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Nonlinear soil response as a natural passive
isolation mechanism—the 1994 Northridge,

California, earthquake
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The spatial relationship between areas with severely damaged (red-tagged) buildings
and areas with large strains in the soil (indicated by reported breaks in the water
distribution system), observed during the 1994 Northridge earthquake, is analysed. It
is shown that these areas can be separated almost everywhere. Minimal overlapping is
observed only in the regions with very large amplitudes of shaking (peak ground
velocity exceeding about 150 cm s ™). One explanation for this remarkable separation
is that the buildings on ‘soft’ soils, which experienced nonlinear strain levels, were
damaged to a lesser degree, possibly because the soil absorbed a significant portion of
the incident seismic wave energy. As a result, the total number of severely damaged
(red-tagged) buildings in San Fernando Valley, Los Angeles and Santa Monica may
have been reduced by a factor of two or more. This interpretation is consistent with the
recorded peak accelerations of strong motion in the same area. It is concluded that
significant reduction in the potential damage to wood frame single family dwellings
may be expected in areas where the soil experiences ‘large’ strains (beyond the linear
range) during strong earthquake shaking, but not significant differential motions,
settlement or lateral spreading, near the surface. © 1997 Elsevier Science Ltd.
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1 INTRODUCTION

The Northridge earthquake (17 January 1994, M, = 6-4)
occurred on a blind thrust fault below San Fernando Valley
in the densely populated Los Angeles metropolitan area.
The rupture was initiated at depth (~18 km) and then
spread to north, north-west and up along the surface dipping
42° to south-west and striking at 122°. Many buildings, free-
way structures and utilities were damaged.l'5 The charac-
teristics of ground shaking at locations where damage was
observed were estimated from smoothed contour maps of
peak amplitudes of motion (acceleration, velocity and dis-
placement), peak strain factor (Vma/Vs, where vy, is the
horizontal peak velocity of strong motion and v is the
average velocity of shear waves in the top 30 m of soil)
and Pseudo Relative Velocity Spectrum amplitudes,®™®
drawn on the basis of more than 200 strong motion accel-
erograms recorded in the metropolitan area. This made it
possible to relate the degree of damage to the amplitudes of

41

shaking. For example, the density (per km?) of severely
damaged (red-tagged) single family dwellings (SFD)
could be correlated with peak velocity of strong motion.'°
Further, buried water pipes are vulnerable to large strains
and differential motion of the soil. In the developed areas,
the density of breaks in the water pipes (per km ?) could be
used as an indicator of the level of strain and/or of some
form of soil failure.!"'? The density of water pipe breaks
was correlated with estimates of the strain factor,'? v . /v..
The derived functional relationships between the average den-
sity of red-tagged buildings and the peak ground velocity and
between the average density of water pipe breaks and the peak
strain factor can then be used to infer the range of peak ground
velocity from the observed distribution of red-tagged build-
ings, and the range of the strain in the soil from the density of
water pipe breaks. These relationships were used in this paper,
to help interpret the observed spatial relationship between the
areas with damaged (red-tagged) buildings and the areas with
reported breaks in the water pipes.
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Fig. 1. 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, circular, diamond and square

symbols show the location of the strong-motion recording sites. The shaded regions outlined by heavy solid lines indicate zones of

concentrated ground breakage. A—Simi Valley Tailings Dam; B—1Jensen filtration plant; C—San Fernando Valley Juvenile Hall; D—

Pacoima dam site; E—intersection of Mulholland Drv. and Beverly Glen Blvd. The open circles (sites 1 to 6) indicate locations of

extensive damage or collapse of freeway structures. Heavy and long dashed lines show contours of horizontal peak velocity of strong
ground motion, recorded in free-field. (Redrawn from Trifunac et al., 1996.)

Fig. 1 summarizes the locations where major damage
occurred in relation to the causative fault. The small triangu-
lar, diamond, circular and square symbols show the loca-
tions of the strong-motion sites. 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 Drv.
and Beverly Glen Blvd. The open circles indicate
locations of extensive damage or collapse of freeway struc-
tures: 1—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 Interstate 10; and 6—
Fairfax—Washington under-crossing of Interstate 10.
Smoothed contours of horizontal peak ground velocity’

are shown by heavy dashed and full lines. This figure also
shows the San Fernando Valley, Los Angeles—Santa
Monica, Santa Clarita and Simi Valley regions, referred to
later in this text.

Before the deployment of dense strong-motion arrays
(e.g. the Bear Valley array'? in 1972 and the Los Angeles
and vicinity array®), the studies on spatial variation of
strong-motion amplitudes were based on observation of
damage to ‘typical’ residential buildings. The variety of
construction methods and materials, actual strength and
density of buildings per unit area, small areas covered by
cities, and great variety of underlying geological and soil
conditions worldwide, have contributed to intricate and
often conflicting interpretations of the observed damage.
The traditional belief that the earthquake damage is greater
when the ground is poor overlooked the complexities of the
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Fig. 2. Location of severely damaged (red-tagged) buildings (open triangles) during the Northridge earthquake in the San Fernando Valley
and Los Angeles—Santa Monica regions. The solid circles show selected strong-motion recording stations.

transition from small (~linear) to large (beyond
the linear range) response of soils and foundation
materials, which further contributed to the complexities of
this subject.

The first systematic studies of damage to Japanese wood
houses (old style, with little or no diagonal bracing and on
inadequate foundation) showed ‘small’ degree of damage
for thickness of the surface soil layers up to several metres,
and increasing degree of damage for deeper layers'® (5 to
50 m). The damage also increased with increasing Poisson’s
ratio in the soil, because the Japanese wood houses are
sensitive to uneven settlement. The former is associated
with damage caused by inertial forces, while the latter

results from large differential motions and thus belongs to
a different (pseudo static) type of damage.

This paper shows that, for the Northridge earthquake, the
areas with severely damaged buildings (red-tagged) and the
ares where many breaks in pipes of the water distribution
system were reported can be separated except in small
regions where overlap occurs. The physical causes which
lead to the observed distribution of damaged buildings are
discussed, but quantitative analysis is out of the scope of this
paper. Similar observations reported in the literature for
other earthquakes are discussed, as are the implications of
the observed phenomenon on seismic microzonation and
building codes.
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Fig. 3. Location of reported breaks in the pipes of the water distribution system (small solid dots) during the Northridge earthquake in the
San Fernando Valley and Los Angeles—Santa Monica regions.

2 DAMAGE TO BUILDINGS AND GROUND
STRAINS DURING THE NORTHRIDGE
EARTHQUAKE

2.1 Damage data

Following the Northridge earthquake, the buildings were
inspected by the Office of Emergency Services, admlms-
tered by the Los Angeles Department of Building Safety.'”

Those hazardous to life were ‘red-tagged’, the moderately
damaged ones which posed no threat to life and whose
occupants were allowed to enter to remove their possessions
were ‘yellow-tagged’. Those that did not pose any life safety

hazard to their occupants were green-tagged. One and a half
months after the earthquake, the Los Angeles Department of
Building Safety tagged more than 47000 buildings. Of
those, 88% were single family detached (SFD) buildings,
2% were single family attached (SFA), and 10% were low-
rise multifamily (LRM) buildings. Red tags were posted
onto 2% of SFD buildings, 3% of SFA buildings and 6%
of LRM buildings.! Yellow tags were posted onto 11% of
SFD buildings, 15% of SFA buildings and 16% of LRM
buildings. Remaining (87% of SFD, 82% of SFA and 78%
of LRM) buildings received green tags.

Fig. 2 shows the locations of red-tagged buildings in the
San Fernando Valley and the Los Angeles—Santa Monica






