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EARTHQUAKE HAZARD ANALYSIS FOR COMMERCIAL BUILDINGS
IN MEMPHIS

SUMMARY

The report deals with the evaluation of seismic risk for
commercial buildings in Memphis, Tennessee.

The city is situated close to the New Madrid fault, the
source of very strong earthquakes in 1811-12. The geology and
seismicity of the region are discussed on the basis of the
available references.

Memphis, in the building style, materials, and quality of
workmanship of its buildings, can be considered as a typical
representative of cities in the central United States. Commercial
buildings are divided into categories with regard to number of
stories, year of construction, assessed value, total floor area
and structural type.

Over 15 buildings were selected for site examination by the
project team. The quality of design, materials, and construction
was found to be surprisingly good, especially in those structures
built since 1900. Typical cross sections of structural members
and connections are shown in figures.

Seismic resistance has been evaluated for five buildings: a
four-story reinforced concrete frame, a four-story steel struc-
ture with vertical trusses, a l13-story steel frame, and two
multistory reinforced concrete frames. Four reference ground
motions were considered: El1 Centro earthquake, Taft earthquake,
UBC design earthquake and BOCA design earthquake. Ratios of load
effect to capacity were calculated and are presented in the

report.
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1. INTRODUCTION

Estimation of potential loss due to earthquakes is essential
to establish the optimum safety level for earthquake-resistant
design. The risk is defined as degree of probability of such loss.
Two random variables are involved: load, in particular ground
motion, and structural response.

The major objective of this project is to develop a methodo-
logy for the evaluation of potential loss from earthquakes. The
approach is demonstrated through evaluation of commercial buildings
in Memphis, Tennessee. Emphasis is placed on local characteristics
of the commercial structures in the region.

Seismic activity has been a subject of extensive study for
years. As a result, seismicity, with regard to ground accelera-
tion and probability of occurrence, is well established for many
areas in the US, particularly the West Coast.

Structural response to a ground motion includes deflections,
displacements, vibrations, cracking, etc., and may lead to
nonstructural damage such as displacement of equipmént and fur-
niture, electric short circuits, and fires. The loss includes
the cost of repair or replacement of both structural and
nonstructural damage.

The recorded history of earthquake activity for different
regions of the country varies drastically. Moreover, structural
response to a given ground motion is related to local conditions
because of the differences in types of construction, materials,
ages of structures, code requirements, etc. The damage due to
seismic activity has been analyzed for earthquakes occurring in

different parts of the world (1-10).



The potential economic damage to large American cities has
been studied using the ground motion recorded in several major
earthquakes which have occurred on the West Coast during the last
50 years. Systematic survey methods have been developed, such as
those presented in the National Bureau of Standards publication
"Natural Hazards Evaluation of Existing Buildings"” (11) or in the
publication of the General Services Administration, "Earthquake
Resistance of Buildings"” (12). Approximate analytical methods
are given in the principal building codes, such as the Uniform
Building Code (135. The U.S. Veterans Administration issued
"Earthquake Resistant Design Requirements for VA Hospital
Facilities” (14);

The Applied Technology Council, the National Bureau of
Standards, and the National Science Foundation issued a document
entitled "Tentative Provisions for the Development of Seismic
Regulations for Buildings" (15), which includes guidelines for
the evaluation of damage after an earthquake. Detailed
calculations have been done on the cost of upgrading Veterans
Administration Hospitals across the country and all public
schools in California to meet earthquake code requirements (16).

A study by Pinkham and Hart (17) describes a method of struc-
tural analysis, design, and analysis of costs for strengthening
multi-story buildings to conform to the 1973 Uniform Building
Code earthquake requirements. In a study by Wiggins et al (18), a
methodology for estimating the potential damage to buildings by
earthquakes is presented. The damage predictions are based on
estimates of the deflections required to produce failure of

various components. Safety of existing structures located in a



seismic zone was also analyzed by Chen and Yao (19). They tried
to relate the damage to the natural frequency of the building.
The approach is illustrated by examples of several structures in
the San Fernando Valley area.

These studies on the cost necessary to upgrade existing
buildings to meet the requirements of current earthquake codes
have been done for urban areas and expected earthquakes on the
West Coast. The recommendations for needed research on repair,
strengthening, and rehabilitation of buildings are listed in (20).

A methodology for determining the risk of seismic activity in
Boston and the probable dollar loss has been developed by Whitman
et al (21). In this study, dollar losses from different levels of
earthquake have been established by comparison with observed
damage produced by major earthquakes on the West Coast.

Evaluation of the expected damage due to earthquake for a
large area including Memphis was attempted in (22). Seismicity
and earthquake engineering problems of the area were the subject
of a speciality conference in Knoxville in September, 1981 (23).

The study for this report concerns the Central United States,
in particular the New Madrid fault region. The geology and
seismic history of the region are summarized in Chapter 2.

The building style of a city is determined by its climate,
its population, and the occupations of its inhabitants. The city
of Memphis was established in the middle of the last century.

The existing buildings vary in age from well over 100 years to
newly constructed. Historical development of the city and

current trends are discussed in Chapter 3.



Commercial structures can be put into categories with regard
to type of struc;ure, number of stories, age, type of occupancy,
market value, location in the city, etc. A statistical analysis
of the commercial buildings in Memphis has been performed and the
results are presented in Chapter 4.

From the whole population of commercial buildings in Memphis,
a sample of structures was selected for a more detailed examina-
tion. The criteria used in selection included age, number of
stories, and type of structure. It has been found that older
buildings were designed without special seismic code provisions.
Therefore, representative high and medium-high structures were
selected and their capacities to resist lateral loads were
checked. The selection criteria are discussed in Chapter 5.

The selected representative structures were examined by a
project team. Most of these buildings were unoccupied at the time
of examination, some due to reconstruction. This simplified the
.effort of the team. The results of the site examinations are
presented in Chapter 6, in the form of team members' comments.

Evaluation of seismic strength for commercial buildings in
Memphis is performed for four predetermined design earthquake
ground motions. Their characteristic parameters are discussed in
Chapter 7.

The analytical evaluation of resistance to ground motion has
been performed for several structures. The major difficulty was to
obtain engineering and architectural drawings with structural

details. Data was obtained for several typical medium-high and low



buildings; Seismic analysis was performed using computer
programs developed at The University of Michigan. The procedure
and results are described in Chapter 8.

In Chapter 9, the results of site examination, seismic
strength evaluation and statistical analysis of commercial
buildings in Memphis are combined to predict structural and
non-structural damage to the whole building population considered
in the project.

Chapter 10 contains conclusions and a list of topics for

future research.



2. Geology of the Region

A seismic map of the world is éhown in Fig. 2.1 (24). The
locations of damaging earthquakes in the United States are shown
in Fig. 2.2 (25). The city of Memphis is located in the southern
central United States, close to the New Madrid fault.

This chapter is divided into four sections; one is devoted to
the geology and seismicity of the central United States, another
deals with the seismic history of western Tennessee, the third
concentrates on local surficial geology, and the fourth
summarizes the available data on microzonation of the Memphis
area. Discussion of the geology of the region is based.on

references (22) and (26) to (35).

2.1 Geology of the Central United States.

Memphis is located within the geologic division known as the
Mississippi Embayment Syncline (Fig. 2.3). The Mississippi
Embayment is a portion of the Gulf Coastal Plain that extends
southward from Illinois and includes parts of Alabama, Arkansas,
Illinois, Kentucky, Mississippi, Missouri and Tennessee. It is a
syncline in a southerly direction, and its axis is generally
parallel to the Mississippi River. The syncline is filled with
sedimentary rocks ranging in age from Jurassic to Quaternary; the
maximum thickness is approximately 18,000 feet in the southern part
of the region. The Embayment is separated into two general areas,
the low land of the Mississippi Alluvial Plain and the Coastal

Plain uplands.
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The Mississippi Alluvial Valley consists of a sequence of
sediments. The lower layers are generally coarse graveliferous
sands, while the upper levels become progressively finer deposits
of sands, silts, and clays. Some coarse materials also occur
within the upper layers; these sediments are poorly consolidated
deposits. Many of them are water—-bearing sands and silts, which
could be subject to liquefaction in the event of seismic
activity. The average thickness of the sediments is 125 feet,
except in the entrenched valleys. Geological cross sections of
the Mississippi Alluvial Valley, denoted by A-A and B-B in
Fig. 2.4, are presented in Fig. 2.5 and 2.6.

The major active faults or fault zones that could affect the

Memphis area are shown in Fig. 2.7.

2.2 Earthquake History of the Region

The seismic history of western Tennessee is not well docu-
mented. While Indian legends refer to earthquakes, little quan-
titative evidence 1is avaiiable.

The New Madrid fault has generated earthquakes of extremely
large magnitudes. The most recent severe earthquakes in this
region occurred during the winter of 1811-12; they are described
by Fuller (29). In less than two months, there were three earth-
quakes believed to be of magnitude 8 or greater. The
corresponding maximum intensities would be from X to XII on the
Modified Mercalli scale (MM). In addition, there were five

earthquakes of magnitude between 7 and 8, and ten of magnitude
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between 6 and 7. All 18 earthquakes were strong enough to be
felt in Washington, D.C. There were 2000 earthquakes during that
winter that were strong enough to be felt in Louisville,
Kentucky, approximately 200 miles away from the epicenters. The
earthquakes were noticeable over large areas and they effected
virtual devastation in an area of 7500 square miles. Significant
geologic changes occurred in the Lower Mississippi River Valley as
a result of this seismic activity (29), such as uplift and
subsidence of the surficial soil layers, opening of fissures,
eruptions of water and sand, and landslides. Fortunately, the area
that was most severely affected was sparsely populated at that time.
The two existing towns in the epicentral area, New Madrid and
Little Prairie, were both destroyed. Damage was reported to
structures including masonry houses and chimneys in St. Louis, Mo.
For the magnitude estimates of the 1811-12 earthquakes,
Richter (30) concluded that each of the three major earthquakes of
the 1811-12 sequence had a magnitude of the surface-wave, Mg,
exceeding 8. This evaluation was based upon the effects of the
seismic activity on the landscape and on the large damage area.
Nuttli (31) attempted to give more precise estimates of magnitude,
using isoseismal maps and scaling up from the 1968 Illinois
earthquake, for which both an isoseismal map and ground-motion
data were available. He obtained the following magnitudes of the
body wave, Myp: 7.2 for the December 16, 1811 earthquake; 7.1 for
the January 23, 1812 earthquake; and 7.4 for the February 7, 1812.

The value for the February 7 earthquake was later revised to 7.3,
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the value that is believed to be the largest Mb'for earthquakes
anywhere in the world. Nuttli (31) used an empirical relation
between My and Mg, suggested by Gutenberg-Richter (32), to
estimate Mg values for the 1811-12 earthquakes. 1In this way the
magnitudes of the surface waves for the three major earthquakes
were estimated to be 7.5, 7.2, and 7.6 respectively. However,
further study by Nuttli, referred to in (22), showed that the
empirical Gutenberg-Richter relation did not apply when M}y values
were obtained from 1 Hz P-wave amplitude values. In a new work

dealing with the relation between My and Mg and the scaling of

seismic spectra (1981), Nuttli estimated the surface wave magnitu-
des of the three 1811-1812 earthquakes to be 8.6, 8.4, and 8.7
(33). The last value is the greatest surface-wave magnitude for
earthquakes anywhere in the world.

A list of earthquakes in Tennessee and the surrounding areas
was compiled by Templeton and Spencer (34). A histogram of
recorded earthquakes per year is shown in Fig. 2.8. The
apparently increasing frequency of occﬁrrence in the recent years
is due to the use of more advanced recording methods. It is logi-
cal to assume that, prior to these machines being available, weak
or moderate seismic activity would have been undetected and unre-
ported. By trenching in soil layers in Western Tennessee, David
Russ of the U.S. Geological Survey in Denver has shown that three

major earthquakes occured prior to 1811 (33).
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On the basis of the available information Nuttli, (33),
attempted to model the frequency of occurrence of various magni-
tude earthquakes; see Fig. 2.9. He evaluated the probabilities as
follows: 257 for recurrence of the 1811/12 earthquakes before year
2000 and 63%Z for an earthquake with magnitude 6.5. Earthquakes
that were less severe than this, but which were damaging,
occurred at the southern end of the New Madrid fault in 1843, and
at the northern end of the fault in 1895.

The distribution of intensity for earthquakes originating in
the New Madrid area was also studied by Nuttli (33). Figure 2.10
shows the MM intensity distribution for the December 16, 1811
earthquake, epicentral intensity XI. Figures 2.11, 2.12, and 2.13
show the distributions of VII to X MM isoseisms for major earth-
quakes at the southwestern end, the central region, and the
northeastern end of the New Madrid fault, respectively. Within
the zone of intensity X, most buildings would be destroyed. In
the area of intensity VIII and IX, one would expect many collapsed
or badly damaged buildings, particularly those of unreinforced
masonrye. In the broad area of intensity VII, chimney damage and
cracked walls could be anticipated. The city of Memphis is
located in the zone corresponding to intensity VIII or IX.

Earthquakes in the central United States differ from those on
the West Coast in three main aspects: occurrence rate, attenuation
of the ground acceleration, and extent of the damage zones.

The frequency of occurrence is lower for the Eastern US. The

earthquakes also differ in the manner in which the seismic energy
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attenuates. Figure 2.14 compares the attenuation of the ground
acceleration for 5-Hz waves in California and in the central

United States. At approximately 125 miles (200 km) from the epi-
center, the central U.S. attenuation of acceleration is about 1/10th
as great as for California. At 220 miles (350 km), there is a dif-
ference of two orders of magnitude. Similar curves for 1-Hz waves
are shown in Figure 2.15. Waves of this frequency tend to be most
damaging to very long or high-rise structures (ten stories or

more). '

The potential extent of the damage is larger for the East.
Figure 2.16 shows quite clearly differences in the sizes of
disaster areas. The area of structural damage for the New Madrid
erthquake of 1811 is approximately five times larger than that for
the San Francisco earthquake of 1906. For architectural damage,
which can be expensive to repair and can result in injury or loss
of life, the difference in areas is approximately 25 times.

Clearly, the New Madrid fault zone is an earthquake source
region that is capable of producing major earthquakes, which could
cause extensive damage throughout much of the central United
States. The next such earthquake could be a major disaster.
Fortunately, the return period for an earthquake of that severity
is relatively long. The probability of its occurrence in the

lifetime of a building, however, is not negligible.

2.3 Local Surficial Geology
Because of the location of possible future earthquake epi-

centers near Memphis, the nature of the surficial soils up to
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160 ft (50 m) depth, is of concern. Fig. 2.17 shows a general
description of the strata in the Mississippi Embayment Syncline.
Since the nature of surficial soils has a direct effect on the
results of any type of response analysis, it is desirable to gain
more specific information regarding the soils in the area.

The uppermost layer of soil in the Memphis area generally
consists of clayey silt. This stratum is usually 20 ft (6 m) to
35 ft (10 m) thick. It is anticipated that the redeposited,
saturated silt would be susceptible to liquefaction under pro-
longed vibration, such as that caused by seismic activity. The
material is therefore undesirable for foundationms. Under the
clayey silt level are strata of sand and gravel and hard clay.

Fill material may be encountered in the Memphis area. In
general, the older fills close to the river are uncontrolled ran-
dom rubble fills; newer ones are more controlled. It is likely
that the majority of fills have been placed on relatively soft
alluvial soils. As a result, if the lower sand is not fully con-
fined, liquefaction may occur as a result of moderate seismic
activity.

Table 2.1, from (22), lists the various soils which may be

found in the Memphis area.

2.4 Microzonation of Memphis Area

Microzonation of the city of Memphis has been attempted by
Sharma and Kovacs (35). The study was based on available
information; no new field tests were carried out. Three design

earthquakes were considered with response spectra shown in
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Table 2.1 Soil Deposits in Memphis Area
(From ref., 22) _

Range in
Thickness -
Series Subdivision Feet . Description
Recent | Redeposited 0 - 35 Generally'water-logged
Loess silts or silty clays
with a 2-5 ft. crust
in dry weather.
Alluvial sands 0 - 20 Gray, fine to medium
and gravels sands with occasional
~gravel, low to medium
"relative density.
Pleistocene Loess 0 - 50 Wind-deposited clayey
silts and silty clays.
Sandy clay 0 - 10 Very stiff silty clay,
_ possibly old erosional
surface.
Terrace sand 0 - 200* Fluviatile medium grained
and gravels sands and gravels, very
dense, generally brown
or red, frequently iron-
oxide-cemented.
Eocene Jackson (?) 0 - 500 Hard, fat clays inter-

bedded toward east and
south with fine, very
dense white sands.

*Pockets 100 to 200 feet deep have been found in 4 or 5 places.
Cenerally, thicknesses are 0 - 40 feet.
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Fig. 2.18 to 2.20. The maximum intensities are IX, VIII-IX and
VII-VIII.

The anticipated ground motion amplifications for the three
design accelerograms are shown in Fig. 2.21 to 2.23.

Some of the higher amplifications were determined for the
zones close to the Mississippi and Wolf rivers. These regions
include the "softer"” soil profiles consisting of deposited
materials which are of a loose nature. The amplification appears
to diminish in the southeastern direction. This is to be antici-
pated, since the water table is lower and the soils denser away
from the rivers.

Structural damage may be expected due to soil liquefaction.
A map of potential liquefaction zones is shown in Fig. 2.24 (35).

The microzonation of Memphis suggested in ref. 35 involves a
considerable degree of uncertainty. This is caused by the very
limited nature of the data that is availiable regarding the soil
conditions in the area, in addition to the fact that no strong

motion earthquake records exist for this region.
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3. URBAN DEVELOPMENT OF THE REGION

Memphis was established in 1819, about 8 years after the
earthquakes of 1811/12., From its earliest days, the city was a
trading center (river town) and a stopping point for westward
travellers. The city grew from about 600 persons in 1830 to 23,000
in 1860. 1Its location on the Mississippi helped to make Memphis an
important agricultural center and a focal point for the cotton
industry. The city is also the hardwood lumber capital of the
world. The present population is about 700,000.

The oldest settlements were located on the high Chickasaw
bluff of the Mississippi River. The present shape and size of the
city is influenced by natural limits. On the West, there is the
Mississippi River, on the North are the Wolf and Loosahatchie
Rivers, and on the South is the state line. Therefore, the city
expands mostly in the Easterly direction. The historical and pre-
sent city limits are shown in Fig. 3.1.

Three aspects of urban development are considered: popula-
tion, building activity, and commercial subdivision and rezoning.
The data is based on information available at the Memphis and
Shelby County Office of Planning and Development. The City and
County are divided into 20 planning districts, which are grouped
into the core area and three concentric rings that reflect three
different stages in the development of the urban area, as shown in

Fig. 3.2.
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3.1 Population

Recent changes in population are shown in Table 3.1. Numbers
are given for all districts (Fig. 3.2), major areas (core, inner
ring, middle ring and outer ring), whole city and county.

Population size in 1990 is also predicted, based on the analy-
sis of three parameters: births, deaths, and migration. The
important factors affecting the analysis are the growth rate of the
national economy and the growth rate of the city and county eco-
nomy. The growth of the nation will be determined by national
policy, technological development, and cultural norms. The share
of the nation's growth captured by the Memphis/Shelby County area
will be affected by the region's economic growth and its ability to
create new job opportunities.

The density and distribution of the population within

Memphis/Shelby County depends upon the following variables:

1) Construction trends and changes in construction tech-
nology and market preference;

2) Land capacity to handle different types of development;

3) Public policy with respect to zoning, road and utility
extension, provision of community facilities and open
space;

4) The rate at which existing households break up and

former members remain in the Memphis/Shelby County area.

The projections for areas within Memphis/Shelby County are
also shown in Table 3.1 (39). The population changes are

summarized in Fig. 3.3.
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Table 3.1 Population Changes in Memphis/Shelby County

-Year 1950 1960 1970 1980 1950 ]
Shelby County total 626,962 222,094 78Q.1341 991,030
Memphis Area 396,000 497,524 | 623,530| 664,838 X
Core Area Subtotal \ 48,749 33,674 30,5270 23.000
Downtown-Medical Center \ ) &8,749 33.674 30,527 23,000
Inner Ring Subtotal ' \ ] 419,910 417,751 360,561]| 393,500
Depot \ [ 62,567 | 68,218| 61,937] 790.000
Jackson \ [, 51,564 | 50,534| 41,822| 48,.s9q
Midtown ;Y : / 54,309 |° 58,132°| .53,489) 18,500
North Memphis 'AY*. [ 63,296 61,418| 51,544| 55,500
Quincy _ \ I 41,532 53,100 319,238 42 000
South Memphis [gz* 79,102 | 77,721 59.594] 70,000
University \ / 33,484 30,962 27,832 29,000
Walnut Grove [ \T— 24,056 27,666 25,1050 30,000
Middle Ring Subtotal Ay 115,218 zzz,éso 328,888 452,030
Frayser . A, 28,826 45,359 45,994 57,000
Mckeller Lake /\ 39 | 33 30 30
nghaven-Parkway Village l K 15,944 42,447 75,237} 100,000
Raleigh-Barlette [ V\ 15,383 31,063 64,096 95,000
Shelby Farms-Germantown [ \ 9,292 17,939 53,543 80,000
White Haven - Levi ] \ 45,734 87,149 89,9881 120,000
Outer Ring Subtotal [ \ 43,092 46,679 60,158 | 122,500
Arlington ] \ 5,811 5,730 8,065 12,500
Colliexrville / \ 4,671 5,605 9,610 20,000
East Central Shelby [ \ 2,857 2,517 2,843 7,000
Millington / \ 26,347 30,000 32,077 | 43,000
! Northwest Shelby L. 3,406 | 2,827 7,563 40,000
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In the last 20 years, the population has decreased in the
core "areas and inner rings while it has increased in the middle
and outer rings. The major portions of the growth occurred in
Oakhaven-Parkway Village, Shelby Farms—-Germantown, and Raleigh-
Bartlett.

The accuracy of the prediction for 1990 cannot be evaluated
within the scope of this report. Recent trends showing a decline
in birth rates nationally might indicate that this figure is too
high. Another factor affecting this prediction is migration. The
prediction, which was done in 1970, appears to consider a con-
tinuation of the past migration pattern, from rural to urban
areas. It may be argued that the pattern has reversed, but this

cannot be substantiated at the present time.

3.2 Commercial Building Activity

Commercial building activities in 1978, 1979, and 1980 are
summarized in Tables 3.2, 3.3, and 3.4, respectively (40).
In 1978, the construction of commercial buildings in Memphis/
Shelby County was valued at $32.3 million. This represents 13%
of the total value ($247.7 million) for all new construction. If
the conversions of commercial buildings are included, the total
commercial floor area added in 1978 was 1,814,200 square feet.
The leading planning district was Parkway Village with 38 percent
of the net increase in commercial space. The bulk of the commer-
cial building permit activity was concentrated in the middle ring
of planning districts with 887% (1.6 million square feet) of the
commercial area. The outer ring claimed 117 (538 units) of all

new housing units, but experienced little commercial construc-
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Table 3.2 Commercial Building Permit Activity 1978

ACTIVITY r
Conversion New Construction All Activity
added deleted| Offices others
LOCATION ££2 ££2 Foota . 3 Fctne qet cgange
: < | VALUE 2 |vaLue $|in ft
ft” fmillion fe (million
Shelby County total 136,494} 303,231 699,742 10.1. |1,371,191| 22.3 1,814,196
Core Area subtotal - 138,639 80,500 1.53: 111,400 0.89 53.261
rown-medical ar - 138,639 80,500 1.53 | -111,400/- 0.89 53 .261
Inner Ring subtotal 62,000 119,730 55,900 1.00 153.130]  2.4n 149,300
Depot - - - - 28,283 o0.11 28,283
Jackson 23,200 6,450 15,500 0.25 37,403 0.63 69,652
Midtown 17,300 33,824 - - 34,683 086 18 159
North Memphis = Jo,260 - - 9,233 0,10 - 9,429
Quince - 3,400 34,579 - - l14,200f 0. 21 -16,979 |
South Memphis - 23,865 - - 10,400 0.25 =13,465
University 3,300 1,592 - - - - 1.708
Walnut Grove 14,800 160 40,400 0.75 16,328 0.24 71.3R8
Middle Ring subtotal 69,552 44,862 468,400 7.22 11,104,091! 18.96 1,597,181
Fravser 800 2.300 - - 155,3171  1.64 182 337
Mckellar Lake - - - - _2.600! 1.06 2,510
Qakhaven-Parkway Village 38,452 4,350 52,400 0.55 427,5181 8, 44 514018
Rayleigh-Bartlatt 7,700 4,224 35,500 Q.42 254,733 5.02 243 709
Shelby Farm - Germantcwn 4,800 - 277.200 4.7 170_ 989 2,69 452 .949
Whitehaven-Levi 17,800 33,488 103,300 1.55 92,956 1.11 180,568
Quter Ring subtotal 4,942 - 4,942 0.29 4,570 0.06 14,454
Arlington e = - = - o -
Collierville = i = = o - =
East Central Shelby - = = = = e =
Millington 4,942 - 4,942 0.29 4,570 0.06 14,454
Northeast Shelby - - - - - - -
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1979

ACTIVITY Conversion New Construction All Activity
LOCATION Add%d deleted Office Other et change
ft ft< Foo;«t: i VALUE $ Foﬂf‘;:yze VALUE$ in ft2
million millimn
Shelby County total 208,987 127,257 708,549 17.4 1,075,074} 22.8 1,865,353
Core Area subtotal 38,300 30,775 2,377 0.1 - - 9,902
Downtown-Medical Center 38,300 A30,775 2.377 0.1 - - 9,902
Inner Ring Subtotal 52,249 83,062 244,197 0.8 207 .663 5.1 421.047
Depot 11,042 14,644 13,323 0.3 4,35¢ n.2 14 075
Jackson 600 1,500 16,094 0.1 17.069 0.3 32 263
Midtown 9,700 7,350 1,208 * 52,119 0.9 55,679
North Memphis 2,018 24,000 - - 3,508 * -18,474
Quince 2,580 1,496 99,760 4.5 10,560 . 111,404
South Memohis 2.200 17,672 49.485 n.4 5,858 2a_R4a
University 5,419 13,100 2,400 * 4,951 * - 330
Walnut Grove 18,690 3,300 61,927 1.5 109,266 3.4 186,583
Middle Ring subtotal 118,438 13,420 458,199 10.2 636,839 " 16.0 1,200,056
Fravsexr 36,220 5,310 10,785 0.9 21 196 n_ 4 £2_871
Mckellar Lake 2,354 @ - 58 * - - 2412
Oakhaver-Parkwayvy Village 39,596 2,016 154,344 -6 186,972 4.9 378,896
Raleigh-Bartlett 13,800 3,400 10,905 0.4 198,44 6.0 z1a 754
Shelly Farm-Germantown 3,536 - 337,651 6. 70,043 1.7 311.230
Whitehaven-Lavi 22,932 2,694 44,476 . 160,179 3.0 224,893
Outer Ring subtotal - - 3.77s6 230,572 1.2 234 1348
Arlinaton = = ) - 207 512 i.5 207,512
Collierville - - - - 1,920 * 1,920
East Central Shelby - - - - - - -
Millington - - 3,776 0.3 21,1404 0.2 24,916
Northwest Shelbvy - = = ot = hel -

* value is less than %50,000
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* ACTIVITY Conversion New Construction All activity
added deleted Office Other
LOCATION £e2 fr £t2 VALUE $ 2 vALUE ¢ | et _change
Foetage |million| po.ege |million| i ft
Shelby County total 510,316 259,645 435,106} 10.8 2,141,310 49,9 | 2,827 087
Core area subtotal 45,126 154,377 - - 17385 0.7 =91,866
Downtown-Medical Center 45,126 154,377 ~ 17,385 0.7 ] =91_.866
Inner Ring subtotal 85,611 86,954 260,910 103,404 3.0 362,971
Cepot 15,062 10,464 2.079 10 _ng Q.4 16,763
Jackson 4,408 5,400 552 * 6,080 0.1 5.640
Midtown 30,033 50,080 - - 10.478 0.5 - 9,569
North Memphis 1,203 5,580 9,092 0.1 3,251 01 7,968
Quince 4,242 - 199,520 2.9 61,571 1.5 265,333
South Memphis 5,853 6,280 236 * 6.113 0.3 5,624
University 7,294 6,682 - - 50 * 662 |
Walnut Grove 17,514 2,468 48,731 .3 5.275 a1 69,552
Middle Ring subtotal 205,689 18,312 159,776 2,015,677 46,1 12.362,828
Frayser 2,009 - - - 7.9783 2.5 9,987
Mckellar Lake 1,500 - - 108 * 1608
| Oakhaven-Parkwav Village 146,112 14,054 23,6401 0.3 1,647,782 37.4 11,823,480
Raleigh-Bartlett 5,431 660 2,661 0.2 89,4146 1.7 958 848
| _Shelby Farm-Germantown 15,569 el 112 013 4 4 246,507 5.9 374,089
Whitehaven-Levi 35,068 3,600 21,462 0.8 23,884 n. & 76.814
Duter Ring subtotal 173,890 - 14,420 4,844 0.1 193,154
. Arlington 170,804 - 10,820 il 1. 244 * 182,368
| Collierville - - - = 2,160 * 2,150
East Central Shelby - e - - 480 * 4380
Millington 3,086 - 3,600 * - - 6,686
Northeast Shelby - - = = 360 9.1 960

* yvalue .is less than $50,000
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tion. The inner ring received only 8% (150,000 square feet) of
the net increase in commercial space in Memphis/Shelby County.

In 1979, new construction of commercial buildings in Memphis/
Shelby County was valued at $40.2 million. This represents 18.4%
of the total value ($218.8 million) of all new construction. If
the conversions of commercial buildings are included, the total
commercial floor area added in 1979 was 1,900,000 square feet,
which is a 3% increase over 1978. The downtown Medical Center
planning district continued to show a net loss of commercial
buildings in 1979. However, the inner ring showed an increase of
commercial permit activity (23% of all commercial growth reported
by Memphis and Shelby County Building Department), while there was
a net loss of industrial square footage. For many years, the ring
of planning districts just outside the beltway formed by the
interstate highways I-240 and I-55 has been the area where urban
development has advanced most rapidly. The middle ring had 647 of
the net increase in commercial space. Oakhaven-Parkway Village,
as in 1978, led all planning districts in commercial construction.

In 1980, generally, construction activity in the area
reflected the nationwide downward trend, with the commercial
sector as the only exception. The growth in commercial square
footage was over 50 percent higher than the 1979 figure. New
construction of commercial buildings in Memphis/Shelby County was
valued at $60.7 million, which represents 26.57% of the total value

($228.7 million) for all construction.
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In 1980, for the first time in several years, the number of
housing units in the core area showed a net gain. This was
largely due to the conversion of office space in the Shrine
Building to 84 residential units. This conversion accounted for
most of a net loss of commercial square footage. The inner ring
led all others in office construction (261,000 square feet).
Quince, the leading planning district, is the location of the new
Audubén Business Campus just east of Audubon Park. In 1980, the
middle ring continued to lead the county in all major categories
of building activities, with approximately 847 of all commercial

construction.

3.3 Commercial Subdivision and Rezoning

In 1978, commercial subdivision activity represented 5% of the
total acreage platted. The middle ring of planning districts
accounted for 90% of the platted acreage. Platting in the outer
ring amounted to 6.4 percent, and the remaining 3.6 percent
occurred in the inner ring.

In 1979, commercial sudivision activity increased to 12.6 per-
cent of the total acreage platted. Activity was focused in
Oakhaven-Parkway Village (54.47% of the total) and Whitehaven-Levi
(21.4%) with 98.37% of the platted acreage located in the middle
ring of planning districts. The remaining 1.77% occurred in the
inner ring.

In 1980, 4.6%Z of the total acreage platted was for commercial
subdivision activity. The middle ring of planning districts was

the site of 78.4% of the platted acreage, while platting in the
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inner and outer rings amounted to 16.9 and 4.7% of the total,
respectively. The subdivision activities in planning districts in
1978, 1979 and 1980 are shown in Table 3.5. The annual commercial
subdivision activity of Memphis/Shelby County from 1974 to 1980 is
shown in Fig. 3.4. 1In 1978, rezonings for commercial land uses
amounted to 230 acres, comprising 22.7% of all rezoning activity.
Most of this activity occurred in the Oakhaven-Parkway Village
planning district; this area contained 60% of the total acreage
rezoned for commercial land use. The middle ring of planning
districts had the greatest volume of overall rezoning activity.
Rezoning for commercial land use in the middle ring involved

220 acres, constituting 957 of the total.

In 1979, rezonings for commercial land uses amounted to
252 acres, or 17.5% of all rezoning activity. Of all the acreage
rezoned for commercial land use, 757 was in the middle ring,

15.3% in the inner ring, and 9.7% in the outer ring.

In 1980, the total acreage rezoned for commercial land uses
was 104 acres, 58.97 below the 1979 level. Again, most of this
activity (over 807% of the total) was concentrated in the middle
ring.

The rezoning activities in the planning districts for 1978,
1979, and 1980 are shown in Table 3.6 (40). The annual commercial
rezoning activity of Memphis/Shelby County from 1971 to 1980 is

shown in Fig. 3.5.
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Table 3.5 Commercial Subdivision Activity in 1978-80

(Acres)
LOCATION IERR 1978 1979 1980

Shelby County total 62.35 | 126.98 73.01 !

Core Area Subtotal _ - - -
Downtown-Medical Center - - -

Inner Ring Subtotal 1.10 2.16 12.32
Depot - - 10.30
Jackson .= = 1.87
Midtown . 1.10 1.46 0.01
North Memphis - - i -
Quincé - - ' -

South Memphis = = -
University ' - - -

- |
Walnut Grove ) - 0.70 0.14

Middle Ring Subtotal 57.26 124.82 57.25
Frayser 3.24 - ©0.92
Mckellar Lake - - -
Oakhaven-Parkway Village 19.26 65.04 14.60
Rayleigh-Bartllet : 12.45 12.41 18.70
Shelby-Farm~Germantown 10.16 16.18 20.09
Wwhitehaven-Levi 12.15 27.19 2.94

Quter Ring Subtotal 3.99 - 3.44
Arlington 3.99 - -
Collierville - - -

East Central Shelby - - -
Millington - - -
|__Northwest Shelby - - 3.44
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Table 3.6 Commercial Rezoning Activity in 1978-80
(acres)
. 1978 1979 1980
Shelby County total 231.08 252.03 103.71
Core Area Subtotal 1.23 - “2.00
Downtown-Medical Centerxr 1.23 - 2.00
Inner Ring Subtatal 5.2 38.58 .16.84
Depot 1.l0 0.92 0.30
Jackson - 12,57 10.09
Midtouwa 1.6 1.29 2.18
North Mamphis - - -
Quincg - 17.70 -
South Memphis - - =
University 2.5 - 1.00
- ~Nalnut-Grove - §.10 3.36
Middle Ring Subtotal 219.52 188.94 84.07
Praysax 12.20 1.23 7.50
Mckellar lake - - -
Oakhaven-farkway Village 138.00 48.61 22.57
Rayleigh-Bartlette -40.15 58.24 49.50
Shelly-Parms-Garmantown 14.81 77.77 2.50
Whitehaven Levi 14.136 3.09 1.00
Outer Ring Subtotal $.13 34.51 1.00
Arlington ‘1.38 - -
Collierville - - -
East Central Shelby - - -
Millington 3.75 24.51 -

Northwast Shelby
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4. COMMERCIAL BUILDINGS IN MEMPHIS

The present commercial buildings in Memphis can be divided
into categories with regard to age, number of stories, square
footage, type of structure, market value, type of occupancy, and
location. The basic data about the buildings was obtained from
the files of the Shelby County Assessor's Office.

Commercial buildings are located all over the city. However,
most of thém are in the downtown area, some along the major
thoroughfares, Union Road and Poplar Avenue, and some close to the
airport; others are scattered. The tallest structures are located
in a small area covering 8 x 3 city blocks. The number of medium-
high and high-rise structures outside of this area does not exceed
ten. Clusters of commercial buildings are shown on the city map
in Fig. 4.1.

There are three major types of structures involved: masonry
with timber frame (over 807%), reinforced concrete frame (about
8%) and steel frame (about 9%). The first type includes mostly
the low-rise buildings. Precast concrete elements were used in
some new structures.

The heights of commercial buildings (in terms of number of
stories) are given in Table 4.1 for the three types of structures.
One and two story structures are predominant. The square footage
is given in Table 4.2. The histogram of the age of commercial
structures in Memphis is shown in Fig. 4.2. Most of the downtown
area buildings were constructed in the "boom" period between 1920
and 1930. The great depression of 1930's and war years in the

1940's caused a drastic drop in construction activity. Business
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Table 4.1 Building Heights
Number of Stories Masonry Steel Reinforced Total
' and Frame Frame ° Concrete
Frame
1 576 61 37 674
2 427 26 25 479
3 68 8 14 91
4 37 6 2 45
5 12 4 16
6 8 3 3 14
7 2 4 3 9
8 1 1 2
9 2 4 7
10 1 2 4 7
11 1 4 5 10
12 1 1 2 4
14 1 1
15 1 1
16 2 2
17 1
18 1 1
20 1 1
21 1 1
22 1 1 2
29 1 1
31 ‘ 1 1
3
4.6 -
B
=
ja]
O
&
E o r 1
5t —
] i
1820 1840 {260 {880 1900 1920 1340 1960 19380
YEAR OF CONSTRUCTION
Fig. 4.2 Histogram of the Age of Construction for

Commercial Buildings in Memphis
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Table 4.2: Square Footage of Commercial Buildings in Memphis

Area Masonry Steel Reinforced Total

Concrete

(ft2)

Below 5,000 835 32 43 910
5,000 to

50,000 277 55 49 381
50,000 to

100,000 11 13 7 31
100,000 to

1,000,000 5 7 10 22
over

1,000,000 1 1 2 4
Table 4.3: Assessed Value of Commercial Buildings in Memphis
Assessed Masonry Steel Reinforced Total
Value ($) Concrete

below 5,000 282 14 12 308
5,000 to

50,000 602 32 34 668
50,000 to

500,000 221 49 43 313
over

500,000 23 19 24 66
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picked up in the 1950's, but has been in a downward mode since that
era.

Market value is an important parameter. In this report,
assessed values from Assessor's Office are used. Buildings
in Memphis are assessed at 407 of their value. The assessed
values are given in Table 4.3. Numerous tall buildings in the
downtown area have not been occupied for many years., Many are now
in the process of rehabilitation, involving structural changes and
architectural remodelling. Some of those buildings are currently
assessed at close to zero value; however, after the reconstruction,
their values will reach normal levels.

The interrelation among various parameters has been studied.
The results, in the form of scatter plots, are shown in the
following figures.

The assessed value is plotted vs. number of stories for
masonry, steel and reinforced concrete buildings in Fig. 4.3 to
4.5 and for all types of structures in Fig. 4.6. Similarly, in
Fig. 4.7 to 4.10, the assessed value is plotted vs. year of
construction. In Fig. 4.11 to 4.14, the assessed value is plotted
vs. square footage. Finally, in Fig. 4.15 to 4.18, the number of
stories is plotted vs. year of construction for masonry, steel,
reinforced concrete, and for all types jointly. The symbols in
scatter plots indicate number of readings in the interval: *
stands for one reading, 2 to 9 for 2 to 9 readings and X for over 9

readings.
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5. SELECTED BUILDINGS

Evaluation of seismic strength was carried out in three
steps. First, a number of buildings were selected for site exa-
mination by the project team. Then, a more detailed analysis was
performed for several buildings to determine the ratios of load
effects to building capacities. Finally, the results were used to
evaluate the projected damage for commercial buildings in the whole
city.

Structures selected for site examination included five low-
rise buildings, six medium-high ones and five taller ones (over
16 stories). The selection criteria included: value of the
building (in case of presently unoccupied buildings, potential
value), degree of uncertainty about seismic strength, number of
similar buildings in Memphis, and accessibility to the project
team. Low-rise buildings constitute an overwhelming majority in
the population of all commercial structures. The examination of
statistical data and observation indicate a father uniform style.
Older, one and two story buildings generally have masonry bearing
walls supporting a timber floor structure. Newer ones usually have
a reinforced concrete frame. Therefore, several older buildings
were selected, including all the buildings on the South side of the
historical Beale Street between McCalls and Fourth Street, some
shops on Main Street, and some others located in the downtown area.
Two structures with reinf;rced concrete frames from the 1920's and
30's were also included, along with a recently completed office

building with vertical steel trusses.
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Seismic resistance is especially questionable in the case of
older, multistory buildings for most of them were built to comply
with codes that did not include seismic provisions. Therefore,
lateral strength may be critical. The selected medium high
buildings included 8- to 13-story structures, with reinforced
concrete or steel frames, constructed before 1941.

Five high-rise buildings (over 16 stories) were selected for
site examination. All were offices with steel frames and moment-
resisting beam-to-column connections. The basic data about com-
mercial buildings selected for site examination are given in

Table 5.1.
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Table 5.1: Selected Commercial Buildings

Identifi- Number Year Type
cation of of of Remarks
Stories | Construction Structure
A : 3 before 1897 masonry originally 2
walls,timber| stories
joists.
before 1900 masonry cast iron front
1930's reinforced
concrete
frame

D 4 1926 reinforced
concrete
frame

E 4 1976 steel braced| precast concrete
frame, exterior walls
concrete
slabs

F 8 & 6 about 1881 mixed; numerous addi-
steel frame,| tions

cast iron
columns,
timber frame
G 9 1906 steel frame numerous changes
masonry
walls

[OV] B

H 12 1906 reinforced
concrete
frame

I 13 1923 steel frame

J 9 1920's reinforced
concrete
columns
and slabs
(no beams)

K 11 1921 reinforced U shaped
concrete
frame

L 18 1901 steel frame Annex added 1937
masonry
walls

M 19 1909 steel frame

N 29 1929 steel frame U shaped

0 31 1969 steel frame
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6. SITE EXAMINATION

fhe spectrum of selected buildings included representatives
of various categories: taller, medium-high, lower, and two-story
ones; older and newer; offices, hotels, warehouses, and stores.
The project team examined the structures to estimate their
seismic resistances. The following summarizes the team members'
conclusions.

Memphis has experienced the flight to the suburbs that has
appeared in many American cities. The urban core has many
buildings that have stood vacant for years, with the deteriora-
tion that accompanies a total lack of maintenance. The city is
now engaged in a major urban renewal effort, in which vacated
buildings are being rehabilitated and, where feasible, brought up
to current building code requirements.

Long periods of vacancy without maintenance have led to
severe damage to architectural and mechanical components; however,
with few exceptions, there were no signs of structural deteriora-
tion. Some of the older structures were in the process of
reconstruction, and had structural details exposed. This per-
mitted an evaluation of the quality of the workmanship, the
types of materials, sections, and connections which are related to
the year of construction.

Building A is a typical representative of low-rise masonry
bearing wall structures, Fig. 6.1. It was built around 1867 and
has 3 stories, unreinforced brick walls, wood joists, and wood
floors and roof. Its weakest feature is the lack of shear walls in
the narrow direction. Heavy damage can be expected despite the

lightweight floors and roof.
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Buildings B, also with masonry bearing walls, have four
stories and were built before 1900. The fronts are supported by
cast.iron frames, Fig. 6.2. .

Buildings in Beale Street are typical examples of low-rise
commercial structures in Memphis. Recently, a decision was made to
establish an historical sife there. The deteriorating structures
of the existing buildings are being replaced by new walls and
floors. Only the front walls are being saved. Examination of
these propped walls, Fig. 6.3, indicates similarities to building A
with regard to lateral strength.

Mid-America Mall (Main Street), in downtown Memphis, is claimed
to be the longest shopping street in the United States. On the
street level, most of the buildings are occupied by stores. Upper
floors of older structures are either used as offices or are
vacant. The low-rise (up to 6 stories) buildings usually have
masonry bearing walls. The front walls are featured with heavy
ornamentation, Fig. 6.4,

Building C is a 3-story reinforced concrete frame building
with concrete floors and roof, built in the 1930{s, Fig. 6.5. It
is a doubly symmetric, rectangular building with few partitions.
Typical cross sections of beams and columns are shown in Fig. 6.6.
There is little potential for architectural damage, except for some
plaster repair and glass replacement that might be required.
Judging from a comparison of this structure to others of comparable
size that have survived or failed in destructive earthquakes, one

would expect structural damage to be minimal.
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Building D is a 4-story office building,‘with a reinforced
concrete frame and brick exterior walls. The building has a
regular, rectangular layout, with 3 bays in the narrow direction
and 6 in the long direction. The building was being demolished to
make room for a new structure. ' Exposed parts of the structure do
not show any sign of deterioration, and point to a surprisingly
good quality of workmanship. A general view of the partially demo-
lished building is shown in Fig. 6.7, with a column detail in Fig.
6.8.

Building E is a 4-story office, constructed in 1976 Fig. 6.9.
The structure consists of steel columns and beams and concrete
floor slabs. Lateral stiffness is provided by four vertical
trusses, two in each direction. Outside walls are precast concrete
panels attached to exterior columns and beams.

Building F, six and eight stories high (Fig. 6.10) and of
unknown age (originally built in the 1880's), is a mixture of
wood frame, steel frame, cast iron post (see Fig. 6.11), and
steel lintel, with wood floors and a roof deck on wood joists.
Most of the building is occupied by a department store; some
parts are used as storage space. The ground story is open.

Again, the light weight is the building's redemption. Damage can
be expected, possibly extensive damage, but total collapse 1is
unlikely.

Building G is 9 stories high. It is featured with an irregu-
lar steel frame with brick walls, Fig. 6.12, wood floors and

roof, and is presently undergoing extensive remodelling. It was
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built in 1906 and remodelled several times since then. Some
parts of the building have been flooded in the past, causing a
deterioration of wood floors and rusting of steel beams.
Structural details are shown in Fig. 6.13. The light weight
floors and roof are the redeeming features of this structure.
One would expect some shattered brick walls and considerable
glass breakage, but no collapse. However, the damage could make
the building more costly to repair than to replace.

Building H is a l12-story reinforced concrete frame building,
Fig. 6.14, with concrete floors and roof, built in the 1930's.
This is a regular building, rectangular in plan, with numerous
shear walls: exterior and interior, longitudinal and transverse. A
typical floor is shown in Fig. 6.15, and typical cross sections of
columns, beams, and floor slabs are shown in Fig. 6.16. Again,
comparing this building with similar buildings subjected to pre-
vious earthquakes, one would expect no structural damage of any
significance, and not a great deal of architectural damage.

Building I, with 13 stories, Fig. 6.17, was built in 1923. It
has a steel frame, brick walls, and concrete floors and roof.
Typical sections of beams and their connections are shown in Fig.
6.18., Numerous exterior and interior walls (partitions) may
contribute significantly to the lateral strength of the building.
No serious damage can be expected.

Building J, 9 stories high, was built in the 1920's. Its
reinforced concréte structure consists of columns and slabs (no
beams except spandrels). Typical sections of columns and slabs

are shown in Fig. 6.19. There is a large water tank on the roof
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and the building is heavily ornamented (Fig. 6.20). A rather
good seismic resistance can be expected.

Building K is an ll-story hotel, newl& remodelled, which was
originally constructed in 1921, Fig. 6.21. Its structure con-
sists of a reinforced concrete frame with ribbed floor slabs and
brick outside walls. Numerous exterior and interior walls
contribute significantly to the seismic resistance of the
building. In case of an earthquake, a relatively good perfor-
mance can be expected.

Building L, an 18-story steel frame structure with concrete
floors and roof, was built in 1901 and extended in 1937, Fig.
6.22. Windows make up a large fraction of the exterior wall .
length. In case of an earthquake, one can expect the brick piers
between the windows to be X-cracked and perhaps badly shattered.
One can also foresee potentially severe architectural damage,
repairable structural damage, but no collapse. The soft ground
story might be a detriment. There would be some hazard due to
exterior wall materials and parapets falling to the street.

Building M has 19 stories, an encased steel frame, concrete
floors and roof, and was built in 1909, Fig. 6.23. It has a rec-
tangular plan, fewer irregularities than Building L and many
interior partitions that can significantly increase lateral
stiffness. There are some heavy parapets at the top of
the structure. One can expect architectural damage but no
serious structural damage, and certainly no collapse. Both
buildings L and M are office buildings that are now vacant.

Building N is an office building, 29 stories high, with a
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steel frame encased in concrete, built in 1929, Fig. 6.24. The
floors and roof are concrete. This appears to be a well-designed
and well-built structure. The setbacks in the longitudinal direc-
tion might enhance the distribution of lateral forces, but they
would also generate a reentrant corner problem. The two effects
might be offsetting. The lower part of the building is U-shaped,
Fig. 6.25, and one could expect structural difficulty at those cor-
ners. An earthquake may be expected to cause architectural damage,
but only moderate structural damage.

Building O is a 32-story office building, constructed in
1969, Fig. 6.26. 1Its structure is a regular rectangular steel
frame with concrete floor slabs. The framework during construc-
tion is shown in Fig. 6.27. In the case of an earthquake, no
serious structural damage is expected.

All of the foregoing estimates of damage are based entirely
on qualitative judgments, obtained by comparing apparent struc-
tural qqalities of these buildings with those of other buildings
of like kind that have survived or failed in destructive earth-
quakes in the United States and elsewhere. Such judgments are

subjective.
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7. SELECTION OF REFERENCE GROUND MOTION

"Evaluation of seismic strength for commercial buildings in
Memphis was carried out using four design earthquakes.

Seismic history of the area is discussed in Chapter 2.
Nuttli considers the intensity amplification for major
earthquakes originating at the New Madrid fault zone, Fig. 2.11
to 2.13. The city of Memphis falls within the intensity VIII or
IX zone. In the analysis, therefore, earthquakes with such
intensities are considered. Because no strong motion accelerogram
records for the Central United States are available, two
California earthquakes are used: El Centro (Imperial Valley
Earthquake of May 18, 1940) and Taft (Lincoln School Tunnel, Kern
County Earthquake of July 21, 1952). They are widely publicized
and may be used for comparison. The maximum Modified Mercalli
intensities are estimated at VIII to X for El1 Centro, and at IX
to XI for Taft. These are maximum intensities, not the
intensities at the instrument locations. The response spectra
are given in Fig. 7.1 and 7.2 (36).

For comparison, the seismic evaluation was also performed
using the seismic code provisions from the 1979 UBC (37) and 1981
BOCA (38) codes. The Uniform Building Code specifies the minimum

lateral earthquake design force, V, as

V = ZIKCSW \ ' (7-1)
where Z = numerical coefficient dependent upon the zone;
Memphis is in Zone 3, for which Z = .75,
I = occupancy importance factor; it is equal to 1.0

for the considered buildings,
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numerical coefficient related to the type of
structure; it is equal to 1.0 for the considered

buildings,

1 _, but ¢ < .12
15T

fundament%l elastic period of vibration of the
building in the direction under consideration,
numerical coefficient for site-structure resonance;
it is equal to 1.5 in the analysis of the considered
buildings; CS < .14 ,

total dead load.

Replacing the coefficients with the above listed values,

eq. 7-1 becomes,

075 W , but V < .105W . (7-2)

The BOCA Basic Building Code specifies the design minimum

lateral seismic force as

where

ZKCW (7-3)
numerical coefficient dependent upon the zone;
Memphis is in Zone 2, for which Z = .50,

numerical coefficient; it is equal to 1.0 for the

considered buildings,

=05 , but C < .10,
7T

(0.1)n,

number of stories,
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W = dead 1load.
Replacing the coefficients with the above listed values,

eq. 7-3 becomes,

vV = 2025y , but V X .05W (7-4)

For comparison, spectra for the two selected earthquakes,
plotted as spectral acceleration vs. period, are shown in Fig. 7.3,

along with the corresponding code provisions.
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8. SEISMIC STRENGTH EVALUTATION

Some of the buildings have been appraised for seismic resis-

tance quantitatively. Two low-rise structures and three medium-

high were selected. The analysis is based on available building

drawings and follows the procedure outlined below.

1)

2)

3)

4)

5)

For each building considered, é representative bent was
selected.

Moments of inertia and moment capacities were calculated
for all members in the frame.

Inertia masses were calculated and apportioned, using
the building plans along with photographs and observa-
tions. The bents were analyzed as weightless frames with
the masses lumped at each floor; the tributary mass was
considered to be from mid-height of adjacent stories.
Mode shapes ( { ¢i} ), frequencies ( 0 ), periods (T),
and base shear equivalent masses (mg) were calculated
using a Stodola iteration procedure.

The equivalent lateral forces were calculated for the

four design earthquakes described in Chapter 7:

UBC (1979) - Zone 3,

BOCA (1981) - Zone 2,

El Centro, Imperial Valley, California (1940),

Taft, Lincoln School Tunnel, Kern County,
Califormnia (1952).

For the earthquakes defined by UBC and BOCA, the

lateral forces were calculated in accordance with the
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code provisions. The forces for the two California
earthquakes were calculated using response spectrum
techniques, with damping assumed to be 5% of critical.

6) The effects of these lateral forces were calculated for
each bent using rigid frame analysis considering flexural
deformations only. The results of this analysis included
lateral displacements, joint rotations, end moments and
shears, and column axial forces.

7) Dead and live load were considered as uniformly
distributed. In accorddnce with the codes, a load
combination factor of .75 was applied to the joint effect
of the earthquake, dead, and live loads. The moment
capacity was compared with the total load effect for

each of the four lateral force conditions.

Building 1:

The structure is a low-rise building (three stories. and a
basement), consisting of a reinforced concrete frame system with
slab flooring. A floor plan is shown in Fig. 8.1 and typical
dimensions are given in Table 8.1.

The interior bent selected for anaiysis is shown in Fig. 8.2.
Moments of inertia were calculated for columns and beams based
on the gross concrete sections; these values are also shown in
Fig. 8.2. The ACI code (41) provisions were used in the analysis

of beam and slab members.
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Ultimate moment capacity was determined as

My = Agfyd (1-0.59 5% o) (8-1)
£'c
where Ag = cross-sectional area of tensile steel;
fy = yield stress of steel, 40 ksi;
d = depth to centroid of steel;
f'c. = compressive strength of concrete, 3000 psi;
P = reinforcement ratio.

The moment capacities for the columns and the beams (end moments)
are shown in Tables 8.2 and 8.3.

The mass of the structure was determined and apportioned to
each floor, Table 8.4. The weight from partitions, flooring,
ceilings, ductwork, plumbing, and similar items is taken as
22 psf for the roof and 38 psf for all other levels. The roof
load also includes the weight of a parapet that extends above the
roof around the perimeter of the building. Exterior wall weights
were taken as 80 psf (8" brick walls) and windows as 8 psf.

The first mode properties were determined using a Stodola
iteration procedure. For the bent considered, the frequency was
6.93 rad/sec and the period was 0.91 seconds. The base shear
equivalent mass was calculated as 567 kips and the first mode

shape, {¢ }, was:

(6, ] © .130

¢, = .538 (8-2)
< ‘ >

L 9 .836

by 1.000

where ¢irepresents the lateral displacement at floor 1i.

Using this information, the equivalent lateral forces were
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Table 8.1: Typical Dimensions of Structural Members in Building 1
(inches)
Columns (tied) Beams
Story Slab
Interior Exterior Interior Exterior
4 15x15 1112x15,16x49 111x18 111l/x16 41pp
3 15x15 11l/x15,16%x49 11l7x18 11lpx16 5
2 15x15 11l/9x15,16x49 111/2x18 11l2x16 5
1 18x18 15x15,16x%x49 11l/x18 11l2x16 5
Table 8.2: Column Moment Capacities for Building 1 (ft-kips)
Column
Story A B C D E
4 96 36 36 36 26
3 96 36 36 36 26
2 96 36 36 36 26
1 96 78 78 78 36
Table 8.3: Beam End Moment Capacites for Building 1 (ft-kips)
Beams
Story A-B, B-A, B-C c-B, C-D D-E, E-D
4 62 73 61
3 128 153 159
2 128 153 159
1 154 182 166
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Table 8.4: Mass Calculations for Building 1 (kips)

Partitions Exterior walls,
Floor Structure ductwork, windows Total
’ etc.
4 99.7 45.5% 5.5 150.7
3 115.8 52.9 11.1 179.8
2 117.0 52.9 10.6 180.5
1 117.4 52.9 13.0 183.3
Total 694.3

* roof load includes parapet

Table 8.5: Earthquake Equivalent Lateral Forces for
Building 1 (kips)
Floor| E1 Centro] Taft UBC BOCA
4 54.6 23.7 23.2 9.0
3 55.7 27.9 17.8 8.2
2 36.0 18.0 11.7 5.4
1 8.9 4.4 5.2 2.4
Base 155.2 77.6 58.9 124.9
Shear
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calculated for the two earthquakes and two building codes of
Chapter 7. The results are summarized in Table 8.5. For the

code earthquakes, the force at each floor was calculated as:
m.h,

171
N
I m.h. -
j=1 J 3 (8-3)

F. = (V—Ft)

where m4 mass of floor i,

hj = height of floor i above base of building,

N = number of stories,
V = shear force at the base,
F¢ = portion of V considered as concentrated at

the top of the structure;

UBC: Fy = 0.07TV ,
T is calculated first mode period;

BOCA: Fy = 0.004V(hy/Dg)2 < 0.15V ,
Dg is plan dimension (feet) of force-
resisting system in direction of

load; if (hy/Dg) < 3, then F¢ is
zero.

For the two California earthquakes:

mi ¢y

Fi =V w  — (8-4)

s21™%

It should be noted that, for the applications of the building
codes, the code coefficients are multiplied by the total mass of
the structure. In the response spectrum analysis used for the
two California earthquakes, the base shear is the product of the
spectral acceleration and the effective mass of the structure.

For the buildings considered in this study, the effective mass is

on the order of 80% of the total mass of the structure.
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End moments resulting from the application of the lateral
forces were calculated for each of the four sets of forces. Dead
load (other than the weight of the structure) and live load were
calculated according to the UBC and BOCA codes in the appropriate
cases. For the two California earthquakes, they.were taken as
w = 180 psf, uniformly distributed on the beam/slab element and

the resulting end moments were calculated as:

MD+L = WS_LZ (8-5)
11
where L = span length

]
]

beam spacing.

The dead and live load effects were superposed on those of the
earthquake lateral forces for the beams. This sum was multiplied
by the load factor of .75 and divided by the moment capacity for
the member. In the case of the columns, the end moments due to
earthquake input were divided by the moment capacities to effect
the comparison. These results are shown in Tables 8-6 through

8-11 for selected members.
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Table 8.6: Ratio of Mpiy4gp to M, for Column A in Building 1
Story | E1 Centro Taft UBC BOCA
4 .92 «63 .38 .15
3 2.03 1.39 72 .31
2 3.22 2.20 1.15 <49
1 3.07 2.09 1.14 <49
Table 8.7: Ratio of Mpyp+g to My for Column B in Building 1
Story E1l Centro Taft UBC BOCA
4 2.74 1.87 1.12 <44
3 4.65 3.17 1.72 .72
2 5.10 3.79 2.01 .86
1 3.13 2.14 1.16 .50
Table 8.8: Ratio of Mp4r+g to M, for Column E in Building 1
Story | E1 Centro Taft UBC BOCA
4 2.04 1.39 .84 .33
3 3.54 2.41 1.30 «55
2 4.33 2.96 1.56 .67
1 4.43 3.02 1.64 .70
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Table 8.9: Ratio of .75Mp4+p+g to Mp for Beam A-B in
Building 1
Story | E1 Centro Taft UBC BOCA
4 1.24 «85 .81 «55
3 1.09 .76 57 .33
2 1.69 1.16 77 43
1 1.18 .82 56 <34
Table 8.10: Ratio of .75Mp4p+g to M, for Beam C-D in
Building 1
Story | E1 Centro Taft UBC BOCA
4 «55 42 «53 42
3 «59 42 37 «25
2 .83 «59 <45 .28
1 .67 .48 .36 <24
Table 8.11: Ratio of .75Mp4y4+g to My for Beam E-D in
Building 1
Story | E1 Centro Taft UBC BOCA
4 77 «56 .62 <45
3 .65 .46 «37 .23
2 .94 «65 <46 .27
1 1.54 .59 42 «25
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Building 2:

Building 2 is a 13-story steel frame structure with a typical
floor plan as shown in Fig. 8.3. The beams are standard I
sections and the columns typically consist of four angles, two
flange plates, and a web plate. All beams and columns are
encased in concrete and typical member dimensions are given in
Table 8.12.

The interior bent depicted in Fig. 8.4 was selected for
analysis. Column and beam moments of inertia, given in Fig. 8.4,
were calculated using transformed area principles. The moment
capacities were determined according to eq. 8-1; the column
capacities are given in Table 8.13. For the first floor beams,
the ultimate moment capacity is 413 ft-kips, while the capacity is
228 ft-kips for all other beams in the frame.

The building mass calculations are summarized in Table 8.1l4.
The weights for items such as partitions, exterior walls, and
windows were calculated using the same unit weights as those
described for Building 1. In calculating the roof 1load,
allowances were made for several structures that are located atop
the building. These include: roof garden, machine penthouse,
decorative tower, and parapet.

For the first mode of vibration, the calculated mode shape,

, was:
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Typiéal Dimensions of Structural Members in Building 2

Floor

Columns(steel area,concrete)

(in.z,

in.)

Beams(steel section, concrete)
(in.)

Interior

Exterior

Interior

Exterior

Slab
(in.)

13

12

11

10

60.0, l4xléb
49.5, l4xl4
49.5, 16x16
49.5, 18x18
23.1, 18x18
23.1, 20x20
23.1, 20x20
18.6, 22x22
18.6, 22x22
18.6, 24x24
10.0, 26x26
10.0, 26x26

10.0, 30x30

80.0, 18x18

50.0, 18x18

37.5, 20x20

37.5, 22x22
34,0, 22x22
34.0, 24x24
34.0, 24x24
21.9, 24x24
21.9 28x28
21.9, 28x28
18.8, 28x28
18.8, 28x28

18.8, 30%x30

15142.9, 12x18
15142.9, 12x18
15142.9, 12x18
15142.9, 12x18
15142.9, 12x18
15I42.9, 12x18
15142.9, 12x18
15142.9, 12x18
15142.9, 12x18
15142.9, 12x18
15142.9, 12x18
15142.9, 12x18

15142.9, 12x18

12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x17.5
12131.8, 8x25.5
12131.8, 8x25.5
15142.9, 8x25.5

18170.0, 8x25.5
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Table 8.13: Column Moment Capacities for Building 2 (ft-kips)

Column

Story A B ( D
13 226 112 112 226
12 226 112 112 226
11 268 134 134 268
10 343 231 231 343
9 343 231 231 343
8 390 274 274 390
7 479 306 306 479
6 479 361 361 479
5 615 361 361 615
4 680 512 512 680
3 680 597 597 680
2 579 799 797 797
1 1037 1040 890 1025
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Table 8.14: Mass Calculations for Building 2 (kips)
Partitions, Exterior walls,
Floor Structure ductwork, windows Total
etc.
13 66.4 139.4% 18.0 223.7
12 71.1 29.8 28.4 129.1
11 70.4 29.8 22.8 123.0
10 72.4 29.8 22.6 124.8
9 74.0 29.8 22.6 126.4
8 77.9 29.8 25.2 132.8
7 79.9 29.8 25.4 135.0
6 80.8 29.8 25.4 135.9
5 83.9 29.8 25.4 139.1
4 87.0 29.8 25.4 142,.2
3 89.2 29.8 25.4 144.4
2 105.8 29.8 33.2 152.2
1 121.0 29.8 38.4 181.2
Total 1897.8

*Includes roof loading
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N [ .049 ]
¢, 256
¢4 .378
by <432
¢ 513
e +591
< b, > < .668 > =7
¢g .737
g <799
®10 .836
¢11 .887
¢q5 <927
%13 | | 1.000 |

where ¢i is the lateral displacement of floor i. The calculated
first mode frequency was 3.33 rad/sec, with a corresponding
period of 1.89 seconds. The base shear equivalent mass was
1539 kips, which is 81% of the total mass.

The equivalent lateral forces on the frame were calculated
for the four ground motion models according to eq. 8-3 and 8-4.
Table 8.15 summarizes these calculations. The end moments created
by the imposition of these forces were combined with the dead and
live load effects where appropriate (beams). Tables 8.16 through
8.18 show the comparisons between the applied moment and the

moment capacities for selected members.
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Table 8.15: Earthquake Equivalent Lateral Forces for
Building 2 (kips)

Story | E1 Centro Taft UBC BOCA
13 55.5 29.0 32.4 10.4
12 29.7 15.5 9.8 4.5
11 27.0 14.2 8.7 | 4.0
10 25.9 13.5 8.1 3.3

9 25.0 13.1 7.6 3.5
8 25.2 12.7 7.2 3.4
7 22.3 11.7 6.6 3.0
6 19.9 10.4 5.8 2.7
5 17.7 9.2 5.1 2.4
4 15.2 8.0 4.4 2.0
3 12.4 6.5 3.6 1.7
2 9.7 5.0 2.9 1.3
1 2.3 1.2 1.4 0.7

Base

Shear 286.9 150.1 103.6 43.5
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Table 8.16: Ratio of Mp4p+g to Mp for Column A in
Building 2

Story | E1 Centro Taft UBC BOCA
13 .56 .29 .66 .21
12 .39 .20 .38 .13
11 .53 ".28 <49 .18
10 .30 .16 .18 .07
9 .66 .34 .40 .16

8 «51 .27 .28 .11

7 .52 .27 .30 .12

6 b4 .23 .22 .09

5 .49 «25 .30 .12

4 .39 .20 .18 .08

3 45 24 .18 .08

2 1.00 .53 .35 .15

1 74 .39 .31 .13
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Table 8.17: Ratio of Mp41+E to Mp for Column B in
Building 2

Story | E1 Centro Taft UBC BOCA
13 .82 <43 .23 .08
12 1.01 .53 .25 .09
11 1.20 .62 27 .10
10 «92 .48 <26 .10
9 1.07 .56 .29 12

8 1.24 .65 .34 .14

7 1.12 .59 27 .11

6 1.22 .64 34 .14

5 1.14 .59 24 .10

4 .97 .51 27 .11

3 1.02 «53 32 .14

2 1.44 .76 .38 «25

1 .96 «50 .35 .15




-113-

Table 8.18: Ratio of .75Mp4p+g to My for Beam A-B in
Building 2
Story | E1 Centro Taft UBC BOCA
13 44 <24 .32 .16
12 .66 .36 42 .18
11 74 <40 42 .20
10 .82 44 <42 .20
9 <96 .52 <46 «22
8 1.20 .64 .54 <26
7 1.34 72 .58 .28
6 1.46 .78 .62 .30
5 1.58 .84 .64 «32
4 1.68 .88 .68 .32
3 1.80 .96 .72 .34
2 2.08 1.10 .82 .38
1 1.27 .67 .49 .23
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Building 3:

- This rectangular, 13-story structure has a reinforced
concrete frame system with ribbed floor slabs. A floor plan is
shown in Fig. 8.5, and typical cross—-sectional concrete areas for
the members are given in Table 8.19.

Fig. 8.6 shows the exterior frame that was analyzed, with the
member moments of inertia. For the beam and slab members, the
ACI code provisions were used to determine the width of the slab
considered to act integrally with the beam. The moments of iner-
tia for all members were calculated based upon the gross areas.of
the concrete sections. Eq. 8-1 was used to calculate the member
moment capacities, shown in Tables 8.20 and 8.21.

The apportionment of the building mass to each floor is given
in Table 8.22. The masses were calculated using the same unit
weights for non-structural items as those used in the two pre-
viously described buildings; the weight of a machine penthouse
was added to the roof load.

A Stodola iteration procedure yielded the parameters of the
first mode of vibration for the bent. The frequency was calcu-
lated to be 4.62 rad/sec. and the period 1.36 seconds. The base
shear equivalent mass was 1836 kips; this is 75% of the total
mass of the structure. The shape of the first mode is given by

eqc 8-80
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Table 8.19: Typical Dimensions of Structural Members in Building 3
(areas in sq. inches)

Columns Beams
Floor | Interior Exterior Interior Exterior
13 280 280 338 288
12 290 318 258 288
11 368 318 258 288
10 ‘ 387 394 258 288
9 387 394 258 288
8 387 394 258 288
7 545 474 258 288
6 576 474 258 288
5 576 474 258 288
4 646 474 258 288
3 646 474 258 288
2 716 652 410 384
1 716 652 410 336
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Table 8.20: Column Moment Capacities for Building 3 (ft-kips)

Column

Story A B C D
13 35 111 111 55
12 55 204 204 55
11 55 204 204 55
10 111 270 270 167
9 184 270 270 184
8 224 357 357 224
7 299 420 420 299
6 . 323 477 477 323
5 389 513 513 357
4 389 547 547 389
3 513 580 580 420
2 653 892 892 547
1 653 892 892 547
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Table 8.21: Beam End Moment Capacities for Building 3 (ft-kips)

Beams
Story A-B,B-A,B-C C-B,C-D D-C
13 207 107 207
12 312 312 312
11 312 312 312
10 257 257 257
9 257 257 257
8 257 257 257
7 312 312 312
6 312 312 312
5 . 312 312 312
4 312 312 312
3 312 312 312
2 437 437 437
1 374 630 308
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Table 8.22: Mass Calculations for Building 3 (kips)

Partitions, Exterior walls,
Floor Structure ductwork, windows Total
etc.

13 128.5 52.3% 139.4 320.2
12 65.6 40.3 62.8 ‘ 168.7
11 66.0 39.9 62.8 168.7
10 66.9 40.3 62.8 170.0
9 68.5 40.3 62.8 171.6

8 68.5 40.3 62.8 171.6
7 70. 4 40.3 62.8 173.6

6 73.2 40.3 62.8 176.3

5 74.1 40.3 62.8 177.2

4 74.1 40.3 62.8 177.2

3 74.6 40.3 62.8 177.7
2 82.6 42.7 72.1 197.4
1 68.4 44.5 73.6 186.5
Total 2436.7

*Includes roof loading
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Table 8.23 summarizes the equivalent lateral loads on the
frame that were calculated for each of the four earthquakes con-
sidered for this study. These loads were distributed according to
eq. 8-3 and 8-4. Tables 8.24 through 8.26 give the comparisons
between the resulting load effects and the member capacities for

several members in the frame.
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Table 8.23: Earthquake Equivalent Lateral Forces for Building 3

(kips)

Story | E1 Centro Taft UBC BOCA
13 93.5 55.9 48.5 14.6
12 44.8 26.8 15.9 6.1
11 41.8 25.0 14.6 5.6
10 38.4 23.0 13.5 5.1

9 35.4 21.2 12.3 4.7
8 31.5 18.8 11.0 4.2
7 27.4 16.4 9.8 3.7
6 23.5 14.0 8.6 3.3
5 19.3 11.5 7.2 2.8
4 14.8 8.9 5.9 2.2
3 10.3 6.1 4.6 1.7
2 7.3 bo4b 3.6 1.4
1 2.4 1.4 1.5 0.6

Base

Shear 390.5 233.3 156.8 35.8
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Table 8.24: Ratio of Mp4yp+g to My for Column C in
Building 3
Story | E1 Centr6 Taft UBC BOCA
13 1.76 1.05 .91 .27
12 1.06 .63 .49 .16
11 1.30 .78 .57 .19
10 1.52 .91 .64 22
9 1.66 1.00 .68 .24
8 1.45 .87 .59 .20
7 1.15 .69 <46 .16
6 1.26 .76 .50 .18
5 1.18 .71 47 17
4 1.17 .70 47 .16
3 1.14 .68 46 .16
2 .99 <59 <40 .14
1 .89 .53 .36 .13
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Table 8.25: Ratio of Mp4p+g to My for Column D in
Building 3

Story | E1 Centro Taft 'UBC BOCA
13 2.87 : 1.71 1.49 o45
12 2.78 1.66 1.28 41
11 3.88 2.32 1.71 .56
10 1.07 .64 <46 .15
9 1.24 .74 .51 .18

8 1.08 .64 <44 .15

7 1.19 .71 .48 .17

6 .94 <56 .38 .13

5 .96 | «57 .38 .13

4 .92 «55 .36 .13

3 .93 .56 .37 .13

2 .78 <46 .31 .11

1 .78 .46 .31 .11
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Table 8.26: Ratio of .75Mp4p+g to M, for Beam D-C in

Building 3

Story | E1 Centro Taft UBC BOCA
13 .60 .36 «35 .14
12 .73 A .39 .15
11 .87 .53 42 .16
10 1.15 .70 .53 .21
9 1.21 .73 «54 .21
8 1.37 .83 .59 .23
7 1.40 .84 .59 .23
6 1.54 .93 .65 «25
5 1.57 <94 .65 .25
4 1.65 .99 .69 .27
3 1.57 .94 .65 «25
2 1.41 .85 .58 22
1 1.63 .98 .68 .27
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Building 4:

Building 4 is 10 stories high and has a reinforced concrete
flat slab framing system with recessed central slab panels,
column capitals, and deep beams around the building periphery.
Typical member sizes and a floor plan are given in Table 8.27 and
Fig. 8.7.

The interior frame shown in Fig. 8.8 was analyzed. For the
slabs, the moments of inertia were calculated using the method
proposed in (42). Gross concrete sections were considered, and
‘the effective slab widths were calculated as functions of column
sizes and slab length-to-width ratios. For the spiral-reinforced
columns, the moments of inertia were calculated based on gross
concrete sections. The member moment capacities were calculated
using eq. 8-1. 1In the case of the slabs, the equivalent dimen-
sions used for this formulation were determined using the proce-
dure referenced above. The moment capacities are summarized in
Tables 8.28 and 8.29.

The mass calculations were completed with the unit weights
used in the calculations for the other buildings discussed in this
section, and are given in Table 8.30. The roof loading for
Building 4 includes the effects of a water tank and several
mechénical structures.

Dynamic properties for the first mode of vibration of the

frame were calculated. The mode shape was:
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Table 8.27: Typical Dimensions of Structural Members in
Building 4 (inches)

Columns Slab Thickness
Floor Exterior
Interior Exterior Slabs | Recessed Beams
(circ.) | (rectang.) Panels
10 24 24%24 9 5 19x22
9 24 24%24 10 5.5 12x24
8 24 28x28 10 5.5 12x24
7 26 28x28 10 5.5 12x24
6 26 30%30 10 5.5 12x24
5 28 3030 10 5.5 12x24
4 28 33.5x33.5 10 5.5 28.5%31
3 30 33.5x33.5 10 5.5 12x33
2 30 36x38 10 5.5 19x44
1 32 38x43 10.5 5.5 24%24
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Table 8.28: Column Moment Capacities for Building 4

(ft-kips)
Columns

Story A,H B,C,F,G D,E
10 111 89 89
9 138 115 191
8 201 195 239
7 314 288 312
6 425 386 414
5 560 512 512
4 744 549 586
3 888 682 642
2 1123 721 759
1 1318 828 870
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Table 8.29: Beam End Moment Capacities for Building 4 (ft-kips)

Beams
Story A-B,H-G B-A,B-C,C-B,C-D,F-E,F-G,G-F,G-H D-C,D-E,E-D,E-F
10 122 119 178
9 138 136 204
8 138 136 204
7 138 135 203
6 138 135 203
5 138 135 202
4 138 135 202
3 138 135 202
2 138 ‘ 135 202
1 145 143 214
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Table 8.30: Mass Calculations for Building 4 (kips)
Partitions, Exterior walls,
Floor Structure ductwork, windows Total
etc.

10 384.4 286.7% 15.6 686.7
9 452.7 133.1 35.2 621.0

8 459.9 133.1 39.3 632.3

7 465.9 133.1 39.3 638.3

6 470.6 133.1 39.3 643.0

5 478.4 133.1 41.2 652.8

4 509.3 133.1 45,1 687.5

3 500.6 133.1 47.0 680.7

2 551.0 133.1 50.1 734.3

1 563.2 133.1 55.9 752.2
Total 6728.8

*Includes roof loading.
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¢y [ .048 ]
¢, .235
L .378
Py 520
) 5 L J 650 | (8-9)
bg .758
Ly .848
bg .922
99 .974
| 910 | \1.000 |

The corresponding frequency was calculated as 1.92 rad/sec, the
period as 3.27 seconds, and the base shear equivalent mass as
5314 kips (79% of the structure mass).

Equivalent lateral loads were calculated for the four example
ground motion inputs; the loads are summariéed in Table 8.31.
Tables 8.32 through 8.35 show the comparisons between the

resulting moment effects and selected member capacities.



-134-

Table 8.31: Earthquake Equivalent Lateral Forces for
Building 4 (kips)

Story | E1 Centro Taft UBC BOCA
10 106.4 33.5 102.6 30.2
9 93.8 29.5 32.2 25.2
8 90.4 28.5 29.4 23.0
7 83.9 26.4 26.4 20.6
6 75.5 23.8 23.2 18.1
5 65.8 20.7 20.1 15.7
4 55.4 17.4 17.3 13.5
3 39.9 12.6 13.3 10. 4
2 26.8 8.4 10.2 8.0
1 5.6 1.8 4.3 3.3

Base

Shear 643.6 202.7 278.9 168.2
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Table 8.32: Ratio of Mpyr4g to M, for Column A in
Building 4
Story | E1 Centro Taft UBC BOCA
10 .65 .15 53 .18
7 .92 .24 .37 .23
2 1.98 .62 .86 .51
1 2.91 .92 1.26 .76
Table 8.33: Ratio of Mp4y+g to My for Column B in
Building 4
Story | E1 Centro Taft UBC BOCA
10 .77 .37 .94 .33
7 1.18 .37 .62 .33
2 1.22 .38 52 .31
1 1.15 .36 .50 .30
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Table 8.34: Ratio of .75Mp4+1+g to M, for Beam A-B in
Building 4
Story | E1 Centro Taft UBC BOCA
10 .60 .29 .79 «55
7 1.99 72 1.36 .86
2 3.50 1.19 1.83 1.24
1 2.36 .83 1.32 .92

Table 8.35: Ratio of .75Mp4p4+g to M, for Beam B-C in

Building 4
Story | E1 Centro Taft UBC BOCA
4 «55 «25 .60 .36
3 1.99 .69 1.21 72
2 3.55 1.18 1.71 1.11
1 2.38 .82 1.20 .80
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Building 5:

The structure is a four story steel frame whose lateral
resistance is provided by vertical trusses. A typical floor plan
and the locations of the trusses are shown in Fig. 8.9. The
trusses are shown in Fig. 8.10.

Seismic loads were determined for two perpendicular
directions (torsional vibrations were not considered). The mass
of the structure was determined and apportioned to each floorf
The floor slab weight was taken as 80 psf and partitions and
ductwork were considered to be 25 psf per floor. Additional
loads on each floor were: 12 psf for equipment, 50 kips for
columns, and 125 kips for beams. The capacities of the steel
truss members were calculated using the AISC specification (43).

There are three types of vertical trusses used in the
building: truss A in the longitudinal direction and trusses B and
C in the transverse direction (see Fig. 8.10).

In truss A, only tension diagonals are considered, which
reduces the system to a statically determinate one. The overall

stiffness matrix (four degrees of freedom) is

[ 426.9 -459.6 15.1 9.1 7
-459.6 937.2 -478.4 0.4
[s] = 4 x 1076 Eg
15.1 -478.4 941.0 -478.5
9.1 0.4 -478.5 1162.6 |

The units for the stiffness matrix are kips and feet.
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[s] =

[s] =

The stiffness matrix

1076 x Eg

For truss C,
1284.5
1535.4

1076 x Eg
_2914

Two first modes of vibration were

longitudinal direction,

and

L

[~ 782.3
-942.0
124.3

78.1
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for truss B

-942.0

2865.3

-2342.0

247.1

3250.8

-1534.7

-130.2

1

- C

is
124.3
-2342.0
4761.2

the stiffness matrix is

—29.4

-1534.7

3702.7

-1541.7

232

«556

«825

.000

where ¢i is the lateral displacement at floor i.

period is

.69 seconds,

For the transverse

and

1

4 <

direction,

e 870

N

«728

.000

.176

considered.

267.1

-2211.4

5092.6_|

201.4 |

-1541.7

3160.0_|

For the

the first mode period is 2.02 seconds,

(8-10)

The second mode

(8-11)

the first mode period is
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1.57 seconds, and

[ q)l b [ 0171‘
< S = < > (8'12)
by 1.000 |

The second mode period is .53 seconds, and

(¢, ] .903 |
¢, JI.OOO

< > = > (8-13)
¢4 -.872 |

Equivalent lateral loads and resulting member forces were
calculated for the four ground motions. Tables 8.36 to 8.38
summarize the ratios of load effect to capacity for selected

members in trusses A, B, and C, respectively.
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Table 8.36: Ratio of Member Force to Member Capacity in Truss A
Member :
(Fig. 8.10) El Centro Taft UBC BOCA
1 «65 59 «50 .43
2 2.98 2.24 1.15 57
3 1.05 .92 .73 .63
4&6 1.32 1.23 1.02 .84
5 3.97 3.65 1.79 1.00
7 1.22 1.17 .84 .70
8&10 1.39 1.36 1.10 .88
9 4,66 4.60 2.22 1.29
11 1.34 1.33 .92 .75
12&14 1.89 1.89 1.5 1.19
13 4,07 3.92 1.86 1.09
Table 8.37: Ratio of Member Force to Member Capacity in Truss B
Member
(Fig. 8.10) El Centro Taft UBC BOCA
2&5 .88 .81 57 47
3&4 2.41 1.60 .63 25
6&7 1.18 .90 .69 .58
8&11 2.28 1.77 1.25 .99
9&10 3.36 2,08 1.09 53
12&13 1.27 1.10 .71 .60
14&17 2.35 1.60 1.22 .89
15&16 2,75 1.53 .90 .46
18&19 1.60 1.26 .75 .62
20&23 3.38 2.24 1.70 1.29
21&22 3.65 2.52 .91 49
24&25 3.14 2,42 1.43 1.13
Table 8.38: Ratio of Member Force to Member Capacity in Truss C
Member
(Fig. 8.10) El Centro Taft UBC BOCA
2&5 1.18 .94 .65 .51
3&4 3.66 2.50 .97 .41
6&7 1.43 1.27 .87 .73
8&11 2.65 1.90 1.35 1.04
9&10 3.48 1.91 1.12 .56
12&13 1.80 1.28 .98 .80
14&17 2.71 1.78 1.35 1.01
15&16 3.79 2.17 1.23 .67
18&19 1.20 1.11 .61 .60
20&23 2.90 1.96 1.54 1.20
21&22 4,77 3.01 1.50 .86
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9. PREDICTION OF DAMAGE

Evaluation of the damage for commercial buildings in Memphis
has been performed on the basis of statistical data as described
in Chapter 4, site examination of selected buildings (Chapter 6)
and seismic analysis (Chapter 8). The conclusions are a result of
engineering judgment and involve a high degree of subjectivity.

The damage is a random variable. The elements of uncer-
tainty include loading, structural resistance, type of occupancy,
and, in particular, sensitivity of the building to structural
damage. In this evaluation, four reference earthquakes are con-
sidered as discussed in Chapter 7.

Structural response to the reference earthquakes can be
predicted on the basis of the analysis in Chapter 8. 1In general,
the accelerations specified by the BOCA code will not cause
excessive deformation of the considered structures. The calcu-
lated ratios of nominal load effect to nominal resistance -are
less than 1.0 (with few exceptions). Failures of columns and
beams may be expected in case of El Centro earthquake, for which
the ratios of load to resistance exceed 3 and even 4 in some
cases.

Structural failure may be expected due to all four reference
earthquakes in the case of low-rise masonry buildings. However,
local differences in soil accelerations (microzones) will pro-
bably determine extent of the damage. The seismic performance
may be significantly improved due to the light-weight components
of structures (wooden floors), and partitions and other nonstruc-

tural elements.
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The four story reinforced concrete frame (Building 1) seems
to have sufficient strength to resist the seismic loads specified
by both of the codes. The ratios of nominal load to resistance
for beams do not exceed 1.8 for El1 Centro and 1.2 for Taft.
However, the ratios for columns are higher, reaching 5.1 for El
Centro and 3.8 for Taft. Peak values of load effect were found
at the second floor level; the lowest values were observed at the
top story.

The four story steel braced frame structure (Building 5)
has ratios of load to nominal resistance of up to 4.8 for E1
Centro, but not exceeding 1.3 for BOCA code forces. The largest
ratios were calculated for diagonals at the basement level.

Building 4 is a 10-story reinforced concrete structure
with columns and slabs. The largest ratios of load to nominal
resistance were calculated for slabs at the second floor level
(3.6 for E1 Centro). Ratios were lower for columns.

Buildings 2 and 3 are l3-story structures; Building 2
has a steel frame and Building 3 a reinforced concrete frame.
Both seem to be quite strong to resist seismic forces. For El
Centro, the load to resistance ratios do not exceed 2.1 (beam at
second floor level) in Building 2, and 3.9 (columns at the upper
floors) in Building 3. BOCA code specified forces cause loads
below 50% of nominal resistance.

The effects of partitions, in-fill walls, and other
nonstructural members are also important in the evaluation of the
seismic strength of medium-high and high-rise buildings. In
addition, design safety factors (ratio of nominal resistance to

nominal load) usually exceed 1.6. This, together with the effect
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of nonstructural members, allows the expectation that the ratio
of load to mean resistance will be well below 1.0 for most of the
cases considered in Chapter 8.

The expected degrees of structural failure, given in
Table 9.1, are based upon the nominal load to resistance ratios
presented in Chapter 8 and standard design safety factors. They
are expressed as the percentage of structural members in the
building that would need major repair or replacement to restore
the load carrying capacity of the structure.

Evaluation of structural damage has been extended to all
commercial buildings in Memphis. The results are shown in Table
9.2 for masonry structures and in Table 9.3 for steel reinforced
concrete. Total percentages of structural damage are: 27 for the
BOCA code design earthquake, 5% for the UBC, 15% for Taft and 357%
for E1 Centro. Nonstructural damage can be predicted from the
extent of structural failure, type of building, and occupancy. An
accurate evaluation of nonstructural damage requires a thorough
knowledge of the costs of equipment and other valuable items in
the building, and their distribution on different floors. This
information has not been available. An important aspect of the
damage evaluation is the expected number of casualties; neither
has this information been available. Four of the analyzed
buildings were not in service at the time of evaluation.

Dollar damage estimates (including replacement cost) have
been derived from the assessed values of commercial buildings.
They are $35 million for the BOCA code design earthquake,
$95 million for the UBC, $280 million for Taft, and $650 million
for E1 Centro. Loss of human life has not been included in these

calculations.
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for A1l Masonry Commercial Buildings

Table 9.1: Expected Percentage of Structural Failure
for Analyzed Buildings

Building El Centro Taft UBC BOCA

1 607% 207% 0-5% 0%

2 10% 0% 0% 0%

3 15% 10% 0-57% 0%

4 25% 0% 0-5% 0%

5 30% 20% 0-5% 0%
Table 9.2: Expected Percentage of Structural Failure

for All Steel and Reinforced Concrete

Commercial Buildings

Number of El Centro Taft UBC BOCA
Stories
1 to 3 207% 15% 5% 0-2%
4 to 5 407 25% 15% 5%
6 to 10 707 407 25% 10%
Table 9.3: Expected Percentage of Structural Failure

Number of E1 Centro Taft UBC BOCA
Stories

1 to 3 10-157% 107 2-57% 0%
4 to 5 20-30% 15% 5% 0-27%
6 to 10 30-40% 20-25% 5-10% 2-57%
over 10 40-607% 25-407% 0-157% 5-10%
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10. CONCLUSIONS

Seismic strength of commercial buildings in Memphis has been
stﬁdied. The buildings were put into categories with regard to
type of construction, number of stories, age, square footage, and
value. Over 15 buildings were examined by the project team.

The quality of material and workmanship was found to be
surprisingly good. With few exceptions, no visible signs of
deterioration were observed.

The unreinforced masonry, low-rise buildings are the most
vulnerable to earthquakes. They constitute the majority of the
commercial structures in Memphis. However, the extent of the
potential destruction seems to be related to geological micro-
zones and the effects of nonstructural members and equipment,
rather than structural performance.

Four reference earthquakes were considered: El1 Centro, Taft,
and two code-specified seismic loadings, BOCA and UBC. For the
analyzed buildings, the ratios of nominal load effect to nominal
resistance were calculated. All of the considered structures
seem to have sufficient strength to resist the BOCA code earth-
quake forces. UBC code-specified forces exceed the capacities by
approximately 507% in several cases. The El1 Centro earthquake
would cause substantial structural damage. The calculated ratios
of load to resistance exceed 3 or even 4 in some cases. The
ratios for the Taft earthquake are approximately 60% of those for
E1l Centro.

The extent of the damage will be limited by geological
microzones, the effects of nonstructural members, and building

sensitivity to damage.
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Further work is required to include data on other buildings,
their configurations, and soil properties. Also, the relationship
between structural and nonstructural damage requires further

development.
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AlIM SCANNER TEST CHART # 2
Spectra

ABCDEFGHIJKLMNOPQRSTUVWXY; il 12,/ 780
ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnoparstuvwxyz;:™,./?$0123456789

ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnopgrstuvwxyz;:*,./?$0123456789
ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnopgrstuvwxyz;:*,./?$0123456789

Times Roman
ABCDEFGHIJKLMNOPQRSTUY WX YZabedefghijkimnopqrstuvwxyz;-*../ 280123456789
ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijklmnopgrstuvwxyz;:*,./7$0123456789

ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnopqrstuvwxyz;:**,./7$0123456789
ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijklmnopqrstuvwxyz;:*,./?$0123456789

Century Schoolbook Bold

ABCDEFGHIJKLMNOPQRSTUVWXY!
ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnoparstuvwxyz;:™,./ 250123456789

ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopgrstuvwxyz;:,./?$0123456789
ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijklmnopqrstuvwxyz;:,./?7$0123456789

News Gothic Bold Reversed

ABCDEFGHIJKLMNOPQRSTUVWXYZabcdelghljklmnopqrstuvwx ?$0123456789

ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijkimnopgrstuvwxyz;:”,./2$0123456789
ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijkimnopqrstuvwxyz;:”*,./?$0123456789

Bodoni Italic

ABCDEFCHIJKLL ORSTUVWX Y7 /780123456789
ABCDEFGHIJKLMNOPQRSTUVWX YZab, defighi, ijklmnop /280123456789

ABCDEFCHIJKLMNOPQRSTUVWXYZabcdefghijlmnopqrstuvuxyz, /280123456789
ABCDEFGHIJKLMNOPQRSTUVWXYZabcdefghijklmnopgrstuvwxyz;:”,./?801£3456 789
Greek and Math Symbols

ABFAEZOHIKAMNOIIGPETY QX ¥ZaBySek0nuchuvombporvaxl= T,/ S+ = #'> <hds <=
ABTAEEOHIKAMNOII®PETY QXYZaBydetOnikApvordporvoxPl=TF",. [ S+ =7£"> <PL><=

ABI'AEZOHIKAMNOI®PETY QXYZaBydetdnikApvomrdpomvoxPl=TF",. | S+ #"> <PL><=

ABTAEZOHIKAMNOII®PETY QXY ZaBydeEOnikA\pvomdporyboxy=TF",. /§i=;€> <PLe<=
White Black Isolated Characters
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4 5 6 7 o
8 9 0 h I
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