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The 1994 Northridge earthquake occurred underneath a densely populated
metropolitan area, and was recorded by over 200 strong motion stations in the
metropolitan area and vicinity. This rare coincidence made it an ideal case to
study, in statistical sense, the correlation of damage to structures with the level of
strong shaking, in particular with respect to (1) instrumental characteristics of
shaking and (2) the reported site intensity scale. In this paper, statistics for the
incidence of red-tagged building in 1 x 1km?® blocks in San Fernando Valley and
Los Angeles is presented and analyzed, as function of the observed peak ground
velocity or the local intensity of shaking. The ‘observed’ peak velocity is estimated
from contour maps based on the recorded strong motion. The intensity of shaking
is estimated from the published intensity map and from our modification of this
map to make it more consistent with observed high damage to buildings in some
localized areas. Finally, empirical scaling equations are derived which predict the
average density of red-tagged buildings (per km?) as a function of peak ground
velocity or site intensity of shaking. These scaling equations are specific to the
region studied, and apply to Wooden Frame Construction, typical of post World
War II period, which is the prevailing building type in the sample studied. These
can be used to predict the density of red-tagged buildings per km* in San Fernando
Valley and in Los Angeles for a scenario earthquake or for an ensemble of
earthquakes during specified exposure, within the framework of probabilistic
seismic hazard analysis. Such predictions will be useful to government officials
for emergency planning, to the insurance industry for realistic assessment of insured
losses, and to structural engineers for assessment of the overall performance of this
type of buildings. € 1997 Elsevier Science Limited. All rights reserved.
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INTRODUCTION

Analysis of earthquake damage to man-made structures
is difficult and complex. Neither the structural resistance,
nor the local shaking can be represented only by a small
number of parameters. Factors which must be considered
in describing the response and ultimate strength of struc-
tures are, for examples, the differences in the construction
materials, the variety of geometrical and architectural
characteristics, the presence of and type of members
for lateral load resistance and the evolution of the
design codes. The strong earthquake shaking also
needs to be described by at least several scaling param-
eters, for example, peak amplitudes, spectral content and
duration of strong shaking. These parameters can be
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related to the total energy or to the power of strong
motion, but cannot be related to the damage in a simple
and direct way. Much work remains to be carried out to
find a set of scaling parameters for strong ground motion
which will describe well the observed damage.
Simplified approaches have been proposed and used to
describe the observed damage. For example, Benioff'
proposed to measure the destructiveness of ground
motion by computing the area under the response spec-
trum, Arias’> — by the integral jazdt, where a is the
ground acceleration, and Duvall and Fogelson® — by
the peak ground velocity. In such approaches, the effects
of the many ‘other’ scaling variables are averaged out
implicitly or explicitly, and, therefore, the results are at
best site or region specific. Results of such simplified
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studies are useful for short term approximate predictions
of future overall effects of strong earthquakes in an area.

The inadequate density of strong motion recording
instruments further complicates the analysis of earth-
quake damage. The Los Angeles metropolitan area is
probably one of the most densely instrumented areas in
the world; yet, the density of the recording instruments is
insufficient to describe adequately variations of strong
motion over short distances, e.g. hundreds of meters,
which is important for structures on multiple supports.*
Knowledge acquired from specialized dense arrays in
other countries (e.g. the SMART-1 array near Lotung in
Taiwan) is not directly transferable to specific problems
in the United States, due to differences in the nature of
the seismogenic zone and in the local geologic and soil
site conditions. For example, the differences in the age of
surface soils and geology may introduce bias in estimates
of amplitudes of strong motion.>® The width, length, and
depth of active faults will influence the observed strong
motion at long periods’ and the duration of strong
shaking.®®

Often earthquake damage has been related to the local
intensity of shaking. The intensity scale is a descriptive
measure based on the effects of shaking on ground and
on structures, and therefore leaves room for subjective
interpretation. The field observations and published
results on intensities following a damaging earthquake
depend not only on the definition of the intensity scale
used and on the team that gathers, interprets and presents
the results, but also on type and distribution of structures,
construction materials, and the geologic setting of the
shaken area. Earthquakes of similar magnitudes can be
disastrous in one region, but cause minor damage in
another. A perusal of damage reports for the western
United States during the last 50yr typically indicates
only ‘little or moderate’ damage, so far. One consequence
of this is that, for the United States, there is no adequate
database on damage for high intensity levels of shaking
to construct empirical sets of fragility curves for various
structural systems. Comprehensive description of earth-
quake damage has been attempted by Chinese engineers
following the Tangshan earthquake in 1976,'° and by
Yugoslav investigators following the Monte Negro
earthquake in 1979.1' These results, however, are not
directly applicable to urban areas in the United States,
due to differences in the intensity scales and in the type of
construction. Many metropolitan areas in the United
States, do have thousands of old unreinforced brick
masonry structures, and would benefit from the avail-
ability of fragility functions for these buildings. How-
ever, the fragility functions developed for Tangshan and
Monte Negro might be used only after careful relative
calibration of the intensity scales and of construction
methods and materials.

The Northridge earthquake (17 January 1994,
M; =64, My =67, focus at H ~ 18km) occurred on
a blind thrust fault underneath San Fernando Valley, of

the densely populated Los Angeles metropolitan area. In
spite of the moderate size of this earthquake, some areas
experienced severe shaking (IX on the Modified Mercalli
scale), and many buildings, utility lines and freeway
structures were damaged. Many buildings were inspected
and tagged (as green, yellow or red), and the results were
documented and available for analysis.u'14 The ground
shaking was recorded by more than 200 strong motion
stations in the metropolitan area and vicinity. Based on
the spatial distribution of recorded motion, contour
maps were drawn for horizontal and vertical peak
ground acceleration and velocity,*'” which made it
possible to estimate the range of ground motion ampli-
tudes at locations away from the recording stations. A
contour map of Modified Mercalli Intensity was also
prepared.'® Using these contour maps, it is possible to
estimate the range of peak velocity and the intensity of
shaking at all sites of damaged buildings. Although both
the information on damage from tagging the buildings
and on ground motion from the contour maps of peak
velocity or site intensity are simplified, the data are fairly
complete for the areas inspected, and covers useful range
of the levels of shaking (intensities V-1X).

This paper presents an analysis of the density of red-
tagged buildings in San Fernando Valley and in Los
Angeles as a function of the horizontal peak ground
velocity and the intensity of shaking. The purpose is to
derive simple, locally applicable, empirical relations for
quick assessment of the density of severely damaged
buildings during future earthquakes, based on the sim-
plified characterization of damage in buildings in terms
of the peak ground velocity and the local intensity of
shaking at the site.

OBSERVATIONS
Strong ground motion

Based on strong motion recordings at 213 locations
within the area bound by 119° and 117-5° West long-
itudes and 33-50° and 34-50° North latitudes, Trifunac
et al® presented contour maps for the peak ground
velocity during the Northridge earthquake. Approxi-
mately 31% of the stations contributing the data
belong to the Los Angeles Strong Motion Network
(‘usC stations's), 36% to the State Strong Motion
Instrumentation Program (‘CDMG’ stations'’), 26%
to the National Strong Motion Instrumentation Pro-
gram or to various organizations which have their
data processed and released by the U.S. Geological
Survey (‘USGS’ stationsls), and 7% belong to the Los
Angeles Department of Water and Power (‘DWP’
stations'®). Figure 1 (redrawn from Trifunac er al.®)
shows a contour map of horizontal peak velocity in the
region between 117-75° and 118-45° West longitudes and
33-:50° and 34-50° North latitudes. The shaded areas
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indicate bedrock, and the white areas sediments. The
dashed or full lines, drawn by hand, show smoothed
contours of the larger peak velocity value of the two
horizontal components recorded in ‘free-field’. The cir-
cular (USC), triangular (CDMG), square (USGS) and
diamond (DWP) symbols show the location of the strong
motion instruments.

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 south-
west. The light gray areas indicate bedrock, and the white
areas — quaternary sediments. The heavy and long
dashed lines show the contours of horizontal peak
velocity of strong ground motion, also shown in Fig. 1.
The figure also shows selected locations of major
damage. The shaded regions outlined by heavy solid
lines indicate zones of concentrated ground breakage.”’
Letters A—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 1-6)
indicate locations of extensive damage or collapse of
freeway structures (I — 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). The San Fernando Valley
(SFV) and Central Los Angeles (LA) regions, which
are analyzed in this paper, are indicated by the solid
rectangles. The heavy dashed frames (partly overlapping)
outline the areas for which distributions of red-tagged
buildings is shown in Fig. 3.

From Fig. 2, it is seen that over the fault of the
Northridge earthquake, the surface horizontal peak
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Fig. 1. Contours of the horizontal peak velocity of strong motion in Los Angeles basin during the Northridge earthquake. The
triangular (CDMG), circular (USC), diamond (DWP) and square (USGS) symbols show locations of the recording accelerographs
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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 circular, triangular,
diamond and square, symbols show the locations of the stron% 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 Mulholland Dr. and Beverly Glen Blvd. The open circles
indicate locations of extensive damage or collapse of freeway structures. | — Gavin Canyon under-crossing; 2 — Interstate 5 and
SR 14 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. The two regions studied in this paper,
San Fernando Valley and Los Angeles, are outlined by heavy frames. The heavy dashed frames outline the areas for which
distribution of red-tagged buildings is shown in Fig. 3.

velocity, vp.,, was about or exceeded 100cm/s. South
and central San Fernando Valley experienced horizontal
peak ground velocities greater than 50 cm/s. These peak
velocity amplitudes depend locally on the soil and on
the geologic site conditions. In this paper, however, by
the procedure used to correlate peak velocities with the
number of red-tagged buildings, those two effects will be
implicitly averaged out. Most building sites contributing
to these data are located on alluvium and on ‘typical’
soil.* The magnitude of the Northridge earthquake, the
effects of its mechanism and radiation pattern and the
changes of wave amplitudes and direction of motion
along the propagation path are all implicitly considered
and are reflected in the geographical variation of the
observed peak amplitudes as plotted in Figs 1 and 2. In
this study, the amplitudes of maximum horizontal velo-
city, shown by contours in these figures, will be used as
representing ‘measured’ peak velocities.

Damage

The data on the location of red-tapped structures, used
in this study, were compiled and distributed by the Los
Angeles Department of Building Safety.'? In April 1994,
there were more than 1000 red-tagged buildings and
more than 5500 yellow-tagged buildings. With time,
these numbers have changed as additional buildings were
inspected and previously tagged buildings re-evaluated.
For the purposes of this work, it is assumed that,
following April 1994, these changes were minor among
the population of red-tagged buildings. Figure 3a (San
Fernando Valley region) shows the early distribution of
red-tagged buildings, as of March 1994. Figure 3(b)
shows this distribution in the Los Angeles region. To
show the relationship among several areas of concen-
trated building damage, the areas in Figs 3(a) and 3(b)
partially overlap (Fig. 3b repeats the data shown in the






