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Empirical scaling equations are presented which relate the average number of
water pipe breaks per km?, 7, with the peak strain in the soil or intensity of shaking
at the site. These equations are based on contour maps of peak surface strain
evaluated from strong motion recordings, and observations of intensity of ground
shaking and damage following the Northridge, California, earthquake of 17
January 1994. Histograms for the number of pipe breaks per km?, n, are presented
for several ranges of values of the horizontal peak strain and for several values of
the site intensity. The observed distribution of pipe breaks is also used to speculate
on possible more detailed geographical distribution of near surface strains in the
San Fernando Valley and in central Los Angeles. The results can be used to predict
number of pipe breaks in the San Fernando Valley and in Los Angeles, for a
scenario earthquake or in probabilistic seismic hazard calculations, considering all
possible scenarios that contribute to the hazard and the likelihood of their
occurrence during specified exposure. Such predictions will be useful for emer-
gency response planning (as the functioning of the water supply is critical for
sanitation and in fighting fires caused by earthquakes), to estimate strains during
future and past earthquakes in areas where no strong motion was recorded and in
defining design guidelines for pipelines and other structures and structural systems
sensitive to strains in the ground. © 1997 Elsevier Science Limited. All rights
reserved.
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INTRODUCTION

Strains in the soil caused by passage of earthquake
waves, and associated with differential ground motions,
can augment the internal forces, and for stiff structures
may govern in earthquake resistant design. It is therefore
useful to interpret the amplitudes and spatial variations
of strain during past earthquakes, and to develop ways to
predict strains during future events.! Trifunac and Lee?
reviewed analytical and experimental methods for esti-
mation of strains in terms of common scaling parameters
of strong ground motion. They verified that the peak
surface strains can be approximated by Avy,, /7, where
Umax 18 the peak horizontal velocity of ground motion, o,
is the average shear wave velocity in the top 30 m of soil
and A is a scaling function which is of the order of one.

For soils with 9, < 360 m/s, nonlinear response may
become noticeable from reduced amplitudes of recorded
peak horizontal accelerations,’ for 10810(Vmax/Ts) greater
than —3-0 to —2-75. Beyond strain amplitudes of about
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10727, it is difficult to quantify strain and soil failure
during earthquakes, because the existing density of
accelerograph networks is not sufficient to provide the
needed information.

In developed areas, as buried pipes (water, gas, sewer,
oil, ...) are vulnerable to large strains, the incidence of
pipe breaks becomes an indicator of excessive strain
amplitudes and of ground failure.* In this paper, we
describe the frequency of occurrence of water pipe breaks
per km® of urban areas and correlate those with esti-
mated peak ground ‘strains’ (vm./¥;) and with the
reported site intensity of shaking during the Northridge
earthquake (17 January 1994, M, =64, My = 67),
which occurred on a blind thrust fault just underneath
San Fernando Valley of the densely populated Los
Angeles metropolitan area. It will be shown in this
paper how the results can be used to interpret the data
on pipe breaks and to approximate the geographical
variations of ground strain during the Northridge earth-
quake.
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Soil failure leading to pipe breaks can be caused by
faulting (e.g. the Sylmar segment and the Harding School
area during the San Fernando, 1971, earthquake®) land-
slides (e.g. the Juvenile Hall landslide during the San
Fernando, 1971, earthquake®’) and liquefaction leading
to ground fissures® or lateral spreading and subsidence
(e.g. San Francisco after the 1906 earthquake’) and by
large strains associated with travelling ground waves (e.g.
in El Centro during the 1979 earthquake). In this paper, we
analyze only the overall end result and relate the frequency
of occurrence of pipe breaks directly to the amplitudes of
recorded strong motion."'

OBSERVATIONS

Strong ground motion

Figure 1 shows a contour map of estimated horizontal
peak shear strain during the Northridge 1994 earthquake.!
The estimates are based on 213 strong motion recordings
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within the area bound by —119° and —117.5° longitudes
and 33.50° and 34.50° latitudes. The strong motion data
was obtained from the following sources: 31% from the
Los Angeles Strong Motion Network. (‘USC’ stations'?),
26% from the U.S. Geological Survey (‘USGS’ stations'"),
36% from the California Division of Mines and Geology
(‘CDMG’ stations'?) and 7% from the Los Angeles
Department of Water and Power (‘DWP’ stations').
The shaded areas indicate bedrock, and the white areas
sediments. The peak strain was estimated using the rela-
tion Avp,, /U5, Where vy, is the peak horizontal velocity of
ground motion (the larger of the two horizontal recorded
peaks), v, 1s the average shear wave velocity in the top 30 m
of soil and A is a scaling function, taken as one in the
calculation. Where available, o, was estimated from bore-
hole logs or from surface wave measurements. At the other
locations, it was estimated on the basis of surface geology.
Smoothed peak strain contours, drawn by hand, are
shown by dashed or by full lines. The label of each contour
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Fig. 1. Contours of horizontal strain factors log;, €, where € = v, /7,, of strong ground motion in Los Angeles basin during the
Northridge earthquake. The triangular (CDMG), square (USGS), diamond (DWP) and circular (USC) symbols show locations of the
recording accelerographs. I
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Fig. 2. The epicentral area of the Northridge earthquake (17 January 1994, M, = 6-4). The short dashed line outlines the surface
projection of the fault. The light gray areas indicate bedrock, and the white areas — quaternary sediments. The triangular (CDMG),
circular (USC), diamond (DWP) and square (USGS) symbols show the locations of the strong motion sites used in the analysis. The
shaded regions outlined by heavy solid lines indicate zones of concentrated ground breakage. A — Simi Valley Tailings Dam; B —
Jensen filtration plant; C — San Fernando Valley Juvenile Hall; D — Pacoima dam site; E — intersection of Mulhollad Dr. and
Beverly Glen Blvd. The open circles (sites 1-6) indicate locations of extensive damage or collapse of freeway structures. Heavy full
and dashed lines show contours of horizontal peak strain factor logyg €, Where € = v,y /s, associated with strong motions at the
ground surface. Four large full circles and one large square show locations where peak accelerations have been interpreted to imply
non-linear soil response.’ Five regions: Santa Clarita, Simi Valley, San Fernando Valley, Los Angeles and Santa Monica—Marina Del
Rey, contributing data to this study are framed by heavy continuous lines.

is the logarithm, base 10, of the peak strain. The triangular
(CDMGQG), circular (USC), diamond (DWP) and square
(USGS) symbols show the location of the strong motion
sites used in the analysis.’

Figure 2 shows a detailed view of the area within the
rectangle enclosed by the dashed line in the upper left
corner of Fig. 1. The short dashed line outlines the
surface projection of the fault, dipping towards the
south-west direction. The light gray areas indicate bed-
rock, and the white areas—quaternary sediments. The
figure also shows locations of major damage. The shaded
regions outlined by heavy solid lines indicate zones of
concentrated ground breakage.!* Letters A to E indicate

selected sites of interest which are associated with the
effects of the Northridge earthquake: A — Simi Valley
Tailings Dam; B — Jensen filtration plant; C — San
Fernando Valley Juvenile Hall; D — Pacoima dam site;
and E — intersection of Mulholland Dr. and Beverly
Glen Blvd. The open circles (sites 1 to 6) indicate loca-
tions of extensive damage or collapse of freeway struc-
tures: | — Gavin Canyon under-crossing; 2 — Interstate
5 and SR14 interchange; 3 — Mission Gothic under-
crossing of SR118; 4 — Bull Creek Canyon Channel
bridge; 5 — La Cienega—Venice under-crossing of Inter-
state 10; and 6 — Fairfax—Washington under-crossing
of Interstate 10. The heavy and long dashed lines show
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Fig. 3. Contours of reported Modified Mercalli Intensity during Northridge earthquake.]5

the contours of horizontal peak strain of strong ground
motion, also shown in Fig. 1.

Pipe breaks in the following five regions are analyzed
in this paper: (1) San Fernando Valley, (2) Simi Valley,
(3) Santa Clarita Valley, (4) Central Los Angeles and (5)
Santa Monica—Marina Del Ray region. The boundaries
of these regions are marked by solid line frames, as
indicated in Fig. 2.

Figure 3 shows an isoseismal map (Modified Mercalli
Intensity) presented by Dewey et al.” Analysis of distribu-
tion of severely damaged buildings suggested that in some
areas the intensity reports may have been biased. Trifunac
and Todorovska'® studied the density of red-tagged build-
ing as a function of the peak ground velocity and intensity
of shaking, and modified the map proposed by Dewey et
al.’’ The modified map was used in the present analysis.

Pipe breaks

Assuming that the density of water pipes is fairly con-
stant in the typical residential areas of San Fernando

Valley and Los Angeles, the frequency of occurrence of
pipe breaks in those areas during an earthquake can be
correlated with the recorded amplitudes of strong
ground motion, and the results can be used to infer
peak strains, peak differential motions and permanent
movement in the soil during future earthquakes.

It is generally believed that much of the observed
permanent deformation and large nonlinear response
of soils is associated with or caused by soil liquefaction.
It is also generally assumed that the highest susceptibility
to liquefaction is found in areas of young, soft and
cohesionless soils, in poorly constructed fills and in the
presence of shallow water table. Thus, Holocene deposits
consisting of cohesionless soils are usually classified as
‘liquefiable’ when the ground water is at less than 10m
depth.'”"® During the Northridge earthquake, the
ground water table appears to have been unusually
low, because of one and a half months of low precipita-
tion, during December and January of 1994.

Many broken or leaking pipes were identified in the
water distribution system of the areas affected by the






