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FOREWARD

This manual on seismic upgrade design guidance for existing buildings was developed as a sequel to the
manual for new construction, TM 5-809-1/NAVFAC P-355.1/AFM 88-3, Chap 13, Sec. A Seismic Design
Guidelines for Essential Buildings. This manual meets one of the objectives of the EARTHQUAKE
HAZARDS REDUCTION ACT of 1977 (Publication 95-124), i.e., to provide improved seismic design and
construction requirements to upgrade existing buildings in seismic areas.

This manual provides the seismic design upgrade concepts for existing buildings based on the
state-of-the-art methodology and past practices by the triservices (Army, Navy and Air Force) and the
private sector. It includes the dynamic-analysis approach similar to new construction concepts with some
modifications/tolerances on the acceptance criteria. A methodology for screening, evaluating and prioritiz-
ing seismically hazardous buildings from a large number of buildings in a military installation and the
Navy’s Rapid Seismic Analysis Procedure are provided. For existing buildings in seismic zones 1 and 2, a
static code procedure is provided to evaluate and upgrade resistance to collapse in the event of a major
earthquake, as required by the code provision.

The general direction and development of this manual were under the supervision and guidance of the
Office of the Chief of Engineers, Headquarters, Department of the Army, Washington, D.C. Assistance was
provided by the Headquarters, Naval Facilities Engineering Command, Department of the Navy,
Washington, D.C. and the Directorate of Engineering and Services, Headquarters, Department of the Air
Force, Washington, D.C.
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CHAPTER 1

GENERAL

1-1. Purpose

This manual prescribes criteria and furnishes de-
sign guidelines, procedures, and strategy to screen,
prioritize, evaluate, upgrade, and strengthen exist-
ing facilities for seismic resistance. These criteria
apply to all elements responsible for the design of
military construction in the high seismic regions
and will apply to all existing facilities in Seismic
Zones 3 and 4, to only existing essential facilities
in Seismic Zone 2, and to other facilities desig-
nated by the approving agency. These guidelines
also provide procedures and guidance for engineers
to identify seismically hazardous buildings and to
determine the strengthening method to resist the
required seismic forces. This manual is a supple-
ment to TM 5-809-10/NAVFAC P-355/AFM 88-3,
Chapter 13, referred to herein as the Basic Design
Manual (BDM) and TM 5-809-10-1/NAVFAC
P-355.1/AFM 88-3, Chapter 13, Section A, re-
ferred to herein as the Seismic Design Guidelines
(SDG).

1-2. Scope

These guidelines encompass a strategy and method
to identify potential seismically hazardous build-
ings on a priority basis. The guidelines include a
step-by-step procedure involving building inven-
tory reduction; preliminary screening; preliminary
evaluation; detailed structural analysis; develop-
ment of design concepts for seismic upgrading/
strengthening; cost benefit analysis; final design
and preparation of contract documents; and seis-
mic upgrading/strengthening of nonstructural ele-
ments. The problems relating to earthquake-
induced ground failures and tsunami are stated in
the BDM, paragraph 2-7, and will not be covered
in this manusal. Authorization from HQDA(DAEN-
ECE-D) WASH, DC 20314-1000, NAVFAC Code
4BA 200 Stovall Street Alexandria, VA 22332, or
HQ USAF/LEEE WASH, DC 20332 is required for
the application of the procedures in this manual.

1-3. Definitions, symbols, and nota-
tions

Unless otherwise noted in this manual, all defini-
tions, symbols, and notations will be as indicated
in chapter 3 of the BDM. Symbols and notations
are listed in appendix A.

1-4. Seismic hazard risk levels
The evaluation and upgrading of existing build-

ings is based on seismic ground motions of two
risk levels as specified in chapter 3 of the SDG.

a. The selected risk levels of the two design
earthquakes, EQ-I and EQ-II, are based on De-
partment of Defense standards; however, the risk
levels may be revised as warranted by approval
authorities.

b. As an alternate, the code provisions provided
in appendix C may be used for high risk or
nonessential buildings in high seismic regions as
warranted or deemed appropriate by approval au-
thorities.

1-5. ldentification of seismically haz-
ardous buildings

The military has a large inventory of buildings,
and an effective strategy method is required to
identify potentially hazardous buildings on a prior-
ity basis. The objective of this strategy/method is
to minimize unnecessary investigations by elimi-
nating buildings of minor importance and low
hazard exposure from the large inventory, identify-
ing groups of similar buildings, and prioritizing
seismic safety evaluation and hazard mitigation
(strengthening) efforts. Since the basic goals of
seismic hazard mitigation for existing buildings
are to enhance life safety (i.e., protection against
collapse) and post-earthquake operational capabil-
ity, it is essential to identify buildings with post-
earthquake operational requirements or high risk
(high-loss potential) functions.

a. The essential buildings with post-earthquake
operational requirements are:

(1) Hospitals

(2) Fire stations, rescue stations, and struc-
tures housing vehicles essential for post-
earthquake rescue and relief operations.

(3) Power stations and other utilities required
as emergency facilities.

(4) Mission essential facilities. The decision to
designate a building as “mission essential” is the
responsibility of the operating Command. Since it
may be possible to pick up the function of an
entire Base at other locations, the decision to
designate a structure as mission essential should
be confirmed at the major command level or
higher.

(5) Primary communications or data-handling
facilities. (Some of these may be mission essential,
but this category is not limited to mission
essential.)

1-1
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(5) Primary communications or data-handling
facilities. (Some of these may be mission essential,
but this category is not limited to mission essen-
tial.)

(6) Facilities involved in operational missile
control, launch, tracking, or other critical defense
capabilities.

(7) Facilities involved in handling, processing,
or storing sensitive munitions, nuclear weaponry,
gas and petroleum fuels, and chemical or biologi-
cal contaminants.

b. High-risk (high-loss-potential) buildings are
those whose primary occupancy is for assembling a
large number of people, or where services are
provided to a large area having many other build-
ings. Buildings in this category may suffer damage
in an earthquake, but are recognized as warrant-

ing a higher level of safety than an ordinary

building. Typical examples are:

(1) Buildings whose primary occupancy is that
of an auditorium, recreation facility, dining hall,
or commissary, any of which may have an occu-
pancy of more than 300 persons.

(2) Confinement facilities.

(3) Central utility facilities (power, heat, wa-
ter, sewage) that are not required as emergency
facilities and that serve large areas.

(4) Buildings housing valuable equipment
whose justification is provided by the using
agency.

¢. All other buildings are considered nonessen-
tial, ordinary buildings of lesser importance which
will require the life safety provision, i.e., against
collapse, unless a higher upgrade is warranted by
approving authorities.

d. Hazardous critical facilities (e.g., nuclear
power plants, dams, and LNG facilities) are not
included within the scope of this manual, but are
covered by other publications or regulatory agen-
cies, For any facilities housing hazardous items
not covered by criteria, advice should be sought
from DAEN-ECE-D (Army), NAVFAC Code 04BA
(Navy), or HQ USAF/LEEE (Air Force).

1-6. Background

a. Seismic design criteria. In recent years, devel-
opments in earthquake engineering have resulted
in substantial changes in seismic design criteria.
In the 1960's, major changes began to occur in the
seismic design codes. In 1966, the first edition of
the “Seismic Design for Buildings” was introduced
(TM 5-809-10/NAVDOCKS P-355/AFM 88-3,
Chapter 13, March 1966). In 1973, a new revised
and expanded edition of the manual was published
(TM 5-809-10/NAVFAC P-355/AFM 88-3, Chap-
ter 13, April, 1973) which included ductility provi-

1-2

sions for moment resisting space frames. In the
February, 1982 edition (i.e., the BDM) substantial
changes were made in force levels and seismic
detailing requirements. Many of these changes
were in response to experiences from the 1971 San
Fernando, California earthquake. In the late
1970’s, areas in the United States outside of
California and the Pacific Coast area began to be
aware of the need for earthquake-resistant design
requirements for their facilities. In 1978, “Ten-
tative Provisions for the Development of Seismic
Regulations for Buildings” was published by the
National Bureau of Standards (NBS SP-510; Ap-
plied Technology Council, ATC 3-06; and National
Science Foundation, 78-8). These provisions were
developed through a nationwide effort to improve
seismic design and construction building practices
and are currently being evaluated by a national
committee. In addition to the static force approach
used in codes and manuals, there was a need for a
dynamic analysis approach to seismic design for
essential buildings. In 1986, the Tri-Services pub-
lished the SDG to provide guidelines for the design
of essential buildings, as well as other structures,
by means of a two-level dynamic analysis proce-
dure.

b. Existing buildings. Major changes in struc-
tural criteria based upon building failures in past
earthquakes naturally raise the question of the
adequacy of existing buildings. A building de-
signed and constructed prior to the recent changes
in seismic design criteria, especially those in high
seismic areas, will probably not conform to the
requirements of today’s criteria. In some cases, the
general structural system does not conform, and
there are some cases where the new lateral force
levels can be 3 or more times greater than forces
used in the original design. This does not necessar-
ily mean that all these buildings are unsafe or will
not be able to perform adequately when subjected
to a major or moderate earthquake. Some of the
older buildings may actually perform better than
new ones that conform to the latest provisions.
Many of the performance capabilities of buildings
depend on configuration, details, and ability to act
in a tough, ductile, energy absorbing manner
rather than on conformance to the minimum
standards of the code provisions.

¢. Evaluation and upgrading. Current codes are
developed for new construction and are not neces-
sarily applicable to existing buildings. An existing
building should be evaluated on the basis of its
actual performance characteristics, as best as they
can be determined, when subjected to a realistic
postulated earthquake. Modifications of existing
buildings shall take into account the performance
characteristics of the existing materials interact-
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ing with the new materials used to upgrade the
structure.

1-7 Methodology for seismic evalua-
tion and uvpgrading existing facil-
ities

The various steps in the methodology which are

outlined below and graphically in figure 1-1, are

preseated in detail in the following chapters of
this manual. It should be noted that the methodol-
ogy as shown is applicable to a military installa-
tion with a large inventory of buildings. The
approval authority may direct the omission of one
or more steps in the methodology. For example, for
an installation with a limited number of buildings
(e.g., 25 or less) that are in use, the inventory
reduction may not be required. If only essential
buildings at a given facility are to be considered
for seismic upgrading, the inventory reduction,
preliminary screening, and preliminary evaluation
may be omitted and the upgrading evaluation
would directly begin with the detailed structural
analysis, with or without the cost/benefit analyses.

a. Inventory reduction (chapter 2). Prior to begin-
ning the phased seismic evaluation procedure, the
overall inventory of the installation is reviewed to
select buildings that will be included in the evalu-
ation program. The purpose of reducing the total
inventory to a select group is to eliminate unneces-
sary investigations and to keep the scope of work
within reasonable limits.

b. Preliminary screening (chapter 3). A site sur-
vey is made to visually inspect all the buildings on
the select inventory list. A screening process is
used to reduce the number of buildings that
require the preliminary evaluation.

¢. Preliminary evaluation (chapter 4). A struc-
tural analysis of each selected building from the
preliminary screening is made using simplified
techniques. The purpose of the evaluation is to
estimate the vulnerability of the buildings (i.e.,
damage when subjected to site specific seismic
ground motion) and to establish a priority listing
for more detailed structural analysis.

d. Detailed structural analysis (chapter 5). Build-
ings are selected for the detailed analysis on the
basis of the priority listing resulting from the
preliminary evaluation or by direct request by the
authorized agency. The purpose of the detailed

structural analysis is to determine if the existing
building will satisfy the acceptance criteria, to
identify deficiencies, and, if required, to recom-
mend alternatives for seismic upgrading.

e. Development of design concepts for seismic
upgrading (chapter 6). On the basis of the detailed
structural analysis, methods of seismic strengthen-
ing are studied. A general concept is developed as
recommended in the detailed structural analysis
for seismic upgrading. In some cases, an alternate
concept may be included.

f Cost-benefit analysis (chapter 7). The costs of
seismic upgrading are compared to the risk of
doing nothing and to the costs of 8 new building.
An evaluation may also be made for various levels
of rehabilitation in comparison to the risk of
future damage. The results of the cost-benefit
analysis will be used for setting priorities in
relation to other buildings.

& Final design and preparation of contract docu-
ments (chapter 8). The proposed upgrading concepts
will be used as a basis for the development of the
finel design for seismic upgrading. The final de-
sign will include a complete analysis of the modi-
fied building to confirm the adequacy of the
strengthening measures in accordance with the
detailed structural analysis procedure. Contract
documents will include drawings &nd specifica-
tions.

h. Nonstructural elements (chapter 9). A qualita-
tive evaluation is made on the basis of available
documents and en on-site inspection. Elements
identified as being susceptible to damage are
subjected to a detailed analytical evaluation by a
static or dynamic approach. Recommendations for
seismic upgrading are made if required.

i. Evaluation of existing structural materials (ap-
pendix E). Where necessary data or information of
the existing materials are not available, the mate.
rials and structural elements will be tested. Test-
ing procedures and methods for materials and
structural elements are provided.

1-8. References and bibliography

Publications that are referenced in the text and
are required reading for use of this manual are
listed in appendix B. Publications for suggested
reading are listed in the bibliography.
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CHAPTER 2

INVENTORY REDUCTION

2-1. Introduction.

Generally military installations have a large in-
ventory of existing buildings and the potential
high cost of an engineering investigation of all of
the buildings located in high seismicity areas
makes it necessary to identify seismically hazard-
ous buildings in & carefully planned manner. The
first step in dealing with a large inventory of
existing buildings is to apply some type of screen-
ing process to reduce the inventory and to elimi-
nate unnecessary investigation. Certain categories
of existing buildings represent an acceptable level
of risk. Criteria for reducing the number of build-
ings in the inventory to be investigated are given
below. However, this does not preclude the investi-
gation of any of these buildings if the responsible
agency directs that they remain in the inventory
to be investigated.

2-2. Avadailability of building inven-
tory.

The military maintains a central inventory of real
property which is the basic source of information
on the status, cost, capacity, condition, use, main-
tenance, and management of its installations. In
addition to specific information regarding the in-
stallation, the real property inventory contains a
detailed record for buildings and facilities, includ-
ing information such as type of construction, build-
ing/facility number, total area, total capacity, total
acquisition cost, year built or acquired, and num-
ber of floors.

2-3. Building inventory reduction.

To expedite identification of the more important
buildings in the military real property inventory,
a procedure was developed to screen the inventory
for a given installation or group of installations in
a particular high seismicity region. The screening
procedure, which is graphically outlined in figure
2-1, utilizes the following criteria for the exclusion
of buildings to reduce the inventory. An example
is given in appendix F, figure F-1, sheet 1 of 12.

a. Buildings, except essential buildings, that
were designed in accordance with the provisions of
the 1982 Basic Design Manual (BDM) or equal
(e.g., 1976 Uniform Building Code (UBC), or to
more stringent requirements).

b. Buildings located in seismic zone 0.

¢. One-story wood-frame and one-story preengi-
neered metal buildings, except essential or high
risk buildings.

d. Buildings occupied by no more than 5 occu-
pants, except essential or high-risk buildings.

e. One- and two-family housing, two stories or
less.

f Buildings, except essential or high-risk
buildings, of no more than 500 square ft or with a
replacement cost of less than $50,000.

g. Structures scheduled for replacement
within 5 years.

h. Modifications and additions to the above
factors authorized by the approval agency.
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CHAPTER 3

PRELIMINARY SCREENING

3-1. Introduction

This chapter describes the general procedures for
the preliminary screening of existing buildings.
Guidelines are presented for the preliminary
screening process to classify and categorize the
buildings and criteria are provided for screening of
buildings from further consideration.

3-2 Preliminary screening process

Preliminary screening will be used after inventory
reduction only if there is a need to further reduce
the number of structures to be evaluated. A flow
chart is shown in figure 3-1.

a. Classification. The buildings remaining after
the inventory reduction will be classified as essen-

| puildings from |
| tnventory reduction |

Claisiﬁutfon
(pars. 3-2a)

Obtain available
design data
(pars. 3-2b)

Visusl Survey
(pars. 3-2¢)

Prelizinary
screening
(para. 3-2¢8)
: i
Buildings excluded Buildings fncluded
(para. 3-28)
|
Report
Approval
r-—_——L—_————
1 Prelininary evalustion l
i (Chapter 4) |
G cowe S SEowe CEET DL CES R CE— S — S

Figure 3-1. Methodology for preliminary screening
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tial, high-risk, or all others in accordance with
paragraph 1-5. Classification of the buildings will
be provided by the using agency or will be per-
formed by the engineer in collaboration with the
using agency. The function of the building will be
noted by the engineer during the site visit for the
preliminary screening and any apparent discrep-
ancy in the classification will be resolved with the
using agency.

b. Available design data. The engineer will ob-
tain available design data (e.g., drawings, design
criteria, calculations, and specifications). Data per-
taining to the *“as-built” condition of a building
are essential when available. The engineer will
notify the using agency so that the assembly of
selected available building data can be transferred
to the engineer prior to the site visit. These data
and information will be reviewed by the engineer
and the pertinent information will be transferred
to the screening form used in the review process.
It is expedient to transfer as much data as possible
to the forms. An example is shown in appendix F,
figure F-1, sheet 4. When the design data are
minimal or if none is available, such as may be for
the older buildings, it will be noted on the screen-
ing form so that sketches with pertinent dimen-
sions, sizes, and other notes regarding the struc-
tural systems can be made during the preliminary
screening inspection. Older buildings are more
likely to have undergone structural revisions and
additions. Indications of such revisions and addi.
tions will be noted and confirmed. Data may
require revision during the field inspection.

c. Field survey. The purpose of the inspection
survey will be to obtain general data regarding
each building to facilitate the preliminary screen-
ing process. These data will include building iden-
tification number, title, general function, size,
general structural type (i.e., wood, concrete, steel
frame, etc.), general condition, and other pertinent
data. The screening forms, such as shown in
appendix F, figure F-1, sheets 4 and 5, are used to
establish a check list for the visual observations to
aid field note taking. The inspection survey need
not be detailed. The time allotted for each building
will vary, depending on the size and complexity of
the structure, but should be between 10 and 30
minutes. A more detailed examination will be
made during the preliminary evaluation as de-
scribed in chapter 4.

d. Screening. The field notes will be systemati-
cally reviewed to determine the number of build-
ings that will remain on the list for the prelimi-
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nary evaluation process. Justifications for
removing buildings from the list include:

(1) Buildings that upon further evaluation are
determined to fall within the intent of the inven-
tory reduction criteria of chapter 2.

(2) Buildings of obviously inferior construction
or whose structural condition has deteriorated to
the point where upgrading is not feasible or cost
effective. For this condition the engineer may
recommend a course of action. As an example, a
building with severe foundation problems, such as
extreme ground settlement that resulted in footing
or pile damage, may require a nonseismic evalua-
tion to determine if the building should be demol-
ished or repaired.

(3) Buildings that are essentially identical to
structures remaining on the list for further evalua-
tion. The site inspection may indicate that groups
of buildings are similar or essentially identical. In
this case, one building may be selected to repre-
sent all the buildings in a group. The other
buildings are then placed on hold with the decision
for further evaluation dependent on the results of
the analysis of the representative building. How-
ever, each building must be inspected for any
serious deficiency, damage and changes to warrant
a separate category outside the group.

3-3. Report

A report will be prepared to summarize the results
of the preliminary screening. The report will in-
clude the following items.

a. Description of the screening process.

b. Description of screening criteria.

c¢. Description of each building surveyed, includ-
ing classification, contents, general structural
type, condition, and available design data.

d. Results of screening such as which buildings
require analysis and those that were eliminated
from further evaluation with justification for the
elimination. Identify those eliminated buildings
similar to ones that are to have further evalua-
tion. Recommendations on course of action for
those buildings eliminated from further seismic
evaluation.

e. Provide a plot plan, if information is avail-
able, to locate buildings included in inventory,
identifying buildings eliminated from further eval-
uation and those that remain on the list for the
preliminary evaluation.

£ Summary table that includes building classifi-
cations, structural categories, comments, and rec-
ommendations.
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CHAPTER 4

PRELIMINARY EVALUATION

4-1. Introduction

This chapter describes the general methodology for
the preliminary evaluation of existing buildings
using a rapid seismic analysis. The methodology is
used when there is a need to establish a priority
listing for detailed evaluation and seismic upgrad-
ing of a group of buildings vulnerable to seismic
ground motion. The simplified techniques provide
estimates of the seismic vulnerability/damage for a
group of buildings at a fraction of the costs for
detailed evaluations. When it has been determined

'_luildlnzs from -

preliminary screening l
l_(Chapter 3) 1

1

'

Document review

by the preliminary screening or other actions that
a building requires a detailed structural analysis,
the preliminary evaluation will not be required
and the methodology for upgrading will proceed
directly to the procedures described in chapter 5.
The methodology for preliminary evaluation is
summarized in figure 4-1.

a. General procedure. The procedure described
in this chapter provides general guidelines for
preliminary evaluation, establishing priorities for
upgrading, and preparing a report. An example of
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Figure 4-1. Methodology for preliminary evaluation
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a preliminary evaluation is given in appendix F,
figure F-1, sheet 6.

b. Naval Facilities Engineering Command Rapid
Seismic Analysis Procedure (RSAP). The RSAP,
which is summarized in appendix D, is a variation
of the procedures described in this chapter. For
example, it provides empirical formulas for deter-
mining natural periods and capacity characteris-
tics, reduction factors to adjust the ultimate site
demands, and computer programs for computing
damage estimates. These variations may not be
applicable to all buildings. Engineering judgment
and experience will be used in conjunction with
the RSAP to determine rational building struc-
tural capacities and demands.

4-2. Preliminary evaluation

The preliminary evaluation provides the initial
analytical data for estimating the vulnerability of
the selected buildings to seismic damage. This is
an important consideration in determining priori-
ties for upgrading within each building classifica-
tion (i.e., essential, high-risk, all others). When a
preliminary evaluation is prescribed, the following
basic steps are performed: document review, site
inspection, approximation of the capacity of the
structure to resist seismic forces, approximation of
damage by reconciliation of the structural capacity
with the earthquake ground motion demands, and
recommendations. The document review and site
inspection may not be required if all pertinent
-data and conditions have been obtained in the
preliminary screening process. Generally, it will
be done concurrently if the number of buildings is
not large.

a. Document review. The available drawings,
calculations, specification, and other design docu-
ments obtained from the using agency will be
reviewed by the engineer to identify the lateral
force resisting system and other pertinent informa-
tion. The information will be summarized in a
format that can be used during the site inspection
to serve as a checklist. .

b. Site inspection. A field examination of each
building will be performed to determine the condi-
tion of the structural elements and to evaluate its
lateral force resisting system. Observations will
also be made on nonstructural elements, occu-
pancy level, and value of contents. This inspection
will be done in a more detailed manner than the
preliminary screening inspection described in
chapter 3. The inspection team will include at
least one structural engineer experienced in struc-
tural evaluation. Also, personnel familiar with the
building, such as the building supervisor or build-
ing engineer, should accompany the inspection
team to provide access to the various areas within
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the building, describe functional requirements and
point out any known areas of damage, deteriora-
tion, and modification. The site inspection will
normally take one to two hours; however, the time
can increase greatly with the complexity and
condition of the building. Advance notice will be
required to arrange for inspection of buildings
with restricted access.

(1) Information obtained from the document
review will serve as checklists during the inspec-
tion.

(2) The structural and nonstructural elements
of the entire building will be examined from the
outside and inside, to the maximum extent practi-
cable. In open buildings such as warehouses and
machine shops, the structural elements are fairly
well exposed. In closed-in buildings, such as offices
and hospitals, structural elements are generally
hidden from view by partitions, furred walls, and
hung ceilings; therefore, it may be necessary to lift
ceiling tiles and go into concealed spaces, closets,
mechanical rooms, and other locations where
structural elements are likely to be exposed. Ex-
cept for critical cases, representative samples will
be used to establish building characteristics during
the preliminary evaluation. Estimates will be
made on the normal number of occupants in the
building and the costs of the contents in the
building.

(3) The existing lateral force resisting system
will be confirmed by the on-site inspection. The
various load paths by which lateral forces are
transferred from the roof and floor systems to the
frames or shear wall systems and to the founda-
tions will be determined. Appropriate documenta-
tion of any discontinuity in the load paths or
weaknesses in the structural connections, and any
evidence of redundancy or back-up systems and
modifications or additions to the building will be
made.

c. Capacity of the structure. The value for capac-
ity is a simplified representation of the capacity of
the overall building for a specified level of stress
or distortion such as when yielding of major
structural members occur or when lateral displace-
ments reach a prescribed limit. On the basis of the
available documents and the visual observations,
the capacity of the structure to resist lateral forces
will be estimated by means of a rapid evaluation
technique. For a large group of buildings, the
evaluations should average less than one day per
building. More time may be spent on a representa-
tive building or structural system in order to
obtain data that will expedite the analysis of other
similar buildings or systems (e.g., see para (3)
below). For smaller groups of buildings where
there is a large diversity of building types, the
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average time of the evaluation may be longer. For
some buildings that are large or complex a de-
tailed evaluation is required (e.g., see last sentence
of para (2) below). For the rapid evaluation tech
nique, the capacity is represented by a curve
similar to the capacity curve required for method
2, capacity spectrum method, in paragraph 5-6b of
SDG, except that only the points representing
initial major yielding and ultimate strength (near
collapse) are required. An example of & capacity
curve, 2 modification of SDG figure 5-5, is shown
in figure 4-2. General guidelines for determining
the capacity curve are given below. An example is
given in appendix F, figure F-1, sheets 6 through
12.

(1) Determination of the lateral force capacity
of a structure will include consideration of all
elements, structural and nonstructural (e.g., see
para (2) below), that contribute to the resistance of
Iateral forces. Physical properties are generally
obtained from existing available data, otherwise
assumptions and/or tests must be made. Guide-
lines for determination of the physical properties

of representative structural and nonstructural ma-
terials are provided in appendix E of this manual.
The analysis must include the evaluation of the
most rigid elements resisting the initial lateral
distributions, as well as the more flexible elements
that resist the lateral distortions after the rigid
elements yield or fail. Consideration must also be
given to the interaction of various combinations of
the structural framing systems and elements
which will contribute to the resistance of the
lateral loads.

(2) The capacities are generally determined by
manual calculation methods. The methods used
will vary for different types of buildings and
lateral force resisting systems. For shear wall
systems, & shear capacity is assumed and an
adjustment is made for the flexural capacity that
is dependent on the height-to-depth ratio of the
piers. For reinforced concrete frame structures, a
similar procedure is used to relate the capacity
due to flexure of the columns to the capacity due
to shear strength in the columns. For steel mill
type buildings, the capacity of the steel frame is

Pt.D
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Figure 4-2. Force-displacement capacity curve
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dependent on the fixity of the column base. For
braced frames, L/r and connections are generally
the critical items. The horizontal diaphragm sys-
tem will be evaluated for its capacity to transfer
lateral forces to the vertical resisting elements. If
the structure consists of a structural steel frame
and nonstructural infill brick walls, the brick
must yield and then fail before the steel frame
acts. If a system consists of nonstructural brick
wall elements and structural steel X.bracing ele.
ments, both systems of elements will work until
the brick fails, and then the X-bracing will take
the load until it fails. For some buildings, because
of size or complexity, approximate manual calcula-
tions may not be adequate to establish reliable
capacities for lateral loads. In these cases, either
the procedure described in paragraph (3) below
shall be used or the building shall have the
detailed structural analysis described in chapter 5.

(3) In some cases, a more detailed analysis
may be made for one building (or part of a
building) that is representative of several other
buildings. The results can be extrapolated to ana-
lyze other buildings constructed similarly. For
example, there may be many multi-storied rein-
forced concrete warehouse type buildings with flat
slabs, drop panels, and column capitals for interior
framing and reinforced concrete walls with large
window openings for exterior framing. Computer
runs using simplified idealized models can be
made to establish guidelines for lateral stiffness
characteristics and stress distributions of typical
frames of a representative building. The results
can be extrapolated to analyze the other buildings
with this warehouse type of construction. A simi-
lar procedure can be used to establish guidelines
for multi-leveled, high-low roof, mill type steel
buildings.

(4) The results of the capacity evaluation are
expressed in at least two of the following three
terms that represent the overall building:

(a) The base shear coefficient (Cp). Cp is
equal to the base shear capacity divided by the
effective weight of the building (V/W). Cp is
analogous to the ZIKCS of the BDM, except that
Cg represents a capacity value and ZIKCS repre-
sents a design value.

(b) Lateral displacement at the top of the
structure (d)). dy is the displacement at the top of
the building resulting from the application of the
lateral forces associated with Cg.

(¢) Fundamental period of vibration of the
structure (T) that is consistent with the values of Cy
and dy. T is generally calculated from a Rayleigh
method of analysis such as formula 3-3 of the
BDM; however, in some cases, a value may be
assumed based on empirical data.
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(5) Two capacities are required for each of the
principal directions of the building. One capacity
represents initial major yielding (e.g., point A in
fig 4-2) and the other represents the ultimate
strength or near collapse state (e.g., point D in fig
4-2) of the lateral force resisting system. The Cg,
dy, and T values are used to determine spectral
acceleration (S,) and spectral displacement (Sy) as
described in SDG capacity spectrum method, para-
graph 5-5b, and illustrated in table 4-1.

(6) A table is used to summarize the capaci-
ties of a large group of buildings.

d. Damage estimates. A graphical reconciliation
between the earthquake demand (site response
spectrum) and the building capacity is used to
estimate the amount of damage that will occur
during a postulated earthquake. The procedure is
essentially the same as the Capacity Spectrum
Method prescribed in SDG paragraph 4-4d and
described in SDG paragraph 5-5b. In the SDG, the
objective is to determine if the building will
remain functional during EQ-II and to approxi-
mate the lateral deformations (para 4-4d (7). In
the evaluation procedure, the objective is to esti-
mate the damage ratio for EQ-IIL.

(1) Capacity spectrum. When the capacity is
plotted in terms of V and dy, as shown in figure
4-2, it is similar to the force-displacement curves
used to represent strength of materials; however,
instead of plotting the results of a single test
element, the curve represents the global capacity
of the overall structure. When the V and dy are
converted to S, and S;, the shape of the curve
remains similar, but the units change. S, is
essentially proportional to V, with some variations
due to story mass distribution and modal partici-
pation factors and S; is essentially proportional to
dyn. The capacity curve can also be expressed in .
terms of S, and T and S, and T, as shown in figure
4-3. The conversion process is shown in table 4-1.
A plot of S, (acceleration) vs Sy (displacement) for
the overall building as illustrated in figure 4-3 is
analogous to a force (mass times acceleration) vs
displacement curve for a structural material. The
secant stiffness of the S, vs S; curve is analogous
to the secant modulus of the stresses and strains
representing a force-displacement curve. T, which
represents the mass and stiffness characteristics of
the structure, is approximated by using the secant
stiffness of the S, vs S, curve.

(2) Demand spectra. The demands of earth-
quakes are represented by response spectra. Re-
sponse spectra are obtained by using procedures
described in SDG, chapter 3. They are usually
plotted in terms of S, and T (e.g., see SDG fig 2-8)
or on a log-log-log tripartite curve which gives
values for S,, S,, S, (spectral velocity) and T, as
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Table 4-1. Calculation of S, end S, capacity values

Point v dn V/W PRy a S, S4 T
(kips) (in) (g) (in) (sec)
A 2200 2.3 0.22 1.30 0.78 0.280 1.77 0.80
D 3000 8.7 0.30 1.26 0.83 0.361 6.90 1.40

V/W: V = Base shear, W = Weight = 10,000 Kips

dN = Lateral roof displacement due to V

PFy = (Emé) (¢y)/(Imé2), modal roof participation factor
a = (Im¢)2/(tm)(Zmé2), effective modal weight

Sa = Spectral acceleration = V/W : a

Sq = Spectral displacement = dy : PFy

T = 2n/S4/(Sg)(g) , fundamental period of vibration

Imé = Summation of story mass times mode shape factor from the roof
to the base of the building

From SDG Table 5-4

shown in figure 4—4. From the tripartite plot, data
can be obtained to plot the curve in terms of S,
and T and S, and S;, as shown in figure 4-5.
These relationships are consistent with the dy-
namic analysis formula:

S, = S, T/2x’g (eq 4-1)
where g is the acceleration of gravity and S, is
expressed in units of g.

(a) Risk level. The site response spectra for
this evaluation will be representative of ground
motion for EQ-II as defined in the SDG.:

(b) Damping. A set of damping values for
each building, as a percentage of critical damping,
will be determined from table 4-2. These damping
values will be used to define the response spectra
representing the ground motion described in para-
graph (a), above.

(3) Capacity versus demand. The capacity
curve and the demand curve are plotted on the
same graph. Their intersection is considered to be
the reconciliation between demand and capacity.

The demand is represented by two curves: one
represents elastic damping for periods less than
the elastic period of the building and the other
represents damping at the ultimate capacity. A
transition line is drawn connecting the two curves
between the elastic period and the ultimate capac-
ity period. The procedure is identical to Method 2,
Capacity Spectrum Method, of the SDG, except
that the preliminary evalustion uses a more ap-
proximate capacity curve. An example, which is a
maodification of SDG figure 5-6, is shown in figure
4-6.

(4) Percent damage. To estimate the amount of
damage a building experiences from an earth-
quake, damage must first be defined. Until the
yield capacity of the structure is reached, damage
is assumed to be zero. When the ultimate capacity
is reached, damage is assumed to be 100 percent.
For intermediate values of capacity, the assess-
ment of damage is necessarily somewhat subjec-
tive and depends on many factors not amenable to

4-5
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Figure 4-3. Capacity spectrum curves

analytical treatment. In lieu of a better alterna-
tive, it is assumed that damage varies linearly
between the yield limit and the ultimate limit.
The increase in damping beyond the elastic limit
can be related to the effects of increased internal
energy absorption (e.g., hysteresis loops) and the
nonlinear effects (e.g., reduction in harmonic am-
plification) of the building response. In lieu of a
better alternative, damping is also assumed to
increase linearly between the yield limit and the
ultimate limit values. The percent of damage is
estimated from the graphical solution by taking
the ratio of the length between the damage recon-
ciliation point and the yield point (length d) to the
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length between the yield point and the ultimate
capacity (length ¢), as shown in figure 4-8. This
procedure is done for each of the principal direc-
tions of the building.

(5) Combined building damage estimate. For
each building, the damage is computed for each of
the principal directions of metion, longitudinal and
transverse. To determine the combined damage for
the two directions, it is assumed that one-third of
the building depends on each direction of lateral
resistance and the remaining one-third depends on
both directions for lateral resistance. That is, if a
structural element required for both directions for
lateral resistance is damaged by one direction of
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Figure 4-4. Tripartite plot of response spectra shown in SDG figure 2-8
motion, it is also damaged in the other direction. directions, the combined damage is 50 percent.
The procedure takes two-thirds of the damage of (6) Damage vs earthquakes. The procedure re-
the more critical direction and one-third of the quires damage evaluation for ground motion repre-

damage of the other direction to determine the sented by EQ-II as prescribed in paragraph
combined damage. For instance, if the damages 4-2d(2Xc). Damage estimates can also be deter-
are 60 percent and 30 percent in the two principal mined, with little additional effort, for smaller

4-7
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Figure 4-5. Response spectrum plotted in terms of S, vs T and S, vs S,

earthquakes that have a higher probability of
occurring at the site. For example, these smaller
earthquakes may include response spectra repre-
senting % and/or % the amplitudes of EQ-II
Sample results are shown in appendix F, figure
F-1, sheet 12. Damage estimates for these smaller
earthquakes may be necessary in some cases to aid
in establishing upgrading priorities between the
various buildings. For example, Building A may
be very sensitive to the size of the earthquake
such that for EQ-II it has 100 percent damage,
but for % of EQ-II it has no damage. Building B is
estimated to have 80 percent damage at the EQ-II
demand, 60 percent damage at % of EQ-II, and 20
percent damage at % of EQ-II. In this example, for
any earthquake up to % of EQ-II, Building A
performs better than Building B (no damage com-
pared to up to 60 percent damage). Only in the
event of EQ-II does Building B perform better

4-8

than Building A (80 percent damage vs. 100
percent damage). Thus, a conclusion may be made
that Building B has a higher priority for upgrad-
ing than Building A.

e. Results of the preliminary evaluation. The
results for all the buildings will be summarized in
tabular formats for ease of comparison. An exam-
ple is shown in appendix F, figure F-1, sheet 12.
These tabulations show estimated damage in
terms of percentages. If replacement cost data are
available, such as from the inventory data base,
damage can be shown in dollar costs.

4-3. Priorities for upgrading

The cost associated with a building’s vulnerability
to seismic damage within each building classifica-
tion is an important economic consideration in the
assignment of priorities for seismic upgrading.
Other considerations must also be evaluated in the
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Table 4-2. Damping values of structural systems

Structural] System Elastic-Linear Post Yield
Structural Steel 3% 7%
Reinforced Concrete 1) 10%
Masonry Shear Walls 7\ 120
Wood 10% 15%
Dual Systems Q) (2)

1. Use the velue of the primary, or more rigid, system.

If both

systems are participating significantly, a weighted value, pro-

portionate to the relative participation of each system, may be

used.

2. The value for the system with the higher damping value may be

used.

From SDG Table 4-1

assignment of priorities when limited funds are
available. These considerations will include: poten-
tial damage to building contents (e.g., a relatively
inexpensive warehouse structure may contain very
expensive electronic equipment that could be seri-
ously damaged by failure of the building); impor-
tance of the function performed by the building to
the mission of the installation; number of occu-
pants normally within the building; redundancy
(i.e., are there viable alternatives for performance
of the function if the building is lost? For example,
an urban area may have three or more buildings
that perform an essential function, but the tempo-
rary loss of function of one building could be offset
by the services of the others). The relative weight-
ing of each of the above considerations is some-
what subjective and may vary from one installa-
tion to another and therefore should be established
in collaboration with a designated representative
of the using agency.

4-4, Report

A report will be prepared to summarize the results

of the preliminary evaluation. The report will
include the following items.

a. Description of preliminary evaluation process.

b. Observation on nonstructural elements, occu-
pancy, and contents.

¢. Prioritization criteria and weighting factors
used.

d. Criteria for determining which buildings re-
quire further analysis and for justifying no further
analysis.

e. Method of analysis for each structural type.

f- Description of each building analyzed includ-
ing lateral force resisting system, assumed struc-
tural properties, etc.

& Copies of the capacity spectra with the graph-
ical estimation of structural damage.

h. Prioritization of buildings within each classi-
fication.

i. Results of analys. s that include building dam-
age assessments, list of buildings requiring further
analysis, and list of buildings not requiring fur.
ther analysis.

4-9



TM 5-809-10-2/NAVFAC P-355.2/AFM 88-3, Chap 13, Sec B

4-10

Spectral Acceleration, S, (g)

Period, T (sec.)

Figure 4-6. Capacity spectrum method for preliminary evaluation
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CHAPTER §

DETAILED STRUCTURAL ANALYSIS

5-1. Introduction

This chapter prescribes acceptance criteria and
describes general procedures for detailed struc-
tural analysis of existing buildings. Guidelines are
provided for determining the capacity of the exist-
ing structure to resist seismic forces. The detailed
analysis is performed on buildings that have been
selected as a result of the evaluation and/or priori-
ties (chapter 4) established by the approval author-
ity or on buildings as directed by higher authority.
The purposes of the detailed structural analysis
are to determine if the building satisfies the
acceptance criteria or if it requires seismic upgrad-
ing, and if it requires seismic upgrading to iden-
tify the deficiencies and to recommend alternatives
for the upgrading (chapter 6). The methodology for
the detailed structural analysis is summarized in
figure 5-1.

5-2. Acceptance criteria

The acceptance criteria for the seismic resistance
of existing buildings will be essentially as pre-
scribed for the post-yield analysis for EQ-II in
paragraph 4—-4 of the SDG. If an existing building
does not conform to the above criteria some lati-
tude is provided in the following paragraphs in
recognition that seismic upgrading is an expensive
and disruptive process and it may be more cost-
effective to accept an existing building that is
marginally deficient rather than to enforce strict
adherence to the criteria.

a. Conforming systems and materials. When
the lateral force resisting structural systems and
materials are in compliance with the requirement
of the BDM (Refer to BDM paragraph 3-6 for
approved structural systems and to BDM chapters
3, 5, 6, 7, and 8 for material requirements), the
earthquake demand represented by the EQ-II
response spectra may be reduced by a maximum of
15 percent (i.e., to 0.85 EQ-II) and the drift
limitations for EQ-Il will remain the same as
prescribed in SDG paragraph 4-4e(2Xa) (i.e., story
drift ratio 0.010 for essential and 0.015 for others).

b. Nonconforming systems and materials. When
the lateral force resisting system or the structural
materials do not conform to the approved systems
and material specifications of the BDM, justifica-
tion for acceptability of the existing systems and/
or materials is required. Requirements for sub-
stantiated data are prescribed below. Acceptance
of the approval agency is also required.

(1) Structural systems not specified in the
BDM and/or SDG (e.g., “nonductile” moment resis-
tant reinforced concrete frames and unreinforced
masonry shear walls) require an analytical evalua-
tion report. The report will include data for estab-
lishing the capacity of the system to resist seismic
loads and justification for the performance of the
system satisfying the intent of the BDM and SDG
provisions.

(2) Structural materials not satisfying the
minimum requirements of the BDM and SDG
require an evaluation report. Guidelines are pro-
vided in appendix E. )

(3) The acceptance criteria for the substanti-
ated noncomplying structural systems and materi-
als are the same as prescribed in paragraph a,
above, except that the drift will not be allowed to
exceed 60 percent of the drift limits prescribed for
conforming systems and materials.

c. Alternative acceptance criteria. In lieu of the
above acceptance criteria, at the option of the
approval authority, the acceptance criteria for the
seismic resistance of specific existing buildings,
namely other than essential buildings in seismic
zones 3 and 4, may be satisfied by conformance
with the provisions of the BDM or the Static Code
Procedure of appendix C.

5-3. Methodology for the analysis

The detailed structural analysis follows & proce-
dure similar to that used for the preliminary
evaluation for determining the capacity of the
structure to resist seismic loads, except that the
analysis is done in greater detail and with more
accuracy in order to increase the reliability of
recommendations for acceptability or upgrading.
The procedure extends beyond the scope of the
preliminary evaluation by identifying deficiencies
and evaluating the effects of correcting deficiencies
to improve the overall performance capabilities of
the building.

a. Document review. Available drawings, cal-
culations, specifications, and other design and/or
construction documents will be reviewed in detail
for pertinent information that will aid in the
detailed structural analysis. Items not covered by
the available documents and required to complete
a detailed analysis will be investigated during the
site inspection.

b. Site inspection. A detailed site examination
will be performed to confirm data contained in the
available design and construction documents and

5-1
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