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PREFACE

The purpose of this report is to provide the Federal Disaster
Assistance Administration and the State of Utah with a rational
basis for planning earthquake disaster relief and recovery oper-
ations in the Salt Lake City, Utah, area. The maps, tables,

and other data in this report have been prepared for this parti-
cular purpose only. Application of the material in this report
to other types of analyses should be undertaken with considerable
care, and due attention should be given to the limitations and
restrictions placed on the data and conclusions stated in this
report.
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A STUDY OF EARTHQUAKE LOSSES IN THE
SALT LAKE CITY, UTAH AREA

SECTION 1: INTRODUCTION

This report is similar in nature and scope to "A Study of Earth-
quake Losses in the San Francisco Bay Area" (Algermissen and others,
1972), "A Study of Earthquake Losses in the Los Angeles, California,
Area" (Algermissen and others, 1973), and "A Study of Earthquake Losses
in the Puget Sound, Washington, Area'" (Hopper and others, 1975). The
methodologies used in the former studies have also been employed in this
report, except that some techniques have been expanded or revised to

accommodate new situations.

Purpose and scope of the study

The dbjective of this study is to determine the earthquake damage
to critical facilities in the Salt Lake City area that would result from
severe earthquakes that may reasonably be expected to occur along the
Intermountain Seismic Belt in Utah. For the purposes of this study, the
Salt Lake City area is taken to mean the following four counties in
Utah: Weber, Davis, Salt Lake and Utah. Special attention is devoted
to damage potential in Salt Lake City, Ogden, and Provo, the three
largest cities in Utah (fig. 1). The population of the four-county area
is 902,000, as shown in table 1; these figures are based on the 1970
census, adjusted to 1974 as reported by the University of Utah Department
of Business and Economic Research. Table 2 shows the population distri-
bution by city for the four counties. Unincorporated cities and towns

are not included.

Six earthquakes that might occur in the Salt Lake City area were
considered. The magnitude of all six events was assumed to be 7.5; two
epicenters were individually considered in the vicinity of each of the
three cities, Salt Lake City, Ogden, and Provo. One assumed epicenter
was in the vicinity of the Wasatch fault, while the second assumed
epicenter was farthsr west. The rationale for selection of these earth-

quakes is given below in this section.
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Figure 1.--Map of Utah showing the four-county study area, Basin and
Range, Middle Rocky Mountains, and Colorado Plateau physiographic
provinces, and the major fault zones in or near the study area.



Table 1 .--Population of the four-county study

area as of July 1, 1974

[Data from (a) "County Economic Facts,'" Utah
State Department of Development Services,
Division of Industrial Promotion', and (b)
census figures updated to 1974 by the Utah
Population Work Committee, Bureau of Business
and Economic Research, University of Utah]

County Population
Weber —-----cmmmm el 134,500
Davis  —=-m-mmmmmmmmmmemmccmeee 112,500
Salt Lake ~-------eemmeeemmeeees 495,000
Utah  —=—mmmmrmm e 160,000
Total ------m-cmcmmmmmmeem o 902,000
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Project design

The project was divided into two separate phases of work:

1. construction of isoseismal maps, and

2. estimation of casualties and damage for each of the postulated
earthquakes.

The first phase of the project was done by the U.S. Geological Survey.

This part of the work included the following:

1. collection of data on historical, damaging earthquakes in Utah;

2. collection of data on faults, near-surface soil deposits, and
landslide areas; field mapping of these types of data was also
carried out in Salt Lake and Davis Counties;

3. selection of the location and magnitudes of the earthquakes to be
simulated based on evaluation of the aforementioned data;

4. derivation of intensity, distance, and magnitude relationships for
different soil types;

5. estimation of the distribution of Modified Mercalli intensity (MM)!
for each postulated earthquake and preparation of a map showing

these expected intensities.

The second, or damage-assessment, phase of the project was carried
out by engineering consultants familiar with earthquake damage studies
in other locales and building practices in the study area. This know-
ledge together with the intensity maps produced in the first portion of
this study were used to estimate the extent of damage and loss of life
that might result due to the individual occurrence of the postulated
earthquakes. Only the two events in the vicinity of Salt Lake City were
considered in this phase of the study. Although damage assessment for
the events near Ogden and Provo was not carried out, isoseismal maps
were produced that could serve as the basis for damage assessment
studies in the future. The two earthquakes considered clearly represent
the worst case situations because they are postulated to occur in the

region of greatest population density and highest economic concentration

!Intensity refers to the degree of shaking at a specific location. The
Modified Mercalli Intensity scale, commonly used in the United States,
was published in the "Bulletin of the Seismological Society of America,"
vol. 21, 1931, by H. 0. Wood and Frank Neumann. The scale is reproduced
at the end of this report.



of facilities. This phase of the project includes estimates of

1. effects on local medical resources, including hospitals, medical
personnel, supplies, and services;

2. damage to facilities critical to recovery of the area after the
shock, including communications, transportation, utilities, food-
stuffs, debris removal, and fire fighting equipment;

3. damage to structures that might cause major loss of life, including
public schools, city, county, state, and federal buildings;

4. estimated casualties and homeless.

A number of variables may have an effect on the damage and casualty
estimates, and these variables need proper consideration. For instance,
the number of injuries sustained is highly dependent on the time of day
that the shock occurs. Accordingly, for the purposes of this study,
three times of day have been assumed as follows;

1. 2:30 a.m., when the greatest proportion of the population would be
at home in bed;

2. 2:00 p.m., when the greatest proportion of the population would be
away from home; and

3. 4:30 p.m., the beginning of the rush hour.

The season of the year would also have an effect on the number of
homeless, conflagration, landslide, and avalanche potential. Freezing
and subfreezing temperatures are to be expected for long periods of time
in the four-county study area from November through March. During this
period, the loss of natural gas or electric power for heat would render
many buildings nonfunctional. The number of homeless could therefore be
much larger from a severe earthquake in Utah during the winter months

than it would be in California from a similar shock.

The conflagration potential would be high during the summer months,
especially during July and August, which are typically high fire-danger
months in Utah due to hot, dry conditions. Strong canyon winds are
common in the morning and evening during the summer months and could add

to the possibility of conflagration following an earthquake.

The potential for earthquake-induced landslides is high during the

spring when the ground may be saturated from rain and melting snow.



During the winter months, avalanches could occur, which might block some
mountain roads or rail lines in the eastern part of the study area. For
the first few hours, the large majority of the people in the affected
areas excluding the injured, will not have vital immediate needs, but
will require some food, shelter, and water supplies. The need for an
adequate supply of water for human consumption, plus that needed for

fire fighting, is probably more vital than shelter or food in the first
day or two that follow the disaster; although, if an earthquake was to
occur in the winter, the need for shelter from freezing temperatures
might constitute a vital need. The immediate need for water cannot be
met in terms of-hours if the water system is out of service. Because a
large number of the newer public school system buildings are earthquake-
resistant, these buildings could be a major resource for temporary
housing and feeding. Local stocks of nonrefrigerated foods will last

for days, and in the residential areas these stocks can be judged adequate
for several days. Also, many Mormon families in the area have a one-
year food supply in home storage. If transportation routes are closed,
however, quite a different problem exists in the distribution of foods
arriving from outside the metropolitan area. Obviously, a rapid restora-
tion of communications, transportation facilities, and public utilities

is vital.

The four-county study area is unique when compared with areas
containing other U.S. cities of the same size in that the nearest major
population centers are Denver, Colo., located about 400 miles (644 km)
from Salt Lake City; and Phoenix, Ariz., and Los Angeles and San Francisco,
Calif., located about 800 miles (1,287 km) from Salt Lake City. In
effect, the study area would become temporarily isolated from these
distant population centers in the event of a large damaging earthquake
making it necessary to rely on air transportation for rapid resupply of
many essential needs.

Minimal attention is paid to long range effects of earthquake
disaster. For instance, the study has not included dollar losses from
property damage as these do not affect vital short term human needs.
The study of temporary loss of jobs as a result of damage to factories

and other places of employment, the temporary loss of transport and



supply lines to and from these places of employment, and other economic
dislocations are not the objective of this report. Additionally, stream
and lake pollution problems from oil spills, emergency chemical dis-
charges, and raw sewage (due to damaged treatment plants) are given
secondary or no attention. In summary, the objective of this report is
to emphasize the vital human needs that exist immediately after a
postulated damaging earthquake, and it is hoped that this report will
serve as an important data base for those federal, state, and local
planning agencies responsible for supplying those needs and facilitating

rapid recovery in the aftermath of earthquake disaster.
Earthquake history

Historic records of earthquake activity in Utah date back to 1853,
shortly after the region was settled. Since that time, on the order of
1,000 felt events have occurred, the largest being intensity IX and
magnitude 6.7. Of these felt events in Utah, 119 have generated maximum
intensity V or greater (MM), 19 occurring within the study area. Table
3 lists all events that were felt in Utah and had intensity greater or

equal to V.

Eight historical earthquakes have caused significant damage within
the study area. The 1909 event (I = VII), on the Hansel Valley fault
system, sent seiche waves over theorailroad causeway at the north end of
Great Salt Lake, and broke windows in Salt Lake City. The 1934 Hansel
Valley event (I = IX) severely damaged a brick building in Kosmo,
produced two-fo;t scarps in recent alluvium (the only historic event in///
Utah to produce surface rupture), altered ground-water flow patterns,
and initiated rock slides in the epicentral area. In Salt Lake City,
walls were cracked, plaster fell and adjacent tall buildings swayed
severely enough to make contact with one another. Whereas the earth-
quake was as strong as the 1971 San Fernando, California, event, damage

was minimal due to the sparse settlement of the area.

Intensity-VI earthquakes in 1910, 1943, 1949, and 1962, within the
immediate Salt Lake City area, produced damage generally in the form of

cracked walls, fallen plaster, toppled chimneys, and broken windows.
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The 1949 event ruptured a 10-inch watermain resulting in the loss of
water to a sizable portion of the city. An intensity-VI event in 1915
caused minor damage in the Provo area.

By far the most damaging earthquake in Utah's history was the 1962//
event near Richmond, north of Logan in the Cache Valley. Although the
epicenter was outside the immediate study area, it was felt with inten-
sity V and VI in Weber and Davis Counties and V or less in Salt Lake and
Utah Counties. The earthquake was moderate in size (m = 5.7 and I = VII)
but produced damage in three-fourths of the houses in Richmond, ni;e
being unsafe to reoccupy. Two small commercial buildings and a church
were rendered nonfunctional. More than half the chimneys on the houses
in Richmond were damaged. Several large buildings in Logan, which was
about 12 miles (19 km) from the epicenter, sustained major structural
damage due to cracked and distorted walls, fallen ceilings and parapets.
Mudslides and rockfalls closed several highways in the foothills east of
the epicenter and damaged water flumes and irrigation channels, causing

minor flooding. The total dollar loss was estimated at $1 million.

The most recent damaging earthquake (M=6.0) near the study aream/ﬂ
occurred in 1975 in Pocatello Valley, a remote sparsely populated area
near the Utah-Idaho border. Epicentral MM intensity was estimated to be
VII to VIII. The population center receiving greatest damage was Malad
City, about 13.7 mi (22 km) northeast of the epicenter where MM inten-
sity VII was observed. In Malad City, intense ground shaking damaged
chimneys in old buildings, cracked plaster walls, and produced cracks
around window and door frames in old and new construction. A market and
warehouse of concrete block construction were cracked. Windows were
broken and parapets knocked down in the commercial section of Malad
City. At the high school, a tall brick chimney was knocked down. In
Pocatello Valley,*the amount of damage was low, but the degree of damage
was higher than Malad City; for example, several ranch houses reportedly
shifted on their foundations. A full metal grain bin was split open,
and several others at the same location were buckled and/or partially
rotated. Some chimneys in the valley were broken at the roofline and
knocked to the ground. Lurch cracks were also found in the alluvium in
the middle of the valley.
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In Salt Lake City (MM intensity IV) the shaking was felt by most
residents, and although tall buildings swayed, there was no reported

damage.
Seismotectonic regime of the four-county study area

The study area lies within the eastern margin of the Basin and
Range tectonic province and is flanked on the east and northeast by the
Colorado Plateau and the Rocky Mountain fold belt. The area is bounded
on the west by the Oquirrh Mountains and the Great Salt Lake, and the
eastern portion of the area is transected by the Wasatch Range, striking

largely north-northwest.

The four-county area is situated near the southern end of the ISB
(Intermountain Seismic Belt) (Smith and Sbar, 1974), a north-trending
zone of earthquakes extending from the Montana-Canada border to Arizona
and historically the second-most active seismic area in the continental
United States (Smith and Sbar, 1974). The ISB in Utah is represented by
activity occurring along a complex series of steeply dipping en echelon
faults having a generally north-south trend. These fault zones and the
historically felt earthquakes, I >5, are shown in figure 2., The Wasatch
fault zone, the only one whose t;ace is exposed in the study area, is
seen as a series of offset, parallel or branching surface ruptures
extending 160 mi (260 km) along the western margin of the Wasatch Range
from the Utah-Idaho border on the north to Levan, Utah, on the south
(Cook, 1971). The zone exhibits normal faulting, with the west side
down or east side up, and the width of visible offset varies from a few
hundred yards (metres) to about 3 mi (5 km) near Farmington, Utah.
Approximately 2 mi (3.5 km) of total vertical displacement has occurred
on the Wasatch fault zone. The fault scarp terraces, which mark the
trace of the Wasatch fault zone within the study area, are discontinuous
rises generally less than 1.2 mi (2 km) in length, with offsets as large
as approximately 45 ft (14 m) at the north of Little Cottonwood Canyon
(Cook, 1971).

Based on recent microearthquake studies (Smith and Sbar, 1974), the
sense of contemporary movement appears to be the same as prehistorical

faulting. Most of the focal depths of earthquakes in this area are less
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than 9 mi (15 km), although there is an increase in the number of events
in the range from 9 to 12 mi (15 to 20 km). Essentially all well-
located hypocenters occur at depths less than 16 mi (25 km).

According to a recent interpretation of the ISB by Smith and Sbar
(1974), ISB seismicity is principally the result of movement on intra-
plate boundaries, or zones of weakness, in the North American plate.

The movement on intraplate boundaries is the result of westward movement
of the North American plate across a mantle plume, or zone of mantle up-
welling. Contemporary upwelling of the plume is causing more-rapid
westerly movement of the Northern Rocky Mountain and Great Basin sub-
plates in relationship to the more-stable part of the North American
plate. In Utah these motions are reflected by predominantly normal
faulting on north-trending faults, occurring as the Great Basin under-

goes west and northwest crustal extension.
Rationale for earthquake selection

Six earthquakes! were selected for simulation in this study:
Salt Lake City vicinity
1. Magnitude 7.5, depth 10 km, location

40° 44.35'N
111° 51.16'W

40° 42.00'N

2. Magnitude 7.5, depth 10 km, location 112° 00.00'W

Ogden vicinity

- . 41° 12.52'N

3. Magnitude 7.5, depth 10 km, location 111° 58.80'W

] . 41° 12.07'N

4. Magnitude 7.5, depth 10 km, location 112° 7.46'N
Provo vicinity

. . 40° 14.00'N

5. Magnitude 7.5, depth 10 km, location jiye 40 451y

) . 40° 12.54'N

6. Magnitude 7.5, depth 10 km, location 111° 45.82'W

Selection of the magnitude for these events was based on geological
and seismological information. Geological evidence exists for the v/
occurrence of a magnitude-7.5 event in the recent past. Little Cotton-
wood Canyon contains scarps with a total offset of 188 ft (57 m) and
individual scarps having offsets of 10 to 45 ft (3-14 m). Some individual

scarps are traceable for about 7 mi (11 km). Where the Wasatch fault

1 Only the first two were used in the damage assessment phase of the
study.
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cuts a ravine north of Nephi, displacements of 120 ft (36 m) can be
observed. Some of these scarps may have formed during the past 300
years (Cook, 1971). Assuming that the displacement (45 ft (14 m)) and
length (7 mi (11 km)) in Little Cottonwood Canyon occurred during a
single event, a magnitude-7.5 prehistoric event in the study area
appears to be credible. Magnitude 7.5 is the mean value that is pre-
dicted using Bonilla and Buchanan's (1970) relations between magnitude,
LD2, L, and D, where L is fault length and D is maximum fault displace-
ment. The predicted magnitude varies between 5.7 and 8.7.“/;;e epicen-
tral locations that have been chosen are coincident with mapped or
geophysical faults, and the strike of the assumed faults is roughly
parallel to that of the known faults (figs. 14-19).

The largest historical event in the ISB is the 1959 Hebgen Lake,
Mont., earthquake (M = 7.1). A larger event, M = 7.6, occurred in
Pleasant Valley, Nev., in 1915, in the north-trending Nevada seismic
zone, which is contiguous with the ISB. Assuming that the seismicity of
the Wasatch fault zone reflects the overall seismicity of the ISB, these
historical major events can be viewed as plausible upper limits for the

maximum credible earthquake magnitude.

In justifying the use of an event of this magnitude for disaster-
planning purposes, it is useful to estimate how often such an event
might recur using the historical record. Figure 3 shows a summary of
the historical record in Utah, with events grouped according to maximum
intensity in the epicentral area. This figure shows that the detection
of the total number of events has increased as a function of time.
Rather than reflecting an increase in the natural seismicity of the
region, this rise in detection level is most likely attributable to the
increase in population density of Utah after 1850. Examination of the
individual intensity events shows that MM-V events may have been com-
pletely detected only during the last decade. The detection of MM-VI
events may be complete for the last 3 or 4 decades, and intensity-VII or
greater events have probably been completely detected for the entire
historical record.

Stepp's (1972) technique for minimizing the effects of incomplete-
ness of the data sample have been employed. Table 4 and figure 4 show
the required calculations. o,» square root of the mean rate of earth-

quake occurrence (A} divided by the time interval (T), is plotted versus
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Table 4.--Correction of the data of table 3 for incompleteness

according to Stepp's 1972 method.

Rockbursts have

been excluded.

Earthquakes through 1974 have been

considered.

[Leaders (--) indicate no data.]

T \' VI VII VIII IX
A A A A A
Period (years) N N/T N N/T N N/T N/T N N/T
1970-74 5 10 2.00 2 0.40 - - -- - --
1965-74 10 23 2.30 5 .50 1 0.10 -- - --
1960-74 15 29 1.93 9. .60 2 .13 -- - --
1955-74 20 32 1.60 12 .60 2 .10 -- - --
1940-74 35 45 1.29 18 .51 2 .06 -- - -
1930-74 45 49 1.09 21 .47 2 .04 0.02 1 0.02
1920-74 55 54 .98 21 .38 3 .05 .05 1 .02
1910-74 65 61 .94 23 .35 5 .08 .05 1 .02
1900-74 75 62 .83 25 .33 8 .11 .05 2 .03
1890-74 85 64 .75 27 .32 8 .09 .05 2 .02
1880-74 95 68 .72 28 .29 9 .09 .05 2 .02
1870-74 105 70 .67 30 .29 9 .09 .05 2 .02
T /AT T /AT AIT /AT
5 0.63 0.28 -- -- --
10 .48 .22 0.100 -- --
15 .36 .20 .093 -- --
20 .28 .17 .071 -- --
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Table 4.--Correction of the data of table 3 for incompleteness
according to Stepp's 1972 method. Rockbursts have
been excluded. Earthquakes through 1974 have been
considered.--Continued

T YA/T YA/T YA/T YA/T YA/T
35 .19 .12 .041 -- --
45 .16 .10 .030 0.021 0.021
55 .13 .083 .030 .030 .019
65 .12 .073 .035 .028 .018
75 .105 . 066 .038 .026 .020
85 .094 .061 .033 .024 .015
95 .087 .055 .031 .023 .015
105 .080 .053 .029 .022 .014
I, x
5 1.94
6 .55
7 .10
8 .05
9 .02
Least Squares _
Line Log A = 2.733 - 0.504 I,
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time interval. If the completeness of the data sample is not changing
with time, the curve slopes as 1//T. A line of this slope fits intensity-
V data for the most recent 15 years. Thus, the mean rate of occurrence
of these events is determined using data in that time period. Similarly,
intensity VI appears complete for the last 35 to 45 years, while in-
tensity VII, VIII, and IX appear complete for the entire record. The
mean rate of occurrence for each intensity for these time periods is
shown at the bottom of table 4 with the least squares fit to these data.
The following relations are obtained for the interval and cumulative

frequency of occurrence:
Interval: Log X = 2.73 - 0.50 I
o

Cumulative: Log NC = 3.02 - 0.53 1

o
The data and fitted lines are shown in figure 5. These lines can be
transformed into recurrence rates, with magnitude as the independent
variable, using the Gutenberg-Richter relation (Gutenberg and Richter,
1956):

M=1+2/3 Io
These relations are
Interval: Log X = 3.49 - 0.76 M
Cumulative: Log NC = 3.81 - 0.79 M . (1)

The cumulative relation indicates that an earthquake of magnitude-7.5 or

larger has a recurrence interval of 131 years in Utah.

Another approach for minimizing the errors of incomplete reporting
is the method of extreme-values, commonly used to estimate the return
period of floods. The data used in this analysis are the maximum inten-
sities, Ij’ in each year of the historical record. It is assumed that

these yearly extremes follow a limiting distribution which is given by

F(x) = exp [-exp(-(x-U)/B)] - oo<x<o (2)

where magnitude or intensity,

constant to be determined by the sample of extremes,
B

constant to be determined by the sample of extremes,
F(x) = probability that the largest earthquake in a year
will have magnitude or intensity less than or

equal to x.
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Figure 5.--The interval and cumulative frequency of recurrence for
epicentral intensity-Utah earthquakes.
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Because the yearly extremes are more likely to be large-magnitude
events than small-magnitude events, this technique is relatively insensi-
tive to the incomplete reporting of small-magnitude events. Equation
(2) is used to predict the probability of an extreme occurrence outside
the observed range of sample extremes, or conversely the return period

for such an event can be estimated using

RP 1/[1 - F(X)] >

where Rp = the return period of earthquakes greater
than or equal to X.

On the other hand, equation (2) might be inverted so as to find the
magnitude which has a given return period. The choice of a design
return period for structures must be carefully made, because the magni-
tude that has a return period of T years has a 63% probability of being
exceeded in T years. This is,illustrated in the following simplified
example. If an event X has a 99 percent extreme probability in a given

year, then
Proby [x <€ x] = F(x) = 0.99
The return period for this event is
RP = 1/[1-0.99] = 100 years;
the probability that this event is the largest event in 100 years is
Probigo [X < x] = F(x)'°° = 0.37
Then, the probability that the given event is greater than or equal to
X in a 100-year period is
Probigo [x >x] =1 - 0.37 = 0.63 .
This result is in fact more general than suggested by the limitations of
this illustration, in particular it is true where the underlying events

have a Poisson distribution of occurrence (as seems to be the case for

large earthquakes).

Both extreme probability and return period are concurrently shown
on graph paper (extreme probability paper), constructed such that equa-

tion (2) plots as a straight line. Practically, the extreme probability
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is estimated by first ordering the sample of yearly extremes in an

increasing sequence and computing

P(I(I) =Jd/(m+1) ,

where J = the Jth value in the sequence,
n = the total number in the sample,
and P(I(J)) = an unbiased estimate of the probability that

the yearly extreme magnitude or intensity I(J)

is the extreme value in a year.

These data for Utah and the corresponding plot on extreme probability
paper are shown in table 5 and figure 6. The extreme-value distribution
is fit by inspection to only the lowest probabilities for a given inten-
sity in figure 6, because this results in conservative estimates of the
return period, but also because intensity is an integer number and a
line through the lowest probabilities yields return periods that are
consistent with the notion of recurrence intervals. For instance, if
intensity V were the extreme in 3 separate years, the extreme proba-
bilities would be (if n = 3)

0.25, 0.50, and 0.75 ,
and the corresponding return periods would be

1.3, 2.0, and 4.0 .

By comparison the recurrence interval for an event of intensity V is 1

year. The return period nearest to this value is the smallest one, 1.3.

Figure 6 also compares a transformation of the recurrence relation
to an extreme probability distribution suggested by Epstein and Lomnitz

(1966) and the observed extreme probability. The recurrence relation,

Logio NC(X] = a + bx R
is transformed by

U

aB/Logio €

™
1

= Logio e/b
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Table 5.--The sequence of ordered extremes I(J), from lowest
to highest intensity, the sequence number (J), and
the unbiased estimate of extreme probability (P(I(J))).

J I(J) P(I(J)) J I(J) P(I(J)) J I1(J) P(I(J))
1 0.0 1.0 23 0.0 24.2 45 5.0 47.4
2 0.0 2.1 24 0.0 25.3 46 5.0 48.4
3 0.0 3.2 25 0.0 26.3 47 5.0 49.5
4 6.0 4.2 26 0.0 27.4 48 5.0 50.5
5 0.0 5.3 27 0.0 28.4 49 5.0 51.6
6 6.0 6.3 28 0.0 29.5 50 5.0 52.6
7 6.0 7.4 29 6.0 30.5 51 5.0 53.7
8 0.0 8.4 30 6.0 31.6 52 5.0 54.7
9 6.0 9.5 31 0.0 32.6 53 5.0 55.8
10 0.0 10.5 32 0.0 33.7 54 5.0 56.8
11 0.0 11.6 33 0.0 34.7 55 5.0 57.9
12 0.0 12.6 34 0.0 35.8 56 5.0 58.9
13 0.0 13.7 35 0.0 36.8 57 5.0 60.0
14 0.0 14.7 36 6.0 37.9 58 5.0 61.1
15 0.0 15.8 37 0.0 38.9 59 5.0 62.1
16 0.0 16.8 38 0.0 40.0 60 5.0 63.2
17 0.0 17.9 39 0.0 41.1 61 5.0 64.2
18 0.0 18.9 40 0.0 42.1 62 5.0 65.3
19 0.0 20.0 41 0.0 43.2 63 5.0 66.3
20 0.0 21.1 42 5.0 44.2 64 6.0 67.4
21 0.0 22.1 43 5.0 45.3 65 6.0 68.4
22 0.0 23.2 44 5.0 46.3 66 6.0 69.5
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Table 5.--The sequence of ordered extremes I(J), from lowest
to highest intensity, the sequence number (J), and
the unbiased estimate of extreme probability

(P(I(J))).--Continued

J o I(J)  PIW)) J I(J) P(1(J))
67 6.0 70.5 90 8.0 94.7
68 6.0 71.6 91 8.0 95.8
69 6.0 72.6 92 8.0 96.8
70 6.0 73.7 93 9.0 97.9
71 6.0 74.7 94 9.0 98.9
72 6.0 75.8
73 6.0 76.8
74 6.0 77.9
75 6.0 78.9
76 6.0 80.0
77 6.0 81.1
78 6.0 82.1
79 6.0 83.2
80 6.0 84.2
81 6.0 85.3
82 6.0 86.3
83 7.0 87.4
84 7.0 88.4
85 7.0 89.5
86 7.0 90.5
87 7.0 91.6
88 7.0 92.6
89 7.0 93.7
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where U and B are as defined in equation (2). The values of U and B

obtained are
U= 5.73, B = 0.82 .

The values of U and B for the observed extreme probability determined

from the dashed curve in figure 6 are
U= 5.07, B=1.02 .

It is seen in figure 6 that relative to the observed extreme
probability the recurrence relation underestimates the probability of
occurrence for I <VIII, and overestimates the probability for I >VIII.
While both curveg give comparable results in the region of the ;argest
observed intensities (which are probably all reported) the curves differ
above the range of observed intensities and at small intensities because
of a difference in slope. The higher slope of the observed extremes is
likely due to nonreporting of extreme values in a significant number of
years. For this reason, it is believed that the corrected recurrence

relation is a more valid estimate of the actual recurrence.

For aM=7.5 (I = 9.75), these data indicate return periods of
100 years using the e;treme probability distribution and 131 years using
the corrected recurrence relation. In other words, the time interval
for which there is a 63 percent probability of an event exceeding or
equaling magnitude-7.5 may be as short as 100 years. In terms of
recurrence or return period, a magnitude-7.5 earthquake appears to be a

reasonable choice for the purpose of disaster planning.
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SECTION 2: EARTHQUAKE INTENSITIES AND ISOSEISMAL MAPS
Materials used

The geologic data used in this study were compiled from numerous
sources at scales ranging from 1:24,000 to 1:250,000. Historical inten-
sity data for Utah were gathered from newspaper accounts, published
scientific articles, and previously published lists. As complete an
account as possible has been compiled for every earthquake known to have
occurred in Utah or to have caused damage there. The references shown
in table 3 are considered to be the original sources of information

concerning the earthquakes listed.

The most detailed geologic mapping available for this study was
provided by Richard Van Horn of the U.S. Geological Survey (unpub.
mapping, 1975). These maps provided information on the surficial
geology in Salt Lake and Davis Counties at a scale of 1:24,000. The
original units of mapping were categorized into three groups: uncon-
solidated alluvium, semiconsolidated alluvium, and hard rock. Uncon-
solidated alluvium is the broadest category and includes artificial
fill, landslide, talus, lake, stream, glacial, and wind deposits. Semi-
consolidated alluvium includes Tertiary conglomerate, volcanic agglom-
erate, tuff, and some limestone. The term hard rock characterizes
bedrock deposits such as limestone, dolomite, sandstone, quartzite,
shale, and metamorphic or igneous rock. Additional information was
obtained from Arnow, 1972; Hintze, 1972; Van Horn and others, 1972;
Pashley and Wiggins, 1972; Van Horn, 1972a, b; Crittenden, 1964;
Crittenden, 1965; McGregor and others, 1974; Arnow and Mattick, 1968;
Mattick, 1970; Arnow and others, 1970; Cluff and others, 1974; Cluff and
others, 1970, 1973. Stokes and Madsen, 1961, Stokes, 1962, Hintze,
1963, and Hintze and Stokes, 1963, were major sources of information for
Weber and Utah Counties. The latter references are geologic maps of

Utah compiled from many sources at 1:250,000.
Attenuation Curves

Attenuation of intensity as a function of distance in Utah was
examined in order to specify intensity attenuation for the predictions

in this study. The two best documented events in Utah were used: the
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1962 Cache Valley earthquake and the 1934 Hansel Valley earthquake. The
median, maximum, and minimum distances that each intensity was observed
were plotted versus the difference between the epicentral intensity and
the observed intensity. The results are shown in figures 7 and 8, where

it can be seen that Ergin's 1969 relation

L
I -1I=n Llogio [(A? + h®)?/n] , (3)
o
n = empirical exponent to be determined,
A = epicentral distance (km),
h = depth of focus (km), and
I = maximum intensity at the epicenter,

(]

fits the median observations for n = 4.0. Thus, equation (3) can be
used to predict the median distance at which a given intensity can be
expected for an earthquake of maximum intensity I . For the purposes of
this study, we have assumed that equation (3) est;mates the intensity at
a given distance at a site located on material of average seismic res-
ponse or semiconsolidated alluvium. This interpretation also suggests
the further assumption that the maximum distance at which a given
intensity is observed represents an occurrence on material of highest
seismic response, or unconsolidated alluvium, and that the minimum
distance at which a given intensity is observed represents an occurrence
on material of lowest seismic response, or hardrock. This interpre-
tation of intensity-distance curves was also adopted by Neumann, 1954.
One instrumentally determined point is shown in figure 8. An accelero-
graph at Logan State University was triggered during the Cache Valley
earthquake and recorded a peak horizontal ground acceleration of 0.14g.

This value was converted to intensity using Gutenberg and Richter's 1956

relation,
I = 3(Logi10 a + 0.5) s
where a = acceleration in (cm/sec?) and
I = Modified Mercalli intensity.
I=17.9
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The predicted value of I is nearly one intensity unit too large for
this distance (6.3 mi (10 km)). This difference might be accounted for
by ground amplification at the accelerograph site or the fact that
typical California earthquakes, on which this equation is based, are
shallower than the Cache Valley event. The instrumental depth of this
event was reported as 23 mi (37 km) (United States Earthquakes, 1962).
The difference might also be due to the fact that the duration of accel-
eration greater than 0.05g was about 1.4 seconds, whereas durations of 5
to 10 seconds are expected for an earthquake of magnitude 5.8 (Page and
others, 1972) at this epicentral distance. On the other hand, the

intensity-acceleration relation (Neumann, 1954),

Log10 a=0.3081 - 0.041 s

gives a value of I = 7.4, This value is also greater than I = 7, although

closer to the median curve possibly by virtue of the fact th;t Neumann
used 3 earthquakes from outside of California in his sample of 10. In
any case, the single point helps to establish the validity of the level
of the median curve, or conversely it helps to establish the validity of
these acceleration-intensity relations for estimating acceleratioms from

predicted or observed intensities in Utah.

Because the extreme distances may not be well reported at each
intensity, it is difficult to assess the shape of the curves for these

values using figures 7 and 8. Consequently, we have further assumed

that the curves for the extreme cases are parallel to the median curve. °

In order to determine the separatidn between the extreme curves and
the median curve, an array of 32 stations was deployed across Salt Lake
Valley to measure the soil-response variation for Bingham mine blasts
and an NTS (Nevada Test Site) explosion. Figure 9 shows the array
configuration. The long axis of the array is approximately alined
radially with both the Bingham mine and NTS. Three seismometers at each
station recorded the vertical, transverse, and radial ground motion.
Records for two stations recording a mihe blast are shown in figure 10;
they demonstrate the kind of differencés that were observed between

ground velocities recorded at differewt stations.
\
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Figure 9.--Map showing the seismic array configuration in Salt Lake

Valley. Each dot represents a three-component seismograph system
recording on magnetic tape (L-7 system). All stations were occupied
simultaneously and recorded several Bingham mine blasts as well as one
Nevada Test Site nuclear blast.
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and radial (R) components of ground velocity at two stations for

Figure 10.--Seismograph records showing vertical (Z), transverse (T),
the same mine blast.



In the analysis of these data, the peak ground velocities were read
and a horizontal resultant found for each station. The peak horizontal-
ground-velocity resultant at each station was corrected for distance
attenuation to a common distance using Murphy and Lahoud's (1969)

distance exponent

cor

where v vy (R11/Ri)1'3“ R

cor

<
i

distance-corrected peak horizontal ground

velocity at station i,
v, = peak horizontal ground velocity at station i,

Ri1 = distance from the shot to station 11, the

arbitrarily chosen common distance, and

Ri = distance from the shot to station 1i.

The median corrected peak velocity was determined, and ratios of
peak corrected velocity to median corrected velocity were formed. The
highest ratio found was 1.6 and the lowest was 0.27. Thus, we observed
a factor of six between the highest and lowest values of distance-
corrected peak velocities. We assumed that the highest value relative
to the median occurred on unconsolidated alluvium and that the lowest
value occurred on hardrock. These velocity ratios were transformed to
intensity increments to raise or lower the median-intensity increment
curve using the Newmark and Rosenblueth (1971, p. 219) relation between
velocity and intensity:

1L
I -1 =4.0Logio [(A* + h®)%/h] + Logio (v 4/v;)/Logio 2, (4)

o

where v

med the median distance-corrected peak hori-

zontal velocity and all other parameters

are as previously defined.

In order to convert the assumed magnitude 7.5 into an assumed

maximum intensity, we have used Gutenberg and Richter's (1956) relation:
I =1.5 (M-1) = 9.75 (5
o

That this relation is reasonable to use in Utah is demonstrated by

figure 11, which compares observations in Utah with equation (5).
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These data and equation (4) have been used to produce intensity
attenuation curves for unconsolidated, semiconsolidated, and hard rock,
as shown in figure 12. The curves have been linearly extrapolated at
close-in distaQFes, and the linear extrapolations have been used in a
conservative vein because the behavior of ground motion at close-in

distances is not yet well understood.
Estimating the probability of faulting

Surface faulting at a given location can be expected to accompany
a magnitude-7.5 event in the Basin and Range Province on the basis of
past experience (Hansel Valley, 1934, and a number of Nevada earth-
quakes: Pleasant Valley, 1915; Cedar Mountain, 1932; Dixie Valley,
1954; and others). The length of faulting is estimated to be 19 mi
(30 km), and the maximum displacement is estimated to be 3-10 ft (1-3 m)
(Bonilla and Buchanan, 1970). Two approaches might be taken to estimate
damage due to faulting. It is possible to specify those mapped faults
believed to be most likely to break during the assumed earthquake. This
approach was used by the contracting engineers, who conducted the damage
assessment phase of the study, using fault traces Cluff (1975) believes
are most likely to break. These faults are shown in figure 33, for
instance. The second method attempts to specify the probability of
faulting on any fault in the area of interest given that a certain
length of faulting will occur for the postulated earthquake. This
second method is presented as an example of perhaps an alternative
approach for future studies of this kind and as additional information
that could be used to supplement or extend damage studies in the four-
county area. The probability that faulting will occur at any given
location on a fault was estimated in the following manner. Given the
assumed epicentral location, a rectangle was constructed around the
epicenter with one side parallel to the strike of the assumed fault.
The strike of the assumed fault was chosen to approximately coincide
with the strike of the observed fault on which the epicenter was placed.
The side of the rectangle parallel to the fault was chosen to be 37 mi
(60 km) long, while the perpendicular side was made variable in length.

The length of the rectangle is justified by assuming that faulting will
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not exceed 19 mi (30 km) on either side of the given epicenter. The
probability of faulting at a given point on a fault in the rectangle was

defined as
P =19 mi/TL R

where TL = total length of faults in the rectangle.
The probability is strongly dependent on the size of the rectangle, as
shown by figure 13, but in all cases P is less than 0.4. The rectangles

chosen are shown in figures 14 through 19.

In order to estimate the probability of faulting in the densely
populated Salt Lake City area, the longest north-south dimension of that
area (7.6 mi (12.3km)) was considered the length of possible faulting
(TLy). The probability of faulting in the Salt Lake City area was then

defined as
Porc = TL/TLy
where TL, = the total length of faulting in the Salt Lake
area.

The area used is the Salt Lake City boundary shown in figure 20, and the

value of P obtained (0.28) is plotted in figure 13 for comparison.

In order to make use of these probabilities, additional information
on the total possible dollar loss of buildings astride faults in the
study area would be needed as a function of the area width. A curve of
probable dollar loss versus area width then could be constructed from
these two sets of data. The shape of this curve could be used to

estimate the lowest and highest probable dollar loss due to faulting.

For planning purposes in this report, it is estimated that there v//
will be a 15-ft (4.6-m) vertical scarp at the line of surface rupture.
Then, within a 1,500-ft (457-m)-wide zone on the hanging wall side of
the fault, the ground is expected to be fissured, tilted, and cracked
with vertical surface offsets ranging from 1 to 3 ft (.3-.9m). Within
a 200-ft (61-m)-wide zone on the foot wall side of the fault, the
ground would be subject to local landslides and small vertical offsets
of from 1 to 3 ft (.3-.9m). For the remainder of this report, the
1,500-ft (457-m)-wide hanging wall zone plus the 200-ft (61-m)-wide foot
wall zone (=1,700 ft or 518 m) is referred to as the zone of deformation

due to surface faulting.
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Figure 13.--Graph showing probability of faulting at given
site on a fault as a function of the width of the rec-
tangle assumed.
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Map descriptions

Figures 21 through 32 show the estimated Modified Mercalli intensi-
ties for the six hypothetical earthquakes. For each earthquake an
enlarged map is shown of the intensities occurring in the nearest metro-
politan area (that is, Salt Lake City, Ogden, and Provo). The estimated
intensity at each location is dependent on the perpendicular distance
from the assumed fault trace and the geologic deposit at the site. Near
the end points of the assumed fault trace, the radial distance from the
end point to the site is used with the proper attenuation curve to
determine the intensity at that site. An area of given intensity on
these maps does not imply that the entire area will experience that
intensity but implies that portions of the area will experience inten-
sities that great or smaller. (This is commonly the way isoseismals are

represented and interpreted in post-earthquake studies.)
Use of this report

The numerical values associated with each problem area, such as
damage to and life loss in hospitals, represent reasonable maximum
expected conditions. In other words, these values are credible; they
have historical data and experienced judgment behind them. The quality
of the numbers will vary depending upon the extrapolation (if any) of
historical data, the reliability of assumptions supporting the calcula-

tions, and the quality of the judgment behind the decisions.

Errors in the estimated intensities may stem from inaccurate esti-
mates of the maximum magnitude earthquake for the region or a poor
choice of epicentral location, focal depth, and fault trace. It is
believed, however, that these items have been estimated conservatively
and, thus, represent worst cases situations. Incomplete knowledge of
the near-surface geology, lack of understanding of ground response to
strong shaking, and variability in attenuation of ground motion can
introduce additional errors in the intensities. It is impossible to
estimate the errors due to incomplete information, but it is thought
that the evaluations of these items represent the best possible esti-

mates given the available data.
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In addition to the possible variations in seismological parameters,
the response of buildings and structures to earthquake ground motions is
not as well understood as might be expected. Therefore, the expected
seismic performance of any particular building can be stated only in a
statistical sense,

Planning agencies using this report should be aware that the con-
tents are based on two postulated earthquakes. One of these earthquakeS//
has its epicenter on the Wasatch Fault in Salt Lake City; the other has
its epicenter on one of the faults in the Magna area.- The resulting MM
intensity map for each event (figs. 21 and 23) is unique for the par-
ticular epicenter selected. Thus, a different epicenter location would
result in a different intensity map and damage pattern. Although the
Wasatch Fault is quite well defined, the epicenter could occur at any
place along the fault. The faults in the Magna area are not well
defined, and the epicenter for the Magna event might occur on an unex-
pected fault. The two epicenter locations selected by the USGS for the
four-county study area have resulted in a large concentration of popula-
tion and buildings being located in MM zones of high intensity (VIII and
IX). Both MM intensity maps also show zones of higher intensity for
areas of poor soil, unstable land, manmade fills, and deep alluvium

deposits.

The illustrations associated with different subject areas (hospi-
tals, public buildings, schools, and so forth) include base maps showing
the four-county study area with locations of facilities represented by
dots of different sizes and shapes. The postulated length of surface
faulting for each of the earthquake events is shown as a solid line
labeled "WASATCH FAULT" and another labeled '"MAGNA FAULT.'" The length
and direction of each line is the assumed limit of surface fault rupture

for each event. See, for example, figure 33,

It is most improbable that the maximum values established for each
type of problem will occur simultaneously in any given earthquake.
Summing the aggregate losses for various situations must be done with
understanding and judgment. For example, as pointed out above, maximum
landslide hazard conditions occur in the spring, whereas maximum fire -
hazard conditions occur in the summer. The population is also largely

in single-family dwellings and apartment houses during the night .-
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hours, whereas a different distribution exists during the shopping and
working day; therefore, the maximum casualties in dwellings (night
hours) resulting from the failure of a dam would not add to the maximum

casualties from this same failure in shopping areas (day hours).

Unanticipated events occur in almost every earthquake. A destruc-
tive shock may occur on an unexpected fault, as it did in the 1971 San
Fernando shock, or the earthquake could occur during the height of the
Christmas shopping season. In the Salt Lake area, the earthquake could
occur on one of those occasional days when the ground fog or a snowstorm
halts all air transportation in the area, thereby restricting aid via
air. These are possible credible events but in a sense create ''sur-
prise' situations; however, they are sufficiently improbable that they
have not been given consideration in this report. On the other hand, no
solution stated in this report should be taken so rigidly as to preclude
the unexpected, which invariably occurs in some aspects of every great

earthquake disaster.
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SECTION 3: BASES FOR ANALYSES

This section is a general discussion of the bases used in this report
for determining the potential casualties and property damage for the two
specific earthquakes chosen for study. The methods vary in keeping with
the importance of the particular topic and the types of data that were
available for analysis in each problem area. More specific information
on certain aspects of the methodology used for a particular type of
occupancy and the supporting rationale will be found in the sections dis-

cussing particular facilities.

Studies on projected earthquake casualties and damage must contain
several important factors: data from relevant earthquakes; theoretical
considerations, both scientific and engineering; experience, which must
be tempered with engineering judgment; and time of day and season of year
when the earthquake strikes. These four factors must be contained in any
methodology for determining the life-hazard and property-damage potentials.
The first three factors are discussed in this section. The fourth factor,
time of day and season of year, was discussed previously (p. 6).

Data from relevant earthquakes

A list of U.S. earthquakes having particular significance to the
purposes of this report is given in table 6. It is noteworthy that the ///
death toll to date has never exceeded 1,000 in any single U.S. earthquake
disaster. This low death toll is in sharp contrast to death tolls from
some foreign earthquakes, and it is of value to briefly examine this

contrast.

For one case, the Agadir, Morocco, earthquake of 1960 has been assigned
the moderate Richter magnitude of 5.5-6 by various authorities. The most
prevalent construction material in Agadir was older masonry; it varied
from stone, with mortar of mud and sand, to more modern construction of

stone or clay tile,with mortar ranging from weak mud-sand to good quality

/

that had not been designed to resist earthquake forces. In other words, v///

sand-cement. None of the masonry was reinforced. * The second most pre-

valent type of construction was a very poor quality reinforced concrete
Agadir was '"a disaster waiting to occur,'" and the estimated 12,000 deaths

and 12,000 injured out of a population of about 33,000 are quite under-
standable. The heaviest ground shaking at Agadir most likely did not
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exceed that experienced in the most heavily shaken areas of the 1971 San
Fernando shock. Many other foreign examples could be cited; in almost

all cases the masonry would be of extremely poor quality, and construction*/
would be completely different from American practice.

The foregoing example involved ground shaking and not geologic hazards.
The May 31, 1970, Peruvian earthquake may be cited as an example of large
life loss due to a special geologic hazard:/'The single, most devastating ~//
event was the large debris avalanche that originated from the north peak
of Huascaran; it fell 12,000 feet (3,658 m) and traveled seven miles
(11.3 km) at an average speed of 200 miles(322 km) an hour, destroying the
village of Yungay, among others. This debris slide took a toll of about
25,000-30,000 lives. Clearly, this life loss was related to a special
geologic hazard, and it was of a type that could have been identified be-

fore the event.

The two foregoing examples make it readily evident that earthquake
data used in the four-county study area must be founded on information
from earthquakes affecting comparable construction and comparable geologic
hazards. These data are best obtained from a study of U.S. earthquakes
plus a few selected foreign earthquakes, such as the 1972 Managua, Nicaragua,
1967 Caracas, Venezuela, and 1960 Chilean earthquakes.

It is far beyond the report's scope and space allotment to review in
detail the life-loss and property-damage data contained in studies of past
American earthquakes. The bibliography lists the important reports and
papers used for this study, as well as relevant material that can improve
the understanding of the report user. It is, however, appropriate to
briefly review those data that are of particular significance to the

present study.

San Fernando earthquake of February 9, 1971

The most recent intermediate-magnitude earthquake to cause considerable
damage in the Los Angeles area was the February 9, 1971, magnitude-6.6
(maximum Modified Mercalli Intensity IX) earthquake located about 7 miles
(11.3 km) north of San Fernando and 24 miles (39 km) from downtown Los
Angeles. Damage in San Fernando and Sylmar was severe. Appreciable
damage occurred in Los Angeles City.
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The 1971 San Fernando earthquake has been thoroughly studied by
many authorities. Far better data on life loss, injuries, and property
damage are available for this disaster than for any other American
earthquake. The most important sources of relevant data that are known
to the authors are the volumes published by NOAA (National Oceanic and
Atmospheric Administration). The following is quoted from '"Earthquake
Damage and Related Statistics' by Steinbrugge and Schader (1973, p.
691):

The Los Angeles County Coroner's Office reported 58 deaths
(table 7) directly attributable to the February 9th earthquake out
of a current County population of 7,032,000. The collapses at the
Veterans Hospital in the foothills of San Fernando Valley imme-
diately claimed 41 lives; 6 died later as a result of injuries
sustained. This was the largest life loss at one location incident
to the earthquake. Three deaths occurred at the Olive View Hospital;
one due to falling building materials, and the remaining two when
life supporting power supplies failed. One death occurred in the
roof collapse of the old brick masonry Midnight Mission (a chari-
table facility) located in downtown Los Angeles. If the shock had
occurred minutes before, the death toll would have been greatly
increased when the upper dormitory area had been fully occupied.
The one death occurred when reportedly an occupant had left the
building, but was standing in front of it. A collapsing freeway
bridge in the heavily shaken area of San Fernando Valley killed two
persons when their truck was trapped under a fallen span. One
person died from injuries resulting in a fall from the freeway.
Four deaths occurred in dwellings. Heart attacks reportedly took
9 lives; however, the County Coroner's report does not list these.

Information on injuries and other earthquake related emergency
cases was compiled by the Hospital Council of Southern California.
The information in this paragraph and in table 8 is based on their
compilation. A total of 127 hospitals responded to their survey
with results as shown in table 9. In addition, the Red Cross
treated minor injuries for more than 3,000 persons. Thus, one may
conclude that the reported injuries and related problems exceeded
5,000, and that thousands of minor self-treated injuries remained
unreported.

In table 8, it is important to note that emotional reactions
and cardiac problems existed. The psychological aspects of earth-
quakes have not been adequately studied. Additionally, three of
the four greatest problem areas were related to pre-earthquake
engineering and/or planning, and not directly to any medical
deficiencies.
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Table 7.--Life loss, San Fernando earthquake

[From Los Angeles County Coroner's Records. Note: Deaths from
reported heart attacks or natural causes attributed to the
earthquake are not included.]

Olive View Hospit@l -------ecccmccmm e 3
Patients =  ---c-ccme--- 2
Employees =  ~------=--- 1
San Fernando Veterans Administration Hospital ----------- a1
Patients = = -----e--- 31
Employees =  --------- 10
Victims from Veterans Administration Hospital
whose deaths occurred at other hospitals  ----c------ 6
Deaths from residences ~--eeecemcecmmcccmcmcccmcccccaean= 4
Deaths from collapse of freeway overpass -------cem-co-- 2
Death in fall from freeway OVerpass--------—=-==cm-muoo-- 1
Death from collapsing wall  —-=cc-omcemommcmcmccmcmomcen 1
Totad] ~~reccccccccccccccccccccccre e em e —————————— <8
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Table 8 .--Injuries and related problems, San Fernando earthquake

[From Hospital Council of Southern California records, April 1971, 127
hospitals reporting]

Outpatients Inpatients

Date treated admitted Total
Feb. 9 1,524 161 1,685
Feb. 10 437 30 467
Feb. 11 367 24 391

Totals 2,328 215 2,543
Outpatient injuries or Inpatient sick or injured, excluding
problems (in percent) transfers (in percent)
Lacerations 44 Fractures 26
Fractures or related 18 Cardiac 19
Emotional reaction 9 Head injuries 12
Contusions "8 Psychiatric 12
Cardiac 6 Burns 7
Remainder 15 Remainder 24

Disaster activity causing hospital problems
in order of importance

Communications

Patient emotion

Water shortage or contamination
Power and/or fuel

Patient transportation
Personnel identification
Personnel and/or supply transportation
Physician coverage

Nursing coverage

Shortage of medical supplies
Clerical assistance

Shortage of blood type
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The resources of metropolitan Los Angeles were more than
adequate for housing and feeding the displaced persons, and the
large majority of persons having these problems were able to take
care of their own needs. Despite the foregoing, one relief agency,
(The American National Red Cross) reported for the period of
February 9, through March 5, 1971 that they fed and housed 17,000
persons at 10 public schools used as shelters. About 175,100 meals
were served by the Red Cross (66,500 in shelters which also housed
refugees plus 108,600 at mass feeding locations). The availability
of undamaged earthquake resistive Field Act schools (schools de-
signed to be earthquake resistive) greatly facilitated the emergency
housing and feeding, and this type of facility is an important
consideration in earthquake disaster planning.

(end of quotation)

Much additional text and tabular information exist in the afore-
mentioned paper, particularly for dwellings, light industrial buildings,
and hospitals; the information on hospitals is presented in this report
as table 9. The paper clearly noted that earthquake-resistive buildings
performed much better than those that were not designed to be earthquake

resistive.

Kern County, California, Earthquakes of July 21, 1952, and August 22,
1952

The July 21, 1952, Kern County shock (maximum Modified Mercalli
Intensity XI, magnitude 7.7) had its epicenter on the San Andreas
Fault. Three of the aftershocks of the 1952 earthquake had magnitudes
greater than 6.0. A magnitude 5.8 aftershock on August 22, 1952, a
month after the main shock, did much more damage to Bakersfield (because
of its proximity to the city) than did the main shock. The main shock
of this series caused extensive nonstructural damage to the taller
structures in metropolitan Los Angeles, some 70-80 miles (113-129 km)
from the epicenter. The intensities in the Los Angeles area ranged from
V to VII.

Substantial amounts of engineering data were collected after the
1952 Kern County shocks. From the standpoint of this study, the data on

reinforced and nonreinforced unit masonry are the most useful.

Unreinforced unit masonry with weak sand-lime mortar was common in
the heavily hit areas. Damage to brick and concrete brick walls was

severe, just as it has been in all other moderate or greater shocks.
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severe, just as it has been in all other moderate or greater shocks.
Destruction of this type of construction in the town of Tehechapi was
particularly severe. Table 10 lists cumulative losses to unit masonry
in Bakersfield, which was less heavily shaken than Tehachapi but also

had aftershock damage.

It can be noted upon examining table 10 that hollow concrete block
performed better than did brick or concrete brick. Hollow concrete
block was a relatively new material in Kern County at the time of the
earthquakes. As a result, most of it contained at least some reinforcing
steel in selected grout-filled cells, and the buildings normally had
some minimal form of earthquake bracing. It was therefore not surprising
to find that hollow concrete block performed much better than did the
other unit masonry materials. Despite the damage listed in table 10,
only 2 lives were lost and 35 persons injured in Bakersfield in the
August 22, 1952, shock.

Only a small amount of earthquake-resistive reinforced-brick
construction existed, with the major exception being one public school
complex. This school complex, with 15 earthquake-resistive brick
buildings, performed quite well, and the overall damage was less than 1

percent. No collapses or near collapses occurred.

Large life loss has been associated with the failure of nonearth-
quake-resistive brick and other nonreinforced unit masonry structures.
The 1952 Kern County earthquakes convincingly showed the effectiveness

of earthquake-resistive design in significantly reducing life hazards.

San Francisco, California, earthquake of April 18, 1906

The 1906 San Francisco earthquake is of particular significance
because it had a Richter magnitude approaching the probable upper limit
for an earthquake and because data on the 1906 shock were well gathered;

much of it is of current relevance.

The San Andreas fault rupture extended 190 miles (306 km) from San
Juan in San Benito County to Point Arena in Mendocino County; then it
may have continued under the Pacific Ocean to enter land at Shelter Cove
in Humboldt County. The faulting certainly extended for 190 miles (306
km) and possibly as far as 270 miles (434 km). The horizontal fault
displacement was not less than 10 feet (3.05 m) for most of its length.

82



Table 10.--Extent of damage to floor areas of structures with masonry

walls, wood floors, and wood roofs in Bakersfield, 1952 Kern County earth-

quakes (in percent)

[Source: Bull. Seism. Soc. Am., Vol. 44, page 250 (1954]

Repair or

Torn Demolition
Wall Down Repaired Undecided Undamaged Total
Brick------- 16 42 20 22 100(2,717,410 £t.2)
Concrete 5
brick ------ 20 40 36 4 100( 230,950 ft.<)
Concrete---- 6 12 6 76 100(1,186,680 ft.2)
Hollow
concrete
block ------ 2 6 Y 92 100( 488,525 ft.2)
1/Negligible
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In places it measured more than 15 feet (4.6 m), and in one marshy
ground area it measured as much as 21 feet (6.4 m). The closest San
Andreas fault breakage to San Francisco was 1.5 miles (2.4 km) from the
city limits. The financial and commercial center of the city, which was
9-10 miles (15-16 km) from the fault rupture, contained a number of

multistory buildings, many of which are still in existence.

Statistics regarding life loss vary widely, and many contemporary
publications quote figures that are unsubstantiated. The statistics
given in table 11 are believed to be the most accurate of those known to

the authors.

Property damage in the city of San Francisco has been estimated by
various reliable authorities. The Manson Subcommittee on Statistics
used assessor's records and placed the building loss (excluding con-
tents) at $105,008,480. The Chamber of Commerce in their report (1906)
approached the problem differently, using extrapolated insurance data,
and derived a loss of about $350 million for buildings and their con-
tents for San Francisco. The probable loss, including consequential
damages of all kinds, was estimated by the Committee of Five (1906) to
the "Thirty-Five Companies" at $1 billion. It is reasonable to use a
figure of $400 million for direct earthquake and fire loss to buildings

and to their contents for San Francisco and the outlying areas.

The three~day conflagration following the earthquake caused sub-
stantially more damage than did the earthquake. The area of the burned
district covered 4.7 square miles (12.2 ka) comprising 521 blocks of
which 13 were saved and 508 burned.

Conflagration following earthquake is a distinct hazard for most
cities in earthquake-prone areas. However, fire does not automatically
follow a major earthquake; if it does, the reasons should have been

apparent before the event.

In the case of the San Francisco event, portions of the water system
were severely damaged by the earthquake. All of the three conduits from
the main storage reservoirs to San Francisco were damaged or destroyed

where they crossed the San Andreas fault and where they crossed marshy
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Table 11 .--Life loss in San Francisco 1906 earthquake

[Source: '"Report of the Sub-Committee on Statistics,'" Marsden
Manson, Chairman (19077?)]

Killed outright and accounted for at the Coroner's officer---315

Shot for crime -----------mmmee e 6
Shot by mistake ---------c-emmm e 1
Reported missing and not accounted for -------c----ecmcoao 352

Total ------c-mem e e 674
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areas. Only the Lake Honda Reservoir (of the three total distributing
reservoirs) was damaged by the earthquake; however, when the fire in

San Francisco was under control, this reservoir still contained more than
one-sixth of its capacity. One supply conduit from the main storage reser-
voirs was repaired in three days, and at no time during the conflagration

were all of the distribution reservoirs empty.

Hundreds of pipe breaks occurred in the city distributing system,
principally where the lines crossed filled ground and former swamps.
Equally serious was the fact that probably thousands of service pipes were
broken by earthquake motions and by the collapse of burning buildings.
Water in vital portions of the distribution system, therefore, was not
available to fight the fire, although it was available in the Western
Addition residential section of San Francisco during the entire conflagra-

tion.

The 1906 earthquake marked the first test of multistory steel frame
buildings and the largest test to date in the United States of this con-
struction type near a great earthquake. A total of 17 structures ranging
in height from 8 to 16 stories, with one at 19 stories, experienced the
earthquake. Extensive nonstructural earthquake damage was common, and
a few had known structure damage in the form of sheared bolts, bent I-beams,
torn gusset plates, and other similar problems. None of these multistory
buildings was so heavily damaged as to be unsafe.

Prince William Sound, Alaska, earthquake of March 27, 1964

The Prince William Sound, Alaska, earthquake (""Good Friday' earthquake)
is important for the usable data on modern earthquake-resistive construction
and its effect on reducing casualties. Tsunami (seismic sea wave) resulted
in 110 deaths; only 15 died from other causes, including building collapses.
Tsunami is not a hazard in the Salt Lake area. However, seiches on lakes
could result in possible life loss and damage to structures on or near

the shore.

Modern precast concrete performed poorly when compared with other
construction materials; undoubtedly similar problems will occur in the
Salt Lake area on a much greater scale in the event of the maximum credible

earthquake on a major fault.
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Multistory building damage in Anchorage is given in summary form in
table 12.

The Alaska earthquake, with its Richter magnitude of 8.4 was a
slightly greater shock than the 1906 San Francisco shock, with its magni-
tude of 8.3; both shocks are of upper limit magnitudes similar to those
considered in this report. It follows, then, that the data from the 1906
San Francisco and the 1964 Alaska events are representative of the upper
limit damage for similar epicentral distances, similar geologic environ-

ments, and similar construction.

Dixie Valley, Fairview Peak, Nevada, earthquake of December 16, 1954

Spectacular surface faulting was found in the area following this
7.1-magnitude event. The slight building damage near the epicenter was
confined to brick masonry buildings in Fallon, Nev. which had been more

severely damaged by two earlier shocks in July and August.

The earthquake is significant due to its relatively large magnitude
and proximity to the Salt Lake study area. Also of importance is the
fact that major structural damage occurred to tanks and to a reservoir in
Sacramento, Calif., 185 air miles (298 km) away. The computed natural
period of the fluids in the tanks and in the reservoir fell in the same
range as the period of the ground motion, and the quasi-resonance that

occurred caused large-amplitude water waves.

Hebgen Lake, Montana, earthquake, of August 17, 1959

The Hebgen Lake, Montana, earthquake had a Richter magnitude of 7.1.
The proximity to Salt Lake (300 miles - 483 km) is significant. Some
impressive geologic events occurred as a result of this earthquake, in-
cluding an extensive and complex fault scarp system, a 43-million-cubic-yard
(33-million m3) landslide that dammed Madison Canyon and formed an
80,000-acre-foot (99 million m3) lake, and a warping of bedrock in Hebgen
Lake that resulted in a 10-foot (3-m) drop in elevation of the lake surface
and a seiche in the lake that overtopped the dam four times.

Hebgen Dam, an earthfill structure with a concrete corewall, suffered

significant earthquake damage. Building damage due to vibratory forces
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in the epicentral region (which included West Yellowstone) was slight.
There was some damage to masonry veneer that was insufficiently an-
chored, general chimney damage occurred, and a few wooden structures
left their foundations. A few buildings located in the zone of faulting
were severely damaged when the fault scarps passed through the building
or when the building dropped as much as 19 ft (5.8 m) vertically.

Earthquakes in Utah that have been considered in this study have

been discussed above under the heading Earthquake History.

General comments

Interested readers can obtain a more detailed picture of earthquake
damage to buildings by reading material listed in the selected biblio-
graphy found at the end of this report. The importance of adequate
building damage data in connection with casualty estimates cannot be
overestimated. Ground shaking does not kill people; it is the collapse v//
of manmade structures such as buildings and dams that creates casualties

during severe ground shaking.

The earthquake geologic hazards of faulting, structurally poor
ground, and landsliding can and have been identified and are discussed
elsewhere in this report,

Isoseismal maps presented in this report (figs. 21 to 24) are a
summary of the expected effects at any particular location. Any appli-
cation of generalized maps, such as isoseismal maps, requires an under-
standing of the many exceptions to the generalized rules implicit in the
maps. Most important of these exceptions for the purposes of this study
are the so-called long-period effects. By this is meant that certain
kinds of structures such as high-rise buildings might be subject to
damage at large distances from the earthquake while nearby low-rise

buildings would generally not be affected.

The long-period effects are due to the changes in the seismic waves
as they travel from their source. At the epicenter and in the energy-
release regions, all seismic frequencies are present, and both low and
tall buildings are affected. However, as these waves travel from their
origins, the high-frequency components (the rapid back-and-forth motions)
die out more rapidly with distance than do the long-period components

(the gentle back-and-forth swaying). As a result, at distances of 50-
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100 mi (80-161 km) and much further, the predominant surface motion
becomes the long-period motion. These latter motions have periods of
vibration that more nearly coincide with the natural periods of vibra-
tion of tall buildings than with those of low buildings. As a result,
conditions bordering on quasi-resonance may occur for high-rise struc-
tures, resulting in heavy damage to them. These effects have been
considered throughout this report and may or may not be specifically

mentioned.
»~ Theoretical considerations in building damage analysis

Theoretical considerations include, among others, the mathematical
determination of a structure's expected performance in an earthquake
having a given Richter magnitude. The mathematical analyses must include
the response of structures to horizontal and vertical dynamic forces and
must consider all site characteristics, such as soils and geologic

hazards.

The foregoing mathematical studies would cost millions of dollars
if done for all structures; time requirements would also be prohibitive.
On the other hand, sufficient data can be (and have been) compiled for
a sufficient sampling of structures to determine the construction
materials and the type of earthquake-resisting system used in the ori-
ginal design. The approach used in this study, then, is to review the
building's original design criteria on a class rating basis, in which a
group of structures similar in construction-material type, occupancy
type, and earthquake-resistance characteristics are evaluated together.

The results are average values for the probable damage.

Based on the estimated building damage, it is possible to develop
relationships between casualties and damage. Again, care must be used;
a building might be an effective 100 percent loss from a dollar stand-
point, but casualties might be few. For examples, one might cite the
Penney Building in the 1964 Alaskan shock and the new multistory Olive
View Hospital in the 1971 San Fernando shock; life losses were less than

1 percent of actual occupancy in each of these total property losses.
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The use of existing theoretical methods by themselves has numerous
weaknesses. Earthquake forces generated in moderate- to great-magnitude
shocks are still imperfectly known. For example, the 1971 San Fernando
earthquake is the best ever recorded from a strong motion standpoint,
both in the number of records and in the strength of the earthquake.
While a strong motion acceleration of 1.25G was the recorded maximum,
many authorities believe that due to special site conditions surrounding
the instrument's location a factor of about 0.75G might be more reason-
able; others disagree. 'G-value'" is the acceleration due to gravity
force and is one measure of the strength of an earthquake at a particular
site. Obviously, a 25-50 percent difference of opinion on the earth-
quake design force (which is based on the G-value) will lead to quite
different casualty and damage figures if no other factors are considered.
On the other hand, on a class-rating approach, the overall life-loss and
damage patterns from the 1971 San Fernando earthquake were within ex-

pected values.

Building codes normally determine the criteria used for the design
of a building. The seismic provisions in these codes change over the
years, constantly being improved or being revised to meet new construc-
tion types. These codes, from their origins to the present date, and
their degrees of enforcements are well known to the authors. The UBC
(Uniform Building Code) has been adopted in Utah by the various cities
and counties. The largest cities, such as Salt Lake City, and the
counties have adopted the latest code within 3-6 months after it was
made available. The smaller cities have required more time. The
history and changes of seismic design of buildings within the Salt Lake
study area corresponds quite closely, therefore, with the history and
changes in the seismic provisions of the UBC for the study area. This
seismic design criteria is as follows:

1. Prior to 1961--Buildings designed only for gravity loads and wind
forces.

2. 1961 to 1970--Building design included earthquake forces for
seismic risk zone 2.

3. 1970 to present--Building design includes earthquake forces for

seismic risk zone 3.
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Building codes have been often criticized, and rightly so, but,
beyond question, the seismic provisions represent a concensus of the
current thinking of the structural engineering profession and the
earthquake sciences. Finally, the intent of the codes, as expressed in
"Recommended Lateral Force Requirements and Commentary' of the Seis-
mology Committee, SEAOC (Structural Engineers Association of California)
(1973, p. 34) is to design buildings that are able to resist minor
earthquakes without damage; resist moderate earthquakes without struc-
tural damage, but with some nonstructural damage; and resist major
earthquakes, of the intensity of severity of the strongest experienced
in California, without collapse, but with some structural as well as

nonstructural damage.

Obviously, the performance of the new Olive View Hospital buildings
in the 1971 San Fernando earthquake was less than the intent expressed
in the document by the SEAOC. Although there may be some valid criti-
cisms regarding the buildings' designs and construction, the new Olive
View Hospital structures were designed by competent engineers, the plans
were reviewed by a public authority deemed superior to most, and con-
struction (and inspection) were also considered to be competent. Clearly,
the foregoing was not sufficient. It is not the point here to judge
these particular buildings, but to indicate that the sole reliance on

building codes, without judgment, can lead to erroneous results.
Experience in building damage analysis

Appropriate experience, which forms the basis for informed critical
judgment, is vital for the synthesis of theoretical considerations and
inadequate and incomplete data from relevant earthquakes into usable
information. As has been mentioned, the earthquake data and experience
must be relevant; the 36-percent death factor and the 36-percent injury
factor experienced in Agadir, Morocco, has no significance in the pre-
sent study. On the other hand, experience in the 1964 Alaska and 1971
San Fernando earthquakes is relevant, due to building design and con-

struction being similar to that found in the Salt Lake study area.

The consultants for this study were chosen for their experience in

earthquake design and earthquake effects. Some of the consultants have
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field inspected many significant earthquakes that have occur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>