmar segment, it i1s
possible-that additionai exploslion craters were lo=
.cated at polnts other than those designated in Pigure
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 glven rupturé could diminish pressures at
other break locations. Most of the explcesion cratefs
were assoclated with tensile failures at welded
Jjoints, and one crater was located at a point of se-
vere compressive wrinklling of the pipelline 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
occurred within a very short time of the damage from
permanent ground mo&ements at the fault. There were
some fires caused by éscaping gas, one of which was
reported by Steinbrugge, et al. (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 plpeline 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 repalrs 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 plpeline weld. The figure illus-
trates some of the features of a proper weld, which |
are compared with an impéoper‘weld. A broper weld re-
quires good fusion between the weld and pipe wall in
the root and bevel.areas, An lmproper 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 obsérved at several of

the welded Jjoints.

'5.5 DETAILED OBSERVATION OF PIPELINE AND GROUND
DEFORMATION

Figure 5.6 shows a plan view of the eastern end
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Figure 5.5. Cross-sectional view of plpeline welds.
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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 portien of the fault zone. Ground ruptures and
surface displacements are shown relative to sections
of replaced distrilbution pipelines. The displacements
are those reported by Kamb, et al. (1971) and U.S.
Geological Survey Staff (1971). In this area, the
éompressive displacement parallel to the northeas;
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 MacNell Streets, respective-
ly, were replaced. The two 25-mm-diameter lines on
Chippewa and Newton Streets were not replaced, even
though extensive damage to houses, streets, and slde-
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 differentlial 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 plpelines 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
501l bedding beneath the pipe. At this location the
total longitudinal shortening of thg pipe was approxi-
mately 460 mm. Poiht B is located where a tee connec-
tion jolned the pilpellines on MacNell Street and Glad-
stone Avenue. The 50~mm~diameter plpeline on Glad-
.Stone Avenue was deflected ocut of line approximately
230 mm at the tee by the 50-mm-dlameter pipe on
MacNell Street. Substantial thrust displacement was
apparently transmitted over a distance of 85 m from
the locétion of surface faﬁlting on MacNell Street,

Figuré 5.7 shows a plan view of the western end
of the Sylmar segment. The inset in the figure indi-
cates the locatlon of thié area withrrespect to the
main portion of the fault zone. Prominent ground rup-
fures and surface displacements south of the intefsec-
tion of Glenoaks Boulevard and Hubbard Street are
shown relatlve 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 fleld map=-
Pping by M. M. Clark and R, V., Sharp of‘the U.S.

Geologicél Survey,vsupplemented_by air photo interpre-
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Figure 5.7.

See Legend, Figure 5.6,
For Displacements
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in the western Sylmar segment.

Plan view of ground ruptures and pipeline damage
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tation. The breaks in Line 115 were located by refer-
ence to aerlal photographs and repalr records summa=-
rized by the Southern California Gas Company. The
identification of compression and tension breaks is
based on repair records and discusslon with fleld per-
sonnel who repalred the breaks.

Two zones of ground movement were evident. One
zZone ﬁas located at the southern boundary of the sur-
facé faulting and extended a distance of approximately
80 m along Glenoaks Boulevard from the front edge of
the fault. This zone was characterized by cdmpressive
ground movements and is shown as the zone containing
mole tracks, or compressibn'ridges. At three loca-
tions in this zone, severe cﬁmpressive wrinkling or
the pipeline occurred at the points noted in tpe fig=
ure. At the break approximately 180 m south along
Glencaks Boulevard from Hubbard Street, a comﬁressive
shortening of approximately 100 mm was recorded across
the damaged:pipe (U.S. Geological Survey Staff, 1971).
This section of the 4l0-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 1is
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shown as the zone containing vertical dlsplacements
and extensilon. Several explosion craters occurred at
locations of tensile fallure across oxyacetylene plpe
welds within this zone.

Line 115 was orlented in a northwest directlion
and therefore subjected to extenslon 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 Hﬁbbard 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. PFilgure 5.7 shows a ground rupture with 360
mm of right-lateral slip that intersects the plipeline
at a subparallel orientatlon 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 repalr records for the gas distribution sys-
tem are not detalled enough to determine whether both
compression and extenslon failures occurred on other
northwest oriented pipelines. Nevertheless, excellent

records of observed damage exist for a 3.6-mehigh 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 axlal extension
and bending, there was no clear evidence of compres;
sive shorténing anywhere within or adjacent to the
fault zone. Apparently, the net extension caused by
ieft—lateral slip was able to offset the influence of

thrust on thls structure.

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 Flgure 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 1mposé tension in
a plpeline that Iintersects the fault af an angle, B8,
provided that the angle 1s less than 90 degrees. As
shown in Figure 5.8b, the dip slip will impose com=-
pression in the pipeline. 1If the tension imposed by
strike slip, SS; equals the compression caused by dip

slip, S the following equation holds:

d’
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S4 cos a sin 8 = SS cos B (5.1)

where o 1s the angle of ineclination of the reverse
fault with respect to the horizontal. By rearranging

the terms in Equation 5.1:

-2 = oS a tan 8. (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 &s
a function of the ratio Ss/sd' Figure 5.9 shows a
plot of the optimum angle of pilpeline/fault intersec-
tion as a function of the ratio of strike slip to dip
slip for reverse fault inclinations of 30 and 60 de-
greé;. As the dip slip increases with respect to
strike slip, the optimum angle of intersection de-
creases rprapidly. |

When siting a pipeline in an area of potentilal
reverse faulting, the orientation of the pipe should
be chosen, 1if possible, on the basis of the antici-
pated fault movements. When the dip slip component of

faulting predominates, the angle of pipellne fault in~
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Figure 5.9. Optimal pipellne oriéntation as a function of
the ratio of fault slip components for a re-
verse fault,
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terseétion should be small.} When strikelslip COMpPoO=-
nents will accompany the faulting, the intersection
angle should be chosen to prevent excesslve tension
and compressioh. 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 13871 San Fernando earthquake indicates that
local compressive forces can be imposed by revefse
faulting despite a favorable orientation of the pipé-
line. |

5.7 SUMMARY

Surface faulting assoclated with the 19?1 San
Fernando earthquake extended a distance of 15 km along
three principal zones of surface faulting, inecluding
the Mission Wells, Sylmar, and Tujunga segments. The
three segménts 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-
terlzed byva broad 2zone of discontinuous ruptures.

Displacements on the Tujunga segment generally oc-
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curred on a single scarp with branch and secondary
ruptupes common. Left-reverse-oblique fault displace-
ment produced regional uplift, shortening and lateral
offset of 2 m, for each compcnent of movement. The
components of maximum diSplécements 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
conslstent 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 PFernandoc fault zone was replaced. Damége 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 compressivé strains impdsed 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 oxyéacetylene welded
Joints in an area of net ground extension.' It is un-
likely that these fallures were related to the type of
weld, but rather to the quality of the welds.

A simplified model has been proposed for chodéing
an optimal pipeline/fault Iintersection angle for re-
verse faults with left-lateral strike slip, and a sim-
ilar model can be used for evaluéting the effects of
right-lateral strike slip. It should be noted that
plpeline performance during the 1971 San Fernando
earthquake 1ndlcates that local compressive forces can
be imposed by reverse faultlng 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-
slons and recommendations are drawn from the work of
the previous four chapters and havé been subdivided
éccording to the following topics: *the characteris-
tlics of surface faulting, strike-slip faulting, the
long-term performance of pipelines in areas of fault

creep, and pipeline response to reverse faulting.

6.1 CHARACTERISTICS OF SURFACE FAULTING

Although there 1s no clear threshold of earth-
quake magnitude at which surface faulting 1s initi-
ated, historic evidence indicates that surface fault-
ing 1s not 1likely to occur at earthquake magnitudes
less than about 5.5. Generally, the length of surface
displacement 1s only a fraction of the total fault
length. For example, historic fault ruptures in
Caiifornia have varied typlcally from 20 to 50% of the
total fault length.

Simplified models based on sbrupt, planar dis-
placement offer the most useful means of classifylng

faults with respect to thelr influence on plpelines.
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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 stralns, respectively, in buriled pipelihes.
Strike~slip displacements may impose either tensile or
compressive stralns, depending on the angle of the
pipeline/fault intersection. Faults with oblique
displacements, involving a combination of strike slip
and elther normal or reverse slip, require speclal
geometric analyses to determine the optimal angle of
pipeline/fault intersection wlth respect to plpeline
strains 1lmposed during faulting.

Fault displacements may occur in the form of co-
selsmiec slip, afterslip, and ¢reep. Coselsmic slip
ocecurs wlthin a period of several seconds. It repre«
sents the most damaging type of movement for burled
plpellnes because it.allows little chance for stress
'relaxation or redistribution of soill pressures. Both
afterslip and creep develop gradually. Observations
of historile surface faultlng indicate that aftefSlip
generally amounts to less than 30% of coseismic slip,
with movements accumulating at a decréasing rate for a
period of several days to several months. It ié rec=

‘ommended that pipeline desigﬂ for differential move-
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ment at fault crossings be .based on coseismic slip. .
Aftersiip should be considered when planning post-
earthquakelrepair énd 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 pertalning to
historic U.S. surface faulting events, for which pub-
lished information on Richter magnitude, length of |
faulting, and maximum displacement were avalilable.
These data are supplemented with information pertain-
ing to worldwide, reverse faulting events. The data
for strike-slip and normal faulting are assoclated
wlith a common regional setting, which includes the
California and Nevada fault systems. Moreover, the
data were reviewed wlth speclal care, particularly
with respect to displacement and length measurements
at low earthquake magnitudes.

Linear regression equations developed in this
study for strike-slip and normal faulting events show

a relatively high level of statistical compllance with
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the data. For example, coefficlents of determination
of 0.83 and 0.%1 were found for correlations of
strike-slip fault length and maximum displacement,
respectively, wlth Richter magnitude. These coeffi-
clents 1ndicaté that 83 and 91% of the data variation
are explained by the linear regresslon equations. The
correlations in this study show significantly smaller
ﬁaximum surface dlsplacements than those of other
studies for Richter magnitudes less than 6.5. Larger
displacements are ilndicated 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 analyseé for reverse
faulting indicate a substantlal variatlon between the
data and regnression 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 prédictive pur-
poses should be made after recognizing two limita-
tlons. Pirst, there aée relatively few data so that

the population selectlon has had anstvong4influence on
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the results. The analyses should only be used for
faults in similar tectonlec settings wlth characteris-
tiecs similar to those of the data. In addition, the
regression analyses should be extended as new data for
the western U.S. bhecome available., Second, the re-
gressions have heen developed as logarithmliec func- '
tlons. This implies that the length of faulting and
maximum displacement are log normally distributed for
a given earthquake magnitude. Predictive limits de-
termined by standard statistical methods will be bi-
ased toward large arithmetic values of fault length
and displacement. Moreover, these values will in-
crease substantially as the confidence limits increase.
The second limitation 1s perhaps the most signif-
icant with respect to applying the regression analy-
ses. There are insufficlent data to substantiate the
assumption of log normal distribution. Accordingly,
the regression equations and plots should be con-
sidered as a convenlent means of mapping trends. They
shouid be used only as estimates of fault length and
maximum displacement, and applied cautlously when
extrapolating the data trends wlth regard to additlon-

al statistical evaluations.
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6.2 STRIKE-SLIP FAULTING

Surface fault ruptures are generally assoclated
with active global plate boundaries. The mest active
boundaries are recognized by concentrations of seismic
actlivity. Strike-slip faults are typlecally assoclated
with continental plate boundaries which show parallel
movement.

Active faults may be identified by the special
geomorphic features produced by repetitive surface
faultiﬁg. The most prominent geomorphic fe;fures are
linear valleys and scarps. These lineaments may be
recognized by remote sensing techniques, in particu-
lar, aerlal photography. Geomorphilc feaéﬁres associ-
ated with strike-slip faults are summarized in Chapter
.3 in the form of a table and accompanying three-dimen-
sional illustration.

The fault trace on which coseismic slip or creep
was most recently observed 1s the most likely location
of furture strike slip movements.‘ Accordingly, zones
of fault creep can be used to locate areas of probable
coselsmelc slip. Trenching perpendicular-to the fault
trace can be used to locate planes of recént rupture

and thereby identify areas of future displacement.

Trenching provides some of the most positive and de-
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talled evidenceiof fasult activity. It can be uged as
& site exploration tool and as a vehicle for feedback
and design confirmation during plpeline construction.
Observations during pipeline construction can result
in changes to accomodate true conditions. Examples of
deslgn changes at the location of a fault crossing in-
clude alteration of backfill materlal and compaction,
and application of coatings almed at reducing the
pipe/soll friction %o minimize pipe stress from fault
offset. |

In Chapter 3, the distributions of strike sliip
displacement along the length of surface faulting are
reviewed fof four strike-slip events, including the
1857 Fort Tejon, 1906 San Francisco, 1968 Borrego
Mountain, and the 1379 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
summﬁrized 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 1is, in effect, the probabllity that movement

generated along the length of faulting will be less
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than or egual to the_fraction of the maximum displace?
ment associated with it. The probability that a pilpe-
line will be intercepted by some fraction of the maxi-
mum offset 1s approximately equal to that fraction,
for displacements equal to or greater than 0.75 times
the maximum offset,

The measured displacements along strilke-slip
faults show a skewed dlstrlbution with respect to the
length of rupture. The pattern of movement can be
represented by an expression that comblnes both lin-
early increasing and exponentially decaying functions

of the fault distance in the form:

D (1-%
e A

(6.1)

=) M

Dmax

in which D 1s the displacement along the surface

rupture at a distance, x, D is the maximum dis-

max
placement, and £ 1s the minlmum distance along the
length of surface faulting to the polint of maxlmum
displacement. This model tends to give conservative
estimates of displacement for fractlonal fault lengths
-exceeding 0.75.

Historical evidence from strike-slip fault dis-

placement has shown that, across the surface fault
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rupture 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 fopr purposes of analyzing pipeline/soil
interaction. This 1s consistent with the wbrst condi-
tions observed in the field and sets an uppér bound on
the severlty of ‘deformation. This modeling assumption
generally will provide a moderate degree of conservae

tlsm in the analysis.

6.3 LONG-TERM PERFORMANCE OF PIPELINES IN AREAS OF

FAULT CREEP

The Hayward fault 1s a good location for studies
regarding the long-term performance of pipelines sub-
‘Jeet to fault creep. It 13 located in a highly popu-
lated area where 1t 1s crossed by numerous plpelines
over a relatively long distance. The average rate of
creep on the Hayward fault is 5 mm/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.

Repalr records were studied for a sectlon of the
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East Bay Municipal Utility District (EBMUD) involving
76 linear km of water distribution pipelines crossing
and adjecent to the Hayward fault. The frequency of
repair for cast lron and asbestos cement plpe 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, d¢ not show appreclable 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 funection, 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 plpeline damage in-
creases at fault crossings, the actual number of re-
palrs 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 normal course of thelr malntenance pro-
grams. A more significant source of weakening is cor=-
rosion. Adobe solls, with a high clay content, are
commenly found In the viclnity of the Hayward fault.
This type of s0ill 1s often associated with a corrosive
environment., It is more likely that corrosion rather .
than fault creep will reduce the capaclty of cast iron
and steel pipelines to resist permanent earthquake

displacements and selsmic ground waves in thils area.

6.4 PIPELINE RESPONSE TO REVERSE FAULTING
| The 1971 San PFernando earthquake provides an ex-
cellent case history of pipelline response to permanent
ground movements. Approximately 17,000 customers were
without gas service as a result of plpeline damage.
More than 500 leakes were repalred in gas distribution
pilpelines, and more than 10 km of llne were replaced.
This disruption of utlility services Paisés significant
questions with regard to selsmic performance of life-
line systems, including how plpeline damage was dis-
tributed with respect to the location of fault move-
ment, and what orientaticns, soil conditlons, and
mechanical features had the most slgnificant impact on
performance.

Damage to gas distribution and transmission 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 segméﬁt
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 strlke 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 thgn that on the
downthpown block at distances greater than 200 m from
the fault centerline. This concentration of damage
correlates with the relatively high levels of seilsmic
intensity that have been documented for the upthrown
as opposed to downthrown blocks of reverse faults.

Most of the damage to gas transmission plpelines
was caused by tenslle fallures 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 oﬁserved_
at several of the welds during repair. The tensile

fallures were reported at locations of explosion
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craters. Within a l-km-distance across the Sylmar
segment of the San Fernando fault zone, there 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 2 50-mm-dlameter distribu-
tlon pipeline to a tee connection, where severe bend-
ing deformation of the intersected line occurred. 1In
another area of compressive ground movements, wrin—
kling of a 4l10-mm=-interval diameter pipeline (wall
thickness of 8 mm) was observed at three locatlons.
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 directlon of thrust as
well as severe local compression was observed near the
western end of theASylmar segment., At this location,
there was a rapid decrease in displacment along the
westerﬁ 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

plpeline in addition to tensile ruptures in a zone of
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net extenslon behind the fault front. ’

When siting a pipeline in an area of potentlal
reverse faulting, the orientation of the pipeline with
respect to the fault should be determined, if possi-
ble, on the basis of the antlcilpated 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 orlentation for reverse faults
with left-lateral strike 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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