
ARMY TM 5-809-10-1
NAVY NAVFAC P-355.1

AIR FORCE AFM 88-3, CHAP. 13, SEC A

a

TECHNICAL MANUAL

SEISMIC DESIGN GUIDELINES FOR

ESSENTIAL BUILDINGS

I This copy is a reprint which includes current
pages from Changes I 1

DEPARTMENTS OF THE ARMY, THE NAVY, AND THE AIR FORCE
27 FEBRUARY 1986

89:121402368391212
FDR WASTE
WM-1 I PDC



TM 5-809-10-1 /NAVFAC P-355.1 /AFM 88-3. Chapter 13, Section A
C1

CHANGE DEPARTMENTS OF THE ARMY, THE NAVY AND
THE AIR FORCE

No. 1 WASHINGTON, DC, 15 December 1986

TECHNICAL MANUAL

SEISMIC DESIGN GUIDELINES FOR ESSENTIAL BUILDINGS
TM 5-809-10-1/NAVFAC P-355.1IAFM 88-3, Chapter 13, Section A, 27 Feb-
ruary 1986, is changed as follows:
1. Remove and insert pages below. New or changed text material is indicated by a
vertical bar in the margin.

Remove pages Insert pages
Cover 1 and Cover 2............ Cover 1 and Cover 2

2. This transmittal sheet should be filed in the front of the publication for refer-
ence purposes.

The proponent agency of this publication Is the Office of the Chief of Engi-
neers, United States Army. Users are Invited to send comments and sug-
gested Improvements on DA Form 2028 (Recommended Changes to Publi-
cations and Blank Forms) direct to HQDA (DAEN-ECE-D). WASH DC
20314-1000.

By Order of the Secretaries of the Army, the Air Force, and the Navy:

Official:

MILDRED E. HEDBERG JOHN A. WICKHAM, JR.
Brigadier General, United States Army General, United States Army

The Adjutant General Chief of Staff

CHARLES G. GABRIEL
General, USAF
Chief of Staff

Official:

NORMAND G. LEZY J. P. JONES, JR.
Colonel, USAF Rear Admiral, CEC, U.S. Navy

Director of Administration Commander, Naval Facilities
Engineering Command

Distribution:
Army: To be distributed in accordance with DA Form 12-34B,

Requirements for Seismic Design for Buildings.
AirForce: F
Navy:



FOREWORD

The seismic design guidelines manual was developed to meet one of the
objectives for earthquake hazards reduction measures as promulgated
by the Earthquake Hazards Reduction Act of 1977 (Public Law 95-124).
The objective is the development and implementation of a technologi-
cally and economically feasible, improved design and construction meth-
ods and practices in areas of seismic risk to provide earthquake resistant
structures which are especially needed in time of disaster.

This guideline manual provides the latest seismic design concepts for
earthquake resistant structures by utilizing the dynamic analysis ap-
proach. The concept is for essential buildings but also includes design
provisions for high risk and irregular buildings. This manual also pro-
vides methodologies and procedures to determine site-dependent earth-
quake ground motions for sites anywhere in the United States. Two
levels of earthquake motion are considered. At the first level, the struc-
ture will be designed to remain elastic for damage control at a moderate
earthquake and at the second level, the criterion requires that the struc-
ture remains functional after a major earthquake. Also, commentary
and design examples are included to provide a comprehensive applica-
tions of the design methodologies for earthquake resistant facilities.

The general direction and detailed development of this manual was
under the supervision and guidance of the Office of the Chief of Engi-
neers, Headquarters, Department of the Army, Washington, DC and
necessary coordination was maintained with the Naval Facilities En-
gineering Command, Headquarters, Department of the Navy, Washing-
ton, DC and Directorate of Engineering and Services, Headquarters,
Department of the Air Force, Washington, DC.



TM 5-809-10-1
NAVFAC P.355,1

AFM 88-3, Chapter 13, Section A

TECHNICAL MANUAL
No. 5-809-10-1
NAVY MANUAL
NAVFAC P-355.1
AIR FORCE MANUAL
No. 88-3, CHAPTER 13, SECTION A

DEPARTMENTS OF THE ARMY, THE NAVY
AND THE AIR FORCE

WASHINGTON, DC, 27 February 1986

SEISMIC DESIGN GUIDELINES FOR ESSENTIAL BUILDINGS
Paragraph Page

CHAPTER 1. GENERAL
* Purpose and scope ................. .

Backgrounda.
Preparation of project documents.
References and bibliography.

* CHAPTER 2. INTRODUCTION TO SEISMIC ANALYSIS
Introduction.
General.
Ground motion caused by earthquakes .
Site effects .
Dynamic analysis of structure.
Nonstructural elements.

CHAPTER 3. SPECIFICATIONS OF GROUND MOTION
Section I. Basic steps for specification of ground motion
Introduction.
Definition of terms, glossary, and symbols.
General overview of seismic hazard analysis.
Section II. Procedure for site specific ground motion
Determination of source seismicity.
Selection of the attenuation relation.
Site specific response spectra.
Interpretation and summary.
Section III. The ATC-3-06 method
The ATC--06 method .

CHAPTER 4. CRITERIA FOR STRUCTURAL ANALYSIS
Introduction.
General requirements...............................................................
Elastic design provisions.
Post-yield analysis provisions.

CHAPTER 5. STRUCTURAL DESIGN PROCEDURE
Introduction.
Preliminary design considerations.
General design procedures.
Designing for EQ-I .
Designing for EQ-I .

CHAPTER 6. NONSTRUCTURAL ELEMENTS
Introduction.
General requirements...............................................................
EQ-I provisions.
EQ-I provisions.
Architectural elements ....................... ...............................
Mechanical and electrical elements ..................................................
Essential systems.

CHAPTER 7. STRUCTURES OTHER THAN BUILDINGS
Introduction.
General requirements...............................................................
Elevated tanks and other inverted pendulum structures.
Vertical tanks (on ground).
Horizontal tanks (on ground).
Retaining walls .
Buried structures .

APPENDIX A. SYMBOLS AND NOTATIONS .
APPENDIX B. REFERENCES.
APPENDIX C. GROUND MOTION BACKGROUND DATA ..........................................

1-1
1-2
1-3
1-4

2-1
2-2
2-3
2-4
2-5
2-6

3-1
3-2
3-3

3-4
3-5
3-6
3-7

1-1
1-1
1-2
1-3

2-1
2-1
2-1
2-5
2-6
2-14

3-1
3-3
3-3

3-11
3-30
3-40
3-54

3-8 3-57

4-1
4-2
4-3
4-4

5-1
5-2
5-3
5-4
5-5

6-1
6-2
6-3
6-4
6-5
6-6
6-7

7-1
7-2
7-3
7-4
7-5
7-6
7-7

4-1
4-1
4-2
4-7

5-1
5-1
5-1
5-12
5-19

6-1
6-1
6-1
6-6
6-6
6-6
6-7

7-1
7-1
7-1
7-2
7-2
7-2
7-2
A-I
B-1
C-1

I



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

SEISMIC DESIGN GUIDELINES FOR ESSENTIAL BUILDINGS
APPENDIX D. DESIGN EXAMPLES-GROUND MOTION ..........................................
APPENDIX E. DESIGN EXAMPLES-STRUCTURES. ..............................................
APPENDIX F. DESIGN EXAMPLES-EQUIPMENT IN BUILDINGS ...............................
BIBLIOGRAPHY .......................................................................................
GLOSSARY ...........................................................................................
INDEX ...............................................................................................

Paragraph Page
D-1
E-1
F-1

Bibliography 1
Glossary 1

Index I

Figure 2-1.
2-2.
2-3.
2-4.
2-5.
2-6.
2-7.
2-8.
2-9.

2-10.
2-11.

3-1.
3-2.
3-3.
3-4.
3-5.
3-6.
3-7.
3-8.
3-9.

3-10.
3-11.
3-12.
3-13.
3-14.
3-15.
3-16.

3-17.
3-18.
3-19.
3-20.
3-21.
3-22.
3-23.
3-24.
3-25.
3-26.
3-27.
3-28.
3-29.
3-30.
3-31.
3-32.
3-33.
3-34.
3-35.
3-36.
3-37.
3-38.
3-39.
3-40.

LIST OF FIGURES

Recorded acceleration at ground level for three components of motion
Ground acceleration and integrated ground velocity and displacement curves
Description of acceleration response spectrum
Response spectra from recorded ground acceleration shown in Figure 2-1, transverse (north)
Single-degree-of-freedom system
Multi-degree-of-freedom system
Multi-mass system represented by a single-mass system
Design response spectra for examples in figures 2-9 and 2-10
Sample modal analysis of a 30-story building
Sample modal analysis of a 7-story building
Response of flexibility mounted equipment in buildings
Selection procedures
General flow diagram selection chart
General flow chart
Flow diagram for the Western United States
Hazard evaluation of Western United States
Flow diagram for the Eastern United States
Hazard evaluation of Eastern United States
Regional differences
Flow chart for Step 1, source identification and modeling for the Western United States
Point, line, and area sources
Dipping plane source
Flow chart for Step 1, source identification and modeling for the Eastern United States
Seismic sources after Algumissen and Perkins
Seismic sources after Hadley and Divine
Seismic sources after Tera
Flow chart for Step 11, seismicity and recurrence relationships for Western United States and Eastern
United States
Linear recurrence relationship
Bilinear recurrence relationship
Recurrence relation for North San Andreas
Flow chart for Step 111, seismic forecasting model
Step IV, attenuation of ground motion from source to site
Attenuation distances
OASES attenuation
Attenuation relations
Comparison of ground motion models for Mb = 5.5
Description of sets of M and R required for a given PGA
Step V, site specific response spectra
Newmark-Hall spectrum
Statistical averaging of normalized spectra
Average acceleration spectra for different site conditions
Eighty-four percentile acceleration spectra for different site conditions
Predominant periods in rock, earthquake magnitude 7
Predominant periods for maximum acceleration in rock
Comparison of DAF from Kiremidjian and Shah to DAF from Seed et al, soil class = 0, damping = 5%
Comparison of DAF from Kiremidjian and Shah to DAF from Seed et al, soil class = 1, damping = 5%
Comparison of DAF from Kiremidjian and Shah to DAF from Seed et al, soil class = 2, damping = 5%
Factors affecting spectral shape
Envelope quality of the DAF shape
Hazard curve for site PGA with exposure time of 50 years
Contour map for effective peak acceleration

ii



27 February 1986 TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

Figure 3-41.
3-42.
3-43.
3-44.

3-45.
3-46.
3-47.
3-48.
3-49.
3-50.
3-51.

4-1.
4-2.
4-3.
5-1.
5-2.
5-3.
5-4.
5-5.
5-6.
6-1.
6-2.
6-3.
C-I.
C-2.
C-3.
CG4.
C-5.
C-6.
C-7.
C-8.
C-9.

C-10.
D-i.
D-2.
D-3.
D-4.
D-5.
DU-.
D-7.
U-8.
D-9.

D-10.
D-lI.
D-12.
0-13.
D-14.
D-15.
D-16.
D-17.
D-18.
E-l.
E-2.
E-3.
E-4.
F-I.
F-2.
F-3.
'-4.

Contour map for effective peak acceleration
Contour map for effective peak velocity-related acceleration coefficient
Contour map for effective peak velocity-related acceleration coefficient
Schematic representation showing how effective peak acceleration and effective peak velocity are
obtained from a response spectrum
Annual risk of exceeding various peak accelerations for locations on the indicated contours of A. and A,
Tripartite representation of EQ-1i
EQ-Il spectra for A. = A, = 0.40 and i3 = 5 percent
Effective spectra] envelope
Regional shape differences
Las Vegas, Nevada, site spectra for soil type S2
Emeryville, California, site spectra for soil type S3
Definition of inelastic demand ratios for flexural members
Ductility check of steel columns
Ductility check for concrete columns
Gravity/seismic load relationships
Dynamic structural characteristics
Nonproportional relationship between peak ground acceleration and spectral acceleration
Sample EQ-I spectrum and ZICS curve
Force-displacement capacity curve
Capacity spectrum method
Design M.F. vs. period ratio
Sample roof response spectrum
Post-yield M.F. curve
Earthquake source model
Types of fault slips
The Richter scale
Relation between earthquake magnitude and intensity
McCann and Shah relationship
The PGA-MMI relationship with the intervals associated with each intensity
Single-degree-of-freedom system
Maximum dynamic load factor for sinusoidal load
Judgmental averaging of empirical and analytical site spectra
Relative degree of fault activity
Source models and records for sources I and 2
Recurrence relation for source I
Recurrence data plot for source I
Source location and element properties
Probability calculations for event combinations giving the hazard P (PGA > 0.20g)
Site hazard curve and scaled site spectrum for EQ-I
Scheme of present seismic hazard methodology
General flow chart for seismic hazard analysis
Earthquake listing for example 2
Output for recurrence relationship, example 2
Recurrence relationship for example 2
Output for bilinear recurrence relationship, example 2
Bilinear recurrence relationship for example 2
Seismic sources for region of example 3
Earthquake listing for sources in example 3
Output for recurrence relationships and site PGA probability distribution for example 3
Complementary cumulative distribution function for example 3
Acceleration zone graph (AZG) for CITY 2
Sample modal analysis
Building with a box system
Building with steel moment-resisting frames and steel braced frames
Seven-story ductile concrete frame building
Cooling tower in building
Unit heater-flexible brace
Unit heater-rigid support
Tank on a building

iii



-

TM 5-809-1 0-1 /NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

Table 3-1.
3-2.
3-3.
3-4.
3-5.
3-6.
3-7.
4-1.
4-2.
5-.

5-la.
5-lb.
5-ic.

5-2.
5-3.
5-4.
6-1.
6-2.
6-3.
7-1.
C-l.
C-2.
C-3.
CA-.
C-5.
C-6.
C-7.
CG-.
C-9.

C-10.
C-li.
D-1.
E-l.
F-I.

LIST OF TABLES

Return period as a function of exposure time and probability of exceedance
OASES attenuation constants for median PGA values
Spectrum amplification factors for horizontal elastic response
Map contour and ground motion levels
Site soil profile types
Site profile coefficient
Damping adjustment factors
Damping values for structural systems
Inelastic demand ratios
Seismic design procedures
Seismic design of essential facilities
Seismic design of high-risk buildings
Seismic design for other buildings
General modal relationships
Seven-story building-transverse direction-summary of modal analysis
Conversion of V and BN to S. and T
Example of a response amplification curve for the building's fundamental mode of vibration.
Data for the floor (roof) response spectrum example of figure 6-2
Essential nonstructural systems
Damping values for structures other than buildings
Magnitude and seismic moment
The Modified Mercalli intensity scale
The Rossi-Forel scale
Relationship between Modified Mercalli intensity (MM) and Rossi-Forel intensity (RF)
Relationship between MMI and PGA
Magnitude-displacement relationship
Displacement-fault length relationship
Magnitude-fault length relationship
Magnitude-length times displacement relationship
Magnitude-length times squared displacement relationship
Degree of fault activity
Return period vs PGA for CITY 2
Design examples-structural
Design examples-equipment in buildings

iv



27 February 1986 TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

CHAPTER 1
GENERAL

1-1. Purpose and scope.
a. Purpose. This manual prescribes criteria

and furnishes guidelines for the design of es-
sential buildings, high-risk buildings, and other
structures that may require analytical proce-
dures that are beyond the scope of TM 5-809-
10/NAVFAC P-355/AFM 88-3, chapter 13, "Seis-
mic Design for Buildings." Methodologies and
procedures are given for determining site-de-
pendent ground motion and for the dynamic
analysis of buildings. These criteria apply to all
elements responsible for design of military con-
struction located in seismic regions. This man-
ual is a supplement to TM 5-809-1O/NAVFAC
P-355/AFM 88-3, chapter 13, referred to herein
as the Basic Design Manual.

b. Scope. Approval from DAEN-ECE-D
(Army), NAVFAC Code 04BA (Navy), or HQ
USAF/LEEE (Air Force) is required for the use
of this manual as an alternative requirement to
applicable provisions of the Basic Design Man-
ual. This manual is for guidance in the design
of buildings and other structures housing es-
sential mission-oriented facilities and those that
are vitally needed for post-disaster recovery that
require continuous operation during and after
an earthquake. This manual may also be used
for guidance in the design of buildings that are
classified in a high-risk category; buildings that
are irregular in shape, size, and configuration
that require consideration of the dynamic char-
acteristics of the structure; and all other build-
ings as an alternative to the equivalent lateral
static force procedure for determination and
distribution of seismic forces. These guidelines
encompass: (1) assessment of the seismic haz-
ard at the site; and (2) seismic design of the
structural and nonstructural systems for new
buildings and other structures. The problems
relating to earthquake-induced ground failure
(e.g., liquefaction) are already stated in Basic
Design Manual paragraph 2-7 and will not be
covered in this manual. Alterations or evalua-
tions of existing structures are not specifically
covered by this manual; however, the principles
and guidelines contained herein may be adapted
for such use.

c. Seismic hazard risk levels. Seismic ground
motion input for two risk levels is specified in
chapter 3 for the prescribed structural perform-
ance criteria in chapter 4. The selected risk lev-
els of the two earthquakes (EQ-I and EQ-Il)

are based on DOD standards; however, the risk
levels may be revised, as warranted, by approval
authorities.

d. Classification of structures.
(1) Hazardous critical facilities. These fa-

cilities (e.g., nuclear power plants, dams, and
LNG facilities) are not included within the scope
of this manual, but are covered by other publi-
cations or regulatory agencies. 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).

(2) Essential facilities. These are struc-
tures housing facilities that are necessary for
post-disaster recovery and require continuous
operation during and after an earthquake. This
includes facilities where damage from an earth-
quake may cause significant loss of strategic and
general communications and disaster response
capability. This category also includes facilities
serving an essential military function that must
not be disrupted. Typical examples are listed in
the Basic Design Manual, paragraph 3-Sa.

(3) High-risk. This classification includes
those structures where primary occupancy is for
assembly of a large number of people; where the
primary use is for people that are confined; or
where services are provided to a large area or
large number of other buildings. Buildings in
this classification may suffer limited damage in
a large earthquake, but are recognized as war-
ranting a higher level of safety than the average
building. Typical examples are listed in the Basic
Design Manual, paragraph 3-5b.

(4) All others. The provisions of this man-
ual may be used for irregular buildings or as an
option for all other buildings not covered by the
above paragraphs only with the consent of the
approval authority.

1-2. Background.
a. Expectations. Current seismic design cri-

teria, such as prescribed by the Basic Design
Manual, consist of specified equivalent lateral
static forces that are resisted by the designed
structural systems. Structures designed in con-
formance with such provisions and principles
are expected to be able to: (1) resist minor
earthquakes without damage; (2) resist mod-
erate earthquakes without structural dam-
age, but with some nonstructural damage; and

1-1
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(3) resist major or severe earthquakes without
major failure of the building or its component
members and equipment, and to maintain life
safety. For most structures, even in a major
earthquake, structural damage should be lim-
ited to repairable damage. It is also recognized
that for certain critical facilities, particularly
those essential to public safety and well-being
in case of emergency, criteria should be avail-
able to the designer that will permit design of
a facility that will remain operational during
and after an earthquake.

b. Lessons learned. Recent earthquakes have
demonstrated that the existing seismic design
requirements, as they have been implemented,
are not necessarily adequate to insure contin-
ued operation of critical facilities vitally needed
after a major earthquake, such as hospitals, fire
stations, and communications centers. There-
fore, there is a need for a more realistic ap-
proach to seismic-resistant design for buildings
that must remain continuously functional after
a major earthquake.

c. Recent developments. Earthquake engi-
neering research and data collected from ground
motion instrumentations and earthquake-caused
building responses during the last two decades
have greatly increased knowledge in geotechni-
cal fields and have presented a clearer under-
standing of the performance of materials and
structural elements. Therefore, practicing en-
gineers are able to become familiar with meth-
ods of dynamic analysis as they are exposed to
new design procedures by means of technical
publications, conferences, and continuing edu-
cation programs.

d. Design philosophy. One way of attempt-
ing to reduce the risk of earthquake damage to
buildings is by imposing a higher design force
coefficient, such as an I-f actor of 1.5, for essen-
tial facilities. This is not always a sufficient or
satisfactory approach to seismic design. In-
creasing the design forces by 50 percent may be
insignificant if a major earthquake results in
demands several times the design capacity. On
the basis of current knowledge, it appears that
a two-level (or two-phase) approach to design
will give better insight to postulated behavior
of structures. In this procedure, geotechnical data
and probabilistic techniques are used to postu-
late the motion for two earthquakes: (1) the
maximum probable earthquake, which is likely
to occur one or more times during the life of the
building (e.g., an earthquake with a 50-percent
chance of being exceeded in 50 years); and (2)
the maximum theoretical earthquake that can
occur at the site, but has a low probability of

1-2

occurring during the life of the building (e.g.,
10-percent chance of being exceeded in 100 years).
In the first phase of the procedure, the building
is structurally designed to resist the lower level
earthquake within prescribed bounds of elastic-
linear procedures. In the second phase of the
procedure, the building is analyzed for its re-
sponse to the higher level earthquake by means
of procedures that account for inelastic behav-
ior, ductility demands, potential instability, and
damage control. These guidelines are intended
to insure that essential facilities will be capable
of resisting the two levels of earthquake ground
motion as follows: (1) for ground motion as-
sociated with the maximum probable earth-
quake, only minor damage, if any, will occur and
the facilities will not have any loss of function;
and (2) for ground motion associated with the
maximum theoretical earthquake, no cata-
strophic failures will occur, damage will be re-
pairable, and essential facilities will remain
functional. The definitions and the methodology
for determining these earthquakes are covered
in chapter 3. The criteria and procedures for
design are covered in chapters 4 and 5.

1-3. Preparation of project documents.
a. Design analysis. A design analysis con-

forming to agency standards will be provided
with final plans. This design analysis will include
seismic design computations for the determi-
nation of ground motion charateristics, for the
determination of dynamic characteristics of the
structure, for the stresses in the lateral-force-
resisting elements and their connections, and
for the resulting lateral deflections and inters-
tory drifts. The first portion of the Design Anal-
ysis, called the Basis of Design, will contain the
following specific information:

(1) A statement on the methodology used
for determining the ground motion criteria, and
a description of the response spectra for which
the structure will be designed.

(2) A description of the structural system
selected for resisting lateral forces and a dis-
cussion of the reasons for its selection. A sym-
metrically configured lateral resisting framing
system, without vertical irregularities, will be
required. However, if irregular conditions are
unavoidable, a statement describing special
analytical procedures to account for the irreg-
ularities will be submitted for review and ap-
proval by the approval authority.

(3) A statement regarding compliance with
this manual, including a list of the values se-
lected for damping and maximum inelastic de-
mand ratios for critical structural elements.

)
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(4) Any possible assumed future~expansion
for which provisions are made.

b. Drawings. Preparation of drawings will
conform to agency standards for ordinary con-
struction, with the following additional specific
requirements for seismic construction:

(1) Preliminary drawings will contain a
statement that seismic design will be incorpo-
rated in accordance with this manual. The
Basis of Design will comply with paragraph a
above.

(2) Construction drawings for seismic areas
will include the following additional special in-
formation:

(a) A statement on the seismic ground
motion criteria including the design peak ground
accelerations and related response spectra.

(b) A statement on the lateral-force de-
sign criteria including a tabulation of the pe-

riods of vibration and equivalent design lateral
forces and other factors.

(c) Assumptions made for future exten-
sions or additions.

(3) Site adaption of standard drawings will
include design revisions for the seismic area as
required.

1-4. References and bibliography.
Publications that may be required to supple-
ment the provisions of this manual are listed in
appendix B, References. Publications that may
be useful as back-up material and are presented
as suggested reading are included in the bibli-
ography. When pertinent to the subject, some
publications in the bibliography are noted in the
text by the bibliography number, in parenthesis.
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CHAPTER 2
INTRODUCTION TO SEISMIC ANALYSIS

2-1. Introduction.
This chapter provides an introduction to the basic
concepts of dynamic analysis for buildings re-
sponding to the ground motions caused by
earthquakes. General guidance is given in the
selection and use of various procedures for the
design of structural systems.

2-2. General.
An earthquake causes vibratory ground mo-
tions at the base of a structure and the structure
actively responds to these motions. Seismic de-
sign involves two distinct steps: (1) determining
or estimating the forces that will act on the
structure; and (2) designing the structure to
resist these forces and to keep deflections within
prescribed limits.

a. Determination of forces. There are two
general approaches to determining seismic
forces: (1) an equivalent static force procedure,
such as presented in the Basic Design Manual;
and (2) a dynamic analysis procedure. This man-
ual illustrates the dynamic analysis procedure.
Seismic forces are determined from data derived
from the specification of ground motion. These
ground motion data will generally be given in
terms of a response spectrum; however, in some
cases the data may be described in terms of a
digitized time history.

b. Design of the structure. Structures are
generally designed to resist applied forces well
within the elastic capacity of their structural
members. This is accomplished either by pre-
scribing maximum allowable working stresses
for materials, or by using a strength design con-
cept with prescribed load factors. However, for
exceptional loading conditions, such as caused
by major earthquakes, structures may be re-
quired to resist deformations that exceed the
elastic capacities of the structural elements. In
conventional methods of seismic design, it is as-
sumed that the design criteria will provide ad-
equate safety by means of load factors and special
details that provide the necessary ductility to
resist major earthquake deformations. In the
methods presented in this manual, the design
procedures will give a better insight as to the
performance of a structure when subjected to
the exceptional loading conditions of a major
earthquake. This method is generally referred
to as a two-level approach to structural design.

2-3. Ground motion caused by
earthquakes.

A general introduction to earthquake ground
motion is presented in the Basic Design Manual.
The relationship of a ground motion to the site
and an introduction to time-history and re-
sponse spectra are presented herein. A detailed
methodology for determining site-specific ground
motion characteristics is covered by chapter 3
of this manual.

a. General.
(1) Ground motion is generally strongest in

the vicinity of its source (e.g., a rupturing fault),
with the severity of shaking diminishing with
an increase in distance.

(2) The predominant periods of ground mo-
tion vibration generally lengthen as distance in-
creases from the source (para 3-6f).

(3) Deep deposits of soft soils tend to pro-
duce ground surface motions having predomi-
nantly long period characteristics.

(4) Deposits of stiff soils or rock result in
ground motions having predominantly short pe-
riod characteristics.

b. Time history. The basic measurement of
earthquake ground motion is the accelerogram
record taken by seismometers. When these in-
strument records are properly corrected for
elimination of recording noise and for base line
adjustment, a primary data base for seismic load
specifications is provided. Data banks of past
earthquake records from all parts of the world
are readily accessible from earthquake research
centers. A typical seismometer station provides
records of two orthogonal horizontal motions
and one vertical motion, as illustrated in figure
2-1. The corresponding processed accelero-
grams are intended to be the best representa-
tion of the actual ground acceleration at the
recording site. For a given component, the time
derivative relations between ground displace-
ment, x(t); velocity x(t); and acceleration, x(t),
allow the presentation of each of these motion
histories, as shown in figure 2-2. The maximum
or peak values of displacement (PGD), velocity
(PGV), and acceleration (PGA) provide the most
elementary and popular measures of an earth-
quake's severity. Duration (or bracketed dura-
tion) of strong motion is also an important
measure, but it is not explicitly used in design
criteria at the present time.
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RECORDED ACCELERATION AT GROU11D LEVEL DURING THE 1971
SAN FERNANDO EARTHQUAKE
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Reprinted from "The San Fernando, Cali-
fornia, Earthquake of February 9, 1971,"
U.S. Covernment Printing Office, 1971.

Figure 2-1. Recorded acceleration at ground level for three components of motion.
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Figure 2-2. Ground acceleration and integrated ground velocity and displacement curves.
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c. Response spectra. For design purposes, it
would be ideal to forecast the acceleration time
history of a future earthquake having a given
hazard of occurrence. However, the complex
random nature of an accelerogram makes it nec-
essary to employ a more general characteriza-
tion of ground motion. Specifically, the most
practical representation is the earthquake re-
sponse spectrum. This spectrum is used not only
to describe the intensity and vibration fre-
quency content of accelerograms, but also the
most important advantage is that spectra from

several records can be normalized, averaged, and
then scaled according to seismicity to predict
future ground motion at a given site. The phys-
ical definition of an acceleration response spec-
trum is shown in figure 2-3. A set of linear elastic
single-degree-of-freedom (SDOF) systems hav-
ing a common damping ratio, I, but each having
different harmonic periods over the range 0, T1,
T2, etc. is subjected to a given ground motion
accelerogram. The entire time history of accel-
eration response is found for each system, and
the corresponding maximum value, Sa, is plotted

JrJTEM

RAspoJAVJX

_________GOUIN/
____PA C CCE(.eATION

LINeA urn OF
G/VCEN bAMP/NC _~~/ iP?
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dtEJR0 ONJe

~~~~~ e c ~l
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US Army Corps of Engineers

Figure 2-3. Description of acceleration response spectrum.
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on the period axis for each system period. The
curve connecting these Sa values is the accel-
eration response spectrum for the given acce-
lerogram and damping ratio. Actual spectra for
the transverse (north) accelerogram of figure
2-1 are shown for several damping ratios in fig-
ure 2-4. A smoothed individual spectrum (fig 2-
4b), or averages of multiple record spectra, is
employed as the seismic load input for the dy-
namic analysis of structures. Note that the Sa

curve provides the maximum response value for
any given system period, T.

2-4. Site effects.
a. Response spectrum shape. Response spec-

tra shapes are determined largely by empirical
data. Time history records of past earthquakes
are used to construct response spectra. As the
data bank increases, average trends can be ob-
served with respect to the general shape of re-
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Figure 2-4. Response spectra from recorded ground acceleration shown in figure 2-1.
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sponse spectra curves. When these data are
catalogued in terms of tectonic region, event in-
tensity, distance, and site characteristics, spe-
cific response spectra shapes can then be
developed that represent the conditions of par-
ticular sites. Procedures for developing re-
sponse spectra are covered in chapter 3, and
illustrative examples are included in appendix D.

b. Soil column. Site soil characteristics can
be used to develop a mathematical model of a
soil column at a building site. For a postulated
bedrock earthquake, analytical procedures can
be used to calculate the soil column's effect on
the ground motion at the surface or the base of
a structure. These results can be used either to
calculate the shape of the response spectrum of
these particular conditions, or used directly for
time history analysis of the structure.

c. Foundation design. All inertia forces
originating from the masses on the structure
must be transmitted to and from the lateral-
force-resisting elements, to the base of the
structure, and into the ground. Foundations must
be designed to provide stability for response due
to maximum seismic ground motion. It should
also be noted that the type, size, and depth of a
foundation system can have an effect on a struc-
ture's response to seismic motion and that the
actual seismic input is a series of reversing load
cycles.

2-5. Dynamic analysis of structures.
Structures that are keyed into the ground and
extend vertically some distance above the ground
act either as simple or complex oscillators when
subjected to earthquake-caused ground motion.
Simple oscillators are represented by single-de-
gree-of-freedom (SDOF) systems, and complex
oscillators are represented by multi-degree-of-
freedom (MDOF) systems. When a structure's
base is suddenly moved by earthquake ground
motion, the upper part of the structure will not
respond instantaneously, but will lag behind be-
cause of the structure's inertial resistance and
flexibility. This concept is illustrated in the Basic
Design Manual, paragraph 2-4. As time pro-
gresses during an earthquake, the structure's
various natural modes of vibration will be ex-
cited to peak amplitudes of motion as described
by the response spectrum (para 2-3c).

a. Single-degree-of-freed6m system. One
fundamental system that is investigated by dy-
namic analysis is the simple oscillator or SDOF
system, as shown in figure 2-5. Represented by
a single lump of mass on the upper end of a
vertically cantilevered pole or by a mass sup-
ported by two columns (part a of fig 2-5), this
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system is used in textbooks to illustrate prin-
ciples of dynamics. It represents two kinds of
real buildings: (1) a single-column structure with
a relatively large mass at its top; and (2) a sin-
gle-story frame structure with flexible columns
and rigid roof system. In the idealized system,
the mass (M) represents the weight (W) of the
system divided by the acceleration of gravity (g)
(M = W/g). The pole or columns represent the
stiffness (K) of the system, which is a ratio equal
to a horizontal force (F) applied to the mass
divided by the displacement (8) resulting from
that force (K = Fi8). If the mass is deflected and
then quickly released, it will freely vibrate at a
certain frequency, which is called its natural
freuency of vibration. The period of vibration
(T), which is the inverse of the frequency of
vibration, is the time taken for the mass to move
through one complete cycle (i.e., from one side
to the other and back again (part b of fig 2-5).
The period is equal to 2irV M/K. In an ideal sys-
tem having no damping (I = 0), the displaced
system described above would vibrate forever.
In a real system where there is some damping,
the amplitude of motion will decrease for each
cycle until the structure stops oscillating and
comes to rest (part c of fig 2-5). The greater the
damping, the sooner the structure comes to rest.
The amount of damping is defined in terms of a
ratio, or percentage, of critical damping. If the
structure has damping equal to 100 percent of
critical damping (I = 1.0), the displaced struc-
ture will come to rest without crossing the ini-
tial point of zero displacement. If oscillating
motion is applied to the base of the system, the
SDOF system will be forced to vibrate. If the
oscillating motion at the base is at a period equal,
or nearly equal, to the period of the SDOF sys-
tem, the motion of the mass will amplify until
it is substantially greater than the motion at the
base. This condition is called resonance. The
lower the value of A, the higher the amplifica-
tion.

b. Multi-degree-of-freedom systems. Multi-
story buildings are analyzed as MDOF systems
as shown in figure 2-6. They can be represented
by lumped masses attached at intervals along
the length of a vertically cantilevered pole (part
a of fig 2-6). Each mass can be deflected in one
direction or another; for example, all masses
may simultaneously deflect in the same direc-
tion (the fundamental mode of vibration), or
some masses may go to the left while others are
going to the right (higher modes of vibration).
An idealized system, such as shown in part a of
figure 2-6, has a number of modes equal to the
number of masses. Each mode has its own nat-
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Figure 2-6. Multi-degree-of-freedom system.

ural modal period of vibration with a unique
mode shape being formed by a line connecting
the deflected masses (part b of fig 2-6). When
oscillating motion is applied to the base of the
multi-mass system, these masses move. The de-
flected shape is a combination of all the mode
shapes; but modes having periods that are near,
or equal to, predominant periods of the base
motion will be amplified more than the other
modes. Illustrative examples of MDOF systems
are included in appendix E.

c. Multi-mode response to ground mo-
tion. Each mode of an MDOF system can be
represented by an equivalent SDOF system hav-
ing a normalized mass (M*) and stiffness (K*)
where the period equals 21 7V'M-7IK (M* and K*
are functions of mode shapes, mass, and stiff-
ness). This concept, as shown in figure 2-7, pro-
vides the computational basis for using site
specific earthquake response spectra based on
SDOF systems for analyzing multi-storied build-
ings. With the period, mode shape, mass distri-
bution, and response spectrum, one can compute
the deflected shape, story accelerations, forces,
and overturning moments. Using the response
spectrum method on MDOF systems requires
analyzing each predominant mode separately.
Results of each individual modal analysis must
then be combined in order to analyze the multi-

2-8

mode system. For many buildings, the partici-
pation of the higher modes is negligible in re-
lation to the participation of the fundamental
modes of vibration. However, for tall, long-pe-
riod, and irregular buildings, the second, third,
and, possibly, higher modes may have a sub-
stantial effect. The amount of higher mode par-
ticipation depends on both the building's modal
characteristics and the amplitude-period char-
acteristics of the response spectrum. Assuming
that several modes are significant, one must se-
lect an appropriate method of combining the re-
sults of the several modes. One method is simply
to add up the effects of each mode (absolute
sum). This is an overly conservative approach
because the response spectrum gives the peak
response of each mode, and different modes reach
their peak amplitudes at different times during
the earthquake. Since the spectrum gives only
the maximum values and the time of occurrence
is unknown, some approximate method of mode
combination must be used. The method most
commonly employed is to combine the modes by
the square-root-of-the-sum-of-the-squares
(SRSS) of the peak response of each mode (this
is analogous to a vector sum). This offers a rea-
sonable value between the upper bound as the
absolute sum of the modes and the lower bound
as the maximum value of a single mode. To il-

)
I/
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lustrate the multi-mode analysis of multi-sto- for modal analysis examples of a 30-story build-
ried buildings, two examples are given. Figure ing and a 7-story building.
2-8 shows design response spectra that are used
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Figure 2-8. Design response spectra for examples in figures 2-9 and 2-10.
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(1) Thirty-story building. The example in
figure 2-9 summarizes the results of a modal
analysis of a structural framing system that
represents one principal axis of a 30-story build-
ing. The fundamental period of vibration is 3.0

seconds. The periods of the second and third
modes of vibration are 1.00 seconds and 0.56 sec-
onds, respectively. From the response spectrum
curve in figure 2-8, which represents 5 percent
of critical damping (A = 0.05), it is determined
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Figure 2-9. Sample modal analysis of a 30-story building.
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that the second mode spectral acceleration
(0.240g) is triple that of the first mode spectral
acceleration (0.080g), and that the third mode
spectral acceleration (0.45g) is over 5 times that
of the first mode spectral acceleration. On the
basis of mode shapes and modal participation
factors (chap 5), modal story displacements, ac-
celerations, forces, shears, and overturning mo-
ments can be determined. For ease of comparison
to the 7-story example (para (2). below), the 30-
story building is compacted to seven lumped
masses, each representing four stories. Back-up
data for this example are included in appendix
E (design example E-1). The modal analysis
procedure is covered in chapter 5.

(a) Diagram (a) of figure 2-9 shows the
modal displacements. Note that the funda-
mental mode (first mode) predominates, while
second and third mode displacements are rela-
tively insignificant. The SRSS combination does
not differ greatly from the fundamental mode.

(b) Diagram (b) shows story accelera-
tions. In this form, the second and third modes
do play a significant role in the structure's max-
imum response. While the shape of an individual
mode is the same for displacements and accel-
erations, accelerations are proportional to dis-
placements divided by the squared value of the
modal period, which accounts for the greater
accelerations from the higher modes. The shape
of the SRSS combination of the accelerations is
substantially different from shapes of any of
the individual modes because it accounts for the
predominance of the various modes at different
story levels. Note that the maximum accelera-
tions on stories 5 through 25 do not vary by more
than 10 percent from the mean value, indicating
that the maximum acceleration felt at most floor
levels is fairly constant. However, these maxi-
mum values would not occur simultaneously or
with the same period content.

(c) Diagram (c) shows story forces whose
values are obtained by multiplying the story ac-
celeration by the story mass (or weight). The
shapes of diagram (c) curves are quite similar
to the shapes of diagram (b) curves because the
building mass is essentially uniform.

(d) Diagram (d) shows story shears,
which are a summation of the modal story forces
in diagram (c). The higher modes become less
significant in relation to the first mode because
the forces tend to cancel each other due to the
reversal of direction. Except for the top stories,
the SRSS values do not differ substantially from
the first mode values.

(e) Diagram (e) of figure 2-9 shows the
building overturning moments. Again, the
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higher modes become somewhat insignificant
because of the reversal of force directions. The
SRSS curve is essentially equal to the first mode
curve at the lower stories of the building.

(2) Seven-story building. The example in
figure 2-10 summarizes the results of a modal
analysis of a structural framing system that
represents one principal axis of a 7-story build-
ing. Back-up data for this example are included
in appendix E (design example E-1). The pe-
riods of vibration are roughly 30 percent of the
periods of the 30-story building (fig 2-9); pe-
riods of the first, second, and third modes being
0.880 seconds, 0.288 seconds, and 0.164 seconds,
respectively. From the 5-percent damped re-
sponse spectrum (P = 0.05) of figure 2-8, both
the second and third mode spectral accelera-
tions (0.500g) are 80 percent greater than the
first mode spectral acceleration (0.276g).

(3) Comparisons. By comparing figures 2-
9 and 2-10, it can be seen that the influences of
the second and third modes in relation to the
first mode are larger for the 30-story building
than for the 7-story building. For taller build-
ings with longer periods of vibration, the influ-
ences of the higher modes may become larger,
and participation of additional modes of vibra-
tion (e.g., fourth and fifth modes) may become
significant.

d. Response of irregular buildings. When
buildings are eccentric or have areas of discon-
tinuity or other irregularities, the behavioral
characteristic are very complex; whereas build-
ings with symmetrical shape, stiffness, and mass
distribution and with vertical continuity and
uniformity behave in a fairly predictable man-
ner. In addition to the single axis of response
shown in figures 2-9 and 2-10, the torsional re-
sponse (twisting about a vertical axis) as well
as the interaction or coupling of the two trans-
lational directions (longitudinal and transverse
axis) of response must be considered. For ex-
ample, the predominant motion may be skewed
from the apparent principal axis. This is some-
what analogous to a Mohr's circle for principal
stresses. Thus, three-dimensional methods of
analysis are required and each mode shape is
defined in three dimensions by the longitudinal
movement, the transverse movement, and the
angle of rotation. In addition to complicating
the method of analysis, building irregularities
complicate the methods used to combine modes.
Methods such as SRSS may not be appropriate
for some three-dimensional methods of dynamic
analysis. Procedures for performing three-di-'
mensional analyses are covered in chapter 5.

e. Inelastic-nonlinear response. In order to

)
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Figure 2-10. Sample modal analysis of a 7-story building.
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estimate the behavior of a structure that may
be subjected to a major, damaging-type earth-
quake, it is necessary to investigate its inelastic
response characteristics and capacity. The gen-
eral procedures discussed in paragraphs a
through d above are on the basis of elastic-lin-
ear distortions of the building's structural ele-
ments. When one major structural element
begins to yield, changes will begin to occur in
the structure's behavioral characteristics. For
example, force distribution, periods of vibra-
tion, and mode shapes will be altered as parts
of various elements yield. Dynamic analysis pro-
cedures for nonlinear systems can be very com-
plex, requiring step-by-step, time-history-forcing-
functions, and inelastic force-distortion prop-
erties of all the structural elements and their
connections. However, approximate methods
have been developed that give rough approxi-
mations as to the inelastic response or capacity
of structures. Post-yield analysis procedures are
discussed in chapter 5 and illustrative examples
are included in appendix E.

2-6. Nonstructural elements.
Elements that are housed in the building, as well
as portions of the building that are not part of
the structural system, must also be investigated
for their response to earthquake motion. These
elements are generally categorized as architec-
tural, mechanical, or electrical (refer to Basic
Design Manual, chaps 9 and 10).

a. Elements attached to floors of build-
ings. These elements (e.g., mechanical equip-
ment, free-standing partitions, storage racks,
suspended fixtures) respond to floor motion in
much the same manner as a building responds
to ground motion. However, the floor motion
may vary substantially from the ground motion.
The high-frequency components that make the
ground motion complex tend to be filtered out
at the higher floor levels, while the components

of motion corresponding to the building's nat-
ural periods of vibration tend to be magnified.
In other words, a response spectrum of a build-
ing's floor motion will have predominant peaks
at the participating periods of the building. If
elements are rigid and rigidly attached to the
structure, the maximum accelerations will be
the same as the maximum floor accelerations,
such as those shown in the SRSS curve of dia-
gram (b) in figures 2-9 and 2-10. But, if the
elements are flexible and have periods of vibra-
tion close to any of the predominant building
vibration modes, these elements will experience
accelerations substantially greater than the floor
accelerations. Generally, a time-history analy-
sis is required to determine the peak response
of flexible or flexibly attached equipment at up-
per levels of a building. A time-history of the
ground motion is used to calculate a time-his-
tory of the floor motion. The floor motion time-
history is then used to construct a floor response
spectra. This procedure is illustrated in figure
2-11. In chapter 6, an approximate method is
shown for constructing design floor response
spectra. Illustrative examples are included in
appendix F.

b. Elements attached to adjacent floors.
Elements extending vertically from floor to floor
(e.g., full-height partitions, exterior panels, pip-
ing) will be subjected to two types of dynamic
motion. One type is the response motion de-
scribed in paragraph a above. The other type is
due to the distortion resulting from the inters-
tory displacements between two adjacent story
levels. Interstory displacements for each mode
can be obtained by finding the difference be-
tween adjacent modal lateral story displace-
ments (diagram (a) in figs 2-9 and 2-10).
Interstory displacements for a multi-mode sys-
tem can be approximated by combining the modal
interstory displacements by the SRSS or other
methods.

)
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Figure 2-11. Response of flexibly-mounted equipment in buildings.
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CHAPTER 3
SPECIFICATION OF GROUND MOTION

Section I BASIC STEPS FOR SPECIFICATION OF GROUND MOTION

3-1. Introduction.
The purpose of this chapter is to describe the
methodologies for determining site dependent
earthquake ground motions for sites anywhere
in the United States. The objective is to develop
design parameters from the available informa-
tion and seismic ground motion. The principal
method of describing these ground motions will
be in the form of acceleration response spectra
for input in the dynamic analysis of a given
structure.

a. Selected method of description. There are
several methods of arriving at a description of
future earthquake loading. These are described
briefly along with their advantages and disad-
vantages in appendix C, paragraph C-3. The
method employing an attenuated site severity
factor (such as peak ground acceleration, PGA)
which is used to scale a normalized site spectral
shape (Dynamic Amplification Factor, DAF) is
judged to be the most appropriate and practical
input for the dynamic analysis of building struc-
tures and therefore will be the principal method
for this manual. However, this empirical method
may be supplemented by available results from
the other methods; particularly any findings from
a site soil column response study, as described
in appendix C, paragraph C-3.

b. Procedures. The following selection pro-
cedures will be followed for the evaluation of
site dependent earthquake ground motions, (see
fig 3-1). These procedures are dependent upon
three conditions: the geotectonic regions of the
Western United States (WUS) and the Eastern
United States (EUS) as defined in paragraph 3-
4a, the proximity of seismic sources, and the site
soil conditions as described in table 3-S5.

(1) For sites located within 20 kilometers
from a fault or area source in the WUS, or within
a tectonic province in the EUS, where the source
or province has a maximum local magnitude of
6.0 or greater, the detailed procedures of para-
graphs 3-3 through 3-7 will be considered and
employed as directed by the responsible agency.

(2) For sites in either the WUS or EUS hav-
ing normal site soil conditions conforming to
the description of soil profile types SI or S2 as

Nothing in this chapter will prevent substantiated alter-
native methods or time history procedures if approved by
the agency command.

described in table 3-5 and having locations out-
side of the limits of paragraph 3-1 b( 1), the ATC
3-06 method of section III, paragraph 3-8 of this
manual may be used.

(3) For sites in the WUS having exceptional
soil conditions conforming to the soil descrip-
tion of soil profile S3 as described in table 3-5,
the selection of the corresponding site specific
response spectrum shape will consider and em-
ploy the recommendations of paragraphs 3-6c(3)
or 3-6f(3) as directed by the responsible agency.
If this WUS site location is outside of the limits
of paragraph 3-1b(1), then the selected spec-
trum shape may be scaled by the appropriate
site acceleration coefficient A, given in paragraph
3-8.

(4) For sites in the EUS having the soil con-
ditions conforming to soil profile S3 and outside
of the limits of paragraph 3-lb(1), the method
of paragraph 3-8 may be used.

(5) In all cases where methods other than
those of paragraph 3-8 are employed, the re-
sults will be compared with those from para-
graph 3-8, and any significant differences will
be justified and resolved. All final recommen-
dations shall be subject to approval by the re-
sponsible agency.

c. Scope. The scope of this part of the Man-
ual includes the description of the essential steps
and related procedures necessary for the spec-
ification of site specific ground motion. These
are listed in paragraph 3-3 for the Western
United States (WUS) and the Eastern United
States (EUS), and for the deterministic and
probabilistic procedures.

d. Current state-of-the-art. It is important
to recognize that the field of ground motion
specification is in a state of evolution. The gen-
eral steps and input variables as outlined in this
manual are reasonably well accepted by most of
the researchers and users. However, because of
the very active state of development, it is not
possible to outline a step by step procedure which
will remain the same with time as well as from
region to region. Thus, the steps outlined in this
manual are to be viewed as guidelines rather
than as one universally accepted and recom-
mended procedure.

e. Format of results. Various methods for
the evaluation of the level of ground motion and
its time history or frequency content are de-
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Western United States (WUS)

27 February 1986

Source to Site Surface Distance

g _ _~~ II
Soil he

20 Kilometers More than
Type or less* 20 Kilometers

S1 or Site Specific Hazard ATC 3-06 Method
S Analysis (Para 3-8)

2 ~(para 3-3 to 3-7) (aa38

S3 Same as above Site Specific Spectra
Development (para 3-6).
Site Specific Hazard
Analysis not Required.

* If line fault or area source, then source must have maximum Mmax

greater than 6.0, otherwise use Column II.

Eastern United States (EUS)

Soil I II

Type Within a province All regions

having MmaxŽ 6.0 other than in
Column I

S or Site Specific Hazard ATC 3-06 Method
1 Analysis (para 3-8)
S2 (para 3-3 to 3-7) (

S3 Same as above Same as above

US Army Corps of Engineers
Figure 3-1. Selection procedure.
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scribed in appendix C, paragraph C-3. Of all these
methods, the empirical method consisting of an
PGA scaling factor for ground motion severity
at a given risk level, and an effective DAF spec-
tral shape, has been selected for the typical con-
ditions and design objectives of this manual. An
effective response spectrum will be specified for
each of the two levels of structural perform-
ance. Unless specified by the appropriate agency
the acceptable risk of exceedance will corre-
spond to:

(1) A fifty percent risk of exceedance in fifty
years (EQ-I), and

(2) A ten percent risk of exceedance in one
hundred years, (EQ-I1).
Table 3-1 shows the relationship between the
exposure time (or economic life of the facility),
the probability of exceedance and the return pe-
riod.

3-2. Definition of Terms, Glossary, and
Symbols.

The methodologies of determining ground mo-
tion are based on the following disciplines: ge-
ology, seismology, dynamics and vibrations,
probability and statistics. Because of this rather
extensive range of subject matter, it is neces-
sary to provide both symbols and a glossary of
terms used in this manual along with the related
terminology commonly used in the references
and necessary bibliography. These are given in
appendix A, Symbols and Notations; and in the
Glossary.

3-3. General Overview of Seismic Hazard
Analysis and Specification of Ground
Motion.

For engineering design and planning purposes,
the future earthquake loadings at a site of in-
terest must be known. The procedures and steps

Table 3-1. Return period as a function of exposure time and probability of non-exceedance

Exposure Time
Years 10 20 30 40 50 100

"Hazard" or
Probability of

exceeding
A

5

10

20

30

40

50

60

70

80

90

95

99

99..5

195

95

45

29

20

1 5

1 1

9

7

5

4

3

2

390

190

90

57

40

29

22

17

13

9

7

5

4

585

285

135

84

59

44

33

25

19

14

1 1

7

6

780

390

180

113

79

58

44

34

25

18

14

9

8

975

475

225

140

98

72

55

42

31

22

18

11

10

1950

950

449

281

196

145

110

84

63

44

34

22

19

------------- L_

[IS Ainmy Corps of Liigi rseer±s
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for estimating this future loading comes under
the general category of seismic hazard analysis.
It should be recognized that there are two dif-
ferent approaches: deterministic and probabi-
listic. Deterministic approaches do not take into
account the uncertainty in the size, the location,
and the frequency of seismic events. Probabilis-
tic approaches incorporate uncertainty in all the
above quantities. An overview of the procedures
for deterministic and probabilistic approaches
is given in this paragraph. Steps are outlined by
means of flow diagrams and illustrative for-
mats. These are shown in figure 3-2 for the two
main tectonic regions; the Western United States
(WUS) and the Eastern United States (EUS).

a. Algorithm ofBasicStepsofSeismicHazard
Analysis. Various earthquake severity param-
eters at the source and site are described in ap-
pendix C, paragraph C-1. The particular

parameters (such as magnitude, intensity, and
spectra) to be employed are dependent upon the
type of information available to the analyst and
the needs of the designer. The procedures and
the models selected depend on the type, quan-
tity, and quality of information as well as the
goal of the analysis. The general procedures for
evaluating seismic ground motion in the West-
ern United States do not differ greatly from those
in the Eastern United States. However, since
the tectonic setting and the available seismic
information varies greatly between those two
geographic regions, the elements of the proce-
dures are different. A discussion related to se-
lection of deterministic or probabilistic
procedures will be given in paragraph 3-3c. The
five basic steps required for the evaluation of a
site specific seismic ground motion are described
below (see fig 3-3). The region-specific flow dia-

Seismic Hazard Analysis
Procedure (See Figure 3-3)

I)1

WESTERN UNITED STATES

(See Figures 3-4 and 3-5)

EASTERN UNITED STATES

(See Figures 3-6 and 3-7)

DETERMINISTIC

PROCEDURE

PROBABILISTIC

PROCEDURE

DETERMINISTIC

PROCEDURE

PROBABILISTIC

PROCEDURE

US Anmy Corps of Engineers

Figure 3-2. General flow diagram selection chart.
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IDENTIFICATION

AND MODELING OF Step 1 (para 3-4a and 3-4b)

SEISMIC SOURCES

DEF1NE SIZE PROBABILISTIC BTAIN

PARAMETER SOURCE

_ / ~~~~~~~SEISMICITY

(para 3-3d) DETERMLNISTIC INFORMATION
APPROACH

SELECT LEVEL(S) ESTIMATE LARGEST

OF EARTHQUAKE MAGNITUDE

MAGNITUDE(s) POSSIBLE FORJ ~~~~~~~THE SOURCE

SELECT MOST

CONSERVATIVE RECURRENCE

DISTANCE FROM RELATIONSHIP

SOURCE TO SITE

_. _ _SELECT 
FORECASTING

ATTENUATE ONE OF THE SITE MODEL FOR

SEVERITY PARAMETERS THE SOURCE

FROM SOURCE TO SITE
, 1 .~-

I -

Step 11
(para 3-4c )

Step III
(para 3-4d )

Step IV
(para 3-5)

Step V
(para 3-o )

DEVELOP SPECTRAL

SHAPE FOR THE

SITE

F FIXED SEISMICL DESIGN INPUT
CRITERIA FOR THE SITE

. . | .~ - - -

ATTENUATE THE

SELECTED SITE

SEVERITY PARAMETER

FROM SOURCE TO SITE.

PROBABILISTIC GROUND

MOTION INFORMATION

IDEVELOP EFFECTIVE RESPONSE

SPECTRUM FOR GIVEN RISK

LEVEL AND SITE CONDITION

US Army Corps of Engineers

Figure 3-3. General flow chart.
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grams and illustrations of related procedures
are shown in figures 3-4 and 3-5 for the WUS
and figures 3-6 and 3-7 for the EUS. Each figure
shows the parallel basic steps as required in the
deterministic and probabilistic procedures.

(1) Step I is to identify and model seismic
sources. The selected type and accuracy of this
modeling depends on the available geologic, geo-
tectonic, geomorphic, historic, and subjective in-

DETERMINISTIC

formation from experts. The purpose of this step
is to assemble the information required to de-
lineate faults and regions within which seismic
activity can be considered homogeneous. See
paragraph 3-4b for a detailed discussion and ap-
pendix D for examples.

(2) Step II is to define the size or severity
parameter of the seismic event at the source and
the related recurrence relation. The size will be

PROBABILISTIC

Selection of Earthquake

Data Base

Identify and Mcdel

Seismic Sources

Determine Largest Earthquake

for Each Source

Use. Earthquake History and

Geological nformation

Select Sround Ile ionio
Attenuation Re-ationship J

T
Determine FGA at Site

due to Largest event on

Each Source and Using

Shortest Distance

.se Largest PGA

as Design Level

I

U'se this Largest ?GA to

Scale the Appropriate Site

Response Spectrum Shape

Selection of Earthquake

Data Base

- _F~~~ l

Step Irldentify and Model

I Seismic Sources
I |Earthquake History and

_ -oGeological Information

Adjust Data Base

I. Unit Sys Am i I. m- ¶b - L-
Incompleteness in Records

Step II Determine Recurrence
Relationship for each

Seismic Source; m 9S max

Earthquake History and

IGeological Informatlon L

Step 'I:Select Probabilistic

Model for Earthquake Occurenc

I

)

I Step IV:Select Ground Motion _ Strong Motion Records in

Attenuation Relationship Similar Tectonic Setting i
Determine Probability of

Exceedence of Different

PCA Levels; Fazard Curve

IN IEarthquake Occurence Model I

and Attenuation Relationship

.

i

Determine PGA Level

Corresponding to Specified

Probability of Exceedence

IType of Facility and

I ' AcptableRisk

I

Step V:Select Appropriate

Response Spectrum Shapet

Anchor at PCA Level

- IRegional Attenuation Effects

*_ and ~Site _Soil C~onditions I

11S Army Corps of Engineers

Figure 3-4. Flow diagram for the Western United States.
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Figure 3-5. Hazard evaluation of WUS.

3-7



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

DETERMININST IC PROBABILISTIC

Selection of Larthquake

|Data Base

Define Tectonic |

Provinces

_,F _ ___ ~~~~~~~~~~~~~~.

Selection of Earthquake

Data Base

T - ~~~___

S-ep I Define Tectonic

Provinces and Model

Seismic Sources

l

I
Determine Largest Historical t
Eeent ir each Tectonic Provincej Adjust Data Base

-- rl I

.

|Earthquake History anc I

Tectonic Infcrm2t or !

Unit System V.~ y -

Incompleteness in Reccrds

_ Earthq{ ke History anf

|Tectonic Information I

I

|Se'eet Intensity

|Azten ua'ion Relationship;

Determine Site Intensity due to

Largest Event in each Psovincee

and Using Shortest Distance

Ilse Largest Intetisity as

Site Des~gn Intensity

Step :I:Determine Recurrence

Relatiorship for each

Seismic Source; ,p Imax

'I~ste Ielect ProbabiliSt ic

Mollfor Earthuake OccurencJ

. . r
|Step IV:Select Intensity Iso Seismal Maps

Attenuation Relationship
I

I )
Corr-late Site Iiesign Intensity i

w 1 PGth I Cotrelate Attenuated Intensity Intensity and Related

I with PCA at Site Ground Motion Data

Use *trt! ILA IC-

Scale the Appropriate Site Determine Probability of Earthquake Occurence Model

Response Spectrum LEceedence of Different and Attenuation Relations'.Fp

M1A Levels; Hlazard Curve

_-~
Determine PGA Level

Correspornding to Specified

Probability of Exceedence

IType of Facility andI
Ac e ta l ris

Step VaSelect Appropriate

Response Spectrum Shape:

Anchor at PGA Level

-

Regional Attenuation Effects I

and Site Soil Conditions
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Figure 3-6. Flow diagram for the Eastern United States.

3-8



27 February 1986 TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

DETERMI NI ST IC PROBABILISTIC

ECTONI C
PROVINCE A,

SJOUCES SOURCE MODEL (PARA 3-'.b.(2))

Step I

Step II

DETEMbI!E MAXIM'jW
I!r*!wSITY ANI.

SITE 1S-AW;E PO.-,

FOR A2

I I

RECURIENCE RELATIONS
(PASIA 3-1.c.(I)(fI

SELEC!? PRC~hABIUS?IC
POAECAST'ING MODEL

('ARA 3-4id)
(Slot Illustrat...)

AYEII'JAI1 IW

USE AT'kWL'A'J1ONI TL;

USE MAXIMUM
TO SCALE APP'PMIAIE

ICA

Step III

Step IV
Ki A

ATTEHIIU TI UN4

(YAkp 3-5d)

S

/ C .(I4~~ A i CIJA Y )

-- ?
CITE RESPCAI:L TI J?

SITE HAZARD CURVE
IPARA 3-4d)

a 5

KA a \ S,-(PCA 1)IDAP)

SITE RESPONSE SPECTRUM

(PARA 3-6)

Step V

US Army Corps of Engincers

Figure 3-7. Hazard evaluation of EUS.

3-9



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

one of the magnitude scales (ML, mb, MS) or
epicentral intensity I., or seismic moment, Mo.
The most commonly used size or severity param-
eter at the source is the Richter magnitude ML-
For the deterministic approach, the frequency
(or number per unit of time) of occurrences of
various magnitude events need not be deter-
mined, and the assessment of ground motion at
a site will be governed only by the maximum
level of earthquake magnitude. For the proba-
bilistic approach, the parameters describing the
source seismicity must be obtained. This infor-
mation usually is in the form of a "recurrence
relationship," and an upper magnitude or in-
tensity cut-off. The recurrence relationship pro-
vides information on magnitude or intensity and
the corresponding rate of occurrence or exceed-
ence of that magnitude anywhere on the source
under consideration. The upper magnitude cu-
toff consists of the largest (maximum) possible
event that the source can generate. The method
of obtaining the above information depends on
the type of region and the data base available
for the region. See appendix C, paragraph C-i
for background, paragraph 3-4c for a detailed
discussion and appendix D for examples.

(3) Step III is to project the recurrence in-
formation from regional information and past
data into forecasts concerning future occur-
rence. This step is needed in the probabilistic
approach only. The forecasting model depends
on the type and reliability of the data base. The
most commonly used forecasting model is the
Homogeneous Poisson probability model. Ho-
mogeneous implies a memory-less occurrence of
events in time and location. When this homo-
geneity in time does not appear applicable, Semi-
Markov and Markov chain models are used (see
Patwardhen et al. (Biblio 50), Vagliente (Biblio
68), Nishioka and Shah, (Biblio 45). These models
allow inclusion of memory or time since last event
and are more involved and require substantially
more information than the Poisson model. A
simple extension of the Homogeneous Poisson
model, known as the Non-homogeneous Poisson
model, may be adapted to incorporate time-
dependent information such as the rate of stress
build-up and the time since last event, see Savy
and Shah (Biblio 52). Another model, usually a
uniform probability function, may be employed
to represent the random location of event oc-
currence on the source. See paragraph 3-4d for
a detailed discussion and appendix D for ex-
amples.

(4) Step IV involves the attenuation of the
severity parameter from its location on the source
to the site. Either intensity or peak ground ac-

3-10

celeration for a given magnitude event on the
source could be used. The selection of the pa-
rameter used for representing the severity and
the form of its attenuation relation depends on
the region where the analysis is performed and
the type of available data. See paragraph 3-5
for a detailed discussion and appendix D for ex-
amples.

(5) Step V is to represent the effects of dis-
tance, local soil conditions, the magnitude of the
seismic event, and the structural foundation size
and mass on the frequency content of the ground
motion. This is represented by the shape (DAF)
of the effective response spectrum for the site
and its formulation is described in paragraphs
3X6 and 3-7. The final specified spectrum is of
course scaled down by the forecasted site se-
verity. See paragraph 3-8g for examples.

b. Use of Results. This available informa-
tion on ground motion is utilized for design and/
or analysis of structures. Chapter 4 shows this
utilization for prescribed structural perform-
ance and selected risk levels.

c. Selection of Method. The deterministic
procedures as outlined in the flow diagrams are
used exclusively for those important structures
where the consequences of failure are cata-
strophic; such as nuclear power plants, liquified
natural gas facilities, and dams. These proce-
dures tend to compound conservatism (cer-
tainty of occurrence, largest magnitude and
closest distance from epicenter to the site) and
will generally result in extremely large design
requirements. For most structures, these highly
conservative design values cannot be justified
economically for use. This disadvantage of ex-
treme conservatism has actually resulted in the
adoption of probabilistic procedures even for
some critical facilities. Deterministic proce-
dures, therefore, will not be discussed further
in this manual.

d The STASHA program. The purpose of this
manual is to provide the user with an over-all
understanding of the procedures, assumptions,
and computational methods of ground motion
hazard analysis. However, it is most important
to recognize that any actual site hazard evalu-
ation would require the use of the computer for
development of the various empirical relations
and the multiple calculations required for prob-
abilistic accuracy, and prediction uncertainties.
In order to perform these calculations in an or-
derly manner for each step of the hazard anal-
ysis, the STASHA Program has been developed
by the John A. Blume Earthquake Engineering
Center at Stanford University. Both the user's
manual and computer program tapes for

a
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STASHA are available at the Corps of Engi-
neers Office. In the text of this manual, the
STASHA Program will be referenced whenever
there is a need for extensive computational ef-
fort or for the representative examples con-

tained in the STASHA user's manual (Stanford
University, Technical Report No. 36). A descrip-
tion of STASHA and examples are given in ap-
pendix D.

Section 11. PROCEDURE FOR SITE SPECIFIC GROUND MOTION

3-4. Determination of Source Seismicity.
Each of the probabilistic hazard analysis pro-
cedures as presented in paragraph 3-3, and in
figures 3-4 to 3-7 is described in this paragraph
and in the following paragraphs 3-5 to 3-8.

a. Geotectonic and seismotectonic environ-
ment. In the United States, two general re-
gions are defined which are dependent upon the
available geologic, geotectonic, geomorphic, his-
torical, and subjective expert information. It will
be shown that each of the steps for seismic haz-
ard analysis are region dependent. These re-
gions are the Western United States (WUS) and
the Central and Eastern United States (EUS).
The boundary between these regions can be de-
fined by the eastern boundary of the Rocky
Mountains, (Biblio 5).

(1) Regional Approaches. Due to the in-
herent difference in the geologic structure in
the two regions, two major approaches are used
in defining seismic sources and assessing future
seismic activity. In the Western United States
(WUS) and in many other parts of the world,
earthquakes occur on faults that extend to the
surface of the earth. However, in intraplate re-
gions, such as the Eastern United States (EUS),
this is not necessarily true, and it is difficult to
recognize and delineate active faults. The two
major approaches are (see Biblio 17):

-Active Fault Approach

-Tectonic Province Approach

(2) Procedure for each approach. The two
regional approaches require different proce-
dures for seismic hazard evaluation. In the ac-
tive fault approach, seismic sources are relatively
well defined along plate boundaries or faults and,
hence, the concentration of seismic events and
the resulting level of seismicity per unit length
of the source or unit area of the source is rel-
atively high. Also, because of the definite loca-
tion of the source, the source-to-site attenuation
distances (R) for the seismic severity parame-
ters are reasonably well defined. In the tectonic
province approach, the seismicity is diffused over
a large area because no specific faults are iden-
tified. Each identified source area is assumed to
have homogeneous (uniform) seismicity, and,
therefore, the seismicity per unit area is small.

However, since the future event could occur
anywhere over the tectonic province and, there-
fore, could be very near the site, the attenuation
distances (R) can therefore be short. Also, even
though there are considerable variations in seis-
mic severity patterns in the (EUS), these are
not as well defined as in the (WUS). There is a
general smoothing effect over each entire tec-
tonic province and the boundaries between
provinces are often controversial. Also, the rel-
atively low rate of seismic activity in the East
makes the recurrence estimation over small areas
very difficult. Further, because most Eastern
events have occurred in "pre-instrument" times,
their source severity data are in terms of the
more subjective value of intensity rather than
magnitude. Finally, the almost complete lack of
strong motion recordings makes the direct em-
pirical development of attenuation relation-
ships in terms of acceleration or velocity
impossible. However, both historical reports and
seismological studies indicate significantly lower
rates of attenuation in the EUS. A summary of
regional differences is given in figure 3-8.

b. Source modelling. Step I in seismic hazard
analysis is to identify and model seismic sources.
This step depends on the following information
(see figs 3-9 and 3-12):

-Type and amount of historic seismic oc-
currence data base.

-Geologic, geotectonic, and geomorphic data
base.

-Subjective opinions of experts concerning
the seismicity of the region.

The process of source modelling provides two
essential portions of information for site hazard
analysis:

-First, the configuration of the source and
its size establishes the number and loca-
tion of seismic events for the evaluation
of source seismicity in paragraph 3-4c.

-Second, the configuration and location of
sources relative to the site determines the
attenuation distances (R) for ground mo-
tion severity in paragraph 3-5.
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WESTERN UNITED STATES _WJS9

- Well defined sources

- Significant amounts of data in the fonn of historical repoits.

accelerograms, and geological creep measurements.

- Attenuation data in the form of records at different distance

and soil conditions.

- Relatively high occurence rates.

- High attenuation of ground motion severity

mainly within 100 kilometers.

EASTERN UNITED STATES (EUS)

- Vague description of source provinces.

- Some historical reports, and very few strong motion records.

- Relatively low occurence rates.

- Low attenuation of ground motion severity

with significant values at 200 to 300 kilometers.

US Army Corps of Engineers

Figure 3-8. Regional differences.

)
I'

It should be mentioned that currently, the USGS
researchers are attempting to define seismic
source zones for five interior regions of the
United States, preparatory to the construction
of new national probabilistic ground motion
seismic hazard maps. The five regions are the
Great Basin, the Northern and Southern Rocky
Mountains, the Central Interior and the North
Eastern United States (see Biblio 67). Since this
work is not yet complete, this manual will de-
velop procedures based on the two regions, the
WUS and the EUS. The particular approaches

for source identification in each region are de-
scribed as follows:

(1) Source modelling in the Western United
States. In this region (see fig 3-9), seismic
sources are identified and modelled in the fol-
lowing ways:

(a) Point source. This source charac-
terizes a small region where repeated past
earthquakes have occurred. However, no geo-
logically identifiable fault exists. Typically, the
size of the region is small compared to the dis-
tance from this source to the site. Occasionally,
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OBTAIN EPICENTRAL MAP OF REGION

FROM DATA BASE, COE UP TO 1980

AND NOAA AFTER DEC. 1980

OBTAIN FAULT MAP OF REGION FROM

USCS, STATE AND/OR NRC

INDEPENDENT ASSESSMENT OF THE

POSSIBLE PRESENCE OF

UNMAPPED FAULTS

MO)DEA, KNUIWN FAULTS BY LINEAR

D1PI'lNG PLANE SOURCES TO MArCH

TIIE EPICENTRAL AND FAULT MAPS

ASSIGN LTHE SOURCE, AND POINT SOURCE

AS APPROPRIATE__Z11_ _ _____ ___.

ASSIGN AREA SOURCE IF EPICENTERS

DO NOT MATCH THE KNOWN FAULTS

AND THEN AFTER

CONSIDERING GEOLOGY

ASSIGN BACKGROUND SEISMIC SOURCE

FOR ALL UNASSIGNED EVENTS

(AREA SOURCE)

US Army Corps of Engineers

Figure 3-9. Flow chart for step I source identification and modelling for the WUS.
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volcanic sources can be identified as point
sources.

(b) Line sources. Fault traces are taken
as lines at a certain fixed depth below the ground
surface. In California, this depth is usually be-
tween 5 to 35 kilometers. This "active fault"
modelling approach is used wherever the tec-
tonic structure is more or less evident at the
surface.

(c) Area sources. This source model is
used when the occurrence of earthquakes in a
region cannot be correlated with known faults
or the geologic structure of the region. There
are also cases where the number of small faults,
or a source of clustered activity, may be consid-
ered together as an area source.

(d) Dipping plane. This source model is
used when one geologic plate thrusts under an-
other plate so as to create a distributed source
of earthquakes. This feature is called a Benioff
Zone, and can be modelled by means of dipping
planes upon which earthquakes have variable
epicentral depths. Geological conditions such as
this occur in Alaska and in Central America.

(e) Background area source. In gen-
eral, events that occur somewhat randomly
throughout the region and that cannot be as-
sociated to any fault or source are treated as
background seismicity. They are considered to
be part of a large area source with uniformly
low seismicity that extends over the area not
covered by the other sources. The earthquake
location, if not included within one of the pre-
viously defined sources, is then in the back-
ground zone to account for the possible
occurrence of the random or "floating" earth-
quake. The effect of the background zone is gen-
erally small since the contribution of the other
sources are governing the hazard. In some par-
ticular cases however, where the hazard is low,
the background contribution may be non neg-
ligible.

(f) Western source conditions. The point,
line, and area source models are shown in figure
3-10, and the dipping plane model in figure 3-
11. In source modelling, historical records and
the knowledge of geotectonic features of the
region play an important role. Due to the high
seismic activity in the Western United States,
and the relatively good geological evidence of
faults, surface rupture, and other tectonic fea-
tures, line sources are used most extensively.
Area sources are common in the Pacific North-
west. In regions such as Alaska, both dipping

planes and line sources are used: (Biblio 41),
and (Biblio 70). An example to demonstrate as
to how sources are modelled is given in appendix
D.

(2) Source modellingin the Eastern United
States. In the Eastern United States, the tec-
tonic province approach is used (see fig 3-12).
There are various reasons for adopting such an
approach; the most important being that the
degree of fault and seismic activity in the East-
ern United States is low, resulting in very little
geologic and historic evidence. Also, in large areas
of the Eastern United States, there is a scarcity
of geologically recent deposits that would re-
cord evidence of recent fault activity. In addi-
tion, the heavy vegetation covers the faults and
prevents their detection. Finally, the recent de-
velopments of evaluating fault activity in the
(WUS) have not been applied in the east due to
excessive cost and time involvement; except in
a few regions such as New Madrid where fault-
ing evidence has been substantiated (Biblio 71).

(a) Area source configuration. One of
the key features of tectonic province approach
is to delineate these provinces as area sources
that have a uniform potential to generate earth-
quakes. Within that area, the future earthquake
activity should be homogeneous. Due to lack of
sufficient historical and geological evidence,
there is no unique and generally consistent way
of delineating these area sources. Two examples
on area source configurations for the Eastern
United States are shown in figures 3-13 and 3-
14.

(b) Using subjective input as furnished
by interviews from ten experts, Mortgat (Biblio
63 and 64), has developed homogeneous area
sources as shown in figure 3-15. With respect to
this method of using expert opinion, it is well
to recognize that experts form their objective
biases from the particular data and other geo-
logic and seismologic evidence that they may have
seen. Since most of the experts work with a sim-
ilar data and information base, the variability
in their individual source configuration is due
to their personal biases. Barstow et al (Biblio
5) have studied statistical techniques to provide
a methodology for the production of working
tectonic province and tectonic structure maps
for the Eastern and Central United States, iden-
tifying areas of uniform seismic hazard.

c. Source seismicity. Step II in seismic haz-
ard analysis is to evaluate the seismicity of each
of the modelled source (see fig 3-16). Evalua-

'
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Figure 3-10. Point, line and area sources.
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Figure 3-11. Dipping plane source.
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OBTAIN EPICENTRAL MAP

OF REGION FROM DATA BASE

HQ-USACE* UP TO 1980 AND NOAA**

AFTER DECEMBER 1980

i
IDENTIFY THE TECTONIC PROVINCES

AND THE RESULTING AREA

SOURCES, INCLUDE FAULT MAP

IF AVAILABLE FROM USGS, STATE

AND/OR NRC. OBTAIN EXPERT

OPINION ON SOURCE LOCATIONS

ASSIGN BACKGROUND SEISMICITY

FOR EVENTS THAT

CANNOT BE ASSIGNED A

SPECIFIC AREA SOURCE

* DAEN-ECE-D Washington, D.C. 20314

** NOAA/NGSDC/TGB
325 Broadway, mail code D-623
Boulder, CO 80303

NOTE: If at a future date, specific faults are identified, then

they can be modeled by means of line or dipping plane

sources.

US Army Corps of Engineers

Figure 3-12. Flow chart for step I source identification and modelling for the EUS.
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I
I
I

)

RE-printed from "Effects of Uncertainty in
Seismicity on Estimates of Seismic Hazard
for the East of the United States," McGuire,
R. K., Bulletin of the Seismological Society
of America, Vol. 67, No. 3, 1977, with
permission from the Seismological Society
of America.

Figure 3-13. Seismic sources after Algermisson and Perkins (1976).
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~~~ -

Reprinted from "Effects of Uncertainty in

Seismicity on Estimates of Seismic Hazard

for the East of the United States," McGuire,

R. K., Bulletin of the Seismological Society

of America, Vol. 67, No. 3, 1977, with

permission from the Seismological Society

of America.

Figure 314. Seismic sources after Hadley and Devne (1974).
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FOR A GIVEN SOURCE AND

CORRESPONDING HISTORICAL

EVEtITS, PLOT MAGNITUDE

OR INTENSITY VS

FREQUENCY OF

OCCURRENCE
I

I

PROVIDE INPUT FROM

EXPERT OPINION

INCLUDING GEOLOGICAL

INPUT

I -
I

SELECT AN ANALYTICAL
FORM, COMMlONLY THE
LOG-LINEAR FORM FOR

THE RECURRENCE
RELAT!ONSHIP AND FIT IT

TO THE ABOVE
INFORMAT ION

FROM GEOLOGICAL EXPERT

OPINION, ASSIGN

MAXIM4UM MAGNITUDE
I

OBTAIN NORMALIZED

~ECURRENCE RELATIONSHIP

FOR THE SOURCE

I
REPEAT THE ABOVE

STEPS FOR ALL SOURCES

OF INTEREST

US Army Corps of Engineers

Figure 3-16. Flow chart for step If source seismicity and recurrence relationship for WUS and EUS.
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tion of seismicity involves the following com-
ponents:

-Collection and processing of occurrence
data and formulation of the recurrence
relationship.

-Determination of the size of the maximum
earthquake a given source is capable of
generating.

The main problem with this approach is that it
reduces the size of the useful sample and mean-
ingful statistical averages of large earthquakes
cannot be obtained because of their infrequent
occurrences (Biblio 6). An alternative is to cor-
rect for incomplete reporting by a random sim-
ulation of missing data (see STASHA). The
Gutenberg-Richter relationship is given by
equation (3-1).

)

(1) Collection of data and formulation of
the recurrence relationship. The data base for
seismic events on a given source is often incom-
plete, nonhomogeneous in time, and lacking in
refinement. The appropriate processing of this
occurrence information is very important be-
cause the reliability of results of the hazard
analysis are strongly dependent on the consist-
ency and the completeness of the input data base.
The magnitude-frequency or recurrence rela-
tionship is formulated from the number of
earthquakes that a source has generated and
their respective magnitudes. The most common
method of determining this relationship is from
historic data. Occasionally, other information
sources, such as geological evidence and slip rate
of the fault, are used to supplement this histor-
ical data base. Statistical regression analysis is
commonly used to obtain the best line fit with
the "least squared" error. Expert subjective
opinion can also be incorporated in order to sup-
plement the historical data base. The most com-
monly used magnitude-frequency relationship
is the one suggested by Gutenberg and Richter
(Biblio 26). In this relationship, the source se-
verity parameter could be either magnitude or
epicentral intensity. The type of parameter and
the constants of the magnitude-frequency re-
lationship vary from one region to the other.
Data adjustment is usually necessary before us-
ing the data to determine the parameters of the
magnitude-frequency relationship. It has been
observed that the completeness of earthquake
records varies with time. In the past, due to low
population density and lack of interest in earth-
quake activity, only large events were recorded.
With increased instrumental coverage, inter-
mediate and lesser earthquakes have been re-
corded with more frequency, producing an
apparent increase in seismic activity with time
which biases the statistics from uncorrected
catalogs of data. In recognition of this time bias,
the evaluation of the degree of completeness of
the available earthquake record is an important
step in the analysis of data. One possibility is to
confine analysis to sections of the record that
are complete for the earthquakes of interest.

3-22

In N(m) = a + f3 m

where
In = Natural log to the base e

(eq 3-1)

N(m) = Average Number of events
greater than or equal to the
magnitude m.

a, 1 = constants.

Very often, this relationship is used in a slightly
different format where logarithm to the base 10
is used instead of to the base e.

logioN(m) = a + bm (eq 3-2)

One would convert the equation from base e to
base 10 by means of the following simple con-
version:

a = 0.43429a (eq 3-3)

(eq 3-4) )b = 0.43429P

Such magnitude-frequency relationships are
called "recurrence relationships" in the litera-
ture and a general example is shown in figure
3-17. After the recurrence relationship is ob-
tained, the following normalization process can
be performed.

(a) Normalization to unit length and
time. Let T be the time-period over which the
recurrence data has been obtained. If the source
is a line source, let L be the length of this source.
Then, N(m) = average number of events equal
to or greater than magnitude m during the time
period T and on source length L for the line
source.

Let

N0(mW = N(m)
N'( ) - L T

then

ln(N'(m)) = In N(m) - InN(m) -ln(LT)LT
ln(N'(m)) = a + 1 m - In(LT)

=a - In(LT) + 1 m

or
ln(N'(m)) = a' + 1 m (eq 3-5)
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or

N'(m) average number of events equal
to or greater than magnitude m
per unit time and unit of source
length

a' = a - ln(LT)

Note that the value of a does not change when
the recurrence relationship is normalized. This
step of normalizing the recurrence relationship
is usually done by the seismic hazard analysis
computer program. The purpose of presenting
this step here is to indicate that in the normal-
ization, it is assumed that for a given source, the
number of events equal to or greater than a
given magnitude is homogeneous in time and
space. Thus, the mean rate of occurrence does
not change with time or along the given source.
More will be discussed on this topic when the
probabilistic-forecasting models are presented.

(b) Normalization to unit area and
time. If the area source with area A was con-
sidered instead of the line source, the relation-
ship would have a simlar format:

N'(m) T N(m)

ln(N'(m)) = a - ln(AT) + p m

ln(N'(m)) = a' + ( m,
with a' = a - ln(AT)

(eq 3-6)

Where N'(m) and a' are now normalized with
respect to the source area A.

(c) Sampling uncertainty. For a given
magnitude m, the fitted line gives the average
value of N(m) or N'(m), and this average or
expected rate value is required for the proba-
bilistic forecasting model in paragraph 3-4d.
However, there is considerable scatter of the
actual recorded number of events. To take this
scatter into account, a probability distribution
function is generally assumed for the number
of events equal to or greater than a given m.
Further, the fitted recurrence line, because of
limited data base and the largely subjective eval-
uation of the maximum magnitude, has a sam-
pling error. This sampling error is an indicator
of the difference between the sample fitted line
from the limited data source and the true line
that would be obtained from a very large data
source, figure 3-17. The STASHA, (Stanford
University, Technical Report No. 36) program
gives a probabilistic representation for this
sampling uncertainty in the N(m) value.

lnN (m)

L

\
Fitted 'line

-lnN (m) = a + Sm

.. Ic bound for sampling
\-. X. error of fitted line

Data
IN

m

US Army Corps of Engineers

Figure 3-17. Linear Recurrence Relationship.
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(d) Non-linear relations. Other forms of
recurrence relationships have been used by re-
searchers. Dalal (Biblio 21) has used Gaussian
and log-Normal probability distribution models.
Mortgat et al (Biblio 42) have used a bilinear
relationship as shown in figure 3-18. Here, two
lines are fitted to the data. The point where the
two lines meet is usually determined subjec-
tively from the geologic considerations concern-
ing capabilities or rates of large magnitudes on
the source. Cornell and Merz (Biblio 39) have
used a quadratic form for their recurrence re-
lationship. Recently, Dong et al. (Biblio 23) have
applied the maximum entropy concept to obtain
minimally biased recurrence relationships. (See
app D for some examples).

(e) Recurrence relationship for sources
in the Western United States. The "active fault"
approach is usually employed in this region.
Therefore, based on the fault locations and the
modelling of these faults as line sources, past
seismic events are assigned according to their
relative proximity to the different sources. This
process of event assignment is usually per-
formed by expert judgement with recognition
that epicentral locations are subject to error and
that events are more likely to occur on the known
fault rather than on the adjacent area. The
STASHA program has a procedure for event as-
signment. It has been found that the value of

the recurrence constant for most of the WUS
sources lies between about 1.1 to approximately
2.5. Figure 3-19 shows the recurrence relation-
ship for the northern section of the San Andreas
Fault in California. It should be mentioned here
that one large fault such as the San Andreas
may be broken down into two or more homo-
geneous segmental sources and the recurrence
relationship may be determined for each of these
segmental sources. This use of homogeneous
segments is quite common in California where
there is evidence of varying degrees of seismic-
ity on the large sources. The source severity pa-
rameter employed in developing these recurrence
relationships in the WUS is usually the Richter
magnitude (which can be considered to be the
same as the local magnitude ML)- In appendix
C, paragraph C-1, these variations magnitude
scales are defined.

(f) Recurrence relationships for sources
in Eastern United States. The tectonic prov-
ince approach is used for modelling sources in
the eastern United States. Therefore, all the
sources are area sources, and these usually cover
rather large regions. With respect to the source
severity parameter, most of the historical data
in the East is compiled in the form of the Mod-
ified Mercalli Intensity Scale. However, there are
cases where the most recent data is in local Mag-
nitude (ML) or body wave magnitude (mb).

)

lnN(m)

nN(m) = a1 + 8

reak Point

7- 1
nN(m) = a2 + BI

Maximum Possible
Magnitude for the

Source

(l
m

maM
Imax

US Army Corps of Engineers

Figure 3-18. Bilinear Recurrence Relationship.
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Figure 3-19. Recurrence relation for North San Andreas
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Therefore, in order to make all the data con-
sistent, one approach consists in converting the
magnitude into an epicentral Modified Mercalli
Intensity (MMI).

Let 1o be the epicentral MMI

M be the Richter magnitude.

In paragraph C-1, appendix C, the relationships
between these two parameters for the Eastern
United States are given.

Also, Nuttli (Biblio 46) has developed a rela-
tionship between the body wave magnitude mb
and the epicentral intensity I.,

mb = 1.75 + 0.50Io (eq 3-7)

Using relationships such as these, the occur-
rence data in the form of the source intensity
1. can be obtai- ±d. The Gutenberg-Richter re-
currence formal ',r intensity is then written in
the following form:

ln[N(I 0 )] = aj + 03iI0 (eq 3-8)

Where atc and pi are regression constants. Ye-
gian (Biblio 71) and TERA (Biblio 63,64) have
given values of pi, for the EUS. A shortcoming
of using epicentral intensity (I.) as a parameter
is that I, unlike magnitude, is not a direct meas-
ure of a source severity. By definition, intensity
is a number corresponding to particular ob-
served effects and these are often influenced by
both the site condition and the prevailing local
types of construction. In order to overcome this
shortcoming, an alternative approach involves
the estimation of magnitude of the historical
events (before instrument records) in terms of
their estimated epicentral intensity, felt area,
and fall-off intensity. This requires a large
amount of background research effort. How-
ever, most large events in the EUS have been
assigned a magnitude based on this method by
different researchers (Nuttli, et al. (Biblio 47) ).
Smaller events of less importance in the anal-
ysis can be converted to magnitude using one of
the relationships in appendix C-1, or equation
3-7. In the formulation of the recurrence rela-
tion in the EUS, it is usually assumed (because
of lack of data) that the same pi value applies
throughout very large regions and that local
variations apply only to the level of seismicity
(parameter al). The range of values for the pa-
rameter PI' is from 0.80 to 0.92.

(2) Determination of the maximum earth-
quake. One of the most controversial and im-
portant variables of interest in representing
source seismicity is that of the size of the max-
imum earthquake. Past literature has employed
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the term "maximum credible" event. Such a term
should be discouraged from use. Instead, use of
a term such as the "maximum earthquake size'
should be encouraged. The size of the maximum'n"
earthquake is used in source seismicity deter-
mination in two ways:

-Deterministic use of the maximum earth-
quake in the design process (see figures
3-4 and 3-6).

-Probabilistic use of the maximum earth-
quake, in the recurrence relationship. Here,
the value of this earthquake size provides
the upper cut off magnitude in linear re-
currence relationship, or it could be an
asymptote in the non-linear recurrence
relationship, see figure 3-18.

The estimate of the size of the maximum earth-
quake for a given source is based on the follow-
ing factors:

1-Geologic evaluation of the regional tec-
tonic framework.

2-Historical seismicity of the source and
the surrounding region.

3-Geologic history of displacement (from
trenching investigations).

4-Relationship between earthquake mag-__
nitude and fault rupture length.

5-Relationship between earthquake mag-
nitude and amount of fault displace-
ment.

Out of the five factors mentioned above, the tec-
tonic province approach in the EUS would per-
mit the use of only the first three. When the
active fault approach is employed in the WUS,
then all of the five factors will be used for such
an evaluation. Whether one decides to use a spe-
cific maximum earthquake value or a probabi-
listic distribution representation of the maximum
earthquake value, the STASHA program can
handle both forms of this input information.

(a) Determination of the Size of the Max-
imum Earthquake-Western United States. In this
region, seismic sources are usually line sources
(active fault approach). For such sources the
maximum earthquake size is usually based on
the fault rupture length or the maximum amount
of displacement that may be associated with the
causative fault. Not only the historical data base
is used, but also geological data from trenching,
or other geomorphological studies; Sieh, (Biblio "-
60) can be employed. Recently, (Aki, (Biblio 1);
Kanamori and Geller, (Biblio 24); Molnar, (Bib-

)

)

)
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lio 40)) seismic moment has been related to the
fault rupture area, along with the fault shear
modulus and average slip. Relating the maxi-
mum seismic moment Mo.max to moment mag-
nitude Mm gives the value of the largest moment
magnitude. It is useful to note that Mm is equal
to ML for ML values between 5 and 7. Empirical
relationships between M, fault rupture length
L and fault displacement D are developed from
world wide data (Bonilla and Buchanan, (Biblio
11); Slemmons, (Biblio 61)). Paragraph C-4, ap-
pendix C gives these relationships. The tables
and relationships presented in paragraph C-4
should not be used exclusively but together with
historical and other geologic evidence. The his-
torical record of earthquakes in a given region
may be one of the few indicators of the potential
for future earthquakes. However, extreme cau-
tion must be exercised when extrapolated fore-
casts are made. The time period of records in
the United States is relatively short and there-
fore statistical prediction should always be com-
pared or modified by expert judgment concerning
seismicity. In paragraph C-4, table C-11 shows
the slip rate activity of some of the faults of the
Western United States, and figure C-10 shows
fault slip versus time. This type of information
can also be incorporated probabilistically in as-
sessing fault activity and in estimating the size
of maximum earthquake events. This will be dis-
cussed further in the forecasting paragraph,
3-4d.

(b) Determination of the Size of Maxi-
mum Earthquake-Eastern United States. In this
region, seismic sources are modelled by the tec-
tonic province approach. The most commonly
used method of determining the size of the max-
imum earthquake is through historical records.
Very little information (if any) is available on
the fault rupture or fault displacement and hence
these two parameters cannot be related to the
size. To overcome the problem of limited histor-
ical data in estimating the maximum earth-
quake size, the opinions of experts should be
obtained. Two principal methods are used to de-
termine the maximum earthquake size. The first
one consists of using the size of the largest his-
torical event subjectively incremented by a safety
factor such as half a magnitude or one intensity
unit. The other consists in using the earthquake
size corresponding to a 1000 to 5000 year return
period from the recurrence relationship. Al-
though this last method is somewhat ad hoc it
is felt that, in the present geologic framework,
the near future will be similar to the past and
that the 1000 to 5000 year choice represents a
low enough probability such that the corre-

sponding event can be considered as an upper
bound. This last approach should include all
available information such as local or regional
strain release or stress field data (See para
3-4c(3)).

(3) Use of Seismic Moment to Represent
Source Seismicity. One of the more recent de-
velopments in seismic hazard analysis is to use
seismic moment (M,) to describe source seis-
micity. Seismologists have introduced a "phys-
ical" parameter called seismic moment M, to
describe size of an earthquake. This develop-
ment is relatively new and its practical imple-
mentation for seismic hazard analysis has not
been achieved. Paragraph C-4, appendix C, in-
troduces the users of this manual to this new
concept.

d. ProbabilisticForecastingModels. Step III
is to forecast source severity of future earth-
quakes on each of the identified sources (see fig
3-20), once the sources of seismic activity have
been identified (para 3-4b) and the seismicity
of the identified sources has been determined
(para 3-4c). These forecasting models are not
based on extrapolation of past data, but are based
on stochastic models. These models from 'the
probability theory field of stochastic processes
may however employ data for the evaluation of
their parameters. The type of stochastic fore-
casting model selected depends on the accept-
able type and level of assumptions about the
seismic occurrence on each of the sources. The
most widely used model is called the homoge-
neous Poisson Model. Typical examples of this
approach are given in the following references:
Cornell (Biblio 18), Cornell and Van Marcke
(Biblio 19), Stepp (Biblio 62), Algermissen (Bib-
ho 3), McGuire (Biblio 37), Shah et al. (Biblio
58), Wiggins (Biblio 69), Der Kiureghian and
Ang (Biblio 22), Liu and Fagel (Biblio 34), Kir-
emidjian and Shah (Biblio 32). This is normally
called a memoryless process because of the as-
sumption that the probability of occurrence or
nonoccurrence of an earthquake in any given
year and for a given source does not depend on
the time interval since the last occurrence. For
most practical cases where the future time ho-
rizon is of the order of fifty to one hundred years,
this is a reasonable assumption and is suitable
for the purposes of this manual. A non-homo-
geneus Poisson model has also been used to ac-
count for the dependence of the mean rate of
occurrence on time. Savy and Shah 1981, (Biblio
52) have shown the use of this model. In order
to account for the lack of sufficient historic oc-
currence data and also to take into account geo-
logical data (such as slip rate, size of past rupture

3-27



TM 809-10IM"NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986
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Figure 3-20. Flow chart for step III seismic forecasting model.
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length and the amount of fault displacement per
event), Bayesian models have been developed.
These models assume a Poisson occurrence model
along with a Bernoulli model for the size of each
occurrence. The STASHA program describes this
type of model; see appendix D for an example.

(1) When the occurrence of a future event
is independent of the past occurrences, then the
homogeneous Poisson model is a reasonable
model. The Poisson model of occurrence can be
written as

PN(nt) = e t ( t)n (eq 3-9)

where PN(n,t) =Probability of having n events
in a future time period t

n =number of events

X = mean rate of events per unit of
time (years)

(2) If X is independent of time, then the pro-
cess is called homogeneous. If X varies with time,
the process is called non-homogeneous.

(3) For earthquake events to follow the ho-
mogeneous poisson model, the following as-
sumptions must be valid:

-Earthquakes are spatially independent;

-Earthquakes are temporarily indepen-
dent;

-The probability that two seismic events
will take place at the same place and at
the same instant of time approaches zero.

The first assumption implies that occurrence or
nonoccurrence of a seismic event at one site or
location or source does not affect the occur-
rence or nonoccurrence of another seismic event
at some other location or source. The second
assumption implies that the seismic events do
not have memory in time. The third assumption
implies that for a small time interval dt, no more
than one seismic event can occur. This assump-
tion is considered to be realistic and fits the
physical phenomenon reasonably well.

(4) It can be shown that if the arrival of
earthquake events follow the Poisson process,
then the random description of the time interval
between two events follows exponential distri-
bution. Thus,

and

x is the mean rate of occurrence.

If one defines the return period (TR) as the time
interval during which the expected number of
occurrences is one, then this much used engi-
neering parameter in risk analysis is obtained
as follows: the expected number of events for
the Poisson process of equation 3-9 is given by

E(N(t)lk) = Xt (eq 3-11)

where E(N(t)l) = Expected number of events
for future time t given X.

If equation 3-11 is equated to one, we get the
definition of return period.

KTR= 1

and hence 1TR-= (eq 3-12)

TB is therefore the average time interval be-
tween events, and is also the reciprocal of the
annual risk of occurrence. The value of X is usu-
ally obtained from the recurrence relationship
developed in paragraph 3-4c. Let N'(m) = a' +
p m be the average number or rate of events
equal to or greater than magnitude m per unit
of time and per unit of source dimension. Then,
using the Poisson occurrence model, the prob-
ability of n events equal to or greater than mag-
nitude m in future time t for source of length L
(or area A) is given by

exp(-N'(m)Lt )n (N'(zn)Lt)"
P(n,m,t) =

(eq 3-13)

Thus,

P(O,m,t) = exp(-N'(m)Lt) (eq 3-14)

or probability of at least one event above mag-
nitude m for a source of length L in future time
t is given by

1 - P(O,m,t) = 1 - exp(-N'(m)Lt)
(eq 3-15)

Equation 3-15 provides the most elementary
hazard statement for the occurrence of a given
magnitude (or greater) on a given source. The
probability of exceeding a given level of site in-
tensity (such as PGA) needs consideration of
the location of the event (epicenter or rupture
length) on the source and also the consideration
of all sources affecting the site. This is treated
in the next paragraph 3-5.

f(t) = ke"' t ¢ 0 (eq 3-10)

= 0, Otherwise

f(t) is the probability distribution func-
tion for the interarrival time t between events,
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3-5 Selection of the attenuation relation
for the determination of seismic
severity at a site.

Step IV of the seismic hazard analysis deals with
the methods of evaluating the severity of ground
motion at the site where the structure is located,
given the information developed in the previous
three steps.

a. Attenuation of ground motion. When a
rupture along a fault plane occurs, vibratory
ground motions are generated. These motions
travel out from the source as body and surface
waves (See fig C-2). As these waves travel far-
ther out from the source, they are attenuated.
The type and amount of attenuation depends on
many factors, the most important of which are
listed below:

-Size or source severity of the event on the
source

-Type of fault mechanism

-Transmission path of the seismic waves
from source to the site

-Vibration or wave frequency of interest
of the seismic ground motion

-Distance from the source to the site

-Local site soil response effect

In estimating the type and severity of ground
motion that would exist at a site due to some
future seismic event, the analyst should incor-
porate the above parameters in his model. The
current state-of-the-art methods for estimating
the ground motion can be classified into two
groups.

-Methods based on wave propagation the-
ories through elastic and non-elastic
media with appropriate damping charac-
teristics.

-Empirical methods based on past data.

In the first method, various researchers in re-
cent years have developed models to study dis-
placement (or some other ground motion
parameter) wave forms as a function of the type
of event and the distance from the source. In
particular, the models for estimating the sur-
face wave patterns have been quite good and fit
the data well (See Boore, (Biblio 12); Frazier,
(Biblio 4); McCann, (Biblio 35)). There are some
other models which look at the attenuation of
Fourier spectra with distance. Such models take
into account the damping characteristics of the
transmission media, the wave frequency com-
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ponent of interest and the distance from the
source. These types of developments are avail-
able for body waves (See Savy, (Biblio 53)). )
However, the most commonly used methods for
ground motion estimation in engineering and
for seismic hazard and risk analysis are the ones
based on empirical relationships. In this man-
ual, a short description of these empirical tech-
niques will be presented. For a detailed study
see Idriss (Biblio 30) or the OASES study by
Woodward-Clyde Consultants (Biblio 70). It is
commonly accepted by seismologists and geo-
physicists that the type, the amount, and the
geometry of the rupture surface influences the
amplitude and frequency of motion near the
source. Other factors influencing the near-source
motion characteristics are the velocity of rup-
ture, the stress drop, the physical properties of
the fault plane material, and the pattern of non-
uniformity of rupture on the rupture surface.
The larger the rupture surface, the greater the
ground motion. However, there are definite up-
per limits for both the rupture size and the re-
sulting motion. The wave patterns generated at
the source travel out in all directions in the form
of complex wave forms. The regions through
which these wave forms travel from source to
site constitute the "transmission path." It has
been observed that the transmission path influ-
ences the attenuation of wave forms in both the
frequency and amplitude domains. The decaying
of amplitude with distance is usually referred
to as the "attenuation." In the frequency do-
main, higher frequency components in the wave
form get filtered out as the distance from the
source to site increases. In this paragraph, only
the amplitude attenuation will be discussed.
Paragraph 3-6 considers the aspects of fre-
quency attenuation and its influence on the re-
sponse spectrum shape.

b. Empirical attenuation relations. Various
empirical relationships are available in the lit-
erature to describe the relationship between the
size of the event, the distance from the source
and the site ground motion parameter of inter-
est (see fig 3-21). In working with these rela-
tionships, the question of distance from the
source to the site arises. The most "realistic"
distance to be selected could be either the epi-
central distance, hypocentral distance, distance
from the site to the energy release center, or the
distance from site to the closest rupture loca-
tion on the fault. Earlier relationships have used
epicentral distance; however, with the availa-
bility of more data in recent years, it has becomeK ' /
evident that this distance is not the most rele-
vant. Some studies have used hypocentral dis-
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Figure 3-21. Step IV, attenuation of ground motion from source to site.

tance. The recent relationships use the concept
of significant distance. This is the shortest dis-
tance to the ruptured source. Figure 3-22 shows

some of the distance definitions used in the
literature.
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Rf

RC - Distance to energy center
Be - Epicentral distance
R- Distance to causative fault

Rat - Hypocentral distance
m- Map distance to energy center

as- Significant distance

Reprinted from "Offshore Alaska Seismic
Exposure Study (OASES)." 1978, with
permission from Woodward-Clyde Con-
sultants.

Figure 3-22. Attenuation distances.

(1) Recent studies have indicated (OASES,
Biblio (70) that the transmission path B is very
important. Thus, for shallow earthquakes
(transmission path A in fig 3-23) there is one
attenuation relationship; whereas for deeper
earthquakes, (transmission path B in fig 3-23)
there is a separate attenuation relationship. This
transmission path dependence has been ob-
served in data collected in Alaska, Japan and in
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the Western United States. For most earth-
quakes in California and Hawaii, transmission
path A should be assumed. Also, there are im-
portant differences in rates of attenuation for
the WUS and EUS regions. These will be dis-
cussed in the paragraphs for these regions.

(2) Many empirical attenuation relation-'
ships are available in the literature. They all
have their shortcomings in both accuracy and
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Reprinted from "Offshore Alaska Seismic
Exposure Study (OASES)," 1978, with
permission from Woodward-Clyde Con-
sultants.

Figure 3-23. OASES attenuation.

applicability for a given site. The scatter of data
with respect to the estimated relationships is
considerable. Hence, this scatter should be prop-
erly accounted for in the use of the attenuation
relationships. See appendix D for an example.

c. Attenuation of ground motion in the West-
ern United States. The abundance of strong
motion records in the WUS makes empirical
regression analysis the ideal tool to predict
ground motion. A number of assumptions can
have a significant impact on the results of such
regression analyses. The most important ones
are the attenuation mathematical forms, the
regression techniques (linear, non-linear,
weighted vs. non-weighted), the data base se-
lection criteria, the definition of magnitude, at-
tenuation, and site soil condition. Three of the
most recent attenuation models developed for
the WUS are given below:

-Campbell Model (Biblio 14)

-Joyner and Boore Model (Biblio 31)

-OASES Model (Biblio 70)

Figure 3-24 shows the first two of these rela-
tionships. The third relationship is given in fig-
ure 3-23.

(1) The mathematical relationship used for
modeling the attenuation of peak acceleration
with distance is expressed by Campbell (Biblio
14) by the equation:

PGA = aexp(bM)(R + C(M))-dexp(-rR)
(eq 3-16)

where PGA is the mean of the peak acceleration
scaled from the horizontal component of the ac-
celerogram in g units.

M is the magnitude (M = ML for mag-
nitude less than 6.0)
(M = Ms for mag-
nitude greater than
6.0)
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Figure 3-24. Attenuation Relations.

r is the absorption coefficient which af-
fects the rate of attenuation.

R is the closest distance in kilometers to
the surface projection of the rupture
zone.

a, b, and d are regression constants. C(M) is a
function which models possible nonlinear mag-
nitude and distance scaling effects in the near
field that may be supported by the data. Ac-
cording to Campbell,

C(M) 0.567 exp(0.345M)

Substituting this into equation 3-16 along with
the values for a, b, and d gives the following
equation for the median value of peak acceler-
ation:
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PGA = 0.22 exp(0.734M)(R + 0.567exp
(0.345M)Y) 089 1 exp ( - rR) (eq 3-17)

where the value of r for the WUS is given by

r = 0.0423 - 0.00911M + 0.000573m2 (eq 3-18)

The 84th percentile value is obtained by multi-
plying equation 3-17 by 1.49. This step assumes
that the natural logarithm of PGA has a stand-
ard error of 0.40.

The Joyner and Boore relationships (1981)
are as follows:

logA = - 1.02 + 0.249M, - logR1
- 0.00255R, + 0.26P - (eq 3-19)

where R, = (d2 + 7.3)2 (5.0 < Mo S 7.7)
(eq 3-20)
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A is the peak horizontal acceleration in g
units

M. is the moment magnitude.

d is the closest distance to the surface pro-
jection of the fault rupture in kilome-
ters.

P is zero for 50 percentile value and one
for the 84 percentile value.

(2) The OASES (Biblio 70) relationship has
the following mathematical format:

PGA = biexp(b 2M)(R + C)b 3 (eq 3-21)

where PGA is the peak horizontal acceleration
in cm/sec2 .

bl, b2, and b3 are regression constants

R is the closest distance to fault rupture
in kilometers.

C is a constant dependent on magnitude
M, but independent of transmission
path.

C = 0.864exp(0.463M.) (eq 3-22)

For different transmission paths and soil con-
ditions, values of regression constants b1, b2 and
b3 along with the standard deviation of In ( PGA)
are given in table 3-2. Use of any one of the
three attenuation relationships should give rea-
sonable results.

d. Attenuation of ground motion in the East-
ern United States. Developing a ground mo-

tion model for the EUS is a difficult task for
several reasons. First, there is not much strong
motion data available from EUS earthquakes.
Second, it is generally agreed that one cannot
directly use a ground motion model developed
for the Western United States (WUS) because
data from a number of sources, e.g., Nuttli (Bib-
Ho 48), Chung and Bernreuter (Biblio 15) that
the attenuation of seismic energy in the EUS is
much different (more gradual) than in the WUS.
Four approaches appear applicable to develop
an EUS ground motion model. Given the limited
amount of intensity data available for the EUS,
three of the approaches use intensity as an in-
termediary variable to compare the ground mo-
tion between WUS and EUS:

Let Is = site intensity

IC = epicentral intensity

R =distance from source to the site

M = magnitude

F() and g() functional forms

GM =ground motion parameter, such
as peak acceleration or peak
velocity

Distance Weighting

Is = f (I., R) (EUS Data)

Log GM = g(I,,R) and in some cases
G(ISMLR) (WUS D

Table 3-2. OASES attenuation constants for median PGA values.

Standard
Deviation
of log

(PGA)

bI b3

Range
of Mag-
nitudes
Mc_

(Shallow siti 191 0.823 -1.56 0.568 4 to 7.5
Focus _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Events) rock
Eve )site 157 1.04 -1.90 0.579 4 to 7.5

Path B
(Deep Focus stiff 284 0.587 -1.05 0.70 5 to 8.5
or Subduc- site

tion Zone rock 276 0.68 -1.20 0.70 4 to 8.5
Events) site 27 068 1 120 0704t 8.

I

Reprinted from "Offshore Alaska Seismic
Exposure Study (OASES)," 197S, with permis-
sion from Woodward-Clvdc Consultants.

3-35



TM 5-809-10-1/NAVFAC P-355.1IAFM 88-3, Chapter 13, Section A 27 February 1986

Magnitude weighting

Is = f(I.,R)

Log GM = g(l,,M)

No weighting

I. = f(I.,R)

Log GM = g(15)

(EUS Data)

(WUS Data)

(EUS Data)

(WUS Data)

The fourth method uses a theoretical approach
such as Nuttli's (Biblio 48) model. It combines
theoretical modeling with measured regional Q
values (damping value of the transmission me-
dium), assumes the near-source ground motion
in the EUS is the same as in the WUS, and scales
only by magnitude. If it is kept in mind that the
elements of ground motion models are a com-
bination of source travel path and local site ef-
fects, it can be seen that all four approaches
make a common assumption. This is that the set
of WUS earthquakes, making up the strong
ground motion data set, adequately represents
future earthquakes in the EUS in terms of such
parameters as dynamic stress drop, static stress
drop, seismic moment, and focal mechanism.
Validity of this common assumption can be ver-
ified only as more information is generated in

the future.
(1) Empirical models using an intensity

attenuation data base. The first three ap
proaches require a relation giving the atten-._./
uation of intensity as a function of distance. It
would be ideal to have a number of earthquakes
with a range of epicentral intensity (IJ) and many
reports of site intensity (Is) for each earth-
quake. Then it would be possible to obtain the
required relation of the form through a simple
regression analysis:

(Is - IW) = C1 + C2R + C3InR (eq 3-23)

However, no such data set exists in a usable
form. Considerable data does exist, but it is in
the form of isoseismals for given earthquakes.
Isoseismals have a number of drawbacks, in-
cluding the fact that they are generally subjec-
tively determined. Of even greater significance
is the fact that isoseismals represent the aver-
age distance at which a given intensity was felt,
rather than average intensity at a given dis-
tance. Six earthquakes, that have been studied
in enough detail to develop sufficient data for
determining the required coefficients in equa-
tion 3-23 by regression analysis, are listed be-
low.

Name

Southern Illinois

Date

11-9-1968

Maximum
Intensity

Vll

Cornwall-Massena 9-4-1944 V1l

VlIOssippee 12-20-1940

Analysis
Source

G.A. Bollinger ~
(Biblio 9)

R.J. Holt
(Biblio 9)

R.J. Holt
(Biblio 9)

G.A. Bollinger
(Biblio 9)

G.A. Bollinger
(Biblio 9)

0. Nuttli
(Biblio 9)

Giles County 5-31-1897 VII-VIll

Charleston 8-31-1886 X

New Madrid 1811-1812 XI-XII

(2) Stronggroundmotion data base. This
data base allows correlation of site intensity with
such information as peak ground acceleration
(PGA), velocity (PGV), distance from recording
site to the epicenter and/or nearest approach of
the fault rupture plane, earthquake magnitude,
and information about site geology (See para-
graph C-1, appendix C-1). A number of such
data bases have been developed, e.g., Murphy
and O'Brien (Biblio 43), Trifunac and Brady
(Biblio 66), McGuire and Barnhard (Biblio 38),
Boore et al., (Biblio 13). If the site intensity is

to be correlated with spectral amplitude as well
as PGA, the data sets are more limited. The most
common one consists of the California Institute
of Technology (CIT) data tapes, such as those
of Trifunac and Brady or McGuire and Barn-
hard. These sets are then used to obtain rela-
tions of the form:

In GM = Cl + C21, + C3 In R

or

In GM = C1 + C21. + C3M

(eq 3-24a'

(eq 3-24b)
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or
In GM = Cl + C2I1

and

(eq 3-24c)

In GM = C, + C2M + C3 In R + C4S
(eq 3-24d)

where

GM = Ground motion parameter (PGA, PGV,
or spectrum S, at a given period)

Is = Site intensity

R = distance measure (epicentral, closest
approach, etc.)

M = generally local magnitude

S = Site type parameter (for soil S = 0;
for rock S = 1)

The parameters C. are determined by regression
analysis using an appropriate data set. The val-
ues of I., R, and site type for some records differ
significantly between data sets. Thus some
choices are involved.

(3) Site Correction Factor. The ideal way
to include a generic correction factor for rock
sites is to perform the required regression anal-
ysis using only the rock subset of the data in
place of equation (3-23) one could use:

Is - 1o = C1 + C2 R + C3 In R + C4S
(eq 3-25)

where S = site type (S = 0 for soil and S = 1
for rock), and in place of equations 3-24a, b, c,
one could include a site type in the relation be-
tween ground motion, site intensity, and dis-
tance or magnitude. Unfortunately, the intensity
attenuation data does not include the site type
and the intensity assigned is not generally at a
site where an accelerograph would be located,
but rather it is determined from isoseismals or
nearby reports of intensity. This reduces the
applicability of the above approach.

(a) Another method consists of intro-
ducing the variation between soil and rock sites
at the level of equations (3-24) and the general
ground motion model for the EUS is the com-
bination of equation (3-23), the appropriate form
of equations (3-24) and the inclusion of the term,
C4S (S = 0 for soil sites arid S = 1 for rock sites)
where C4 is obtained from WUS data, (In(GM =
C4S + C1 + C2ML + C31nR). The resulting ground
motion is of the form:

ln GM = Cl + C2I0 + C3R + C4ln R
(eq 3-26)

where GM is PGA, PGV or any spectral ordinate

Sa of interest. Several models are plotted for
PGA in figure 3-25. Based on the methods sug-
gested in this section, any one of the following
four attenuation relationships can be used.

1. Gupta and Nuttli model (1976). (Biblio
25).

2. Bollinger model (1977). (Biblio 8).
3. Ossippee model (1977). (Biblio 64)
4. Model developed by Tera Corporation.

(b) The Tera Model is based on the first
three models mentioned above. This model has
the following format:

log PGA = 0.74 + 1.12 mb - 0.733 In R -
0.0007R
(for R > 20 kilometers.)

= -1.47 + 1.12 mb
(for R s 20 kilometers.)

PGA is in cm/sec2

Mb is the body wave magnitude =
(0.98ML - 0.29)

R is the epicentral distance in Kms.

e. Uncertainty associated with ground mo-
tion model applied in the east. One weakness
of the approach applied in the EUS has to do
with apportioning an attenuation model into
submodels. The uncertainty contained in each
of the submodels increases the uncertainty in
the final prediction (Cornell, et al., (Biblio 20).
Although at the present time, there does not
appear to be any rational alternative to this.
This added uncertainty significantly influences
the seismic hazard results. Improved estimates
could be obtained through additional work on
this topic. When an attenuation model is derived
directly from recorded ground motion, the sta-
tistical uncertainty usually corresponds to a one
standard deviation confidence level of 1.6-2.0
times the mean. When the uncertainty in mean
predictions of intermediate parameters (such
as intensity) is rigorously included, this multi-
plicative factor becomes 2.0-2.9 (Cornell, et al.,
(Biblio 20). A hazard analysis, which results in
a one standard deviation confidence level equal
to 2 or 3 times the mean predicted value of site
severity is being dominated by this multiplica-
tive factor. It should be recognized that a large
part of the uncertainty is due to the use of data
representing all possible earthquake types and
all possible travel paths. The necessity for this
is to acquire a sufficient statistical sample size
for averages and empirical prediction equa-
tions. However, in most cases the seismic hazard
at a particular site is largely determined by a
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"Seismic Hazard Analysis-Solicitation of
Expert Opinion," Nuclear Regulatory
Commission, reprinted from NUREG/CR-1582,
Vol. 3, 1980.

Figure 3-25. Comparison of ground motion models for Mb = 5.5.

particular type of earthquake (e.g., magnitude
range, depth, focal mechanism, etc.), with a par-
ticular path. It is believed that a detailed con-
sideration of this specific local knowledge would
significantly reduce the attenuation model un-
certainty. Also, as stated in the next paragraph,
the median forecasted value of PGA is used for
scaling the response spectrum shape. The high
uncertainty in actual PGA values does not enter
into this scaling procedure; only the statistical
sampling uncertainty of predicted median PGA
as it estimates the true (infinite sample size me-
dian value) median is of concern. Aside from the
use of sub-models (such as conversion of I to
M), there is no a priori reason to believe that

3-38

the random uncertainty associated with predic-
tion of median PGA levels in the EUS should be
substantially different than in the WUS for given
parameters. Therefore uncertainty measures
similar to those values obtained in the WUS from
direct regression on strong motion data are rec-
ommended for use in the EUS.

f. Site severity for scaling the response spec-
trum shape. For the purpose of scaling the ap-
propriate site response spectrum shape (DAF)
as described in the next paragraph 3-6, it is rec-
ommended that the median or 50 percentile value
of PGA be used in the attenuation equation. The
mean value shall be used if the median is not
given by the attenuation equation. For a given
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convoluted seismic hazard or return period of
severity at the site, it is judged that the median
value is sufficiently conservative for spectral
scaling purposes. Note that PGA data used for
empirical attenuation relations is the PGA from
the principal component of the recorded time
history. Further conservatism due to the spec-
tral enveloping property of the specified DAF
shape is discussed in paragraph 3-7.

g. Computation of total hazard at the
site. The process of computing the hazard or

Line Source

'probability of exceeding a given level of site in-
tensity (such as PGA) involves the convolution
of the probabilities of all the possible combi-
nations of source intensities (M or I) and at-
tenuation distances R that can produce or exceed
the given level of PGA. Figure 3-26 provides a
simplified illustration of the typical condition
for a line source and an area source.

(1) On the line source the set of all possible
combinations of rupture length location, its cor-
responding attenuation distance RH and mag-

iRupture length due to M
having random location
on source

jRI

Site having given level
of PGA

Area element having
random location on
source M occurs
in this element.

Area Source

US Army Corps of Engineers

Figure 3-26. Description of sets of M and R required for a given PGA.
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nitude Mi are able to produce or exceed the given
PGA at the site. Similarly the set of the M; and
area element location Rj produces the PGA at
the site from the area source.

(2) The total probability of exceeding the
PGA is the probability of the union of the oc-
currences of all the sets of Mi and Ri combina-
tions on the line source, and Mj and Rj
combinations on the area source. The convolu-
tion operation required for this total probability
for a selected range of given PGA values can be
very lengthy and is best performed by a com-
puter program such as STASHA (Stanford Uni-
versity Technical Report, No. 36). A simple
example of this type of calculation is given in
paragraph 3-7c.

(3) Finally, a sensitivity analysis involving
the probable upper and lower bound values of
the parameters of the hazard analysis may be
performed. For example, when large uncertain-
ties exist due to sparse data and (or) judge-
mentally assigned values in source locations R,
recurrence parameters a, I, Mmax, and different
but applicable attenuation relations, then sep-
arate runs of PGA evaluations may be per-
formed using probable upper and lower bounds
for each individual parameter. The results of
this analysis are useful to identify the impor-
tant factors that significantly effect the calcu-
lated PGA, such that perhaps more information
can be obtained to better evaluate these factors
of parameters. Also, the resulting probable
bounds on a PGA for a given return period pro-
vide a numerical description of the quality or
stability of the hazard analysis and can assist in
the final assignment of the design spectral scal-
ing value for the PGA.

3-6. Site specific response spectra, step V.
The exact prediction of future ground motions
(such as the accelerogram x(t)) at a site is not
possible. Therefore, forecasted response spec-
tra representative of this motion offer the most
effective method of specifying the future. Hav-
ing the value of site severity from step IV of the
seismic hazard analysis, this value provides the
basis for scaling the response spectrum shape
resulting from step V, treated in this paragraph,
and summarized in figure 3-27.
In practice, the response spectrum shape may
be obtained by three rather common tech-
niques; two of which are empirical, and one ana-
lytical method:

-Averages of Normalized Spectra

-Attenuation of Spectral Ordinates

-Analytical Soil-Column Response

(see para C-3, app C for an overview of all meth-
ods). The results of any or all of these methods
may be combined to define the appropriate spec-
tra for structural design and analysis; this is
usually done in a rather subjective manner to
best represent the quality of information from
each method, (See SEAOC Pamphlet, (Biblio
55)). However, before proceeding to the descrip-
tion of these methods and the formation of the
site specific spectra, it is useful to review the
major factors that govern the shape and size of
the response spectrum.

a. Spectral shape factors. It is generally rec-
ognized that the frequency content and corre-
sponding response spectrum shape is governed
by the following source and site factors.

-Characteristics of Soil Deposits Underly-
ing the Site

-Magnitude of Seismic Event producing the
Site Ground Motion

-The Source Fault Rupture Characteristics

-The Source-to-Site Travel Path Charac-
teristics of Distance and Wave Attenua-
tion Properties

The second and third factors are recognized sub-
jects of research, but are not generally incor-
porated in site spectra with the exception that
records for spectral averaging purposes may be'
grouped according to magnitude levels. The first
"soil type" factor is well established and used in.
most site specific ground motion studies. The
fourth "travel path" factor is also an estab-
lished procedure for both distant sites in all re-
gions, and for the representation of the low
attenuation rates in the Eastern United States.
Detailed discussions and procedures for deter-
mination of spectra are given in appendix C, par-
agraphs C-2 and C-3.

b. Statistical averages of normalized re-
sponse spectra. In this first empirical method,
the shape of the spectrum is determined by a
statistical analysis (evaluation of averages and
standard deviations) of past earthquake strong
motion accelerograms; as classified according to
site conditions, distance from the source and
size of the event. All the response spectra for a
common set of conditions are normalized by the
recorded PGA, see figure 3-28.
The mean and standard deviations of the nor-
malized spectra (referred to as the Dynamic
Amplification Factor or DAF) are then calcu-
lated. This statistical summary is used to fore-

)
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GIVEN FORECASTED MEDIAN
PGA FOR EQ-I AND EQ-II

(para 3-le)

DETERMINE FORECASTED RESPONSE SPECTRA 1
'I

AVERAGES OF
NORMALIZED
SPECTRA HAVING
COMMON SITE SOIL
CONDITION
(para 3-6b)

4
ATTENUATION OF
SPECTRAL ORDINATES
FOR APPROPRIATE
TRAVEL PATH,
MAGNITUDE, AND
SITE SOIL CONDITION
(para 3-6c)

ANALYTICAL SOIL-
COLUMN RESPONSE
FOR APPROPRIATE
TIME HISTORIES
ON BED ROCK
AND SOIL COLUMN
MODEL
(para 3-6d)

i

ATC 3-06 SHAPE AS SPECIFIED IN PARA 3-8 ]
-I ____

COMPARE AND JUSTIFY FINAL SPECTRAL

SHAPE USING INFORMATION FROM A.LL

AVAILABLE METHODS
(appendix C, para C-4)

SCALE FINAL SPECTRAL SHAPE ACCORDING
TO EQ-I AND EQ-II LEVELS OF PGA

AND DAMPING VALUES
(para 3-7 and 3-8)

US Anny Corp~s of Eiigineers

Figure 3-27. Step V, site specific response spectra.
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Figure 3-28. Statistical averaging of normalized spectra.
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cast the spectral shape of future events according
to the particular site conditions. The method,
even though widely used for practical applica-
tions, has some shortcomings. The procedure of
normalizing according to PGA creates a large
coefficient of variation (standard deviation di-
vided by average), particularly in the long pe-
riod region. However, since no better means of
normalization is yet available, this technique has
provided the primary source of design earth-
quake spectral shapes. See Seed et al. (Biblio
56), Kiremedjian and Shah (Biblio 33) and ATC
3-06 (National Bureau of Standards, Special
Publication 510).

c. Attenuation of spectral ordinates. The
second empirical approach of forming a site
spectrum is by the use of attenuation equations
for spectral ordinates at specific period values
for a set of records and then statistically ana-
lyzing these attenuated ordinates. This again
provides a mean and standard deviation descrip-
tion of the site spectrum such that an upper
confidence limit can be given in terms of one or
more standard deviations. This method has the
advantage of avoiding a normalization method
with its inherent creation of large spectral var-
iability. This advantage is offset, however, by
the need for the use of spectral attenuation re-
lations that have large prediction error. Also,
the development of these relations requires a
sufficient set of records applicable for a common
seismic region; the method is therefore limited
to these regions (see app C, para C-3d). This
method, however, may find increased applica-
bility in the Eastern United States (see Nuttli:
Biblio 47), not because of the availability of data
for that region, but because the method can in-
corporate expert opinion and theories for wave
transmission peculiar to the region and its pos-
tulated sources of seismicity. The most current
application of this technique is given by NUREG/
CR-1582, Vol. 3 and 4, (Biblio 63, 64).

d. Analytical soil column response. The third
or analytical method of obtaining a spectral shape
is based on a site specific study of the strong
motion accelerogram. If the acceleration time
history at the bedrock level for a given site can
be formulated, then using the overlying soil lay-
ers as a filter, the response on the surface can
be determined. Thus, the transfer function of
the soil layer and the motion at the bedrock level
determines the time history and corresponding
spectral shape at the surface. The problem with
this method is that a time history at the bedrock
level has to be formulated. This may not be an
easy task for a region where the seismotectonic

information is not complete. See appendix C,
paragraph C-3.

e. Site specific earthquake spectra. The pro-
cedures of paragraphs 3-6b, c, and d, have all or
in part lead to generalized versions of earth-
quake spectra. Some of the important recom-
mendations resulting from these procedures are
given here and in the next paragraphs on shape
effects. These include the methods of:

-Newmark-Hall, (Biblio 44)

-Seed et al, (Biblio 56)

-Kiremidjian and Shah, (Biblio 33)

-ATC 3-06
(1) Newmark-Hall Method of Constructing

Elastic Response Spectrum. This is an empirical
method of constructing an elastic spectrum. It
employs the following normalized values for
ground motion:

Acceleration

Velocity

1g

48 in/sec.

Displacement 36"

Thus, for a peak ground acceleration of interest,
as forecasted for the site, construct the ground
motion parameters on the tripartite plot. As an
example, let the PGA value be 0.35g. For this
case, ground motion values are:

Acceleration A = 0.35g
(Og x 0.35)

Velocity V = 16.8 in/sec.
(48 in/sec x 0.35)

Displacement D = 12.6"
(36" x 0.35)

Draw this ground motion spectrum on the tri-
partite paper. (fig 3-29).

(a) The second step is to construct an
"elastic" response spectrum. To construct this
spectrum, a table of amplification factors, based
on the study of past spectra, is available. See
table 3-3 from (Biblio 44).
These amplification factors are functions of
damping ratios, and the described confidence
level. As an example, consider a 5 percent damp-
ing ratio, and the median level.

(b) The lines of constant acceleration, ve-
locity, and displacement representing the elastic
response spectrum are given by the correspond-
ing ground motion values times the appropriate
factors from the table.

S.= (.35g)(2.12) = 0.74g
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Figure 3-29. Newmark-Hall Spectrum.
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Table 3-3. Spectrum amplification factors for horizontal elastic response.

Damping, One Sigma (S4.1o) Median (50%)

9eCritical A V D A V D

0.5 5.10 3.84 3.04 3.68 2.59 2.01
1 4.38 3.38 2.73 3.21 2.31 1.82
2 3.66 2.92 2.42 2.74 2.03 1.63
3 3.24 2.64 2.24 2.46 1.86 1.52
5 2.71 2.30 2.01 2.12 1.65 1.39
7 2.36 2.08 1.85 1.89 - 1.51 1.29

10 1.99 1.84 1.69 1.64 1.37 1.20
20 1.26 1.37 1.38 1.17 1.08 1.01

Reprinted from "Earthquake Spectra and
Design," Newmark, N. M. and Hall, W. J.,
EERI Honograph Series, 1982, with permis-
sion from the Earthquake Engineering
Research Institute.

S, = (16.8 in/sec) (1.65) = 27.7 in/sec

Sd= (12.6')(1.39) = 17.5 in.

(c) These constant levels are plotted on
the tri-partite paper, and along with recom-
mended connecting lines as given in (Biblio 44),
the complete spectrum is defined. This New-
mark/Hall method provides a direct procedure
of forming a spectrum, and also has the advan-
tage of constructing inelastic yield force and de-
formation spectra in terms of structural ductility
factors (see Biblio 44). Also the site soil con-
ditions can be represented by either the known
forecasted peak ground velocity or prescribed
relations between peak ground acceleration, ve-
locity, and displacement. However, since the
representation and description of site soil con-
ditions are not as detailed as in the following
methods, the use of this Newmark/Hall method
is not recommended except for general compar-
ison with other methods.

(2) SeedetaL. This method provides mean
DAF, and mean plus one standard deviation
shapes for different categories of site condi-
tions, see figures 3-30 and 3-31. These DAF
shapes may be scaled to the forecasted PGA value
having a given risk value at the site.

(3) Kiremidjian and Shah. This method is
similar to method (2), and a definite listing of
the data base and the site soil conditions is pro-
vided. Also, in addition to mean and mean plus
one standard deviation shapes, probability func-
tions are given for the random DAF values as
they are scattered about the mean value. This
probability information is most useful for cal-
culating the total risk of exceeding a specified

response spectrum. This total risk must involve
the convolution of probability functions for both
the forecasted PGA scaling factor and the DAF
spectral shape. See Kiremidjian and Shah (Bib-
lio 33) for examples. A more simplified reliabil-
ity calculation is given in paragraph 3-7.

(4) The ATC 3-06 method uses much of
methods (1) and (2) as background justifica-
tion. It, however, goes further to provide sim-
plified DAF shapes for not only the soil types
but also the tectonic region. Because of this sim-
ple, yet representative quality, it is recom-
mended that these ATC 3-06 shapes be used for
the appropriate site conditions and tectonic re-
gion. Therefore, unless there are special site
conditions, close active sources, or high risk f a-
cilities, these shapes as scaled by the forecasted
site severity values can provide the input spec-
tra for design and analysis. The complete ATC
3-06 method for site severity and response spec-
tra is given in paragraph 3-8. In order to rep-
resent the particular regional attenuation effects
that are indicated when the A, value exceeds the
Aa value on the contour maps* given in para-
graph 3-8, the spectral shape should be found
using the respective contour map values of A,
and A., then this shape should be scaled by the
ratio of the forecasted PGA to the contour map
value of A.. The PGA value corresponds to the
hazard level or return period of EQ-I or EQ-Il.

f. Factors affecting response spectral
shapes. As mentioned in paragraph 3-6a there
are several important conditions or factors that
can alter the shape or frequency content of the
response spectrum.
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Reprinted from "Site-Dependent Spectra
for Earthquake Resistant Design," Seed,
It. B. et al, Report No. EERC 74-12,
University of California at Berkeley, 1974.

Figure 3-30. Average acceleration spectra for different site conditions.

(1) Type and duration of fault rup-
ture. Generally the type and duration of the
fault rupture affects the frequency content of
the seismic wave. Various seismological papers
are available which describe the theoretical for-
mulation of the above mentioned dependence.
(Haskell, (Biblio 28, 29); Savage, (Biblio 51)).
According to these models, the seismic wave
characteristic in the time and frequency domain
is a function of the radiation pattern (source
and propagating geometry), seismic moment
(size of the event or energy release level) and
the source mechanism.

(2) Size of event in terms of magnitude or
seismic moment and distance from source to
site. Based on the recorded ground motion
characteristics, many empirical relationships are
available to show the dependence of the re-
sponse spectrum shape on the size of an event,
the distance from the source to the site and the
predominant period (or frequency) of the mo-
tion. Figures 3-32 and 3-33 show such empirical
results. It can be seen from these figures that
the higher frequency components are filtered
out from seismic waves as the distance from the

source to the site increases. In other words, the
predominant period of motion increases with
distance and size of the seismic event. The en-
gineering implication of this observation is ob-
vious. Taller structures are affected more by large
distant earthquakes than are the shorter (or
stiffer) structures at the same location.

(3) Local site soil conditions. The effects
of local site soil conditions on the frequency con-
tent can be very significant. The response of a
given layered soil media to a seismic bedrock
motion depends heavily on the transfer function
of the soil. Thus, stiffer soils transfer higher
frequency components whereas softer soils
transfer lower frequency components. Exten-
sive studies of the available strong motion ac-
celerograms by many researchers have shown
that the shape of the Response Spectrum changes
with the site condition. There are usually three
classifications of soils: soft alluvium deposits
(soil class 0), intermediate stiff soils (soil class
1) and firm soils or rocks (soil class 2). These
classifications could be made on the basis of shear
wave velocities. As a guide to such a possible
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Figure 3-31. 64 Percentile acceleration spectra for different site conditions.
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Figure 3-32. Predominant periods for motions in rock-earthquake magnitude = 7.
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Figure 3-33. Predominant periods for maximum accelerations in rock.
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classification, the following procedure is rec-
ommended (Vs is the shear wave velocity):

Firm Site: Vs - 450 meters/sec.

Intermediate Stiff: 250 - Vs < 450 meters/
sec.

Soft Alluvium Deposits: Vs < 250 metersl
sec.

Also, for the purpose of this manual, these soil
classes 0,1,2 may be considered to correspond to
the soil types SI, S2, S3 respectively, as described
in table 3-5. Figures 3-34, 3-35 and 3-36 taken
from Kiremidjian and Shah, (Biblio 33), show
the effect of the soil conditions on the frequency
content of ground motion. It can be seen from
these figures that for soil class 0, the spectral
peak occurs at higher period than for stiffer

soils of class 2. Under very special conditions,
(such as in Mexico City, where the city is on an
old lake bed), the spectral peak could occur at
a period as long as 1.5 to 2.5 seconds.

(4) Regional geology. This is a most im-
portant effect, not only for the Western United
States where there is a reasonable amount of
strong motion records, but for the Eastern
United States where data is sparse and predic-
tions of future ground motion must be based
upon geological features. The future develop-
ments in ground motion prediction will depend
strongly upon inferred behavior of possible
earthquake source mechanisms, and the corre-
sponding propagation of effects in the general
geological structure. One of the most prominent
characteristics of Eastern United States seis-
micity is the exceptional transmission of peak
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Reprinted from "Probabilistic Site-
Dependent Response Spectra," Kiremidjian,
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Figure 3-34. Comparison of DAF from Kiremidjian and Shah to Seed et al, soil class - 0, damping = 5%.
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permission from the American Society of
Civil Engineers.

Figure 3-36. Comparison of DAF from present study to DAF from Seed et a], soil.dcass = 2, damping = 5%.
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velocity effects (low attenuation). A repres
tation of this velocity propagation effect is gi
by the ATC 3-06 Spectra for the appropri
seismic areas of the Eastern United States. I
will be shown in paragraph 3-8. All shape fac
effects are summarized in figure 3-37. When
lecting a design earthquake spectrum, the
gineer will consider which of these factors

DA

Magnitude

DAF

applicable to the site and how the resulting DAF
shape may coincide with the dynamic frequency
characteristics of the structure.

g. Formulation of effective response spec-
tra. For the cases where the ATC3-06 method
of paragraph 3-8 is to be supplemented or re-
placed by special site information (para 3-3 to
3-6, and perhaps a site response analysis such

Large

Region

Distance

Soil

T

T

T

Ub Army Corps of Engineers

Figure 3-37. Factors effecting spectral shape.

3-53



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

as SHAKE (Biblio 54), then the mean (or me-
dian) spectral shape (DAF) will be used. The
specified site spectrum will be mean (or median)
PGA times mean (or median) DAF. The mean
DAF values for site soil conditions are given by
Seed, (Biblio 56) and Kirimedjian and Shah,
(Biblio 33) and these may be supplemented by
the results from a site response analysis. For
example, if one or more spectra are available
from a site response analysis, and or if any ac-
tual recorded event spectra are judged to be ap-
propriate for the site, then these spectra will be
normalized to the mean (or median) PGA value
and averaged with the empirical mean PGA X
DAF shape. The averaging should be based on
a weighted judgement of the relative quality and
applicability of the available spectral informa-
tion, see paragraph C-3f, appendix C.

h. Effective response spectra. In paragraph
3-8e, there is a discussion of the concept of an
effective response spectrum where high fre-
quency (short period) response peaks are re-
duced to represent the absorption or filtering
effect of the actual building size on the short
spikes of ground acceleration input. For the case
of the mean PGA times mean DAF specified in
paragraph 3-6g, it is assumed that this mean
spectrum is the effective response spectrum; the
mean DAF represents both a smoothed or re-
duced peak shape in the short period range and
an average conservative envelope of near and
far event ground motion response in the longer
period range. It therefore provides for the same
effects as discussed in paragraph 3-S8e.

3-7 Interpretation and summary.
The various concepts and methods of specifying
ground motion have been presented. This par-
agraph provides discussions of the uncertainty
in forecasted values; and the relation of selected
levels of ground motion to design criteria.

a. Recognition of uncertainty in forecasted
values. Each step in the specification of site
ground motion involves uncertainties due to
empirical relations fitted to limited data; vary-
ing assignment of values to general measures
of magnitude, intensity, and source-to-site dis-
tance; and varying expert opinions. These in-
dividual uncertainties have been discussed in the
appropriate paragraphs dealing with each pa-
rameter necessary for the ground motion fore-
cast. It is intended to assemble these uncertainty
measures so as to describe the total reliability
of a specified site ground motion.

(1) Site severity (PGA). Given the accept-
able hazard in terms of the return period (TR)

for the exceedence of structural performance
criteria (elastic design level or functional level)
the corresponding site severity parameter (PGA)
is derived from the following measures of seis-
micity and attenuation:

-Site to source distance (R), for the one or
more sources capable of producing the PGA
at the site.

-Magnitude or source-intensity (M or I.)
necessary to produce PGA at the site.

-The appropriate attenuation relation for
the geotectonic region and site conditions,
and the relation of PGA to site-intensity.

-The probability model and combinatorial
procedures required for the evaluation of
the PGA corresponding to a given return
period TR-

The resulting forecasted PGA is subject to the
uncertainties in the above listed measures. It
can be represented as an estimated mean (or
median) value of PGA. This forecasted mean
PGA is scattered about the true mean PGA (cor-
responding to a given return period) with an
estimated (sampling error) coefficient of vari-
ation Vp equal to about 10 to 20 percent.

(2) The envelope quality of a statistical
DAF. The primary source of spectral shape or
DAF information is by the statistical averages
of records from common general categories of
distance (R), magnitude (M), and soil condi-
tions (S). However, in order to have a sufficient
sample size, there is rather wide variation in the
individual record conditions (R, M, S) within
any general category. This individuality causes
a large contribution to the coefficient of varia-
tion VDAF of the DAF; but in terms of forecast-
ing future ground motion, it has the following
useful interpretation. Referring to figure 3-38,
the possible single events at a site can have (for
example) either condition "A" or "B"; corre-
sponding to large magnitude and near source
("A") or moderate magnitude and far source
("B"). The average envelope curve would there-
fore be exceeded only in the case where the ac-
tual event conditions are not enveloped by this
upper curve. Thus, in this example, for periods
less than T1, the envelope is much more con-
servative if conditions "B" were to occur. The
chance that this curve will be exceeded by the
actual future event DAF is the chance of having
both conditions "A" and structural period less
than T.. This would be the product of the two
probabilities of (condition "A") and of (period
T v TI), and would be small. As a rough, but

)

)

)
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DAF

Condition "A"

Condition "B"

DAF Envelope_ _-

1.og'\ I

I %'
I

T 1

UIS Ann. Corps of Engineers

Figure 3-38. Envelope quality of the DAF shape.

T

reasonable value, it is assumed that the com-
bined envelope shape would be approximately
equivalent to a 90 percent confidence interval
for a single event spectrum. Therefore, in order
to best represent the fact that the envelope curve
and its simplified design DAF version is an en-
velope of many possible future event conditions,
the design DAF in the next paragraph (3) is
assumed to be equivalent to 90 percent confi-
dence limit.

(3) Smoothed or simplified design DAF.
The mean or median value DAF results directly
from the statistical average of the normalized
(DAF) values from the site-representative
earthquake records. The common range of coef-
ficients of variation is 0.3 to 0.5. However, when
the mean or median DAF values are smoothed
and simplified to provide a design DAF (see ATC
3-06), the final shape represents an envelope for
any of the possible spectral shapes that could
occur at the site. Because of this necessity for
the simplified envelope in order to provide a
practical input (without steep peaks and val-
leys) for dynamic analyses, it is not possible to

describe the design DAF in terms of a central
value and coefficient of variation. It is estimated
that the design DAF represents at least a 90
percent upper confidence limit on the true DAF
that could occur at the site; or in terms of prob-
ability, the probability that a future event DAF
would exceed the design DAF is about 10 per-
cent.

b. Reliability of specified ground motion.
The classical hazard analysis (STASHA) pro-
vides a central PGA value for a given return
period or risk of exceedance. Due to prediction
error, the true PGA for the given return period
has a 50 percent chance of exceeding this central
PGA.

(1) Then, with the recognition that the DAF
shape is a conservative envelope of DAF's from
near and far events, and assigning a very rough
judgemental probability of 10 percent that the
DAF of any single event would exceed the en-
velope shape, the reliability of the effective de-
sign spectrum (PGA)(Design DAF) is given by,

1 - (0.5)(0.10) = 0.95 or 95%
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While this reliability measure is based on very
subjective measures of uncertainty, it provides
a reasonable description of the actual condi-
tions. In summary, given an accepted return pe-
riod for the forecasted ground motion, there is
only a 5 percent chance that the design spectrum
would be exceeded. The STASHA program of-
fers a more rigorous and complete method of
establishing the reliability by means of its Baye-
sian Hazard Analysis option, see appendix D.

(2) The effects or consequences of uncer-
tainties and variabilities in specified ground mo-
tion values for a site are best evaluated after
the consideration of the total structural design
process in chapter 4. When the forces and de-
formations in the structural model have been
evaluated for the specified ground motion, then
judgements can be made concerning the effect
of seismic input variations on the performance
of the final design. For example, if critical mem-
bers have high levels of inelastic demand, and
if reasonable variations in input can increase
this demand beyond the failure threshold, then
the designer should strengthen or modify this
part of the structure.

c. Site specific hazard curves. Hazard is de-
fined as the probability of exceeding a given level

of site PGA during a given exposure time t, and
where PGA is the forecasted mean or median
value from the hazard analysis. This central
forecasted PGA value is the measure of ground--o'
motion severity and is used (in step V) as the
spectral scaling factor for the site response
spectrum

Sa = PGA x DAF,

where the DAF is a reliable envelope shape for
all of the spectral shapes that could be produced
by the events capable of generating the PGA at
the site. Because there may be more than one
source and (or) more than one possible earth-
quake event at different locations on a source,
it is not possible to calculate directly the value
of a PGA having a specified hazard or probability
of exceedence. Several values of hazard P[PGA
> PGAA] must be evaluated for given incre-
mented values of PGAj, and then a hazard curve
is constructed through the plot of the hazard
versus PGAj points; a hazard curve is shown in
figure 3-39. With this curve it is possible to de-
terinine the site PGA value corresponding to a
specified hazard value for a given exposure time:
for example, the PGAI for EQ-I having a 50 per-
cent chance of exceedence in 50 years.

)

)
~P(PGA> PGA )- Hazard

100% - - - _ . _

PGA

50%X - - - - -

I0 Mp'GA
PGA I

US Army Corps of Engineers

Figure 3-3. Hazard curve for site PGA with exposure time of 50 years.
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In appendix D, a simplified example I shows the
individual steps necessary to calculate one of
the incremental hazard curve points PGAj = 0.20g
for a 50 year exposure time. The other examples,

2 and 3, of appendix D show the more detailed
procedures using the STASHA computer pro-
gram as required for the practical evaluation of
the hazard at a given site.

Section IlIl. THE ATC3-06 METHOD

3-8 The ATC3-06 method.
This method as documented in ATC3-06 (Na-
tional Bureau of Standards, Special Publication
510) and as prescribed in this paragraph will be
used according to the guidelines in figure 3-1.
The resulting design spectra are to be consid-
ered as the minimum seismic loading criteria.
Where there are exceptional site conditions such
as close source proximity, or highly responsive
soil columns, or if the configuration or use of
the structure is very different or special, then
the hazard analysis methods in paragraphs 3.1
to 3.7 are to be used to supplement these mini-
mum criteria. Any changes from these criteria
are subject to approval by the reviewing agency.

a. Determination of site severity. For a given

_405~~~~~~40.

0 ,,

00

100

010

006

morE: THE NUMBERS ON THE CONTOURS ARE VALUES OF EPA IN
UN ITS OF ACCELERATION OF GRAVITV.A/

site location the contour maps, figures 3-40 to
3-43 provide the basis for evaluating the site
severity or scaling factors for EQ-1 and EQ-22.
These figures provide contour values Aa and A,
having a 10 percent probability of exceedence in
50 years. Definitions of Aa and A, are given in
figure 3-44. Figure 3-45 gives curves that con-
vert the contour values to the Aa or A, values
corresponding to the probabilities of exceed-
ence for EQ-I (50% in 50 years) and EQ-I1 (10%
in 100 years). The value for EQ-I is found where
the contour level curve intersects the 50% prob-
ability line for 50 years. The value for EQ-I1 is
found where the contour level curve intersects
the 10% probability line for 100 years.

(y.010/0/

L110 :

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06,' National Bureau of
Standards, Special Publication 510, 1978.

Figure 3-40. Contour map for effective peak acceleration.
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ALASKA

7>9 ' PUERTO RICO
HAWAII

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06," National Bureau of
Standards, Special Publication S10, 1978.

Figure 3-41. Contour map for effective peak acceleration.
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Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for a
Buildings ATC 3-06,"1 National Bureau of
Standards, Special Publication 510, 1978 .

Figure 3X2. Contour map for effective peak velocity-related acceleration coeffient.
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ALASKA

PUERTO RICO

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
buildings ATC 3-06," National Bureau of
Standards, Special Publication 510, 1978.

Figure 3-43. Contour map for effective peak velocity-related acceleration coefficient.
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Map values of A = EPV/30 in g'sand EPV is in inches/sec.

Av is the velocity related acceleration value.

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06," National Bureau of
Standards, Special Publication 510, 1978.

Figure 3-44. Schematic representation showing how effective peak acceleration and effective peak velocity are obtained
from a response spectrum.
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the lkefrelopuent of Seismic Regulations for
buildings Ale 3-0b5, National :Iureau of
SaI.dlallb. Special Publication 510. 1978.

Figure 3-45. Annual risk of exceeding various effective peak accelerations for locations on the indicated contours of A.
and A. in figures 340 to 3-43.
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(1) Table 3-4 gives a summary of the re-
sulting A. and A, values for each corresponding
map contour values. These Aa and A, values are
to be used to scale the response spectrum shape
DAF as per equations 3-27 to 3-30 in paragraph
3-8c.

(2) Note in figure 3-45, that any 100 year
probability of non-exceedence can be obtained
by the square of the corresponding 50 year prob-
ability; the occurrence of two successive 50 year
periods of non-exceedence.

(3) Also, even though figure 3-45 was orig-
inally meant to be used for EPA = A. values in

ATC3-06, the stated probability values are as-
sumed here to be also applicable to the A, val-
ues, such that both Aa and A, can be converted
to the EQ-I and EQ-I1 probability values, at all
locations in the United States. This assumption
is considered valid because any A, value is de-
rived from the A. value at a given map location
and therefore has the same probability value as
the Aa.

b. Determination of site soil type. The site
soil profile type will be determined and identified
as Si, S2, or S3 according to the definitions given
in table 3-5.

Table 3-4. Map contour and ground motion levels.

ATC 3-06

Map Contour

Level Aa or AV

in units of g

(figs 3-40 to 3-43)

Design Ground Motion Level Aa or AV

and Probability of Exceedance*

EQ-I

(50% in 50 years)

EQ-II

(10% in 10.0 years)

0.05

0.10

0.20

0.40

0.02

0.04

0.08

0.20

0.06

0.12

0.25

0.45

* For use in equations 3-27 to 3-30

US Army Corps of Engineerb
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Table 3-5. Site soil profile types.

SOIL PROFILE TYPE SI is a profile with:

1. Rock of any characteristic, either shale-like or crystalline

in nature. Such material may be characterized by a shear

wave velocity greater than 2,500 feet per second, or

2. Stiff soil conditions where the soil depth is less than 200

feet and the soil types overlying rock are stable deposits

of sands, gravels, or stiff clays.

SOIL PROFILE TYPE S2 is a profile with deep cohesionless or stiff

clay conditions, including sites where the soil depth exceed 200

feet and the soil types overlying rock are stable deposits of sands,

gravels, or stiff clays.

SOIL PROFILE TYPE S is a profile with soft-to-medium-stiff clays3

and sands, characterized by 30 feet or more of soft-to-medium-stiff

clays with or without intervening layers of sand or other cohesionless

soils.

In locations where the soil properties are not known in suffi-

cient detail to determine the soil profile type or where the profile

does not fit any of the three types, Soil Profile S2 shall be used.

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06," National Bureau of
Standards, Special Publication SIO, 1978.

'S ')
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c. Determination of the design respc
tra. With the known values of Aa ai
EQ-I1 and the site soil type (SI, S2, o
5 percent damped, EQ-I1 acceleration
spectrum is given by the following e4
note that these equations specify con:
els of spectral acceleration S., spectra
S., and spectral displacement Sd, withij
scribed ranges of structural period T
the spectrum relations given in fig 3-
para C-2b of appendix C).
For T S 4 seconds:

S,1 22 AS gs,

(constant S, = 75AS, inJ
sec)

but always less or equal to

Sa = 2.5Aa g's (constant S. in g's.)

and

Sa = 2.OAa g's when Si = 1.5 and A. ¢

For T > 4 seconds:

=4.88Sa = -AvSi g's (constant Sd

150 v~i inches)

Values for Si are given in table 3-6. Th
tions for Sa are equivalent to the con
celeration, velocity, and displaceme
shown on the general tripartite, logaril
graph in figure 3-46. A specific example
for Aa = A, = 0.40 in figure 3-47. D

rnse spec-
id A, for
r S3), the
response
quations;

equation 3-27 differs in form from that of the
base shear equation

V = 12A S.

stant lev- given in the ATC 3-06 document. The 1.2 value
1 velocity is a round-off of the 1.22 value in equation
n the pre- 3-27, the T" exponent value allows the base shear
(refer to equation to represent multi-mode response ef-
44 and in fects. The base shear equation is for the equiv-

alent static force method at a single period value
and needs this empirical method of allowing for
the combination of response from all modes.

(eq 3-27) (1) The 5 percent damped EQ-I Spectrum
( eq ~ is equal to the EQ-Il spectrum multiplied by the

ratio of the EQ-I to the EQ-Il values given in
table 3-4. Linear interpolation may be used for
values between those given in this table.

(eq 3-28) (2) The flat plateau for S. as given by equa-
(eq 3-28) tion 3-28 or equation 3-29 provides a conserv-

ative (high) representation of response for the
higher (higher than first mode) modes of struc-0 30 tural response where the modal periods are less

(eq 3-29) than 0.2 or 0.3 seconds. However, this conserv-
ative response measure may be excessive for a
Soil Profile Type S3. Referring back to figure

(eq 3_30) 3-30 of paragraph 3-6, the corresponding soft
to medium clay and sand site condition has a
mean spectral shape that rises from the zero
period value to the plateau at about 0.3 seconds.

ese equa- Higher modes can have periods below this value
istant ac- and therefore would have S. values lower than
nt levels the flat plateau. Following the recommended re-
thm scale lation given in the commentary of chapter 5 in
!is shown the ATC3-06 (National Bureau of Standards,
Zote that Special Publication 510); for the case of Soil

Table 3-6. Soil profile coefficient.

Soil Profile Type

S1

1.0

S2

1.2

S3

S. =
1.

1.5

Reprinted from "Tentative Provisions for
the Development of Seismic Regulations for
Buildings ATC 3-06." National Bureau of
Standards, Special Publication 510, 1978.
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S (in/sec)

75 A S.
/ V I

S, a 1.0, 1.2, 1.5)

Sa(&)
(inches)

(150/.M) AVSi

/ l a - 5 percent

I
I

T
4.0 seconds

US Army Corps of Engineers

Figure 3-46. Tripartite representation of EQ-IL

Profile Type S3, and for modes higher than the
first mode, the Sa values may be determined from
a straight line extending from the Aa value at
zero period to the plateau at period equal to 0.3
seconds.

d Consideration of structural damping ratio.
All of the design spectra given in paragraph
3-4c are for structural damping equal to 5 per-
cent of critical damping. These spectra may be
converted to other damping ratios by use of the
factors given in table 3-7. Linear interpolation
may be used to provide factors for intermediate
damping values. The factors in this table are
based upon empirical relations given by New-
mark and Hall, (Biblio 44). The median spectral
shape given in this Biblio (44) is sufficiently close
to the shape in this paragraph, so that the damp-
ing relations are applicable. The table 3-7 fac-
tors represent rounded-off average of the
Newmark values for the constant acceleration
plateau and the constant velocity (1IT) range
of the spectral shape. Since the specified spectra
in this paragraph are formed by various simpli-
fied factors such as the (2.5Aa) effective pla-
teau, and the soil type coefficients (S,, S2, SA),
the rounded-off average damping factors in
table 3-7 are judged to be consistent with
these other factors. If more accurate values are
desired, then the Newmark and Hall relations
may be used for the median spectral shape,

3-66

Biblio 44).
e. Representation of the effective response

spectrum. In regions of strong seismicity, and
for site locations near to sources, the response
spectra from the single possible events (pro-
ducing the same site PGA) can either have a
high frequency peak shape for near events, or
have a more constant shape at lower frequen-
cies for a distant large event, see figure 3-48.
The ATC3-06, spectral shape provides a reliable
envelope of the spectra from both near and far
events. Further, the horizontal plateau of (2.5A,
< 2 .5Aa) provides the effective structural re-
sponse spectrum: the high frequency peak re-
sponse values, usually present in near-source
records and spectra would be filtered out by the
structure size, mass, and foundation configu-
ration, and actual structure response is repre-
sented by the plateau level in this high frequency
range. Note that the PGA at the site is the same
for each (near and distant) event. For example,
a PGA = 0.60g may correspond to the ATC3-06
map contour value of Aa = 0.40g. It is important
to recognize that the EPA = A. = 0.40g = 2/3
(PGA = 0.60g) applies to the effective spectrum
plateau in the high frequency range; the re-
mainder of the spectral envelope corresponds to
the site severity as represented by the fore-
casted central PGA value.

)
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Figure 3-47. EQ-l spectra for A. = A, = 0.40, and j3 = 5%.
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Table 3-7. Damping adjustment factors.

8 Percent MuLti 1ying Factor for the 5 Percent Spectrum

2 1.25

5 1.00

7 0.90

10 0.80

15 0.70

20 0.60

US Anny Corps of Engineers

High Frequency Peak Response

)

PGA

Period T

US Army Corps of Engineers )

Figure 3-48. Effective spectral envelope.
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f. Representation of regional attenuation dif-
ferences. The ATC3-06 contour maps provide
A. and A, values, and the spectral plateau rule
requiring 2.5 Av - 2.5 Aa is a simple yet effective
method of representing the low attenuation rate
of ground motion in some areas of the EUS and
WUS, see figure 3-49. When the map gives A, 2
A., then the plateau value of 2.5A. extends fur-
ther on the period scale and gives a spectral shape
having larger values in the moderate frequency
range. This represents a preservation of the am-

Sa
02.5A where A > A

a a V

plitude of moderate frequency ground motion
components, or a low attenuation of these com-
ponents which is characteristic of the wave
propagation in the EUS and in some regions of
the WUS outside of California.

g. Examples using the ATC3-06 method.
(1) Site location. Las Vegas, Nevada. Soil

type S2; S = 1.2 from table 3-6.
(a) Find Map Contour Values:

figure 3-40, A. = 0.10

ere A < Aa v

Perfod T

2. 5 A wh
a

I

I

I

I

T T
v a

V
Ta

US ArMY Corps of Engineers

Figure 3-49. Regional shape difference.
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figure 3-42, A, = 0.15
(b) Obtain Special Scaling Factors from

Table 3-4:

Using Interpolation,

EQ-I, Aa = 0.04, A, = 0.06
EQ-I1, A. = 0.12, A, = 0.18

(c) The specified Structural System
Damping Values are given as 5 percent for EQ-
I and 10 percent for EQ-I1. Table 3-7 provides
Damping Adjustment Factors of 1.00 for j3 = 5
percent and 0.80 for f = 10 percent. Using these
damping factors, the Acceleration Response
Spectra are given by equations (3-27) and (3-
28) for T G 4 seconds.

EQ-I

S. = (1.22/T)AvSi X Damping Adjustment
Factor,

= (1.22)(0.06)(1.2)(1.00)/T
= (0.0878/T)g,

but always less or equal to

S. = 2.5Aa X Damping Adjustment Factor
= 2.5(0.04)(1.00)
= 0.1Og

EQ-I

Sa = (1.22)(0.18)(1.2)(0.80)/T
= (0.211/T)g

but always less or equal to

S.= 2.5(0.12) (0.80)
= 0.24g

These EQ-I and EQ-II Spectra are shown in fig-
ure 3-50.

(2) Site location. Emeryville, California.
Soil Type S3; Si = 1.5 from table 3-6.

(a) Find map contour values:

figure 3-46, Aa = 0.40
figure 3-48, A, = 0.40

(b) Obtain Special Scaling Factors from ''

table 3-4.

EQ-I, A. 0.20, A, = 0.20
EQ-II, A. = 0.45, A, = 0.45

(c) The specified structural system damp-
ing values are given as 5 percent for EQ-I and
7 percent for EQ-II. Table 3-7 provides Factors
of 1.00 for 1 = 5 percent and 0.90 for 1 = 7
percent. Using these factors with equations (3-
27) and (3-29) for T S 4 seconds.

EQ-I

Sa = (1.22/T)AvS, X Damping Adjustment
Factor

= (1.22)(0.20)(1.5)(1.00)IT
= (0.366/T) g,

but always less or equal to

S. = 2.OA. X Damping Adjustment Factor
= 2.0(0.20)(1.00)
= 0.40g

EQ-I

Sa = (1.22)(.45)(1.5)(0.90)/T
= (0.741/T)g

but always less or equal to,

S. = (2.0) (0.45) (.90)
= 0.81g
(3) These EQ-I and EQ-I1 Spectra are shown

in figure 3-51. Note that the higher mode tran-
sition spectrum shape is shown for each spec-
trum in the zero to 0.3 second period range.
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LS in g's

0.24
EQ-II,B =10 percent

< A EQ-I , =5 percent
0.1

0.11

0

0 1.0 2.0 3.0 4.0

US Army Corps of Engineers

Figure 3-50. Las Vegas, Nevada site spectra for soil type S2 .

S in g's

0.81

0.45

0.40

0.20

EQ-I ,I =7 percent

I'll > EQ-I 3 =5 percent

-T seconds

T seconds

I

0 1.0 2.0 3.0 4 .

US Army Corps of Engiveers

Figure 3-51. Emeryville, California site spectra for soil tvpe S3 .
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CHAPTER 4
CRITERIA FOR STRUCTURAL ANALYSIS

4-1. Introduction.
This chapter prescribes the dynamic analysis
criteria for the development of a seismic-resist-
ant structural concept, the determination of the
seismic forces to be applied to the structure, and
the design and analysis of structural members
and connections. The criteria and design stand-
ards for the dynamic analysis approach herein,
for the seismic design of buildings, will be used
only when directed or approved in lieu of the
lateral static forces procedure of the Basic De-
sign Manual. The procedures to determine ef-
fective response spectra for selected risk levels
and site conditions are developed in chapter 3
(e.g., fig 3-3). This chapter provides the struc-
tural performance requirements for the se-
lected risk levels in accordance with paragraph
3-3b.

a. Essential facilities. Criteria set forth in
this chapter have been developed primarily for
the design of essential facilities, as classified in
paragraph i-id, that are assigned an I-factor
equal to 1.5 in the Basic Design Manual.

b. High-risk structures. Criteria set forth in
this chapter may be applicable to the design of
high-risk buildings, as classified in paragraph 1-
Id, that are assigned an I-factor equal to 1.25 in
the Basic Design Manual.

c. All others. Applicable portions of criteria
set forth in this chapter may be used as a means
for considering the dynamic characteristics of
irregular structures or framing systems to com-
ply with the Basic Design Manual, paragraph 3-
3(E)3, and as a means for establishing the lat-
eral design forces and distributions by dynamic
analyses to comply with the Basic Design Man-
ual, paragraph 3-3(I).

4-2. General requirements.
a. General. Design and construction will

conform to the provisions of the Basic Design
Manual if not superseded by or in conflict with
the requirements of this manual.

(1) The structural system or type of con-
struction will admit to a rational analysis in ac-
cordance with established principles of mechanics
and dynamics. A continuous load path, or paths,
with adequate strength and stiffness, will be
provided to transfer all forces from the point of
application to the final point of resistance. The
foundation will be designed to accommodate the
forces developed or the movements imparted to
the building by the design ground motions. In

the determination of the foundation design cri-
teria, special recognition will be given to the dy-
namic nature of the forces, the expected ground
motions, and the design basis for strength and
ductility of the structure.

(2) Structures will be designed for dead, live,
snow, and wind and/or seismic forces as given
in the applicable agency manuals and in this
manual. Every building or structure and every
portion thereof will be designed and constructed
to resist the stresses and distortions produced
by the dynamic seismic analysis procedure in
combination with dead and live loads as speci-
fied in this chapter. Where prescribed wind loads
govern the design of some or all structural ele-
ments, the design analysis will be prepared for
both the wind and seismic criteria and the struc-
tural elements will be sized for the most severe
loading condition.

(3) Stresses and deformations will be cal-
culated as the effect of the dynamic analysis
being applied horizontally and coming from any
horizontal direction. The effects of vertical ac-
celerations will also be considered in the design
of horizontal cantilever and horizontal pre-
stressed components.

(4) Materials and details will conform to
the seismic provisions, applicable guide specifi-
cations, and criteria herein, including the seis-
mic reinforcing details in the Basic Design
Manual. The provisions of this chapter apply to
the structure as a unit and also to all parts
thereof, including the structural frame or walls,
floor and roof systems, anchorages and supports
for architectural elements and mechanical and
electrical equipment, and other elements.

b. Definitions. Definitions listed in the Basic
Design Manual, paragraph 3-3(B), will apply to
this manual. Additional definitions are listed in
the glossary.

c. Symbols and notations. Symbols and no-
tations listed in the Basic Design Manual, par-
agraph 3-3(C), will apply to this manual.
Additional symbols and notations are listed in
appendix A, Symbols and Notations.

d Dynamic analysis procedure for buildings.
(1) Essential buildings. Essential build-

ings will be designed to resist two levels of
earthquake motion. The first level of motion is
designated EQ-I and the second and larger am-
plitude of motion is designated EQ-I1 The lat-
eral-force-resisting structural systems of these
facilities will be designed to resist EQ-I by elas-
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tic behavior as prescribed in paragraph 4-3. The
facilities will be evaluated for their ability to
resist EQ-II by post-elastic behavior with duc-
tility limitations as prescribed in paragraph 4-
4. Guidelines for these dynamic analysis proce-
dures are described in chapter 5.

(2) High-risk buildings. Subject to the di-
rection of the approval authority, high-risk
buildings will be designed by either of the two
following procedures:

(a) Two-level approach. Using two lev-
els of ground motion in accordance with the pro-
cedure described in paragraph (1) above, except
that the forces resulting from the EQ-I spectral
response may be reduced by 15 percent (i.e., use
85 percent of EQ-I responses), unless otherwise
directed. The lateral-force-resisting structural
systems of these facilities will be designed to
resist the modified EQ-I as prescribed in para-
graph 4-3.

(b) Single-level design. Using the pro-
cedures described in paragraphs (3) (a) or (3) (b)
below using an importance factor (I) equal to
1.25.

(3) All other buildings. Buildings that are
not classified as essential or high-risk facilities
will be designed in accordance with one of the
following three procedures:

(a) Basic Design Manual criteria with
modified seismic force distribution. Determine
the distribution of seismic forces in accordance
with the modal analysis procedure of paragraph
4-3 with an appropriate response spectrum for
EQ-I. Normalize the resulting forces such that
the net total seismic shear at the base of the
building is not less than the total lateral force,
V, determined from the requirements of the Basic
Design Manual, paragraph 3-3(D), formula 3-
1 (i.e., V = ZIKCSW). Complete the design in
accordance with the provisions of the Basic De-
sign Manual.

(b) Single-level design with minimum
story shear requirements. Design the structure
to resist EQ-I as prescribed in paragraph 4-3.
However, the net story shears at each story will
be at least 50 percent greater than the story
shears determined from the minimum earth-
quake forces of the Basic Design Manual, par-
agraph 3-3(D). For clarification of this
requirement, refer to paragraph 5-3d(2). In this
procedure, the structure need not be evaluated
for EQ-IL.

(c) Two-level approach. Using two lev-
els of ground motion in accordance with the pro-
cedure described in paragraph (1) above, except
that the forces resulting from the EQ-I spectral
response may be reduced by 30 percent (i.e., use

4-2

70 percent of EQ-I responses), unless otherwise
directed. The lateral-force-resisting structural
systems of these facilities will be designed to
resist the modified EQ-I as prescribed in para-
graph 4-3. In general, this procedure will be used
only for those buildings that may be highly un-
usual or irregular in the distribution of mass or
stiffness or in the configuration of the framing.

e. Lateralforces on structural components and
nonstructural elements of structures.

(1) Essential buildings. All components or
systems that must remain intact or functional
during and after a major earthquake shall be
designed with consideration of the dynamic
characteristics of both the components or sys-
tems and the structure in which they occur. The
accelerations and interstory drifts that are cal-
culated from the dynamic analysis of the struc-
ture will be used, where applicable, to design
components, systems, and their anchorages. For
the design criteria for nonstructural elements,
refer to chapter 6.

(2) High-risk and other buildings. All
components or systems essential to life safety,
which must remain intact during and after a
major earthquake, will be designed in accord-
ance with the Basic Design Manual or the de-
sign criteria for nonstructural elements in
chapter 6.

f. Dynamic analysis procedures for struc-
tures other than buildings. For design criteria
for structures other than buildings, refer to
chapter 7.

4-3. Elastic design provisions.
The structure will be designed to resist the forces
caused by design earthquake EQ-I that has a
50-percent probability of being exceeded in 50
years, or as otherwise specified by approval au-
thority (see para 1-ic), in accordance with the
criteria prescribed in this paragraph.

a. Method of analysis. The total lateral de-
sign force representing earthquake effects and
its distributions will be determined by a re-
sponse spectrum modal analysis. This require-
ment does not prohibit the use of a properly
substantiated time history response analysis
procedure.

b. Design response spectrum. The response
spectrum.representing EQ-1I will be determined
from the methodology prescribed in chapter 3,
section II or III, as applicable. The damping value
will be determined from table 4-1. The require-
ment is that the structure will resist these forces
by elastic, or nearly elastic, behavior. Nearly
elastic behavior is defined in paragraph e below.

)
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Table 4-1. Damping values for structural systems.

Structural System Elastic-Linear Post Yield

Structural Steel

Reinforced Concrete

Masonry Shear Walls

Wood

Dual Systems

70

7 %

17%

1 2%0

10 o

(1) (2)

1. Use the value 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.

US Army Corps of Engineers

c. Modal analysis methods. For a building
that is regular and essentially symmetrical in
size, shape, and configuration, a two-dimen-
sional model (a vertical plane with vertical and
horizontal movement within the plane) will gen-
erally be sufficient for the modal analysis of the
structure in each of its two horizontal compo-
nents of motion. When a structure is unavoid-
ably not symmetrical in plan (refer to para
l-3a(2) for requirements), has unavoidable dis-
continuities in the vertical or horizontal planes
(refer to para l-3a(2) for requirements), has
large length-to-width ratios, has flexible hori-
zontal diaphragms, or has other irregularities,
a three-dimensional model will be required for
the modal analysis.

(1) Two-dimensional (2-D) models. The
modal analysis procedure for two-dimensional
models is outlined in paragraphs (a) through
(i) below. Variations of this procedure may be
acceptable with proper justification and ap-
proval. Additional guidelines are included in
paragraph 5-4 and design examples are illus-
trated in appendix F.

(a) Mathematical model. The building
will be modeled as a system of masses lumped
at each floor level, each mass having one degree
of freedom, that of lateral displacement in the
direction under consideration. The computed
masses will be in conformance with the weights
prescribed in the Basic Design Manual, para-
graph 3-3(D)5. The stiffness of the lateral-force-
resisting system will be determined by estab-
lished methods in accordance with the guide-
lines in paragraph 5-4b of this manual.

(b) Mode shapes and periods of vibra-
tion. The analysis will include, for each major
axis, all significant modes of vibration with a
minimum of three modes for buildings with 6 or
more stories. The relative significance of higher
modes will be determined by the values of modal
participation factors and modal spectral accel-
erations (see para 5-4c(2) for additional dis-
cussion). The natural periods and mode shapes
will be computed by established methods of
structural mechanics and in conformance with
the mathematical model described in paragraph
(a), above.

4-3
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(c) Modal story participation fac-
tor. The story modal participation factor will
be calculated for each mode using the equation
4-1:

PFxm = (eq 4-1)

where:
PFxm =

(f) Modal base shear. The total lateral
force corresponding to mode m is calculated
using the equation 4-4:

Vm = amSamW (eq 4-4) I

where:

Vm = Total lateral force for mode m.

W = Total dead load of the building and ap-
plicable portions of other loads (Basic
Design Manual, para 3-3(D)5)).

(g) Modal shears and moments. Story
shears and overturning moments for the build-
ing and shears and flexural moments for the
structural elements will be computed for each
mode separately, by linear analysis, in conform-
ance with the story forces determined in equa-
tion 4-3.

(h) Modal deflections and drifts. Modal
lateral story displacements will be calculated
using the equation 4-5:

Modal participation factor at level x for
mode m.

wjIg = Mass assigned to level i.

4*im = Amplitude of mode m at level i.

4xm = Amplitude of mode m at level x.

n = Level n.

It should be noted that some references define
the "modal participation factor" as the quantity
within the brackets in equation 4-1 above. Also,
in some references, 4 is normalized to 1.0 at the
uppermost mass level and other references will
normalize the value of X(w/g)42.

(d) Modal base shear participation fac-
tor. The effective modal weight (or modal base
shear participation factor) will be calculated for
each mode using the equation 4-2:

Bxm = PFxmSdm = PF.rSarn(T./2it)2 g (eq 4-5)

where:

&xm = Lateral displacement at level x for
mode m.

Sdm = Spectral displacement for mode m cal-
culated from the response spectrum for
EQ-I.

/ n WI4 im )2

am n Wi n

s g 5 wi2
i-I i-I g 4im

where:

am = Modal base shear participatii
for mode m. (am = Cbm/Sam 'A

is the modal base shear coeffi
Sam is the modal spectral accel

(e) Modal story lateral forces.
eral forces for mode m are calculated
equation 4-3:

Fxm = PFxmSamwx

where:

F = Story lateral force at level x
m.

wX = Weight at or assigned to leve
Sam = Spectral acceleration for mod

the design response spectrum I
in paragraph 4-3b (as a rat
acceleration
gravity, g).

4-4

Tm = Modal period of vibration.

The modal interstory drift in a story, Axm, will
(eq 4-2) be computed as the difference of the displace-

ments, 8,, at the top and bottom of the story
under consideration (i.e., Axm = B, + I)m - bxm).

(i) Combinations of modal values. The
combined effects of the individual modal actions

on factor (shears, moments, axial forces, etc.) and defor-
there Cbhi mations (lateral story displacements, interstory
cient and drifts, etc.) for the structure and the members
leration). will be obtained by taking the square-root-of-

The lat- the-sum-of-the-squares (SRSS) of the values of
using the all significant modes. These total values are sub-

ject to modification by other provisions of this
chapter (e.g., torsional, orthogonal, see para

(eq 4-3) 4-3e).
(2) Three-dimensional (3-D) models. When

a 3-D analysis of a building is used or is re-
for mode quired, some modification to the procedure out-

lined for 2-D models (paragraphs (1) (a) through
1 x. (1) (i) above) will be necessary. These modifi-
le m from cations will be most significant for structures
prescribed with large eccentricities, for structures that do
tio of the not have orthogonal axis of symmetry, and for

of structures where the forces are applied from a
direction that is not parallel to one of the major
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axes of the building. Supplementary require-
ments to those for 2-D models are listed below.
Guideline procedures are included in paragraph
5-4.

(a) At each floor level, there will be three
degrees of freedom. The primary displacement
will generally occur in the component parallel
to the direction under consideration. There will
also be a displacement component normal to the
direction under consideration and rotation about
the vertical axis of the building. When the floor
diaphragm is not rigid, the horizontal flexibility
will be considered.

(b) A minimum of nine modes will be re-
quired in order to include three horizontal modes
in each of the principal directions and three tor-
sional modes. The possible coupling effects of
the various components of motion will also be
investigated.

(c) Modal story participation factors in
equation 4-1 will be adjusted for 3-D effects (re-
fer to para 5-4d(2) for clarification).

(d) Modal base shear participation fac-
tors in equation 4-2 will be adjusted for 3-D ef-
fects (refer to para 5-4d(2) for clarification).

(e) Modal story lateral forces will have
three components: primary forces in the direc-
tion under consideration, forces normal to the
direction under consideration, and a torque due
to rotational motion.

(f) Modal base shears will have three
components consistent with (e) above.

(g) Modal shears and moments will be de-
termined from three components consistent with
(e) and (I) above.

(h) Modal displacements and drifts will
vary within the horizontal plane of each floor
level as well as along the vertical axis.

(i) The total forces and deformations for
the structure and the members will be obtained
by an approved method to account for a rational
combination of the modal values.

d. Minimum lateral forces. The story shears
and story overturning moments determined from
the elastic design modal analysis will be com-
pared to the lateral static shears and overturn-
ing moments prescribed by the Basic Design
Manual. If the values obtained from the modal
analysis are less than the values prescribed by
the Basic Design Manual (including adjust-
ments for load factors and stress require-
ments), a reevaluation of the site specification
of ground motion and of the dynamic structural
model will be made and a statement justifying
the lower story forces will be provided in the
design analysis. In lieu of a justifying state-
ment, the forces will be proportioned upwards

to conform to the base shear prescribed by the
Basic Design Manual. In no case will the total
lateral force at the base of the structure be less
than 3 percent of the total dead load of the build-
ing, W, in zones of high seismicity and 2 percent
in other areas. Zones of high seismicity include
seismic zones 3 and 4 of the Basic Design Manual
and areas where the effective peak accelera-
tions are greater than 0.20 in figures 3-40 and
3-41.

e. Structural component load effects. All
building components will be provided with
strengths sufficient to resist the combined ef-
fects of the seismic forces prescribed herein and
applicable gravity loads. The requirements of
paragraph 4-2d state that the structure will re-
sist the seismic forces by elastic behavior. How-
ever, in some cases, nearly elastic behavior is
applicable.

(1) Nearlyelastic behavior. Nearly elastic
behavior is interpreted as allowing some struc-
tural elements to slightly exceed specified yield
stresses on the condition that the elastic-linear
behavior of the overall structure is not sub-
stantially altered. For a structure that has a
multiplicity of structural elements that form the
lateral-force-resisting system, the yielding of a
small number of elements will generally not ef-
fect the overall elastic behavior of the structure
if the excess load can be redistributed to other
structural elements that have not exceeded their
yield strengths. In lieu of a substantiated ana-
lytical procedure, this condition will be consid-
ered satisfied by allowing the following
percentages of exceedance to the elastic capac-
ity requirements of paragraph 4-3f (based on a
linear analysis).

(a) Ductile framing systems. Ductile
framing systems are defined as those systems
conforming to Basic Design Manual classifica-
tions for K = 0.67 or 0.80. For these systems, a
limited number of the lateral-force-resisting
structural elements in the direction of the force
may exceed the flexural elastic capacity require-
ments of paragraph 4-3f by a value of up to 25
percent (e.g., the load combinations of para-
graph (2) below will be equal to or less than 1.25
times the elastic capacity (EC). The number of
horizontal flexural elements having flexural ov-
erstresses is limited to 20 percent of the hori-
zontal seismic-resisting elements in the direction
of the force on any story. The number of vertical
elements having flexural overstresses is limited
to 10 percent of the vertical seismic elements on
any story.

(b) Other framing systems. Framing
systems conforming to Basic Design Manual

4-5
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classifications for K = 1.0 may have a limited
number of the lateral-force-resisting structural
elements in the direction of the force that ex-
ceed the flexural elastic capacity requirements
of paragraph 4-3f by 10 percent (e.g., the load
combinations of paragraph (2) below will be
equal to or less than 1.10 times the elastic ca-
pacity (EC). The number of horizontal elements
having flexural overstresses at any story is lim-
ited to 20 percent and the number of vertical
elements having flexural overstresses at any
story is limited to 10 percent.

(c) Box systems. Lateral-force-resist-
ing systems that have the Basic Design Manual
classifications with K greater than 1.0 may not
exceed the elastic capacity requirements of par-
agraph 4-3f.

(2) Design load combinations. The struc-
ture will have the elastic capacity (EC) to resist
the effects of the design load combinations shown
in equations 4-6 and 4-7 (refer to para 5-4e(1)
for clarification):

EC > 1.2D + L.OL + L.OE (eq 4-6)

EC ¢ 0.8D + L.OE (eq 4-7)

where:

EC = Elastic capacity required to resist the
loads or their effects

D = Dead load

L = Live Load

E = Earthquake
(3) Vertical accelerations. The vertical

component of earthquake motion (i.e., up and
down motion) will be considered in the design
of horizontal cantilever and horizontal pre-
stressed elements. For horizontal cantilever ele-
ments, these effects will be satisfied by design-
ing for a net upward force of 0.2D as an additional
load case. For other horizontal elements em-
ploying prestressing, these effects will be sat-
isfied by substituting equation 4-8 for equation
4-7.

EC - 0.5D + L.OE (eq 4-8)

where D represents the member forces due to
the vertical dead weight and E represents those
due to the horizontal earthquake forces (refer
to para 5-4e(1) for clarification). These provi-
sions parallel those of the Basic Design Manual,
paragraph 4-4c(2) (a).

(4) Orthogonal effects. In general, the
horizontal design earthquake forces are applied
nonconcurrently in the direction of each of the
main axes of the structure. However, in some

cases a more severe condition may occur when
the force is applied at a horizontal direction not
parallel to the main axes. For some elements of
a building, the effects of concurrent motion about
both principal axes should be investigated. Re-
fer to Basic Design Manual, paragraph 4-4c(1),
for additional considerations.

(5) Horizontal distribution of forces and
torsional moments. Forces will be distributed
in proportion to the relative rigidities (Basic De-
sign Manual, para 3-3(E)4) and a minimum tor-
sional eccentricity of 5 percent will be applied
(Basic Design Manual, para 3-3(E)5). Guide-
lines and alternative procedures are discussed
in paragraph 5-4 of this manual.

(6) Overturning. Structures will be de-
signed to resist the overturning effects in ac-
cordance with Basic Design Manual, paragraph
3-3(F). Guidelines and alternative procedures
are discussed in paragraph 5-4 of this manual.

(7) Lateral displacements and drift lim-
its. Structures will be designed to limit the lat-
eral displacements and interstory drifts
calculated in accordance with paragraph 4-3c to
the following values:

(a) Drift. Lateral deflections, or drift,
of a story relative to its adjacent stories will not
exceed 0.005 times the story height for essential
facilities. For high-risk and other buildings, this
limit is 0.007.

(b) Building separations. All portions of
structures will be designed and constructed to
act as an integral unit in resisting horizontal
forces unless separated structurally by a dis-
tance sufficient to avoid contact under deflec-
tions from the prescribed seismic action.

f. Elastic capacity criteria. The criteria for
the elastic capacity (EC) provisions herein are
based on yield strength capacities of the struc-
tural components. Thus, the provisions for the
material strengths prescribed in the Basic De-
sign Manual and other applicable agency man-
uals will be upgraded to a yield strength criteria
for seismic forces in combination with applica-
ble gravity loads.

(1) Reinforced concrete design. The cri-
teria used to design reinforced concrete will be
the ACI Building Code (ACI 318 without app A)
as modified in the Basic Design Manual.

(2) Structural steel design. In lieu of a
strength design criteria for structural steel,
working stresses specified in agency manuals for
ordinary or nonseismic construction may be in-
creased by 70 percent (e.g.,

Fa fbx 'b 1.
I Fb, Fby 1.7).

)
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(3) Reinforced masonry design. In lieu of
a strength design criteria for reinforced ma-
sonry, working stresses specified in agency man-
uals for ordinary or nonseismic construction may
be increased by 70 percent (e.g., f, < 1.7Fa).

(4) Wood design. In lieu of a strength cri-
teria for wood construction, working stresses
specified in agency manuals for ordinary or
nonseismic construction may be increased by 100
percent (e.g., f (calculated) _ 2.0 f (allowable)).

(5) Connections. All connections that do
not develop the strength of the connecting mem-

Moment

'I V~
V e[ ity
K >r 7

bers will have a strength reduction factor of
4) = 0.75. This reduction fctor will be applied
to the yield strength of the connection material.

4-4. Post-yield analysis provisions.
The structure conforming to the design criteria
of paragraph 4-3 will be analyzed to resist the
forces caused by design earthquake EQ-I1 in ac-
cordance with the criteria prescribed in this
paragraph.

a. Method of analysis. The total lateral de-
sign forces and/or deformations representing

homent-Curvature
ftlationship In
Elastc Model

Koment-Curvature
Relation for
Inelastic
Response

I

'_�i

Inelastic Demand Ratio - maximum computed moment in elastic model - 1)
elastic moment capacity

u- Arm, Corps of Engineers

Figure 4-1. Definition of inelastic demand ratios for fiexural members.
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earthquake effects and their distribution will be
determined by a response spectrum modal anal-
ysis procedure. Two acceptable procedures are
presented: Method 1, an elastic analysis proce-
dure that evaluates overstresses of individual
elements (para c below); and Method 2, an ap-
proximate inelastic analysis procedure (para d

below). Either of the two acceptable procedures
may be used; however, these requirements do
not prohibit the use of other properly substan-
tiated inelastic response spectrum methods or
inelastic time-history procedures.

b. Design response spectrum. The response
spectrum representing EQ-II will be determined

DUCTILITY CHECK OF STEEL COLUMNS

1. At a braced location:

Hx
HPCX

H
+ MY -p

hPcy

2. Stability between braced points:

Cmx Mx

ucx
+ ' 1 uc

ucy

where:

Po ", and M

pcx

Mpcy

ucx

Mucy

Mux

pe , Py

P
cr

- axial load and moments from first order elastic
analysis

- 1.18 HPX [I - (P/Py)J

- 1.19 M [i - (p/py)2J

Mux I - (P/PcrJ] 11 - (P/P e]

Py [1.0 (PpPlasttcara iti (p/Pey)]

= pl1as ti c moment capac i ties

)

- p 11 .07 - X ] Px

- Euler buckling loads for x and y axes

W 1.7 AFa (P/Pcr - 0.5)

taxi C - 0.6 -0.4 (H/M2) t 0o4

tI - allowable ductility (inelastic demand ratio)

US Army Corps of Engineers

Figure 4-2. Ductility check of steel columns.
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DUCTILITY CHECK FOR CONCRETE COLUMNS

Compression:

x 1-B + .Y ' #
M 8 M

ux uy

H 8
uy

Tension:

Mx 1-B +
M a
mx

M 8
my

H
X < A

Mux

T -
u

Mx
M
mx

T
u

T < 0.5
T

u

where:

M ,M and T = Moments and net axial ternsioiv fromi ei-tic
x y ~~analysis5

M and M = Uniaxial ultimate nymient capacitieis floll
ux uy interaction diagrams

mx and M Uniaxial ultimate moment capacities in the
mx my absence of axial load

Tu = Ultimate tensile capacity of vertical
reinforcement = EA F

s y

B = Coefficient from PCA Advanced Engineering
Bulletin No. 20

= Allowable ductility (inelastic demand ratio)

US Amy Corps of Engineers

Fiture 4-3. Ductility cheek for concrete columns.
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from the methodology prescribed in chapter 3
for the earthquake ground motion that has a 10
percent probability of being exceeded in 100 years
or as otherwise specified by approval authority
(see para 1-ic). The damping values will be de-
termined from table 4-1.

c. Method 1. Elastic analysis procedure. The
structure that was designed in accordance with
the criteria prescribed in the elastic design pro-
visions of paragraph 4-3 will be reanalyzed to
determine its capacity to perform to the de-
mands of the larger earthquake represented by
EQ-I1. An elastic analysis procedure that eval-
uates overstresses of individual elements is out-
lined below. Guidelines for this procedure are
presented in chapter 5, paragraph 5-5. Design
examples are illustrated in appendix E.

(1) Perform a modal analysis of the struc-
ture (para 4-3c) using the appropriate EQ-I1
response spectrum. The stiffness of the lateral-
force-resisting system and the computed pe-
riods and mode shapes will be established in ac-
cordance with the guidelines in paragraph 5-5.

(2) Calculate the forces on all of the struc-
tural elements. Load combinations are pre-
sented in paragraph d below. These forces will
be defined as the demand forces and denoted
with subscript D (e.g., MD, VD, FD).

(3) Calculate the yield or plastic capacities
of all the structural elements in the same force
units used in paragraph (2) above. These forces
will be defined as the capacity forces and de-
noted with the subscript C (e.g., MC, Vc, Fc).

(4) Calculate the ratio of the demand forces
to the capacity forces of all the structural ele-
ments. These ratios will be defined as the in-
elastic demand ratios. A graphical illustration
for flexural members is shown in figure 4-1. A
method determining the inelasticdemandratios
for steel and reinforced concrete columns, by
means of ductility ratios, is shown in figures 4-
2 and 4-3. The equations in these figures were
adapted from the general interaction equations
for steel and concrete.

(5) Review the inelastic demand ratios for
uniformity, symmetry, mechanisms, and rela-
tive values. Compare value to limits set forth in
table 4-2. If any of the following conditions ex-
ist, the structure must be analyzed in accord-
ance with Method 2 (para d below) or the
deficiencies must be corrected by a redesign of
the critical elements.

(a) Exceeding the inelastic demand ra-
tios of table 4-2.

(b) Unsymmetrical yielding, on a hori-
zontal plane, that will decrease the torsional re-
sistance.

4-10

(c) Hinging of columns at a single story
level that will cause a mechanism.

(d) Discontinuity in vertical elements that
can cause instability or fracture.

(e) Unusual distributions of inelastic de-
mand ratios.

(6) Engineering judgment is required for
the structural evaluation of the post-yield anal-
ysis. If the review of the inelastic demand ratios
satisfies the requirements of paragraph (5)
above, it may be assumed that the inelastic drift
is adequately approximated by the elastic anal-
ysis. Limits for inelastic deformation are gov-
erned by paragraph 4-4e. Guidelines are provided
in paragraph 5-5.

d Method 2: Capacity spectrum method. A
step-by-step approach is used to approximate the
inelastic capacity of the structure. This capacity
is compared by means of a graphical procedure
to the demands of the EQ-II response spectrum.
Guidelines for this procedure are presented in
paragraph 5-5. Design examples are presented
in appendix E. A general outline of the proce-
dure follows:

(1) By use of a modal analysis, determine
the level of excitation that causes first major
yielding of the structure (see paragraph e below
for load combinations).

(2) Revise the stiffness or resistance char-
acteristics of all structural elements that are
within 10 percent of their yield capacities to rep-
resent a plastic hinge.

(3) Apply additional lateral forces to the
structure, by means of a modal analysis, until
an additional group of structural elements
reaches their yield capacities.

(4) Repeat the above until the combined re-
sults reach an ultimate limit (e.g., a mechanism,
instability, or excessive distortions) (see para e
below for evaluation criteria).

(5) Convert the results into a capacity curve
based on the periods and spectral accelerations
for the fundamental mode of vibration.

(6) Graphically compare the demand of the
EQ-I1 response spectrum to the capacity of the
structure..

(7) Approximate the lateral deformations
and compare to the drift limits of paragraph e
below.

e. Evaluation criteria. The structure will be
evaluated for its ability to resist the combined
effects of the seismic forces prescribed herein
and the applicable gravity loads within the pre-
scribed lateral distortion limits.

(1) Load combinations. The demands on
the structure will be equal to the combined ef-
fects of the dead (D), live (L), and seismic (E)

)
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Table 4-2. Inelastic demand ratios.

Building System Element Essential High Risk Others

Steel DMRSF Beams 2.0 2.5 3.0
Columns* 1.25 1.5 1.75

Braced Frames Beams 1.5 1.75 2.0
Columns* 1.25 1.5 1.75
Diag. Braces* 1.25 1.5 1.5
K-Braces*** 1.0 1.25 1.25
Connections 1.0 J.25 1_25

Concrete DMRSF | Beams 2.0 2.5 3.(}
I Columns* .1.25 1.5 1.75

Concrete Walls Shear 1.25 1.5 1.75
Flexure 2.0 2.5 3.o

Masonry Walls Shear 1.1 1.25 1.5
Flexure 1.5 1.75 2.o

- t ~_ _ ______-- 1.75. ,_

Wood Trusses
Columns*
Shear Walls
Connections
(other than
nails)

1.5
1.25
2.0
1.25

l . 75
1 .5
2.5(0
I .5()

I.-0
I . 7S

3} .0}
2 . (1

*In no case will axial loads exceed the elastic buckling capacity.

**Full panel diagonal braces with equal number acting in tension and compression
for applied lateral loads.

***K-bracing and other concentric bracing systems that depend on-compressioi.
diagonal to provide vertical reaction for tension diagonal.

uS Army Corps of Engineers

loads shown in equations 4-9 and 4-10:

Demand = D + L* + E (eq 4-9)

Demand = D + E (eq 4-10)

where the live load (L*) is equal to a realistic
estimate of the actual live load. The value of Lo
may be as low as 25 percent of the design live
load (L).

(2) Lateral displacements and drift limits.
(a) Drifts. Interstory drifts will not ex-

ceed 0.010 times the story height for essential
faciities. For high-risk buildings and all other
buildings, the limit is 0.015.

(b) Building separations. Under the
conditions of these requirements, some contact
between buildings is acceptable if it can be shown

that the effects of pounding will not cause loss
of function, instability of the affected portion
of the structure, or hazard to life-safety. For
example, if all the floors of adjacent buildings
are in vertical alignment with each other, then
the pounding associated with the extreme con-
ditions of EQ-I1 might cause only some minor
local damage to the material in contact. How-
ever, if the floor of one building was in align-
ment with mid-height of columns in the adjacent
building, pounding could cause column insta-
bility due to buckling and P-delta effects. If some
contact is acceptable for EQ-Il, the minimum
separation between buildings will be governed
by the requirements for EQ-I as prescribed in
paragraph 4-3e(7) (b). If contact is to be avoided

4-11
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for EQ-II, the minimum separation between
buildings will be governed by the combined max-
imum displacements of the adjacent buildings
due to the seismic actions of EQ-I1. The maxi-
mum story displacements, at respective loca-
tions, may be combined by the square-root-of-
the-sum-of-the-squares to determine the mini-
mum separation.

(c) P-delta effects. The secondary ef-
fects of the lateral displacements (delta) com-

bined with the gravity forces (P) will be
investigated.

(3) Structural materials and details.
Structural elements and connections will con-
form to the requirements of the Basic Design
Manual and will be evaluated for their ability
to sustain the implied ductility demands of the
post-yield analysis procedures.

)
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CHAPTER 5
STRUCTURAL DESIGN PROCEDURE

5-1. Introduction.
This chapter describes general procedures for
the design and analysis of buildings to resist the
earthquake lateral forces specified in chapter 4,
Criteria for Structural Analysis. Guidelines are
provided for a dynamic analysis approach to
seismic design of buildings. Guidelines for con-
ventional static force procedures are provided
in the Basic Design Manual, chapter 4.

5-2. Preliminary design considerations.
a. Design response spectra. Before proceed-

ing with the design of a building by means of a
dynamic analysis approach, geotechnical data
will be required to determine the design ground
motion and foundation design criteria. The
methodology for specifying the ground motion
and site-specific response spectra for a partic-
ular site is prescribed in chapter 3, Specification
of Ground Motion. Unless otherwise specified by
approval authority (para 1-ic), the following
criteria will apply:

(1) EQ-I response spectrum. The re-
sponse spectrum representing EQ-I has a 50-
percent probability of being exceeded in 50 years.

(2) EQ-II response spectrum. The re-
sponse spectrum representing EQ-I1 has a 10
percent probability of being exceeded in 100 years.

(3) Damping. Damping values will be as
indicated in table 4-1.

b. Selection of structural system. The pos-
sibility of structural damage and collapse can
be minimized by effective structural planning.
For general guidelines to the selection of the
structural system, refer to the Basic Design
Manual, paragraph 2-8. The objectives of effec-
tive structural planning are to maintain sym-
metry, minimize building torsion, provide direct
vertical paths for lateral forces, and to provide
proper foundations. A continuous load path, or
paths, with adequate strength and stiffness that
will transfer all forces from the point of appli-
cation to the final point of resistance must be
provided. The foundations must be designed to
accommodate the forces developed or the mo-
ments imparted to the building by the design
ground motions. Additional discussions on tech-
niques of seismic design, path of forces, and de-
sign of foundations are covered by the Basic
Design Manual, paragraphs 2-9, 4-4d, and 4-8.

c. Capacities of buildings to resist demands
of earthquakes. The ability of structures to re-
sist the excessive accelerations and deforma-

tions of severe earthquakes is not directly
proportional to the equivalent design seismic
forces or to the amplitudes of the peak ground
accelerations of earthquakes. The design
strength of a structure is governed by a com-
bination of lateral-force criteria (e.g., wind and
earthquake) and gravity load criteria (e.g., dead
and live loads). Some of the excess capacity built
into the gravity load design will be available to
resist lateral forces. In addition, if the structure
has ductility and/or redundancy, it will respond
to excessive lateral forces in an inelastic man-
ner thay may result in demands that are less
severe than the demands applied to a fully elas-
tic structure. This can be explained by the de-
crease in stiffness due to inelastic action, which
lengthens the effective period of vibration, and
by the increase in energy absorption and the
reduction in response amplification due to in-
elastic action. These effects are represented by
a longer structural period together with a larger
value for effective damping. These relationships
are illustrated in figures 5-1, 5-2, and 5-3.

d. Foundation capacities to resist demands of
earthquakes. The geotechnical and/or soils
foundation consultant will establish criteria
based on ultimate capacities of the soils to resist
the effects of short-term seismic loading con-
ditions in combination with the long-term grav-
ity loading. For load combinations with EQ-I,
the soil capacities must be sufficient to provide
resistance essentially within the elastic limits
of the soil. A factor of safety of 2 on the ultimate
capacity is recommended. For load combina-
tions with EQ-II, the soil capacity must be suf-
ficient to prevent sudden failure of the soil. Some
minor differential movement due to soil defor-
mation is acceptable under the conditions of
EQ-II.

5-3. General design procedures.
The scope of this chapter covers design proce-
dures for three general classifications of struc-
tures: essential facilities; high-risk; and all other
buildings. A general flow chart is shown in table
5-1. Outlines of the general procedures for each
of the three classifications are presented in ta-
bles 5-la, 5-lb, and 5-ic, respectively.

a. Initial trial design. In many cases, a build-
ing designed in accordance with the static force
procedure of the Basic Design Manual will sat-
isfy the requirements of the dynamic analysis
procedure of this manual with little or no mod-
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Crmvitv/Seismle-Load Relsatonshlps. Because ot the relationshipe between
gravity losds (dead load L) a live load CLL)) Ad lateral forces (Ielamic
loads), the stresses in the structural elements are not dirctly proportional to
the seismic forces. For eample, If the lateral forces are tripled. the combined
stresses In the structuril elementU will not neermurily triple beesuae the dead
load and live load stresses will rtmain essentially eonstnt.

To Illustrate thesc relatIonshlps, sample caleulations, whieh sisume a boom
with negative bending moments at the Pzpports of -100 k-tt, are zhown below:

1. Neptive seismic bendirg moments at vA of beam.

a. Design Bending Moments
DL * LL v -100 lk-ft
Selmle a - so 1-r,

Total Design Moment i-W5i

b. Triple Seismic Forces
DL . LL a -10D k-ft
1eismie a -150 k-ft

Total Beam Bending Moment * 2-15 6 U

e. Ratio of Triple Seismic Forces to Design For"s (b I *
250 a 10 1.17 c -3.00

2. Positive seismic bending moments at end of beam.

a. Design Bending Moments (consider DL moment only):
0.3 DL a 0.9 (-70) a -GI k-ft

Seismic * 50 k-ft
Net Moment (no load reversal) a -13 k-Jt

b. Triple Seismic Pos
0.9 DL a - 13 k-ft
Seismic * 150 k-ft

Net Moment (Reverses to * a 7 rit
positive bending moment)

e. Ratio of Triple Seismic Forces to Design Foreem
Case e: No positive bending moment
Cas be 17 k-ft positive bending moment

Ot7* O * m (infinity)

3. Axial forces on a column.

aL Design Axial Fores
0.3 DL ) Seismic Axial Force
Therefore, no tension In column

b. Triple Seismic Forem.
0.9 DL c Seismic Arial Force
Therefore, there Is tension in column

c. Ratio of Triple Seismic Forces to Design Forces, SImIL
to Sample 2, Is equal to Wntinty.

Reprinted from "An Investigation of the
Correlation Between Earthquake Ground
Motion and Building Performance," ATC-1o,
U.S. Geological survey, 1982.

Figure 5-1. Gravity/seismic load relationships.
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Dynamic Structural Characteritlics. Becou"e of the rolationrhipc hetwPi
vnemic characteristics of structures and the dynamicr prooertips of xeietni'

ground motion, the effective forces applied to the structure are not dirprck-
proportional to the peak ground acceleration of the earthqumkp. ThN- peindt
of vibration of a building, as well as the effective *apmiring of the qtruetiir,
will varv with the amplitude of motion. For exinaplo. a h illdinig will ru.qp.fr1'4 it
a certain period and damping value for a moderate earthquake in an OlN-Oi'
manner. For an earthquake two times larger (e.g.. rtesr--nse "etrn with twi-
the spectral accelerationsl, some structural elementr mav ex'eed their el-1lir
limits, the period of vibration will be slightly longer and the dainiFIg will
increase; thus, the spectral acceleration for the larger earthquake will be le-
than twice the value of the moderate earthquake. These rlpltionsbipc are
Illustrated in sample response spectra shown in Figure 1 and are Nummeriz-1
below:

1. The sample building responds elastically at Point A ISI
0.8 g), for earthquake E-Q-1 at 5SI damping (Peak ground
acceleration, AG, Is 0.3 EL).

2. If the building remained elastic for AG equal 0.6 E. the building
would respond at Point B (Sa = 1.6 E) for earthquake E-Q-2.
But the building does not remain elastic because some
structural elements yield.

3. The fundamental building period shifts from 0.5 seconds to en
effective value of 0.7 seconds due to stiffness degradation.
Due to inelastic response and energy absorption, the effective
damping Increases from 5% to 10%. Thus, the sample building
has a peak response at Point C (Ss = 1.1) for earthquake E-Q-2.

4. Therefore, the peak response of the building is 40% greater
(1.1 E vs. 0.8 E) for an earthquake ground acceleration twice
as large (0.6 E vs. 0.3 g).

Structures with degrading stiffnesses are extremely sensitive to the time factor
In earthquake behavior. Reduction In stiffness occurs in reinforced concrete
when cracks, which open during an inelastic loading cycle, do not close on the
reverse cycle due to elongation of the tension steel. This reduces the effective
cross section and the corresponding stiffness. As a result, the fundamental
period of vibration will tend to lengthen and the damping will tend to increase,
which will increase dissipation of the seismic input. If the period elongation
and the damping increase can reduce the seismic input at a faster rate than
the reduction in stiffness, the structure will survive. It will simplv readjust
itself so that It is oscillating in an elastic manner about a new equilibriurr
position having a reduced stiffness and an increased damping. If geometrical
effects of the vertical axial loads also contribute to the reduction in lateral
stiffness, however, the stiffness may reduce faster than the seismic input. Ir
this case, structural failure may result. In either case, the duration of strong
ground shaking is the critical factor.

Reprinted from "An Investigation of the
Correlation Between Earthquake Ground
Motion and Building Performance," ATC-10,
U.S. Geological Survey, 1982.

Figure 5-2. Dynamic structural characteristics.
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Sample response spectra for figure 5-2

%SI

%a

U

94

'41

'a8 0.
'a

EQ-II, 59 damped, AG = 0.60

EQ-II, 10% damped, AG = 0.60

EQ-I, 5% damped, AG = 0.30

,5

.)
0

0 0.5 1.0 1.5 2.0

Period, T (see)

Reprinted from "An Investigation of the
Correlation Between Earthquake Ground
Motion and Building Performance," ATC-10,
U.S. Geological Survey, 1982.

Figure 5-3. Nonproportional relationship between peak ground acceleration and spectral acceleration.
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Table 51. Seismic design procedures.

Irregular Buildings
(8DM para 3-3(E)3

I * 1.5 1I 1.25

1 Minimum

Minimum

EQ-I
Elastic Response

Aon

Basic Design
_ Manual Pro-

cedure Modified

b) (pares 4-2d(3)(a)
and 5-3d(l))

(pares 4-3 and
5-4)

"Option" requires approval
agency (see para 1-lb))

of cognizant

Note: All paragraph references are to this
document unless indicated as "BDM
for Basic Design Manual

U.S. Army Corps of Engineers
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Table 5-la. Seismic design of essential facilities.

Requirements Procedure

Classification of building
General requirements
Dynamic nalysis procedure

4-la
4-2a
4-2d (1) 5-3b,

EQ- I
Select response spectrum
Select structural system
Initial trial design
Modal analysis
Minimum lateral forces
Drift limits
Load combinations
Structural components
Orthogonal, torsion, overturning
Foundations
Nonstructural

4-3b
4-2a(J)

4-3c
4-3d
4-3c(7)
4-3e(2),(3)
4-3e(l),4-3f
4-3e(4),(5),(6)
4-2a(l)
4-2e,6-2

F5- 2hi
5- 3aI
5-4 a, ,b, c d
5-4 1
5-41f
5-4e(I)
S -4 e
5-4h, i
5-2d ,5-41i
6-3, 5- 4 g

EQ-Il
Select response spectrum
Analysis procedures:

Method 1
Method 2

Load combinations
Drift limitations and P-6 effects

Structural components
Foundations

4-4b 3-6,3-8,5-2a(2)

4-4c
4-4d
4-4e(l)
4-4e(2)

4-4e(3)
4-2a(l)

5-5a

S-5a(3)
S-4f,5-5b(2) (h),
S-5c,S-5d
S-Sa(4) ,5-5b(2)
S-2d

US Army Corps of Engineers
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Table 5-lb. Seismic design of high-risk buildings.

Requirements Procedure

Classification of building
General requirements
Dynamic analysis procedure

4-lb
4-2a
4-2d (2) S-3

Two Level Approach 4-2d(2) (a)

Same as essential facilities (Table 5-la) except the following:

EQ-I
Response spectrur
Drift limits

EQ-II
Drift limits
Inelastic demand ratio

85% of EQ-I, 4-2d(2) (a)
Increase 40%, 4-3e(7)

Increase 50%, 4-4e(2)
High-risk column of table 4-2

Single Level Design

Same as Basic Design Manual Procedure with modified seismic force
distribution and Single level design for EQ-I with minimum story
shear requirements for other buildings (Table 5-lc).
Minimum lateral forces governed by Basic Design Manual will be 25%
higher because the I-coefficient equals 1.25.

US Army Corps of Engineers
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Table 5-ic. Seismic design for other buildings.

Requirements Pro:edure

Classification of building
General requirements
Dynamic analysis procedure

4-ic
4- 2a
4-2d(3)

Basic Design Manual Procedure with modified seismic force distribution
General 4-2d(3)(a) 5-3d
Response spectrum EQ-I 4-3b
Select structural system Basic Design Manual
Initial design Basic Design Manual
Modal analysis 4-3c 5-3d(l)
Minimum lateral force Basic Design Manual
Normalize modal analysis 4-2d(3)(a) 5-3d(l)
Final design Basic Design Manual

Single level design for EQ-I with
General
Response spectrum EQ-I
Select structural system
Initial trial design
Modal analysis
Minimum lateral force
Drift limits
Load combinations
Structural components
Orthogonal, torsion, overturning
Foundations

minimum story shear requirements
4-2d(3)(b) 5-3d(2)
4-3b
Basic Design Manual
Basic Design Manual 5-3a
4-3c
4-2d(3)(b) 5-3d(2)
4-3e(7)
4-3e(2) (3)
4-3e(l),4-3f
4-3e(4) , (5) (6)
4-2a(l) 5-2d,5-4h

9

Two level approach
General 4-2d (.1) (c) ; -. ')d (33 )

Same as essential facilities except for the following:

EQ- I
Response spectrum

Drift limits

EQ-II
Response spectrum
Drift limits

Inelastic demand ratio

709j of F+-1
4-2d(3)
Increased 40'
4-3c(7)

4-4b
Increased 50%
4-4e(2)
Table 4-2

5- 3d (3) (~i)

S-3 (LI) (3) (b)

- 2 a(2)
5-4f,5-r!li(2) (hi)
5-5c,5-5d
5.-Sa(4)

US Arm) Corps of Engineers
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ifications. The primary purpose of the proce-
dures of this manual is to provide a more rational
approach to the fulfillment of the intent of the
Basic Design Manual. The initial selection of trial
structural member sizes can be made in a man-
ner similar to that of conventional static design
procedures, as outlined in the Basic Design
Manual. Following is a suggested procedure for
the initial design. An alternate procedure is out-
lined in paragraph (2) below.

(1) Code comparison concept.
(a) Compare the EQ-I design spectrum

with the curve representing the static base shear
coefficients ZICS. For example, the EQ-I spec-
trum may be similar to the 5-percent curve in
figure 2-8. The ZICS curve may be similar to the
T. = 1.0 curve in Basic Design Manual figure
4-3, with the C x S values multiplied by 1.5 to
account for Z = 1.0 and I = 1.5. An example of
these two curves is shown in figure 5-4.

,,,- Assume peak extends to
, / T = 0 for 1st mode

Use for higher modes only

0.5

0.14

0.3

LA
C-1

0

t 0.2

0.1

0

I,- EQ-I, 5% damped design response
spectrum from Figure 2-8

I

I

I

I

S = 0.3 6 g
a

T = 0.7 sec-,

Base coefficients ZICS for
Z =1.0, I = 1.5, and T = 1.0 sec
(from Basic Design Manual, Fig. 4-3
and Table 4-3)

0 1.0 2.0 3.0

T (PERIOD), sec

US Army' Corps of Engineers

Figure 5-4. Sample EQ-I spectrum and ZICS curve.
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(b) Estimate the period of the funda-
mental mode of vibration of the structure by
methods described in the Basic Design Manual.
For example, the period of a 7-story frame struc-
ture may be estimated at O.IN = 0.7 seconds, as
illustrated in figure 5-4.

(c) Compare value of S. of EQ-I with ZICS
for the estimated building period.

1. If Sa is roughly 2 times ZICS or less,
the static design procedure will probably result
in a reasonable initial design. The factor of 2 is
based on a combination of load factors, partic-
ipation factors, and underestimation of the
building period.

2. If Sa is substantially greater than 2
times ZICS (e.g., 3 to 4 times), the initial static
design should be based on a porportionately
higher value of ZICS.

(2) An alternate procedure is to estimate a
yield level base shear coefficient directly from
the EQ-I spectrum.

(a) Estimate the fundamental period of
vibration.

(b) Determine the value of Sa from the
EQ-I response spectrum.

(c) Estimate the fundamental base shear
participation factor, a (para 4-3c(1) (d)), from
the following:

5 stories: a = 0.80
4 stories: a = 0.83
3 stories: a = 0.86
2 stories: a = 0.90
1 story: a = 1.00

(d) Estimate the base shear coefficient by
multiplying Sa by a.

(e) Use the base shear coefficient to es-
timate lateral forces on the building in the same
manner used in the static design procedure. Use
these forces initially to size the structural mem-
bers; however, the capacities will be on the basis
of yield strength in lieu of allowable stresses.

(f) If S. is not significantly greater than
ZICS (e.g., 50 percent greater), refer to para-
graphs 4-3d and 54j for minimum lateral force
requirements.

b. Dynamic analysis procedure for critical and
essential buildings. Critical and essential fa-
cilities will be designed to resist two levels of
earthquake motion as prescribed in paragraph
4-2d(l). The procedure is described in para-
graphs 5-4 and 5.-.

c. Dynamic analysis procedure for high-risk
buildings. High-risk buildings will be designed
in accordance with either a two-level approach
or a single-level design, as prescribed in para-
graph 4-2d(2). The choice will generally depend
on the seismic severity of the site, type of build-
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ing, criteria established for other buildings at
or near the site, and the decision of the approval
authority. For example, the building may be part
of a large hospital complex that has essential ~- /
facilities as well as high-risk buildings. The de-
signer will have site ground motion specification
data available and will have had to develop dy-
namic two-level approach procedures for the es-
sential facilities. Therefore, the premium for
designing the high-risk building in accordance
with the two-level approach may be insignifi-
cant. In another example, the building may have
unavoidable irregularities that generate con-
cern about the ability of the structure to sat-
isfactorily sustain a major earthquake without
serious damage. Thus, a two-level approach may
be justifiable. In a third case, the building may
be the only building at a site where ground mo-
tion specification data are not available and
where no other special conditions exist that
would justify the additional effort of a two-level
approach. Therefore, a single-level design pro-
cedure is adequate.

(1) Two-level approach. The procedure is
the same as used for essential structures with
the following exceptions:

(a) The EQ-I response spectrum is re-
duced by 15 percent (para 4-2d(2)(a)). The ef-
fect of this reduction is that the structure will )
remain elastic for ground motion less than that
specified by EQ-I or, conversely, that some dam-
age will be accepted for the EQ-I ground motion.

(b) The drift limits for EQ-I (0.007) and
EQ-[I (0.015) are less severe (paras4-3e(7) and
4-4e(2)).

(c) The limits on inelastic demand ratios
are less severe (table 4-2).

(2) Single-level design. The procedures are
the same as used for all other buildings in par-
agraphs 4-2d(3) (a) and (b) with the exception
that the minimum values will be calculated on
the basis of I = 1.25. The procedures are de-
scribed in paragraphs d(l) and d(2) below.

d. Dynamic analysis procedure for all other
buildings. Three alternative procedures are
prescribed in paragraph 4-2d(3): Basic Design
Manual criteria with modified seismic force dis-
tribution; single-level design with minimum story
shear requirements; and two-level approach. The
choice will depend on the data available and on
particular requirements of the facility. Para-
graphs 4-2d(3) (a) and (b) are both single-level
design procedures. These procedures will gen-
erally be sufficient for most buildings. Para-
graph 4-2d(3) (c) is a two-level approach. This
procedure may be required by the approval au-
thority-for buildings that have unavoidable highly
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irregular configurations or other unusual con-
ditions.

(1) Basic Design Manual criteria with mod-
ified seismic force distribution (para 4-2d(3) (a)) .
This procedure uses the modal analysis method
to determine the distribution of lateral forces
along the height of the structure in liew of the
distribution determined from Basic Design
Manual equations 3-6 and 3-7. For buildings with
large differences in lateral resistance or stiff-
ness between adjacent stories, the differences
between the two methods can be significant. The
modal analysis procedure requires a response
spectrum. The EQ-I response spectrum is pre-
scribed. However, if data are not available for
EQ-I, a standardized shape for a response spec-
trum may be substituted (e.g., an ATC 3-06 spec-
trum). The amplitude of the peak ground
acceleration is not significant because the re-
sults are later normalized to equal the base shear
determined in the Basic Design Manual. There-
fore, this procedure has the advantage of not
requiring site specific earthquake data. A sum-
mary of the procedure follows:

(a) Determine the story shears, story
overturning moments, story accelerations, story
displacements, and interstory drifts by means
of a response spectrum modal analysis in ac-
cordance with paragraph 4-3. This includes the
total lateral force at the base, VT = \/;Z: If
data to develop the EQ-I response spectrum are
not available, the equations in paragraph 3-8c
may be used to determine values for S.. Any
single value may be used for A. and A, (e.g., Aa
= A, = 0.20), because the base shear normali-
zation process prescribed in paragraph (d) be-
low will equalize the results. The soil profile
coefficient, Si, will be determined from table
3-6 in conformance with the decriptions in table
3-5.

(b) Determine the total lateral force,
V = ZIKCSW, in accordance with the Basic De-
sign Manual.

(c) Calculate the ratio, Rv, of the Basic
Design Manual base shear to the modal analysis
base shear:

Rv = ZIKCSW/VlV. (eq 5-1i)

(d) Multiply all the values in paragraph
(a), above, by Rv.

(e) Use the resulting story shears and
overturning moments to design the building in
accordance with the provisions of the Basic De-
sign Manual:

(f) Use the story accelerations to com-
pare with the coefficients ZICp of Basic Design
Manual equation 3-8. The larger of the two val-

ues will be used for the design of elements of
structures.

(g) Use the interstory drifts to determine
conformance with the Basic Design Manual drift
provisions.

(2) Single-level design with minimum story
shear requirements. This procedure provides for
a single-level modal analysis of the structure to
withstand the actions of EQ-I in conformance
with paragraph 4-3. However, a lower limit equal
to 1.5 times the Basic Design Manual is specified.
The 1.5 value is used to account for the differ-
ences between working stress or load factor cri-
teria used in the Basic Design Manual and the
yield strength criteria used for EQ-1. This pro-
cedure can result in significantly larger forces
than the procedure described in paragraph (1)
above, if the site specific earthquake, EQ-I, so
indicates. In some cases, the analysis for EQ-I
may result in lower force levels than those ob-
tained from paragraph (1) above. However, the
lower limit of 1.5 times the Basic Design Manual
will generally keep the capacity of the resulting
structure from being less than that of the struc-
ture designed in accordance with paragraph (1)
above. A summary of the procedure follows:

(a) Complete the modal analysis pre-
scribed in paragraph 4-3 for EQ-I. List all the
combined modal story shears.

(b) Determine all the story shears as pre-
scribed in the Basic Design Manual.

(c) If any story shear determined in par-
agraph (a) is not at least 1.5 times the corre-
sponding story shear listed in paragraph (b),
increase all values determined by modal analysis
proportionately to satisfy this requirement. For
example, the modal analysis gives a third-story
shear equal to 14 kips, and the Basic Design
Manual method gives a third-story shear equal
to 10 kips. The ratio is 1.4, which is less than 1.5.
Therefore, multiply all values in the modal anal-
ysis by 1.07 (1.5 - 1.4 = 1.07).

(d) Use the revised values to complete the
design of the building in accordance with the
provision of this manual to resist EQ-I. The
structure need not be evaluated for EQ-IL.

(3) Two-level approach. This procedure is
the same as that used for essential facilities (ex-
ceptions in paras (a), (b), and (c), below) and
is substantially more complex than the proce-
dures in paragraphs (1) and (2) above, it will
only be used under special conditions, as di-
rected by the approval authority, such as for
highly irregular or unusual buildings. The dis-
cussion in paragraph 5-3c on the use of the two-
level approach for high-risk buildings also ap-
plies. The procedure for the two-level approach
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is described in paragraphs 5-4 and 5-5. Excep-
tions are listed below:

(a) The EQ-I response spectrum is re-
duced by 30 percent (para 4-2d(3) (c)). The ef-
fect of this reduction is similar to that indicated
above for high-risk facilities (para 5-3c( 1) (a)).

(b) The drift limits for EQ-I (0.007) and
EQ-I1 (0.015) are less severe (para 4-3e(7) and
4-4e(2)).

(c) The limits on inelastic demand ratios
are less severe (table 4-2).

5-4. Designing for EQ-I.
The structure will be designed to resist the forces
of EQ-I within the elastic range of the capacity
of the lateral-force-resisting system. An initial
trial design is developed in accordance with par-
agraph 5-3a. The initial design is then checked
for conformance to the criteria by means of a
modal analysis for the EQ-I response spectrum.

a. Modal analysis procedure. Periods, mode
shapes, and participation factors are required,
in conjunction with the design response spec-
trum, to perform a dynamic analysis. The ac-
curacy of these factors and the degree of
sophistication required in the analysis is de-
pendent on the size and complexity of the build-
ing.

(1) Single-story building. Unless the
building is unusual or irregular in plan, the modal
analysis procedure essentially becomes equiva-
lent to a static design procedure.

(a) The period of vibration will generally
be in the range of 0.1 to 0.2 seconds, thus placing
it at the peak of the response spectrum for a
maximum value of Sa. Note that the peak of the
response spectrum is assumed to extend back
to T = 0 for the fundamental mode as noted in
figure 5-4. In general, even a very rigid structure
with a short natural period of vibration will re-
spond at a slightly longer period due to soil-
structure interaction.

(b) For a single-story building, the base
shear participation factor will be equal to unity
(e.g., a = 1.0). Therefore, the base shear coef-
ficient will be equal to the spectral acceleration,
Sa.

(c) The total lateral force on the build-
ing, for each direction of motion, will be equal
to the spectral acceleration times the weight of
the building (V = Sa x W) in accordance with
equation 4-4.

(2) Low-rise buildings up to about 5 sto-
ries. Unless the building is unusual or irreg-
ular in elevation or plan, the modal analysis can
generally be limited to the fundamental mode
of vibration. Although the use of a computer
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program will generally be more efficient and will
generally give more accurate results, the single-
mode analysis can be done by hand calculations.

(a) Estimate the fundamental period of
vibration (e.g., Basic Design Manual, equations
3-3A or 3-3B), assume a straightline mode shape
and calculate or estimate the story weight.

(b) Calculate the modal participation
factors PF. and a. Approximate the spectral ac-
celeration, S., for the estimated period using the
EQ-I response spectrum.

(c) Calculate the story forces, F. (refer
to appendix E, design example E-1, for the pro-
cedure).

(d) Calculate the deflected shape of the
structure. This can be done by hand calculations
(though somewhat difficult and time-consum-
ing) or with the aid of a computer program.

(e) Use the calculated deflected shape as
a new estimate for the mode shape and repeat
paragraphs (b) and (c) above.

(f) If the story forces of paragraph (e)
compare favorably with the original values of
paragraph (c) (e.g., within about 10 percent),
assume the deflected shape of paragraph (d) to
be acceptable. If not, repeat paragraph (d) to
calculate the deflected shape for the revised story-
forces.

(g) Calculate the period of vibration
using the Basic Design Manual equation 3-3. A
quicker method is by means of the following
equation, using the forces and displacements
calculated above:

).

T = 2r N/8nw./Fng (eq 5-2)

where 8, wn, and F, are the displacement, weight,
and force at the roof. This equation can be de-
rived from equations 4-3 and 4-5.

(h) If the period of vibration calculated
in paragraph (g) above is substantially differ-
ent than the value assumed in paragraph (a)
above, repeat paragraph (b) and adjust the forces
and displacements in proportion to the new value
for S..

(3) Moderate-rise buildingsfrom 5 to about
15 stories. For buildings over 5 stories, some
of the effects of higher modes of vibration may
be significant. In lieu of a detailed analysis, the
dynamic characteristics can be approximated.
Table 5-2 shows the general modal relationships
for a fairly uniform 7-story reinforced concrete
frame building. For a 14-story building, a modal
analysis could be approximated as follows:

(a) Estimate the fundamental period of )
vibration (e.g., Basic Design Manual, equations
3-3A or 3-3B).
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(b) Approximate periods for the second
through fifth modes of vibration using the ra-
tios shown in table 5-2 (e.g., second mode period
equals 0.327 time the fundamental mode pe-
riod).

(c) Approximate the mode shapes by
using the shapes shown in table 5-2 and inter-
polating for the taller structure (e.g., for the
second mode, assume 1.00 for the roof and 0.550
for the 13th story. Estimate the 14th story at
0.775).

(d) The participation factors can be taken
directly from table 5-2 or new values can be cal-
culated from the mode shape by using equations
4-1 and 4-2.

(e) Determine the spectral accelerations,
S., for each modal period from the response
spectrum.

(f) Calculate story forces for each of the
modes as shown in appendix E, design example

E-1. The results for the 7-story building are
summarized in table 5-3 and are illustrated
graphically in figure 2-10.

(g) Calculate the deflected shape of the
building separately for each mode of vibration.
This will generally require the use of a com-
puter. Compare the deflected shapes to the mode
shapes approximated in paragraph (c), above.
(Note: some computer programs will perform
paragraphs (a) through (g), above, directly.) If
the shapes are similar, continue with the anal-
ysis. If there are significant differences in mode
shapes, a modification of paragraphs (d) through
(g), above, may be required.

(h) Calculate the periods of vibration
using the Basic Design Manual equation 3-3. An
alternate method is to use equations 4-3 and
4-5 and solve for T. for each
story levels as follows:

T. = 2,r Vlii w ./F,,g

mode at several

(eq 5-3)

Table 5-2. General modal relationships.

Mode 1 2 3 4 5

l Period (seconds) 0.880 0.288 0.164 0.106 0.073

! Ratio of Period to! 1st Mode Period 1.000 0.327 0.186 0.121 0.083

Participation Factor 12
at Roof 1.31 _ _-0.47 0.24 -_.__ 0.05

Base Shear
Participation 0.828 0.120 0.038 0.010 0.0c

.9 9 1

Mode
Shape
at
Story
Levels

(normalized)

Roo f
7
6
5
4
3
2

I .000
0.938
0.839
0.703
0.535
0.351
0.188

0

1 .000
0.550
-0.056
-0.631
-0.961
-0.933
-0.625

0

I.000
-0.059
-0.904
-0.971
-0.034
0.883
0.990

0

I .000
-0.8tr2
-1 .08)
0. 526
1.259

-1.1 5"
0

I .O(
-1 .7J

(. 1'
I.6,
l-I .0f

-I 1.1i
I.3

0

I
)O i

i
I
I

.1: I. 1) I
1

141, I

�� h i

711 i
% PI
% Q

II 0 Si

II
I
f

___ __ __ __ __ - .

US Army Corps of Engineers
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Table 5-3. Seven-story building-transverse direction-summary of modal analysis.

Story Forces (kps) Shears (kips) OTH (k-ft)

Vt

Levelkips I 2 3 SRSS 1 2 3 SRSS l 2 3 SRSS

Roof 1410 508 -330 170 629 503 -330 170 629 0 0 0 0
7 1160 494 -188 -10 525 1002 -518 160 1139 4420 -287! 1, .79 5474
6 1460 443 19 -166 173 1445 -499 -6 1529 13137 -7378 2871 15338
5 1460 371 216 -163 159 1B16 -283 -169 1846* 25709 -11719 2819 28394
X 1460 282 329 -6 433 2098 46 -175 2106 41508 -1I.181 1349 43884
3 1460 185 319 156 400 2283 365 -19 2312 59761 -13781 -174 61330
2 1830 125 267 219 367 2408 632 200 2498 79623 -10605 -339 80327

Groun 0 0 0 0 112131 -2073 2361 112175

Story Acceleration_ D is lacent (ft) Inters tory XDriftuft) |
1 2 3 SRSS 1 2 3 SRSS I 2 3 SRSS Aa/hs{

Roof .360 -. 234 .121 .X*6 .228 -.016 .003 .229 _014 .007 .003 .016 .0018
7 .338 -. 129 -.007 .362 .214 -.009 .000 .211 .022 .010 .003 .021. .0028
6 .303 .013 -.114 .324 .192 .001 -.003 .192 .031 .009 .000 .032 .0037
5 .254 .148 -. 112 .315 .161 .010 -.003 .16i .039 .005 .003 .039 .0045
1 .193 .225 -.004 .297 .122 .015 .000 .123 .042 .000 .002 .042 .0048
3 .127 .219 .107 .275 .080 .015 .002 .081 .037 .005 .001 .037 .0043
2 .068 .1X6 .120 .201 .043 .010 .003 .044 .043 .010 .003 .044 .0033

Ground 0 0 0 0 0 0 0 0

9
US Army Corps of Engineers

If the mode shapes are reasonably accurate, the
calculated value of Tm will be the same at each
story.

(i) If the calculated periods of vibration
are substantially different than the values as-
sumed in paragraphs (a) and (b), above, repeat
paragraph (e) and adjust the modal forces and
displacements in proportion to the new values
of S..

(j) Compare the responses of the higher
modes of vibration to the actions of the fun-
damental modes (e.g., refer to fig 2-10 and de-
sign example E-1). This includes story shears,
story accelerations (i.e., story force divided by
story weight), story overturning moments, and
interstory displacements. If all the higher mode
responses are small relative to the fundamental
mode, they can generally be omitted from the
analysis. If in no case the square-root-of-the-
sum-of-the-squares (SRSS) of all the modes is
less than 10 percent greater than the funda-
mental mode, it can be assumed that the higher
modes are negligible in the overall design.

(4) High-rise buildings. As buildings get
taller, the higher modes of vibration become more
significant, relative to the fundamental modes
(refer to para 2-5c and figures 2-9 and 2-10 for
examples). These buildings generally require the
use of computer programs that can calculate the
dynamic characteristics (e.g., periods, mode
shapes, and participation factors), as well as the
member stresses and story displacements.

(5) Irregular buildings. Buildings that
have vertical discontinuities, that are irregular
in plan, that have large horizontal eccentricities
(center of mass not coincident with center of
rigidity), or have other irregularities will gen-
erally require the aid of computer programs to
determine the dynamic characteristics, member
stresses, and story displacements. When hori-
zontal eccentricities exist, the analysis must be
in three dimensions to account for the twisting
deformations and the lateral deformations nor-
mal to the direction of the seismic forces. Refer
to paragraph 5-4d, below, for use of three-di-
mensional computer programs.
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b. Mathematical modeling of structural com-
ponents. The results of a lateral-force analysis
can be very sensitive to the assumptions made
for the stiffness of the structural elements when
constructing a mathematical model of the struc-
ture. As the stiffness is overestimated, the pe-
riod of vibration shortens and the displacements
reduce. However, a shorter period may possibly
attract higher forces. When the stiffness is
underestimated, periods lengthen, lateral dis-
placements increase, and lateral forces may be
reduced. When the relative rigidities of various
lateral-force-resisting elements are not accu-
rately utilized, there can be a great amount of
uncertainty in the torsional characteristics of
the structure. The effects of nonstructural ele-
ments, as well as structural elements not part
of the lateral-force-resistant system, can have a
significant effect on the response of the overall
structure to earthquake ground motion. There-
fore, it is important to account for possible in-
accuracies in the mathematical model. When
there are uncertainties, an attempt should be
made to envelope the possibilities to assure good
performance of the structure in case of an
earthquake. The stiffness characteristics may
vary with amplitude of lateral motion, thus the
model used for a code design level analysis may
vary from the model that represents the yield
level capacity or the ultimate post-yield capac-
ity. For an elastic analysis, the following factors
should be considered:

(1) Gross concrete section properties are
considered appropriate for modeling the stiff-
ness of reinforced concrete members.

(2) The effects of column widths and beam
depths on the rigidity of frames should be eval-
uated. This is particularly important for con-
crete frames or for steel frames with relatively
deep members and short spans or low story
heights.

(3)The effects of the floor slab system act-
ing compositely with the frame beams or gir-
ders. Although the composite action may have
an insignificant effect in resisting negative mo-
ments, it provides a significant contribution to
the effective beam moment of inertia for posi-
tive moments and increases the stiffness of the
beams acting as members of a rigid frame. In
most cases, the beams will be modeled as pris-
matic members and engineering judgement will
be required to determine an effective portion of
the floor system to be modeled compositely with
the beams. This composite action is used in the
model of calculate the dynamic characteristics,
but should be reevaluated for member design to
resist negative moments.

(4)The effects of structural elements that
are not included in the lateral-force-resisting
system. This may include flat-slab and column
systems and structural steel frames with stand-
ard connections. The effects of these elements
on the stiffness of a building with shear walls
or braced frames may properly be ignored, but
they may have a significant effect on the stiff-
ness of a building with a moment frame lateral-
force-resisting system. In the latter case, the
moment frames will be designed to resist 100%
of the lateral forces, but the modeled stiffness
of the frames will be adjusted to reflect the ad-
ditional stiffness of the above elements, includ-
ing any torsional effects due to asymmetry in
the location of elements.

(5)The effects of relatively rigid nonstruc-
tural elements, such as masonary partitions, will
be evaluated. If the stiffness of these elements
is significant as compared to the stiffness of the
assumed lateral-force-resisting system, the ele-
ments will be designed and reinforced as shear
walls or will be isolated from the structural sys-
tem by means of expansion joints at the sides
and top of the element.

(6)Evaluate the effects of assumptions for
modeling shear walls of various cross-sections.
For example, the relative stiffnesses of an L-
shaped wall and a wall that consists of a single
plane. Also, the relative stiffness of a shear wall
system and a moment frame system.

c. Two-dimensional computer programs.
The designer must be familiar with all of the
features and limitations of computer programs
used for the design and analysis of buildings. A
two-dimensional computer program essentially
places all the lateral-force-resisting structural
frames and shear walls within a single vertical
plane and analyzes for lateral motion within that
vertical plane. In a sense, each of the lateral-
force-resisting column lines of the building are
linked end-to-end. The two-dimensional analy-
sis does not allow for any rotation about a ver-
tical axis of the building (i.e., ignores horizontal
torsion) and does not allow lateral sidesway
normal to the direction of the applied force. The
two-dimensional computer programs are appli-
cable to buildings that are generally symmetr-
ical in plan and are not subject to torsional
deformation.

(1) Features and limitations. There are a
variety of two-dimensional computer programs,
each having certain features and limitations,
such as the following:

(a) Dynamic characteristics. Some com-
puter programs will calculate member forces and
lateral deformations, but do not calculate the
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periods or mode shapes of the structure. These
programs can be used for low- to moderate-rise
buildings where only the fundamental mode of
vibration is required. The fundamental period
and mode shape can be calculated and the ef-
fects of higher modes can be approximated by
procedures outlined in paragraph 5-4a. How-
ever, computer programs are available that will
calculate periods and mode shapes for all the
modes of vibration.

(b) Axial, shear, and flexural deforma-
tions. Some computer programs are limited on
the degrees of element deformations. Beams are
generally considered as flexural elements. Some
computer programs also account for shear de-
formation. Shear and flexural deformations are
generally accounted for in column elements, but
not all programs account for axial deformation.
Axial column deformation can be significant in
high-rise buildings however, caution must be used
when applied to gravity loads because of the se-
quence of construction. Shear walls are gener-
ally analyzed for shear and flexural deformations.

(2) Number of modes and use of partici-
pation factors. In general, the first three modes
of vibration in each horizontal direction of a
building are sufficient for the model analysis.
For tall buildings or for buildings with vertical
irregularities, a greater number of modes may
have to be analyzed. A review of the partici-
pation factors for the first three modes will give
a good indication if more are required. The sum
of the participation factors (PFxm) for all the
modes at a particular story (x), as calculated
from equation 4-1, equals unity. Also, the sum
of all the modal base shear participation fac-
tors, (a), as defined in equation 4-2 will equal
unity. Therefore, if the sum of the participation
factors for the first three modes is within 10
percent of unity, it can generally be assumed
that all the major modes have been included.
For an example, refer to table 5-2. The sum of
the participation factors at the roof for three
modes equals 1.08 (i.e., 1.31 - 0.47 + 0.24) and
the sum of the base shear participation factors
is equal to 0.986 (i.e., 0.828 + 0.120 + 0.038).
Both 1.08 and 0.986 are within 10 percent of the
value of 1.0.

(3) Check static equilibrium. Some com-
puter programs present the results for each in-
dividual mode and others only present the results
in modal combinations. Once the modes have
been combined, it is not possible to check the
statics for the overall building or for localized
areas, such as at a beam-column joint. There-
fore, static checks must be made prior to making
the modal combination. Spotchecks at a variety
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of locations should always be made to assure
that static equilibrium is maintained. These
checks are made not only to confirm the validitx
of the computer program, but they also alert the,,__,/
designer to possible irregularities or to the pos-
sibility of data input errors.

(4) Accidential torsion. The two-dimen-
sional computer analyses do not account for tor-
sional motion due to horizontal eccentricities.
However, the effects of horizontal eccentricities
or the requirement for accidential torsion can
be approximated by hand calculations in con-
junction with the results obtained from the
computer analysis. The horizontal torsional mo-
ment can be calculated from the product of the
story shear and the assumed eccentricity. The
torsional moment can then be distributed to the
lateral-force-resisting elements in proportion to
the product of their relative rigidities and dis-
tances from the center of rotation (Kd) divided
by the torsional moment of inertia (XKd 2 ). The
forces obtained from the computer can then be
proportioned upward to account for the addi-
tional forces due to torsion. The minimum tor-
sional eccentricity that is to be applied to a
structure is equal to 5 percent of the maximum
building dimension (Basic Design Manual, para
3-3(E)4). A rational alternative to this require-
ment is to calculate accidental torsions by usinr
eccentricities that result by moving the centei~,'
of mass of each story 5 percent of the maximum
building dimension to either side of its calcu-
lated position (Basic Design Manual, para 5-
2d(4)). An example is included in design. ex-
ample E-2.

(5) Flexible horizontal diaphragms. Two-
dimensional computer programs assume that the
diaphragms are infinitely rigid. In some build-
ings, the horizontal diaphragms may exhibit some
flexibility relative to the vertical lateral-force-
resisting elements. For very flexible dia-
phragms, the forces should be distributed to the
vertical lateral-force-resisting elements by means
of tributary areas. When a limited amount of
flexibility is anticipated, the forces on the less
rigid elements of the rigid diaphragm model
should be increased to account for possible ad-
ditional forces due to tributary area distribu-
tion. Some judgment decisions are required.
When there is difficulty in determining the proper
distribution of forces, a three-dimensional anal-
ysis that accounts for diaphragm flexibility may
be required.

d. Three-dimensional computer program,
Three-dimensional computer programs becomet._
much more complex than the two-dimensional
programs, and more care must be taken to fully

)

)
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understand their features and limitations. Three-
dimensional programs can account for rotation
about a vertical axis and horizontal movement
in any direction. Some programs, usually those
using finite element procedures, can allow for
flexibility in the horizontal diaphragm. The con-
tents of paragraph c, above, in general also ap-
ply to three-dimensional programs. Additional
comments, which apply to three-dimensional
programs, follow:

(1) Features and limitations. There are a
variety of three-dimensional computer pro-
grams, each having certain features and limi-
tations, such as the following:

(a) Three-dimensional compatibililty.
Some three-dimensional computer programs
were developed as extensions of two-dimen-
sional programs. The three-dimensional fea-
tures are determined by combining the
components of two-dimensional analyses. In
some cases, where a structural element is part
of both a transverse and longitudinal lateral-
force-resisting system, compatibility of common
actions from both directions of force is not
maintained (e.g., axial forces and vertical de-
formations in a column common to two inter-
secting systems are not truly compatible).

(b) Horizontal eccentricities. Addi-
tional care must be taken in preparing the data
for three-dimensional computer programs. Tor-
sional characteristics of a building are sensitive
to the size and location of the story weights and
the rigidity properties of lateral-force-resisting
elements on the horizontal story plane. In some
computer programs, mass moments of inertia
are required. In other programs, the masses are
distributed on the horizontal planes. Assump-
tions used in modeling a variety of shear walls
and frames can be critical in the evaluation of
torsional properties and horizontal eccentrici-
ties; therefore, methods to envelope the uncer-
tainties as discussed in paragraph 5-4b should
be investigated.

(c) Modal combinations. Because the
computer programs allow for three-degrees-of-
freedom (longitudinal, transverse, and rota-
tional), combining the modes in three-dimen-
sional analysis becomes substantially more
complex than combining modes for two-dimen-
sional analysis. In some cases, the use of the
SRSS can give erroneous results, especially when
the loads are applied in a direction not parallel
to the major axes. Therefore, other procedures
for combining the modes are required. The de-
signer must be aware of the procedures and pit-
falls that may be inherent in the computer

program being used in relation to the building
being analyzed.

(2) Modes and participation factors.
(a) Mode identification. In three-di-

mensional analyses, it is sometimes difficult to
identify the characteristics of the various modes
of vibration. For a regular building, the first three
modes will generally include the fundamental
modes that represent primary motion in the
translational transverse direction of the build-
ing, the translational longitudinal direction of
the building, and the rotational torsional action
of the building. The first nine modes listed in
the order of decreasing lengths of period will
generally include the first three modes of each
of those directional motions. However, for un-
usual buildings, the sequence of the modes may
be highly irregular. For example, a building with
very low torsional rigidity will have torsional
modes with long periods of vibration, thus the
translational modes may not be identified until
after several torsional modes are calculated.
Another example is in buildings with flexible
diaphragms. If the diaphragms are more flexible
than the overall structure, the modes for each
of the flexible diaphragms will be calculated be-
fore the primary building modes are identified.
Each of these examples would indicate that the
building may have some undesirable character-
istics or that there may be an error in the mod-
eling of the building. Modes can be identified by
plotting the mode shapes in three-dimensional
representations.

(b) Participation factors. The concept
of participation factors also becomes more dif-
ficult to interpret in three-dimensional anal-
yses; therefore, the guidelines given in paragraph
5-4c(2) to identify the number of modes re-
quired for analysis may not be applicable for
buildings with unusual three-dimensional char-
acteristics. For each direction of applied earth-
quake forces there will be a major component
in the direction of motion, a translational com-
ponent normal to the direction of applied forces,
and a rotational component. The participation
factors, based on the mode shapes (4) in the
direction of applied motion will not add up to
1.0, as occurs in the two-dimensional programs,
because of the contribution of the other com-
ponents of motion. If the base shear partici-
pation factors (ac) do not add up to within 90
percent of unity, then all of the values of the
modal analysis will be increased proportionately
to satisfy the 90-percent requirement.

e. Stresses and load combinations. The loads
on the structural elements resulting from the

.
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modal analysis procedure for EQ-I must be com-
bined with the gravity loading to determine if
the structure has remained essentially elastic.

(1) Load combinations. The seismic loads
due to the actions of EQ-I will be combined with
gravity loads in accordance with equations 4-6
and 4-7. Equation 4-6 is used when the gravity
loads are in the same sense as the seismic loads
(e.g., both sets of loads result in compression in
a column or negative bending moments in a
beam). Equation 4-7 is generally used when there
is a potential for load reversal (e.g., tension in
column due to seismic loading may be greater
than compression due to minimum dead load, or
the positive bending moment due to seismic
loading is greater than the negative bending
moment due to minimum dead load). The 1.2 and
0.8 coefficients for the dead load are established
to represent possible vertical seismic accelera-
tions as well as some uncertainties in the actual
dead weight of the structure. Equation 4-8 is a
special case for use on horizontal prestressed
components that are especially sensitive to up-
ward vertical accelerations.

(2) Elastic capacity ratio. The elastic ca-
pacities of the structural elements are com-
puted in accordance with the provisions of
paragraph 4-3f. The elastic capacities of the
structural elements will generally be equal to or
greater than the load combinations determined
in paragraph (1) above. Some exceptions are
permitted in accordance with paragraph 4-3e( 1).
The elastic capacity ratio is a term used to de-
termine if there is any reserve elastic capacity
remaining beyond the demands of EQ-I. It is
calculated from equations 4-6 and 4-7 as fol-
lows:

Elastic capacity ratio = (EC - 1.2D - 1.0L)
-1.OE (eq 54)

or
= (EC+0.8D) * 1.OE

(eq 5-5)

whichever is less. Note that the elastic capacity
is reduced by gravity loads when they are in the
same sense as seismic loads per equation 5-4
and the elastic capacity is increased by minimum
dead loads when they are in the opposite sense
of seismic loads per equation 5-5. The elastic
capacity ratio of the overall structure is equal
to the lowest value for any group of major struc-
tural elements. It is used to define when first
major yielding occurs and to establish peak floor
accelerations and response spectrum for non-
structural elements in paragraph 6-4. For its
use in the EQ-I analysis, refer to paragraph
5-Sb.
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f. Displacements and drifts. Lateral story
displacements for each mode of vibration are
calculated from equation 4-5, and examples are
given in appendix E, design example E-1. Max-
imum story displacement by the SRSS method.
CAUTION: the maximum interstory drifts can-
not be obtained from the maximum story dis-
placements. The interstory drifts must first be
obtained for each individual mode. The inter-
story drifts for each mode may then be combined
by the SRSS method to obtain the maximum
interstory drifts. It is these maximum interstory
drifts that will satisfy the limitations of para-
graph 4-3e(7) (a). The maximum story displace-
ments are required for the criteria for building
separations in paragraph 4-3e(7) (b). In three-
dimensional analyses, should there be an ap-
preciable amount of rotation of the horizontal
diaphragms, the displacements and the inter-
story drifts at the outer limits of each floor level
will be determined. If the portion of displace-
ments due to rotation begins to approach the
portion of the displacements due to translation
(e.g., if the displacement at the outer edge of
the building is greater than 1.5 times the dis-
placement at or about the center of rotation);.
an evaluation of the potential for torsional insta-
bility will be investigated as outlined in para--
graph i below.

g. Accelerations. Story accelerations for each.
mode of vibration are calculated from equation
4-. The story acceleration is equal to the story.
lateral force (F.m divided by the story weight
(wa). Maximum story accelerations may be ob--
tained by the SRSS method. Floor accelerations
are used to establish criteria for the design of
elements attached to the floors of the building,
as prescribed in chapter 6. In three-dimensional
analyses, should there be an appreciable amount
of rotation of the horizontal diaphragms, the
accelerations at points of interest at various lo-
cations on each floor level will be determined.
Modal accelerations at these locations can be
calculated from the modal displacements deter-
mined in paragraph f above by equation 5-6,
which is derived from equations 4-3 and 4-5:

6

2a.. = F,./w. = B.. (27r/T) - g (eq 5-6)

h. Overturning. The structure, that portion
above the foundation interfacing with the sup-
porting soil medium, will be designed to resist
the overturning effects of the seismic loading.
In some portions of the structure, the resulting
forces may cause uplift at the foundation inter-
face, thus creating an apparent overturning
instability condition. However, structures de-
signed for force levels substantially less than
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those experienced during actual earthquakes
have not exhibited this behavior. Although the
state-of-the-art of earthquake engineering has
not been able to establish a consistent recom-
mendation for evaluating this condition, it is
generally acceptable that buildings can be sub-
jected to rocking on their bases, that the re-
sulting displacements do not approach an
incipient overturning condition, and that the
maximum displacement is limited by the short
time interval between load reversals. When the
design engineer determines that uplift condi-
tions exist, two basic choices exist: (1) tie down
the foundation to prevent uplift; or (2) do not
provide any additional restraint on the potential
uplift. The decision requires some judgment of
the engineer. If the foundation is tied down, the
resulting forces on the structure will generally
be increased in the event of a large earthquake
because of the added rigidity of the overall
structural system. If uplift is allowed to occur,
the resulting seismic forces may actually be re-
duced because of increased energy absorption
and the nonlinearity of the base rocking; how-
ever, the redistribution of loads to other por-
tions of the foundation may cause some distress
in the structure or at the foundation. When uplift
is allowed to occur, the designer will provide jus-
tification for the assumed redistribution of loads
and for the adequacy of the structure and foun-
dation.

i. Horizontal torsional moments. Torsional-
resisting elements, as part of the lateral-force-
resisting system, should preferably be located
at or near the periphery of the building to max-
imize torsional rigidity. When this cannot be ac-
complished or when there are large horizontal
eccentricities, the structure must be analyzed
for potential torsional instability.

(1) Compare the forces due to transla-
tional motion to the forces due to torsional mo-
tion for all lateral-force-resisting components.
If the torsional portion is a substantial amount
of the total design force (e.g., one-third of the
total), then torsional stability will be evaluated.

(2) Review the mathematical modeling as-
sumptions and calculations to evaluate the va-
lidity of the modeling techniques. Determine if
uncertainties in assumptions would increase or
decrease the torsional characteristics.

(3) Investigate the consequences of the
worst-case conditions.

(4) Evaluate the feasibility of revising the
lateral-force-resisting system to minimize the
effects of horizontal torsional moments.

j. Minimum lateral forces requirements.
Paragraph 4-3d requires a comparative study of

the EQ-I forces and the static force criteria of
the Basic Design Manual. If the EQ-I forces
should be less than the adjusted Basic Design
Manual forces, justification is required. This re-
quirement is made to reduce the risk of error
or misinterpretation of the seismic design pro-
cedures of this manual and applies to all build-
ing classifications. In lieu of a justification
statement, the EQ-I forces may be increased by
a value that results in net story shears at least
50 percent greater than the story shears deter-
mined from the minimum earthquake forces
prescribed in the Basic Design Manual. The pro-
cedure is outlined in paragraph 5-3d(2)(a)
through (c). The absolute lower limits of 3 per-
cent and 2 percent apply to buildings with very
long periods (e.g., T greater than 3 seconds).

5-5. Designing for EQ-l.
The structure will be analyzed to determine its
ability to resist the forces and deformations
caused by design earthquake EQ-I1. At this point
in the design, the initial design has been devel-
oped as outlined in paragraph 5-3a, and the
structure modified, if necessary, to be able to
withstand the forces of EQ-I elastically, as out-
lined in paragraph 5-4. Two procedures are pre-
sented for post-yield analysis provisions in
paragraph 4-4 as acceptable methods for eval-
uating the capacity of the structure to resist the
actions of EQ-I1.

a. Method I: Elastic analysis procedure.
This is an elastic analysis procedure that is es-
sentially the same as the procedure outlined in
paragraph 5-4 for EQ-I. The exceptions are
noted.

(1) Modal analysis procedure. The proce-
dure is the same as outlined in paragraph 5-4a.
The spectral accelerations will generally be
larger; however, there will be a higher percent-
age of damping and the periods of vibration may
be slightly longer.

(2) Mathematical modeling of structural
components. The comments of paragraph 5-4b
generally apply; however, some modification to
the modeling assumptions may be made.

(a) Allowances may be made to account
for the reduced section properties of cracked or
partially cracked concrete.

(b) Allowances may be made for flexibil-
ity at beam-column joints.

(c) Unless the floor slab system is inte-
grated into the design of the beams and girders,
composite action need not be considered.

(d) The effects of nonseismic frames
should be reevaluated in regards to the larger
deformations resulting from EQ-II. These ef-
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fects would usually be ignored in the mathe-
matical model unless they provide redundancy
for the overall lateral-force-resisting system.

(e) The effects of nonstructural ele-
ments is not included in the mathematical model
to calculate periods, displacements, and member
forces. However, the possible detrimental ef-
fects of rigid nonstructural elements must be
considered in the overall evaluation of the struc-
ture.

(f) The modification of modeling as-
sumptions can result in the lengthening of pe-
riods of vibration by 25 percent to 50 percent.

(3) Stresses and load combinations. The
loads on the structural elements resulting from
the modal analysis procedure for EQ-II must
also be combined with the gravity loading. How-
ever, the load factors on dead and live loads have
been revised in accordance with equations 4-9
and 4-10. Only the actual dead load need be con-
sidered, and the design live load may be reduced
to a value that is consistent with actual live loads
that are likely to be in place at the time of a
severe earthquake. This reduced gravity loading
is justified on the basis of the probability that
it is unlikely that both maximum live loads and
maximum earthquakes will occur at the same
time.

(4) Inelastic demand ratios. The Method
1 evaluation procedure is based on the assump-
tion that EQ-II will result in a number of lat-
eral-force-resisting elements being stressed
beyond their elastic limit yield capacities.

(a) The calculated forces on the struc-
tural elements are obtained from an elastic
analysis. Therefore, these are the force de-
mands of EQ-II if the structure had remained
elastic.

(b) The capacities are defined as the
strength of the element at the point of yielding.

(c) The ratio of the demand to the ca-
pacity (i.e., the inelastic demand ratio) is an in-
dication of the ductility that may be required
for the structural element to withstand the forces
of EQ-II. As the first elements of the overall
structure begin to yield (i.e., inelastic demand
ratio exceeds 1.0), forces will be redistributed
to other elements of the lateral-force-resisting
system. The limiting values of inelastic demand
ratios for structural elements prescribed in ta-
ble 4-2 have been established as acceptable lim-
its for a structural system that has a reasonable
amount of redundacy and is not subjected to
premature vertical or torsional instability or to
a premature mechanism at a single story level.
Possible weak links in the overall structural sys-
tem are detected by investigating the distribu-
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tion of the inelastic demand ratios that exceed
a value of 1.0. Conditions to be evaluated are
listed in paragraphs 4-4c(5) (b), (c), and (e) and
are discussed in paragraphs (d), (e), and (f),
below.

(d) Unsymmetrical yielding on a horizon-
tal plane. This provision is used to check for the
possibility of torsional instability, as discussed
in paragraph 5-4i. For example, if all the in-
elastic demand ratios on the north side of the
structure were greater than 1.0, and all the ra-
tios on the south side were less than 1.0, a po-
tential for torsional instability exists. Yielding
of the north side will reduce the stiffness of that
side of the building relative to the south side,
thus the center of rigidity moves to the south.
If this condition increases the horizontal eccen-
tricity of the building, torsional moments in-
crease geometrically and the potential for
collapse is present.

(e) Hinging of columns at a single story.
This provision is used to check for the possibility
of an unstable soft story. For example, if in-
elastic demand ratios were equal for about 1.5
at the tops and bottoms of 80 percent of the
columns for the first story of a multistory build-
ing and inelastic demand ratios for columns at
every other story were less than 1.0, the poten-
tial for instability at the first story exists. Be-
cause the columns are yielding only at the first
story, all the inelastic energy will have to be
absorbed at that level. This subjects the first
story to the possibility of excessive interstory
displacements.

(f) Unusual distributions of inelastic de-
mand ratios. This is a more general case of par-
agraphs (d) and (e), above. This provision is
used to check the efficiency of the overall lat-
eral-force-resisting system. If a limited number
of structural elements have large inelastic de-
mand ratios and the remainder of the elements
have ratios less than 1.0, it might be prudent to
consider some structural modifications to re-
duce the potentially high demands on a small
number of structural elements.

b. Method 2: Capacity spectrum method. This
is an approximate inelastic analysis procedure.
The ability of the structure to resist the forces
and deformations caused by EQ-II is deter-
mined by a graphical method. The procedure re-
quires the construction of two curves. One curve
represents the capacity of the structure to resist
lateral forces and the other curve represents the
demand of the ground shaking. The capacity
curve is developed from a force (F or V) versus .

displacement (8) relationship of the overall
structure. Modal analyses are used to determine
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levels of excitation to yield structural elements.
The capacity is defined by the forces and dis-
placements of the fundamental mode. The force-
displacement curve can be converted into a spec-
tral acceleration (S.) versus period (T) curve
(i.e., a capacity spectrum) by means of equa-
tions 4-3,4-4, and 4-5. The demand of the ground
shaking is represented by an EQ-II response
spectrum curve. This curve is a composite of the
two damping values (elastic-linear and post-
yield) determined from table 4-1. The capacity
curve and the demand curve are plotted on the
same graph; their intersection is considered to
be the reconciliation between demand and ca-
pacity. A sample building, six stories and a 66-
foot height, is used for illustration. Figure 5-5
shows the force-displacement capacity curve for
the sample building. It plots the base shears (V)
and roof displacements (80). In table 5-4, the V
and B. values are converted to spectral accel-
erations (S.) and periods (T) using equations
4-4 and 4-5 with the participation factors (PFn
and at) for the fundamental mode of vibration.
The capacity curve is plotted on figure 5-6 with

two response spectra representing EQ-I1. The
5-percent damped demand curve is used for the
elastic capacity (T < 0.80 sec) and the 10-percent
damped demand curve is used for the ultimate
capacity (T < 1.4 sec). A transition curve is drawn
between T = 0.80 sec and T = 1.4 sec. Following
are guidelines for constructing the capacity curve
using a step-by-step method and approximating
the lateral displacements and drifts.

(1) General procedures for constructing the
capacity curve. The capacity curve is a simplified
global representation of the building capacity.
As localized yielding occurs (e.g., bending at the
end of a girder), the overall (or global) char-
acteristics of the building are modified. If the
localized yielding is at a critical structural ele-
ment, the global characteristics may change sig-
nificantly. Conversely, if the localized yielding is
at a redundant location, the change to the global
characteristics may be insignificant. For single-
story buildings and low-rise buildings up to about
5 stories, the modal analysis procedure for con-
structing the capacity curve can generally be
limited to the fundamental mode of vibration.
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Figure 5-5. Force-displacement capacity curve.
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Table 5-4. Conversion of V and b, to S. and T.

Point V 6N V/W PFN a Sa Sd T
(kips) (in) (g) (in) (sec)

A 2200 2.3 0.22 1.30 0.78 0.280 1.77 0.80

B 2600 3.1 0.26 1.28 0.80 0.325 2.42 0.87

C 2800 4.1 0.28 1.28 0.80 0.350 3.20 0.97

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

6 = Lateral roof displacement due to V
N~~~~~~~~

PFN = (E+ ( zm ),,modal roof participation factor (eq. 4-1)
2 2

a=(rm) 2/(Am)('m 2), effective modal weight (eq. 4-2)

S = Spectral acceleration = V/w . a (eq. 4-4)

Sd = Spectral displacement = 6N *. PFN (eq. 4-5)

T = 2 S d/(S a)(g), fundamental period of vibration (eq. 4-5)

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

US Army Corps of Engineers
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Figure 5-6. Capacity spectrum method.

4

For taller buildings, effects of higher modes of
vibration may become significant, thus a multi-
mode analysis may be required. The results from
the EQ-I design can be used to determine the
effects of the higher modes and the necessity of
using them in the EQ-I1 analysis., The capacity
curve is developed by a step-by-step procedure,
using superposition, where the structure is lat-
erally distorted to a limiting value, frozen in that
position, local yielding elements are relaxed, and
the structure is laterally distorted to a new value.
The procedure is repeated until an ultimate limit
is reached. The capacity curve is constructed by
means of superposition of straight lines. The
period and stiffness characteristics are deter-
mined from the secant modulus drawn from the
origin to the various points on the force-dis-
placement curve.

(2) Single-mode capacity curve. If it is de-
termined that only the fundamental mode is re-
quired (i.e., higher modes are insignificant), the
shape of the ground motion response spectrum
is not required for the construction of the ca-

pacity curve. The following procedure can be set-
up in tabular form:

(a) Determine the elastic capacity (EC)
for each structural element (e.g., negative and
positive moment capacities at each end of each
girder, interation diagrams at + = 1.0 for each
column, and shear and moment capacities of
shear walls at various key locations). These ca-
pacities are defined as the strength of the ele-
ment at the point of yielding and should be
available from the EQ-I DESIGN.

(b) Determine the net capacity available
for earthquake loading in each element using
the EQ-I1 load combination criteria of equa-
tions 4-9 and 4-10, paragraph 4-4e(1). For ex-
ample, equation 57 for negative moments and
equation 5-8 for positive moments at ends of
girders. Note that the net earthquake capacity
is reduced by gravity loads when they are in the
same sense as seismic loads per equation 5-7
and the net earthquake capacity is increased by
dead loads when in the opposite sense per equa-
tion 5-8.
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Net earthquake = EC-D -0.25L (eq 5-7)
capacity

Net earthquake = EC + D (eq 5-8)
capacity

(c) Divide the net earthquake capacities
for each element by the corresponding earth-
quake loads determined in the EQ-I design. This
gives local elastic capacity ratios for each ele-
ment. The lowest ratio, or group of ratios with
a 10-percent variation, establishes the global.
elastic capacity ratio for the structure as de-
scribed in paragraph 5-4e(2), adjusted for
EQ-I1 load factors.

(d) Establish the point of initial major
yielding, the first point on the capacity curve, by
multiplying the EQ-I design base shear and lat-
eral roof displacement by the global elastic ca-
pacity ratio for the structure. This point is
represented as point A by V = 2200 kips and B.i
= 2.3 inches for the sample six-story building
characterized in table 5-4 and figure 5-5.

(e) Determine the first post-yield seg-
ment of the capacity curve. The structure is es-
sentially frozen at the point of initial major
yielding. The balance of net capacity in each ele-
ment still available for additional earthquake
loading is tabulated. Elements that are at or
near (e.g., within 10 percent) their yield capac-
ities are modeled as plastic hinges (e.g., beam
elements might have their moments of inertia
reduced to 5 percent of their elastic values). Lat-
eral forces proportional to the fundamental mode
shape are applied to the revised mathematical
model. For the sample six-story building, the base
shear of the applied forces was 1000 kips. The
resulting forces on the elements were compared
to the balance of net earthquake capacities and
lateral displacements were calculated. It was de-
termined that 40 percent of the applied loads
will form a new group of yielding elements. A
second point on the capacity curve was deter-
mined at V = 2600 kips and B.i = 3.1 inches (2200
kips at point A plus 40 percent of 1000 kips and
2.3 inches at point A plus 40 percent of 2.0 inches),
represented by point B in table 5-4 and figure
5-5.

(f) Determine sequential post-yield seg-
ments on the capacity curve by repeating the
procedure in (e) above (e.g., points C and D in
table 5-4 and figure 5-5 using revised mode
shapes and mathematical models).

(g) The procedure is repeated until a fail-
ure mechanism, instability, or excessive defor-
mations occur. Rotational ductility demands can
be approximated by using MWEI diagrams of the
yielding girders, taking into account the re-

5-24

duced EI's used in the yielding mathematical
model. Ductility demands for flexure should not
exceed 2 times the Inelastic Demand Ratios of
table 4-2, and for all other conditions they should
not exceed the values shown in table 4-2. In-
terstory displacements are determined by su-
perposition of the lateral story displacements
of the sequential models. For the sample six-
story building, the ultimate global capacity of
the structure is represented by point D at V =
3000 kips and {in = 8.7 inches in table 5-4 and
figure 5-5.

(h) Deterine lateral displacements and
drift demands. The capacity curve is converted
to Sa anlT coordinates and superimposed on
the EQ-II response spectrum curve. If the curves
do not intersect, irreparable damage or collapse
of the structure is anticipated for EQ-I1. If the
curves do cross, the intersection can be used to
approximate the response of the structure to
EQ-II. For the sample six-story building, data
from table 5-4 are shown in figure 5-6. The in-
tersection of the capacity and demand curves is
about S. = 0.35g and T = 10.0 seconds. The lat-
eral story displacements at this intersection are
calculated from equation 4-5.

Bn = PFnSa (T/27r) 2 g

= 1.28 x 0.35 (l/27r) 2 386 = 4.38 inches

The roof displacement equals about 4.4 inches
for a six-story building, 66 feet high. Maximum
interstory displacements can be obtained from
a composite deflected shape estimated from the
sequential incremental analysis done above, or
by proportioning the interstory drifts by the ra-
tio of the EQ-II displacements to the EQ-I dis-
placements. For the sample building, the average
interstory drift is 0.73 inches. The maximum in-
terstory drift, which is at the second story, equals
1.1 inch or 0.0083 times the story height. Thus,
it satisfies the requirements of drift (i.e., less
than 0.010) as prescribed in paragraph 4-
4e(2) (a).

(i) The results of this procedure give an
estimate of the inelastic response of a building
to a severe earthquake. In general, it will result
in lower force levels and larger displacements
than the results of Method 1 in paragraph 5-5a.
Neither procedure is necessarily more accurate
than the other; however, an evaluation of both
procedures should give the designer enough in-
sight to determine the weak links of the struc-
tural system, evaluate the potential for
instability, and suggest needs for possible struc-
tural modifications.

(3) Multi-mode capacity curve. If it is de-

).J
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termined that the higher modes are significant,
a multi-mode analysis is required. The shape of
the ground motion response spectrum is re-
quired for the construction of the capacity curve.
In general, the shapes of the EQ-I and EQ-I1
response spectra are similar; therefore, the
EQ-I response spectrum is usually used because
of data available from the EQ-I analysis. The
procedure for constructing the multi-mode ca-
pacity curve is the same as the procedure for the
single-mode capacity curve, paragraph (2) above,
with the following exceptions:

(a) Same as paragraph (2) (a).
(b) Same as paragraph (2) (b).
(c) Same as paragraph (2) (c), except that

the corresponding earthquake loads deter-
mined in the EQ-I design are determined by a
multi-mode analysis.

(d) Same as paragraph (2) (d), except that
only the fundamental mode component of the
EQ-I design base shear and lateral roof dis-
placement are multiplied by the global elastic
capacity ratio. For example, assume the data in
table 5-3 represents the initial major yielding
for the seven-story building. The multi-mode base
shear is 2498 kips, but the fundamental mode
component is 2408 kips. The multi-mode roof
displacement is 0.229 feet and the fundamental
mode roof displacement is 0.228 feet. Although
2498 kips represents the forces used to deter-
mine the initial major yielding in the building,
the values of 2408 kips and 0.228 feet represent
the "point A" used in the capacity spectrum (i.e.,
such as table 5-4 and fig 5-5).

(e) Same as paragraph (2) (e), except that
the lateral forces are applied by means of a multi-
mode response spectrum analysis (e.g., use EQ-
I response spectrum). If the EQ-I response spec-
trum, with a peak ground acceleration of 0.10g
is applied to the revised mathematical model and
it is determined that 40 percent of the resulting
multi-mode forces will form a new group of
yielding elements, the second segment of the ca-
pacity curve is determined by using 40 percent
of the fundamental mode component of base
shear and lateral roof displacement. This is the
same as finding the spectral acceleration for the
first mode period on a response spectrum that
has a peak ground acceleration of 0.04g (i.e., 40
percent of 0.lOg). First-mode spectral acceler-
ation and period can be converted to base shear
and roof displacement by the formulas shown
in table 5-4. As in paragraph (d) above, the forces
in the elements are determined by the multi-
mode analysis, but the capacity spectrum is rep-
resented by the fundamental mode component.

(f) Same as paragraph (2) (f) with the

exceptions noted in (e) above.
(g) Same as paragraph (2) (g), except that

the interstory displacements determined by su-
perposition of fundamental modes represented
in the capacity curve must be increased propor-
tionally to represent the multi-mode analysis.
For example, the interstory drifts between the
sixth and seventh stories in table 5-3 are 0.024
feet for the multi-mode analysis and 0:022 feet
for the fundamental mode. Therefore, inter-
story displacements determined by superposi-
tions of the sequential fundamental modes will
be increased by a factor of 0.024/0.022 equals
1.09. Between the third and fourth floors, the
values are the same and no correction is re-
quired.

(h) Same as paragraph (2) (h) except that
the lateral displacements that represent the first
mode component must be increased proportion-
ally to also represent the multi-mode compo-
nents. For example, in table 5-3 roof dis-
placements will be increased by a factor of
0.229/0.228= 1.004.

(i) Same as paragraph (2) (i).
(4) Variations of the procedures outlined

above for constructing a capacity curve are ac-
ceptable with justification.

c. Displacements and drifts.. Lateral dis-
placements and drift limits are prescribed in
paragraph 4-4e(2). Methods of calculating the
displacements are described in paragraphs 5-5a
and 5-5b. In general, the results of Method 2
will give larger displacements than the results
of Method 1; however, the reverse can occur in
some cases. If the differences of the two meth-
ods will effect the outcome of the design of the
structure, a reevaluation of the procedures or
assumptions will be made to justify an accept-
able solution. A secondary effect of lateral dis-
placements, when combined with gravity loads,
is the possibility of P-delta instability. Guide-
lines are given in paragraph 5-5d.

d. P-delta effects. The P-delta effects in a
given story are due to the eccentricity of the
gravity loads above the story. If the story drift
due to the lateral forces are delta, the bending
moments in the story would be augmented by
an amount equal to delta times the gravity load
above the story. The ratio of the P-delta moment
to the lateral-force story moment can be des-
ignated as a stability coefficient, 0. If the sta-
bility coefficient is less than 0.10 for every story,
then the P-delta effects can be considered insig-
nificant. If, however, the stability coefficient, 0,
exceeds 0.10 for any story, then the P-delta ef-
fects for the whole building must be determined
by a rational analysis.

5-25
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CHAPTER 6
NONSTRUCTURAL ELEMENTS

6-1. Introduction.
This chapter prescribes the criteria for non-
structural elements that must remain intact or
functional after a major seismic disturbance. The
provisions of this chapter include the determi-
nation of the seismic forces to be applied to the
elements, the determination of the deforma-
tions that the elements will withstand, and the
criteria for the design of architectural, mechan-
ical, and electrical elements to resist the pre-
scribed forces and deformations. The criteria and
design standards of this chapter provide a dy-
namic analysis approach to the seismic design
of nonstructural elements and their anchorages
that may be used in lieu of, or as supplements
to, the provisions of chapters 9 and 10 of the
Basic Design Manual.

6-2. General requirements.
The elements and their anchorages will be de-
signed to resist the forces and deformations
caused by the motion of the building in which
they are placed, as prescribed in paragraph 4-
2e. The effects of the nonstructural elements on
the performance of the structure must also be
considered.

a. Under the conditions of EQ-I, the elements
will be designed to resist the applied forces and
deformations without exceeding yield stresses.

b. Under the conditions of EQIl, the ele-
ments will be analyzed for their ability to with-
stand the applied forces and deformations, such
that: (1) they will not collapse or endanger life
safety when subjected to the provisions of par-
agraph 6-4; and (2) they will remain functional,
if required, in accordance with the provisions of
paragraph 6-7.

6-3. EQ-I provisions.
The elements in or on the structure will be de-
signed to resist the forces and deformations
caused by the response of the structure to EQ-
I, in accordance with criteria presented in this
paragraph.

a. Method of analysis. The total design force
representing earthquake effects will be deter-
mined from the maximum floor (or roof) accel-
erations of the building and from a design floor
(or roof) response spectrum based on 2 percent
damping for the elements. This requirement does
not prohibit the use of properly substantiated
time history response analysis procedures.

b. Maximum floor acceleration. The maxi-
mum floor accelerations will be determined from
the modal analysis methods prescribed in chap-
ter 4. Modal story accelerations will be deter-
mined using the equation 6-1:

axm = PFxmSam (eq 6-1)

where:

axm = modal story acceleration at level
x for mode m.

PF,. = modal participation factor as
determined by equation 4-1.

Sam = spectral acceleration for mode m.

Equation 6-1 is derived from equation 4-3, where
a.. = Fxm/wx.

(1) For 2D analyses, the maximum floor ac-
celeration will be determined from the SRSS
combination.

(ax)max = (eq 6-2)

(2) For 3D analyses, the maximum floor ac-
celeration will be determined by an approved
method to account for a rational combination
of the modal values. When torsional motion is
significant, relative to translational motion,
variations of modal accelerations within the
plane of the floor level will be considered. Guide-
line procedures are included in paragraph 5-4.

c. Design floor response spectrum. A pro-
cedure for approximating a design floor re-
sponse spectrum is outlined herein. This
procedure uses the peak modal accelerations de-
termined from equation 6-1, the modal periods
of vibration of the structure in accordance with
the provisions of chapter 4, and the magnifica-
tion factor (M.F.) curve shown in figure 6-1 (re-
produced from Basic Design Manual fig 10-2).
For each floor of the structure, the following
procedure is used:

(1) For each significant modal period of vi-
bration (Tm) and from the dynamic responses
of the structure, calculate the story accelera-
tions, ax, using equation 6-1 for the story where
the equipment is supported (see table 6-2 for
an example at the roof level).

(2) Establish a coordinate system with Sfa
(floor spectral acceleration), the ordinate, and
T. (period of the equipment or architectural ap-
pendage), the abscissa. Develop the floor re-
sponse spectrum as follows:

6-1
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Figure 6-1. Design MF. versus period ratio.

(a) For each modal period, Tm, develop a
plot of Ta versus Sfa from the standardized mag-
nification curve in figure 6-1 using the following
relationships:

Ta/Tm = Ta/T (eq 6-3)

Sf. = axm (M.F.) (eq 6-4)

Table 6-1 illustrates the tabulation of the per-
tinent data required for such a plot for an ex-
ample where Tm = 2.0 sec and axm = 0.12g.

(b) Draw a horizontal line intersecting the
ordinate at Sfa = (ax)max, where (ax)max is the
maximum floor acceleration from paragraph 6-
3b. This line establishes the lower limit for Sfa.

(c) The floor response spectrum is de-
fined by the envelope of the curves of paragraph
(a) above and the lower limit established by par-
agraph (b). An example of the procedure is il-
lustrated by figure 6-2 from the data in tables
6-1 and 6-2. The example is for the roof of an
assumed building. At other story levels of this
building, the corresponding Sfa values will be
proportional to the modal accelerations at those
levels.

d. Maximum interstory drifts. The maxi-
mum lateral relative displacement between ad-
jacent stories caused by EQ-I will be determined
from the combined modal interstory drifts in
accordance with chapter 4. Design example E-1
shows a method of determining the interstory
drifts for each mode and the combined SRSS
values are shown in table 5-3.

e. Design requirements.
(1) Rigid and rigidly mounted equipment or

appendages (e.g., Ta < 0.05 sec) will be designed
to resist the forces due to the maximum floor
acceleration in accordance with the equation
6-5: )

Fp (ax)maxWp (eq 6-5)

where (ax)max is determined from paragraph 6-
3b and W, is the effective weight of the equip-
ment or appendage.

(2) The flexible or flexibly mounted equip-
ment or appendages that can be represented as
SDOF systems will be designed to resist the forces
due to the appropriate floor spectral accelera-
tion in accordance with equation 6-6:

Fp= SfaxWp (eq 6-6)

where Sf. is the design spectral acceleration,
Sfa, at floor x as defined in paragraph 6-3c for
period T. of the equipment or architectural ap-
pendage.

(3) Multi-mode systems will be designed by
a modal analysis procedure similar to the pro-
cedure used for buildings in chapter 4, except
that the floor response spectrum of paragraph
6-3c will be used in lieu of ground motion re-
sponse spectrum.

(4) Nonstructural elements that are rigidly
attached to two parts of the building that can
move relative to each other will be designed to
take the resulting deformations determined in
paragraph 6-3d.

6-2
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Table 6-1. Example of a response amplification curve for the building's fundamental mode of vibration.

Example:

Given: First mode period of vibration of building, Tm = 2.00 sec.

Maximum floor acceleration for first mode, axm - 0.12 g.

Find: Sfa values for response amplification curve for the

first mode of building vibration.

Procedure: Ta/T and M.F. values are from figure 6-1.

Ta is obtained from equation 6-3.

Sfa is obtained from equation 6-4.

Tm = 2.0, am = 0.12
.

_

Ta /T

m.F.

0

1.0

0.5

1.0

0.8

7.5

1.2

_7.5

2.0

1.0

__ _ _ ._ ____ Or ______

3.0

1.0

Ta 0 1.0 I .6
.. . _ 1I

2.4

. 0.90
I. -. . _ ..

4.0

0.12

6.0

0.12

fig. 6-1

fig. 6-1

eq. 6-3

eq. 6-4Sfa 0.12 0.12 0.90

Ta ' Tm (Ta/T) - 2.0 (Ta/T)

Sfa - axm (M.F.) - 0.12 (M.F.)

US Army Corps of Engineers
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Table 6-2. Data for the floor (roof) response spectrum example of figure S-2.

ExaMple of Figure 6-2.

Mode I Mode 2 Mode 3 SRSS

Tm (building), sec 2.00 0.61 0.36

Sam' 9 0.089 0.29 0.38

PFxM (x = roof) 1.30 0.45 0.22

a xm 9 0.12 0.13 0.08 0.19

S (MF = 7.5) 0.90 0.98 o.60
f a _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ 9

Tm from building analysis (chapter 4)

Sam from response spectrum for building period Tm

PFm from building analysis (eq.4-1)

axM = PFXmSam is model story acceleration at level x for
mode m (eq.6-1)

Sfa = ax (M.F.) for maximum values at M.F. = 7.5 (eq.6-4).
See Table 6-1 for other values on the amplifi-
cation curve for mode I

US Army Corps of Engineers
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6-4. EQ-il provisions.
The elements in or on the structure will be ana-
lyzed for their performance to the forces and
distortions caused by response of the structure
to earthquake motions that exceed the demands
of EQ-I, up to and including the demands of EQ-
II, in accordance with the criteria prescribed in
this paragraph.

a. Method of analysis. The total design force
representing earthquake effects will be deter-
mined from the maximum floor (or roof) accel-
erations of the building and from design floor
(or roof) response spectra in the same manner
as presented in paragraph 6-3, except as modi-
fied below.

b. Maximum floor acceleration. The maxi-
mum floor accelerations will be determined as
prescribed in paragraph 6-3b for two condi-
tions: (1) the maximum elastic capacity of the
structure; and (2) the post-yield response of the
structure caused by EQ-I1 criteria. The condi-
tion that results in the largest accelerations will
govern the design of the nonstructural ele-
ments. If the elastic capacity of the structure
exceeds the demands of EQ-II, the elastic re-
sponse to EQ-II will govern the design.

(1) Condition 1. If the elastic capacity of
the structure is approximately equal to the de-
mands of EQ-I, Condition I is automatically sat-
isfied by the provisions of paragraph 6-3.
However, if the elastic capacity of the structure
significantly exceeds the demands of EQ-I, max-
imum story accelerations greater than those de-
termined from an inelastic analysis (Condition
2) can result. The maximum floor accelerations
determined from the elastic capacity of the
structure are equal to the values obtained from
the provisions of paragraph 6-3b multiplied by
the ratio of the elastic capacity of the structure
to the demands of EQ-I. This ratio is designated
as the elastic capacity ratio (not to be confused
with the inelastic demand ratio), and is deter-
mined from the provisions included in para-
graph 4-3. Guidelines are provided in paragraph
5-4e(2).

(2) Condition 2. The maximum floor ac-
celerations for the post-yield response caused
by EQ-II will be determined from the combined
modal story accelerations conforming to the
provisions of paragraph 4-4.

c. Design floor response spectrum. The pro-
cedure outlined in paragraph 6-3c will be mod-
ified to determine the floor response spectra for
two conditions: (1) the maximum elastic capac-
ity of the structure; and (2) the post-yield re-
sponse of structure caused by EQ-II criteria.

(1) Condition 1. If the elastic capacity of
the structure significantly exceeds the demands
of EQ-I, the amplitudes of the floor response
spectrum calculated in accordance with para-
graph 6-3c will be multiplied by the elastic ca-
pacity ratio, as defined in paragraph 6-4b( 1).

(2) Condition 2. The magnification fac-
tors associated with post-yield response of the
structure will tend to be less than those asso-
ciated with linear-elastic response of the struc-
ture. Thus, the procedure outlined in paragraph
6-3c is modified by use of the magnification fac-
tor curve shown in figure 6-3.

d. Maximum interstory drifts. The maxi-
mum lateral relative displacement between ad-
jacent stories caused by EQ-II will be determined
from the combined modal interstory drifts in
accordance with chapter 4.

e. Design requirements. The requirements
prescribed in paragraph 6-3e will apply, except
that references to paragraphs 6-3b, c, and d will
be changed to paragraphs 6-4b, c, and d.

6-5. Architectural elements.
Architectural elements must: (1) safely resist
horizontal forces equal to the design accelera-
tions times their own weight; and (2) be capable
of conforming (accommodating) to the lateral
deflections that they will be subjected to during
lateral deformation of the building in which they
are located. The design of architectural ele-
ments will conform to the provisions of this
chapter and the applicable portions of the Basic
Design Manual, chapter 9. Architectural ele-
ments that are part of essential systems will
also conform to the provisions of paragraph
6-7.

6-6. Mechanical and electrical elements.
a. General. The anchorage and support of

mechanical and electrical equipment will be de-
signed in accordance with the provisions of this
chapter and the applicable portions of the Basic
Design Manual, chapter 10.

b. Equipment certification. Manufacturers
of essential mechanical and electrical equip-
ment will provide certification, based on exper-
imental or approved analysis, that the equipment
will not sustain damage that may impair its
function if it is subjected to the postulated mo-
tion.

c. Essential systems. Mechanical and elec-
trical equipment that is part of essential sys-
tems will conform to the provisions of this
chapter, paragraph 6-7.

,)
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Figure 6-3. Post-yield M.F. curve.

6-7. Essential systems.
Critical facilities are by definition those facili-
ties that must provide needed services following
a major disaster such as an earthquake. This
implies that not only must the structure survive
a major seismic disturbance, but also that es-
sential nonstructural systems include all ele-
ments that are needed for the performance of
emergency services or that may, by their failure,
cause bodily injury or impair the performance
of services. These systems are outlined in table
6-3.

a. Fire protection. The fire protection sys-
tem, including both fire-fighting equipment and
means of egress, is an important nonstructural
system, since post-earthquake fires often cause
more damage and injury than the earthquake
itself.

(1) Special attention must be given to the
protection of fire-fighting equipment. The sprin-
kler system piping shall be braced in accordance
with NFPA No. 13 (Basic Design Manual, chap
10, para 10-7a), and fire pumps shall be gov-
erned by NFPA No. 20. Mounting brackets for
hung and free-standing fire extinguishers shall
be designed to prevent release of the extin-
guisher caused by horizontal or vertical earth-
quake motions.

(2) Exitways must not become blocked after
an earthquake. Walls, ceilings, and lighting in

exit corridors and all approaches to exits must
be designed with extreme care. Door frames must
be rigid enough to withstand imposed lateral
forces and be detailed to allow wall movement.
Stairs must also be given special attention so
that they will not fail due to lateral loads or
structural deformations (Basic Design Manual,
chap 4, para 4-7d). Any glass used within exit-
ways shall be tempered and its frame shall be
designed to allow deformations (Basic Design
Manual, chap 9, para 9-4e). Nonessential ele-
ments, such as display cases, should not be lo-
cated in or near exitways where they may hinder
egress.

b. Protection against hazardous materials.
Hazardous materials pose a threat to post-
earthquake operational capability of the facility
as well as human safety.

(1) The types and quantities of hazardous
materials present should be identified in the pre-
liminary design phase.

(2) All distribution and storage systems for
such materials shall be designed with extreme
care. Fuel lines, bottles of laboratory chemicals,
lead storage safes for radioactive materials, liq-
uid oxygen storage tanks, and similar con-
tainers must be braced and protected from
damage cause by movement or failure of adja-
cent elements. Seismic-activated shut-off valves
shall be used at appropriate locations on supply

6-7
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lines for natural gas and other hazardous ma-
terials.

c. Emergency power and circuits. An emer-
gency system consisting of separate emergency
circuits and an alternate on-site power source
shall be provided.

(1) For health care facilities, this system
shall be governed by the provisions of NFPA
No. 76-A and TM 5-838-2. For all other critical
facilities, the provisions of NFPA No. 70, Article
700, and this section shall apply. The require-
ments for the bracing of elements of the me-
chanical system, given in paragraph 6-7f, shall
also apply to elements of the emergency power
system.

(2) Emergency circuits shall consist of sep-
arate circuits serving lighting and equipment
that is essential for life-safety and the perform-
ance of post-earthquake operations. The extent
of this system shall be determined for each fa-
cility during the preliminary design phase. In
general, it will include:

-Illumination of means of egress.
-Alarm and alerting devices.
-Emergency communications systems.
-Illumination of generator set location.
-Task illumination for essential services.
-Essential equipment.
-At least one elevator, plus ventilation,

communications, and lighting for all other
elevators.

(3) The emergency circuits shall be served
by the normal power source of the electrical sys-
tem and, upon failure of the normal source, by
at least one alternate source. The main feeders
for the emergency circuits shall be physically
separated from normal wiring to prevent their
simultaneous destruction.

(4) The normal power source preferably
should consist of two separate full-capacity ser-
vices, connected in such a manner that one will
automatically pick up the load upon loss of the
other. Upon failure of both sources, the load
shall be transferred to the alternate power
source. No power source shall have a capacity
less than that required by the emergency circuit
system. Automatic transfer devices shall be lo-
cated in protected places and adequately an-
chored.

(5) The principal alternate power source
shall be a generator set driven by an acceptable
prime mover located on the premises, preferably
at ground level. If possible, a generator with an
integral radiator cooling system should be used.
If an auxiliary cooling system is necessary, the
cooling tower or remote radiator should be in-
stalled at grade level. All equipment and piping

shall be braced.
(6) An on-site fuel supply sufficient for the

maximum estimated emergency period shall be
provided. The fuel storage tank should be lo-
cated underground and properly anchored. Flex
loops should be used in fuel lines between the
tank and building and at the connection to the
generator. Malleable fittings and valves should
also be used.

(7) Conductors should cross earthquake or
expansion joints only at lower levels and with
adequate provision for differential movement.
Separate grounds for branch circuits crossing
these joints should be provided.

d. Communications. The post-earthquake
communication requirements of a facility must
be defined during the preliminary design phase.

(1) An internal communication system that
can operate independently of the telephone sys-
tem and normal power supply may be required.
An external communication system capable of
contact with community and state emergency
services as well as mobile units (such as police
cars or ambulances) shall be provided.

(2) Emergency communication equipment
must be located in a nonvulnerable portion of
the facility, preferably the lower levels, and must
be designed and mounted to resist seismic mo-
tion.

e. Transport. All elevators, shafts, and ac-
cessories shall be designed to resist the lateral-
force requirements. At least one elevator, plus
the ventilation, communication, and lighting for
all elevators, shall be connected to the emer-
gency power system.

(1) For traction elevators (Basic Design
Manual, fig 10-3, chap 10, para 10-10), insure
that counterweights cannot become derailed by
strengthening their guide rails using additional
or stronger rail brackets and installing safety
shoes on the counterweight assembly. Guide rails
for cars are normally designed for large lateral
forces, but it may be necessary to install spacers
between back-to-back rails at midpoints be-
tween spreader beams. Use of loose traveling
cables in hoistways should be avoided if possi-
ble, or sheave guards should be used to contain
the cables. Motor generators, motor drives, and
traction machines shall meet the criteria given
for mechanical systems in paragraph 6-7f.

(2) Hydraulic elevator equipment should be
properly secured and splash-proof oil tanks
should be used.

(3) All elevator door frames must accom-
modate predicted interstory movement to pre-
vent jamming. Selector and controller panels and
their components must be adaquately secured.

6-9
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Heat-sensitive call and floor buttons shall not
be used.

f. Mechanical. The seismic design of me-
chanical systems requires attention not only to
the various system components, but also to their
interfaces and linkages, since failure most often
occurrs at these points during an earthquake.
Safe and easy access to all components shall be
provided to facilitate maintenance and repair of
the mechanical systems. A program of periodic
testing and inspection must also be established.

(1) Water system. Two independent con-
nections to the exterior water supply are re-
quired (Basic Design Manual, chap 12, paras 12-
Sb and 12-Cc). Water testing equipment for
monitoring the normal water supply and standby
chlorination equipment for disinfection of the
water may also be necessary. A separate water
storage facility containing a water supply ade-
quate for the post-earthquake emergency pe-
riod shall be provided. The water distribution
system within the facility shall be designed to
conserve the emergency supply through the use
of shutoff valves for branches to nonessential
fixtures.

(2) Sanitary system. For high-occupancy
facilities such as hospitals, an emergency sew-
age-holding facility shall provide for temporary
retention of sewage discharged during a period
of four days. Sewer and vent lines must be pro-
tected from damage to structural deformation
or movement of adjacent elements.

(3) Heating, ventilation, and air condition-
ing (HVAC) systems. Critical heating, venti-
lation, and air conditioning requirements will
vary according to the facility and location. Means
of closing off nonessential portions of the HVAC
systems shall be provided and special attention
shall be given to design of the portions that must
remain functional following an earthquake. All
HVAC equipment, piping, and ducts shall be de-
signed and braced according to the require-
ments of this section.

(4) Equipment with vibration isolation.
Much of the damage to mechanical systems that
occurs during earthquakes is incurred by equip-
ment with vibration isolation, such as helical
springs, air cushions, rubber-in-shear mounts,
or fiber-in-shear mounts. All vibration isolation
systems shall be capable of resisting the same
horizontal force per inch of travel that is re-
sisted the same horizontal force per inch of travel
that is resisted vertically. The systems shall be
attached to both the floor slab or supporting
structural member and the supported equip-
ment. Restraining devices shall be provided to
limit all horizontal and vertical motion, prevent

6-10

overturning, and inhibit resonance.
(5) Equipment without vibratory isolation.

All equipment shall be bolted or rigidly attached
by other means to the floor slab or supporting
structural member. Suspended equipment shall
be adequately braced against movement in all
directions or mounted tightly against a struc-
tural member.

(6) Piping. Pipes with an inside diameter
of 21/2 inches or larger, as well as all fuel gas
pipes, acid waste pipes, and pipes within boiler
and equipment rooms, must be braced (Basic
Design Manual, chap 10, para 10-7). Maximum
spacing for transverse bracing is 40 feet on cen-
ter, and for longitudinal bracing is 80 feet on
center. Transverse bracing for one pipe section
may also act as longitudinal bracing for a per-
pendicular pipe section if the brace is within 24
inches of the connecting elbow or tee. Branch
lines may not be considered bracing for the main
line. Each vertical riser shall be supported at a
point or points above its center of gravity. Also,
laternal guides should be provided at the top
and bottom of the riser and at intermediate
points not to exceed 40 feet on center. Care must
be taken in routing piping. Piping should cross
building seismic or expansion joints only in the
lower levels of the facility. Flexible joints and
damage control valves must be provided where
pipes pass through such joints, where rigidly '>
supported pipes connect to equipment on resil-
ient mountings, and where pipes enter and exit
the facility. Piping shall be designed to prevent
damage from movement of the structural sys-
tem. Pipes within a partition should be anchored
to the same structural member as the partition.
A rigid piping system should not be fastened to
dissimilar structural elements or building parts,
since their responses to earthquake motion may
differ. Appropriately located zone or damage
control valves are required for unbraced pipes
to limit system outages in case of failure. Malle-
able rather than cast-iron fittings and valves shall
be specified. Pipe sleeves large enough to allow
anticipated differential movement shall be pro-
vided where pipes pass through floors or walls.
A 6-inch lateral clearance is required between
unbraced piping and adjacent piping, ducts,
hangers, and other elements.

(7) Ducts. Lateral bracing must be pro-
vided for all ducts with a perimeter greater than
120 inches and for all ducts in boiler and equip-
ment rooms. Maximum allowable spacing for
transverse bracing is 30 feet on center. Trans-
verse bracing shall also be installed at each turn
in the duct and at the end of a duct run. Lon-
gitudinal bracing shall occur at 60 feet, maxi-

)
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mum spacing. Transverse bracing for a duct
section may also act as longitudinal bracing for
a duct section perpendicular to it, if the bracing
is installed within 4 feet of the intersection of
the ducts and if the bracing is sized for the larger
duct. No bracing is required if attachment is
made from the top of the duct directly to the
supporting structural member; if the distance
between the top of the duct and the member is
12 inches or less; and if a 6-inch laternal clear-
ance is provided between adjacent piping, ducts,
hangers, or other elements. Walls, including
nonbearing gupsum board partitions, may be
considered transverse bracing for ducts that pass
through them. Ducts may be grouped in a la-
ternal bracing frame if the frame is sized and
designed for the total group. Diffusers, regis-
ters, and grilles shall be positively attached to
the ductwork. If ducts are flexible, positive con-
nections must also be made to the ceiling, wall,
or floor system.

(8) Site utilities. All on-site utility lines
shall be designed to minimize disruption by
earthquakes (Basic Design Manual, chap 12).
Natural gas lines shall be equipped with earth-
quake-sensitive automatic shut-off valves in ad-
dition to manual shut-off valves. Dual supply
systems shall be separated as much as possible
to limit the chance of simultaneous disruption
of both supplies.

g. Architectural. Architectural systems, par-
ticularly walls, ceilings, and floors, shall be
detailed to maintain the integrity of building
seismic or expansion joints. If these elements
are continued without break over the joints, they
may act to tie the building sections together,
thus changing the response to seismic motion.

(1) Exterior wall systems. Allowance of in-
terstory drift is extremely important in detail-
ing exterior wall systems, including glazing. The
calculated story drifts or 1/2-inch, whichever is
greater, shall be used in design. Special atten-
tion must also be given to the method of an-
choring exterior wall panels (Basic Design
Manual, chap 9, para 94b). Care should be taken
to prevent corrosion from reducing the strength
of the connections. Stone panels with metal an-
chors are particularly susceptible to damage
during earthquakes and are not recommended
for use on buildings with predicted interstory
drift greater than L/300, where L is the height
between floors in the same units as the inter-
story drift.

(2) Interior particions and facing mate-
rials. Interior walls and partitions that are not
shear walls be designed to allow for interstory
drift (Basic Design Manual, chap 9, para 9-4a).

Damage can be prevented by anchoring each
partition along one edge to a single structural
member and allowing movement at the other
edges. Brittle facing materials, such as ceramic
tile or glazing masonry, suffer extensive damage
during earthquakes and should be used only when
necessary.

(3) Ceilings. Flexible ceiling systems, such
as exposed tee bar, concealed spline, or lumi-
nous systems, shall not be used unless the fol-
lowing provisions are made (Basic Design
Manual, chap 9, para 9-4a). They shall be braced
at regular intervals against lateral and vertical
motion, cross runners shall be securely fastened
to main runners with locking clips or wire ties,
the ceiling shall be isolated from walls and par-
titions by a soffit or edge angle wide enough to
allow movement, and hangers shall be provided
at the perimeter so that the wall does not sup-
port the ceiling. Gypsum board and lath and
plaster ceilings are more rigid and, therefore,
tend to be more earthquake-resistant. However,
bracing shall be provided at regular intervals
against vertical movement and at the perimeter
against lateral movement. Gypsum board ceil-
ings shall be reinforced at nail points with steel
nailing strips. Allowance shall be made at ceil-
ing openings for movement of diffusers, sprin-
klers, and other equipment connected to rigid
mechanical systems.

(4) Light fixtures. No light fixture shall
be installed without positive attachment to the
supporting element by means of bolts or locking
devices (Basic Design Manual, chap 10, para
10-6). Fixture accessories, such as louvers, dif-
fusers, and lenses, shall also have lock or screw
attachments. Recessed and lay-in fixtures shall
be supported by and secured to the main run-
ners of the ceiling support system, not furring
cross runners or nailing bars. Where the posi-
tions of the main runners do not coincide with
the lighting configuration, auxiliary support
members of equal strength shall be provided.
Secondary supports consisting of two wires, each
capable of supporting four times the fixture
weight, shall be placed at the diagonal corners
of each fixture and attached to the structural
system. Pendant fixture should not be used, since
they are highly susceptible to damage from
earthquakes and can also inflict considerable
damage on ceilings because of their large re-
sponse motions. If high ceilings necessitate the
use of a lower lighting system, a supporting grid
designed and braced according to ceiling re-
quirements should be used.

(5) Horizontal and vertical projections.
All balconies, overhangs, parapets, and other
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projecting elements shall be braced against lat-
eral and vertical movement. Special attention
must be given to elements that might be af-
fected by deflection of the cantilevers.

(6) Storage units. Overturning or sliding
storage units can cause personal injury in ad-
dition to disorder. Units shall be anchored and
braced to resist lateral and uplifting forces. Par-
allel rows of racks, shelves, or file cabinets should
have rigid bracing across the tops of the units
to stabilize the entire configuration. File draw-
ers and cabinets shall have latches that will pre-
vent their opening and subsequent spilling of
contents during the earthquake. Shelves shall
be provided with face bars to prevent spilling of
contents.

(7) Computer floors. Computer floors shall
be adequately braced and drop-in panels de-
tailed to preven* displacement during an earth-
quake.

(8) Essential or potentially hazardous fur-
nishings. Furnishings that are essential for
post-earthquake operation or that might pose a
serious hazard either to persons or to essential

systems shall be adequately braced.
h. Essential support. For each facility, the

equipment essential to the performance of post-
earthquake services shall be identified during
the early stages of design. Guidance for medical
systems in health care facilities is given in TM
5-838-2. In general, the following should be done
to insure that an element should survive an
earthquake in operable condition:

-Check the adequacy of the element to re-
sist its inertial force.

-Brace it in a manner convenient for daily
use.

-Insure that it will not be damaged by
structural deformation or the failure or
movement of adjacent elements.

i. Others. Throughout the design process,
care should be taken to identify elements that
merit special seismic considerations. Such ele-
ments may be unusually expensive equipment,
computer equipment, or elements in close prox-
imity or critical equipment. The general guide-
lines given for essential support equipment shall
also apply to these elements.

)
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CHAPTER 7
STRUCTURES OTHER THAN BUILDINGS

7-1. Introduction.
This chapter prescribes the seismic design cri-
teria for structures other than buildings that
must remain intact or functional after a major
seismic disturbance. This includes structures,
independent of buildings, that are located on
the ground. The criteria and design standards
of this chapter provide a dynamic analysis ap-
proach to the seismic design of structures other
than buildings that is used in lieu of the lateral
static force procedure of the Basic Design Man-
ual, chapter 11.

7-2. General requirements.
Structures other than buildings will be designed
in accordance with the general requirements and
the design and analysis provisions of chapter 4
of this manual, with the exceptions noted in this
chapter.

a. Damping. Damping values for structures
other than buildings will be lower than the val-
ues allowed for buildings of similar lateral-force-
resisting systems. Thus, damping values of table
4-1 will be modified, as shown in table 7-1. The
lower damping will result in larger lateral forces
and distortions. This is justified because of the
general lack of partitions and other nonstruc-
tural elements that contribute to the energy-
absorbing characteristics of buildings. Where it
can be demonstrated that these energy-absorb-
ing characteristics are present, the higher
damping values may be used.

b. Structural component load effects. For
structures other than buildings, the percent-
ages of exceedance to strength requirements of
paragraph 4-3e(1) are not permitted unless a

prescribed degree of redundancy can be dem-
onstrated. This is justified on the basis that these
structures generally do not have the multiplicity
of structural and nonstructural resisting ele-
ments characteristic of most buildings. Excep-
tions: redundancy can be assumed for ductile
structures for the following:

(1) When the structure consists of two col-
umn lines of lateral-force-resistance in each
principal horizontal direction of motion and there
are a minimum of four vertical elements in each
column line designated to resist the horizontal
forces, flexural strength requirements may be
exceeded by a value up to 15 percent.

(2) When the structure consists of four col-
umn lines with a minimum of four vertical ele-
ments each to resist horizontal forces in each
direction, or where there are two column lines
with a minimum of eight vertical elements each
to resist horizontal forces in each direction, flex-
ural strength requirements may be exceeded by
a value up to 25 percent.

7-3. Elevated tanks and other Inverted
pendulum structures.

Structures that represent inverted pendulums,
such as an elevated tank supported by a tower
structure that is light in weight relative to the
tank and contents, will use the lower damping
values of paragraph 7-2a and will not be per-
mitted the exception of paragraph 7-2b. The
value for W will include the effective weight of
the contents. The accidental torsion will be com-
puted as for buildings. The structure will be ana-
lyzed for earthquake forces in any horizontal
direction.

Table 7-1. Damping values for structures other than buildings.

Buildings Structures Other
Than Buildings

0.03 0.015

0.05 0.02

0.07 0.05

0.10 0.07

US Anmy Corps of Engineers
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a. Elevated tanks on cross-braced columns.
The provisions of the Basic Design Manual, par-
agraph 11-3b, generally apply.

b. Hydrodynamic effects. The provisions of
the Basic Design Manual, paragraph 11-3b gen-
erally apply. The procedure for analyzing a two-
degree-of-freedom system, taking into account
the effects of the sloshing liquid, may require a
parameter study representing various levels of
liquid containment. The response characteris-
tics will vary with the percentages of liquid in
the elevated tank. Thus, the critical condition
may not always occur with a full tank. For ex-
ample, the analysis might consider the condition
of the tank three-fourths full, one-half full, and
one-fourth full.

c. Elevated tanks, pedestal-type. Pedestal-
type elevated tanks will not be permitted in zones
of high seismicity (i.e., Basic Design Manual
seismic zones 3 and 4).

7-4. VertIcal tanks (on ground).
The design criteria for vertical storage tanks on
the ground will follow the general procedures
prescribed in the Basic Design manual, para-
graph 11-4, except that response spectra will be
substituted for coefficients ZIKCS.

a. Rigidly contained liquid. For tanks in
which the liquid is rigidly contained (i.e., slosh-
ing prevented), for tanks holding highly viscous
materials, and for pressure tanks, the design
forces will be based on the peak spectral accel-

eration on the design response spectrum unless
a lower value can be substantiated by a properly
calculated period of vibration for the tank struc-
ture.

b. Hydrodynamic effects. For tanks where
the liquid is not rigidly contained, the hydro-
dynamic effects of the sloshing liquid may be
considered. The rigid body forces will be deter-
mined from the peak spectral acceleration on
the design response spectrum, and the sloshing
liquid forces will be determined by the spectral
acceleration consistent with the sloshing period
(Basic Design Manual formula 11-4, para 11-
3a(2) (b)) .

7-5. Horizontal tanks (on ground).
The provisions of the Basic Design Manual, par-
agraph 11-5, generally apply. Response spectra
may be substituted for base shear coefficients
where applicable.

7-6. Retaining watts.
The provisions of the Basic Design Manual, par-
agraph 11-6, generally apply. Response spectra
may be substituted for base shear coefficients
where applicable.

7-7. BurIed structures.
The provisions of the Basic Design Manual, par-
agraph 11-7, generally apply. Response spectra -

may be substituted for base shear coefficients
where applicable.

)

)
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APPENDIX A
SYMBOLS AND NOTATIONS

A-1. Symbols and notations
Symbols and notations are divided into two sec-
tions: ground motion chap 3 and app C) and
buildings (chaps 4, 5, 6, and 7).

A-2. Ground motion (chapter 3 and
appendix C)
A = peak ground acceleration in cm/

sec2
cL = intercept of the log-recurrence line
13 = slope of the log-recurrence line
EPA = effective peak acceleration
EPV = effective peak velocity
EQ-I = seismic ground motion having 50-

percent probability of exceedance
in 50 years

EQ-I1 = seismic ground motion having 10-
percent probability of exceedance
in 100 years

DAF = dynamic amplification factor
nmb = body wave magnitude
ML or M = Richter or local magnitude
Ml = surface wave magnitude
MO = seismic moment
Mm = seismic moment magnitude
PGA = peak ground acceleration
PGV = peak ground velocity
PGD = peak ground displacement
Re = effective distance
RE = epicentral distance
RH = hypocentral distance
SD = relative displacement response

spectrum
SV = relative velocity response spec-

trum
SA = absolute acceleration response

spectrum
Io = modified Mercalli intensity at the

epicentral area
I or MMI = modified Mercalli intensity at the

site
Sa =response spectrum value for

pseudo-acceleration
SI =response spectrum value for

pseudo-velocity
Sd = response spectrum value for dis-

placement
TR = return period in years
x(t) = corrected accelerogram record of

ground motion
2(t) = computed ground velocity record
x(t) = computed ground displacement

record

t
<W

k
c

T
V

A-3. Buildings (chaps 4, 5, 6, and 7)
A0 = an effective peak ground accel-

eration to define S. at a response
period, T = 0

a..~l, = story lateral acceleration at level
x for mode m

(ax)max = maximum acceleration at level x,
including effects of modal com-
binations

Cbm = modal base shear coefficient for
mode m. Equivalent to ZIKCS
coefficient in Basic Design Man-
ual, equation 3-1

subscript C =denotes a force in terms of ca-
pacity

D = dead load
subscript D denotes a force in terms of de-

mand
E = earthquake load
EC elastic capacity to resist the seis-

mic effects, from equations 4-6,
4-7, and 4-8

EQ-I = earthquake that has a 50-percent
probability of being exceeded in
50 years

EQ-II = earthquake that has a 10-percent
probability of being exceeded in
100 years

Frown = story lateral force at level x for
mode m

g = acceleration due to gravity
K = stiffness of a system in terms of

force required for a unit of lateral
displacement (K = F/8) Note: not
to be confused with the K used as
a coefficient in the Basic Design
Manual

K = numerical coefficient as set forth
in Basic Design Manual table 3-3

K* = normalized stiffness of a system
that is a function of the dynamic
characteristics of the system

L = live load
M = mass of a system (M = W/g)

A-1

= time in seconds
= circular natural frequency in ra-

dians per second
= stiffness
= viscous damping .
= system mass
= structural period in seconds
= coefficient of variation
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M* = normalized mass of a system that
is a function of the dynamic char-
acteristics of the system

MDOF = Multi-degree-of-freedom system
M.F. =magnification factor to obtain

floor response spectrum in equa-
tion 6-4

N = number of stories above the base
to level n

n = the level that is uppermost in the
main portion of the structure
(generally the roof)

PFxm = modal participation factor at level
x for mode m, from equation 4-1

R, =ratio of Basic Design Manual
shear to modal analysis base
shear, from equation 5-1

RSS = root-sum-squares, same as SRSS
S. = spectral acceleration, as a ratio of

the acceleration of gravity (g)
Sam = spectral acceleration for mode m
Sdm = spectral displacement for mode m
Sf, = spectral acceleration of a floor re-

sponse spectrum
Sf.x = spectral acceleration of floor re-

sponse spectrum at level x
SDOF = single-degree-of-freedom system
SRSS = Square-root-of-the-sum-of-the-

squares
ShS2,S3 = soil types for developing ATC-3-

06 response spectra (NBS 510)

t
Ta

Tm

Vm

W
Wi/g
Wp

Wx

8
Bxm

= time in seconds
= period of vibration of equipment

or architectural appendage
= period of vibration for mode m. T1

designates the fundamental mode,
T2 designates the second mode, etc.

= total lateral force for mode m
= weight of a system or building
= mass assigned to level i
= weight of a portion of a structure,

equipment, or architectural ap-
pendage

= weight at or assigned to level x
= modal base shear participation for

mode m, from equation 4-2
= damping as a percentage or ratio
= lateral displacement
= lateral displacement at level x for

mode m
= modal lateral interstory drifts for

mode m within story x (e.g., the
difference between 8xm at story x
= x + I and story x = x)

= amplitudes of mode m at levels i,
fromi = ntoi= 1

= amplitude of mode m at level x
= P-delta stability coefficient, as de-

fined in paragraph 5-Sd and ATC-
3-06 (NBS 510) )

41m

9
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APPENDIX C
GROUND MOTION BACKGROUND DATA

C-i. Earthquake Source and Earthquake
Size Definition.

The actual release of earthquake energy along
the fault plane in the crust of the earth is a very
complex phenomenon. All the physical proc-
esses that occur just before, during and after a
seismic event are still not completely under-
stood, and considerable research is going on to
better describe this phenomenon. However for
engineering purposes, the above complex phe-
nomenon is idealized, and figure C-1 gives the
resulting simplified model representation of the
earthquake source.

a. Earthquake location. Epicenter and Hy-
pocenter are the two terms most commonly used
to describe the source location of an event. Even
though most of the seismic energy is released
as the fault ruptures and that a substantial vol-
ume of the earth's crust (along the fault plane)
is involved, it is generally assumed that there
exists a discrete point where the rupture initi-
ates. This point where the initial rupture of the
rocks within the earth's crust begins is called
the hypocenter. The point directly above the hy-
pocenter on the earth's crust is called the epi-
center. In recent times (since the beginning of
seismographs), the location of the hypocenter
and hence the epicenter is made by means of
instruments. Before the advent of the instru-
ments, the epicenter was located by means of
finding the region of intense shaking. It is quite
often that the field epicenter (region of intense
shaking) and the instrumentally located epicen-
ter do not coincide. See figure 3-22.

b. Earthquake size. Various empirical rela-
tionships are available to relate the size of the
event with the rupture length and fault slip. The
fault rupture length is the length of the fault
that actually breaks on the surface of the earth.
The fault slip is the relative displacement of the
two plates with respect to each other at the fault
plane. Figure C-2 shows different types of fault
slips. Again, empirical relationships are avail-
able to relate earthquake size with slip length.
To define the size of an earthquake, Charles
Richter developed a Richter Magnitude scale. This
scale is intended to be a rating given to an earth-
quake event, independent of the location of ob-
servation. The size was determined by means of
a standard Wood-Anderson seismometer, with
natural period of 0.8 seconds. Richter defined
the Magnitude as the logarithm to the base ten

of the ratio of the maximum amplitude on a
seismogram written by a Wood-Anderson seis-
mometer at a distance of 100 kms (62 miles)
from the epicenter and the standard amplitude
of one thousandth of a millimeter. Tables were
constructed empirically to reduce from any given
distance to 100 kms. Since the scale is logarith-
mic, an increase of one step on the magnitude
scale increases the amplitude scale by a factor
of 10. (See fig. C-3).

c. Other magnitude measures. In recent
years, different types of instruments are used
to obtain similar magnitude values which are
referred to as local magnitude, ML. The body
wave magnitude mb and the surface wave mag-
nitude Ms are also used. In most studies, the
local amplitude scale ML is taken as a Richter
magnitude. This assumption does introduce some
errors in magnitude assignments. The local
magnitude scale ML can be related to the body
wave magnitude mb and the surface wave mag-
nitude MS by the following empirical relation-
ships:

ML = 1.34mb - 1.71 (eq C-1)

ML = 2.2Oms - 3.80]'2 + 2.97 (eq C-2)

Surface-wave magnitude M. is usually based on
the amplitude of 20 second waves recorded at
distances of thousands of kilometers. The rea-
son for preferring local magnitude is that for
large earthquakes the surface-wave magnitude
may increase as the physical size of the source
region increases without a corresponding in-
crease in the amplitude of ground motion in the
period range affecting normal structures. This
is well illustrated by the Kern County earth-
quake of 1952 which had a surface wave mag-
nitude of 7.7 and a local magnitude of 7.2 and
by the San Francisco earthquake of 1906 with a
surface-wave magnitude of 8.25 and a local mag-
nitude of 7.2 or less. It is generally believed that
the local magnitude scale saturates in the range
of 7 to 7.5. The largest measured value to date
is 7.2.

d Seismicmoment. As more is known about
the earthquake source mechanism and about the
size of earthquake events, it is becoming in-
creasingly clear that the existing magnitude
scales are extremely inadequate to describe the
overall size or the energy content of earthquake
events. To overcome this deficiency, seismolo-
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Figure C-1. Earthquake source model
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a. STRIKE-SLIP FAULT b. NORMAL-SLIP FAULT
(LEFT-SLIP FAULT) AB - dip-slip= slip

AC - throw or vertical component
AB-strike-stipE slip eC heave or horiz. extension

L

4.
.1") *.

c. REVERSE-SLIP (THRUST) FAULT

AB - reverse-slip - slip
AC = throw or vertical component
BC = heave'= horiz. shortening

d. LEFT-OBLIQUE-SLIP FAULT

AB= oblique-slip = slip
AC = dip-slip component
AE - strike-slip component
AD v throw = vertical component
DC a heave = horiz. extension

US Army Corps of Engineers

Figure C-2. Types of fault slips.
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Figure C-3. The Richter Scale.
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gists have introduced a new "physical" param-
eter called seismic moment, M., to describe the
size of an earthquake. This parameter is related
to the size of the fault rupture area, the average
slip on the fault and the property in shear of

the ruptured zone. Comparative values of the
surface wave magnitudes and seismic moments
of some famous earthquakes are given in table
C-1.

Table CGe. Magnitude and seismic moment.

Earthquake M
S

M
0

1960
1964
1976
1906
1971

Chili Earthquake
Alaska Earthquake
Tangshan Earthquake
San Francisco Earthquake
San Fernando Earthquake

8.3 to
8.3 to
7.8 to
8.2 to

6.4

8.5
8.4
8.0
8.3

2. 5
7.5
1.0
1.0
1.0

x
x
x
x
x

.1030
1029

o027

1028

1029

dyne-cms
dyne-cms
dyne-cms
dyne-cms
dyne-cms

US Army Corps of Engineers

In order to relate this new size parameter with
the existing magnitude scales, a moment mag-
nitude (Mm) is introduced. In the ML range of
5.5 to 7.0, Mm corresponds to ML. Mm is related
to seismic moment M. by the following empirical
relationship.

Mm = ilogM, - 10.7 (eq C-3)

M. is defined as:

Mo=GAS (eqC,4)

where

G = average shear modulus over the rupture
zone

A = fault rupture area

S = average slip on the fault during the
earthquake

e. Intensitymeasures. Another means of de-
scribing the size of an earthquake at a given
location is the intensity scale. The two intensity
scales used in the United States are?

-The Rossi-Forel Scale (RF Scale)
-The Modified Mercalli Scale (MM Scale)

Where the Modified Mercalli Scale is the most
common. A simplified version of this scale is given
in Table C-2. Table C-3 gives the Rossi-Forel
scale. The russian scale is very similar to the
MM scale. The RF scale which was developed in
the late 19th century was used in this century
until 1930. Since then, use of the MM scale has

become more common. Table C-4 shows the ap-
proximate relationship between the MM scale
and the RF scale. It is important to note that all
of the above scales are subjectively assigned by
investigators after observing and reviewing the
earthquake effects in a given region. The as-
signment of proper intensity value therefore re-
quires a careful analysis of the affected region.
Unless the guidelines for assigning intensities
are properly and correctly followed, there could
be an error in the assigned value.

f. Relations for magnitude and intensity.
Empirical relationships are available in the lit-
erature to relate the magnitude of an earth-
quake and the epicentral intensity. The following
show such relationships.

Gutenberg and Richter (1956) (Biblio 87),

ML = 1 + 1il (eq C-5)

Krinitzky and Chang (1975) (Biblio 92),

ML = 2.1 + 110 (eq C-6)

Chinnery and Rogers (1973) for Northeast-
ern United States (Biblio 85)

ML = 1.2 + 0.6I, (eq C-7)

where ML = Richter Magnitude or local mag-
nitude

I = Modified Mercalli Intensity in the epi-
central area

All such relationships, including those derived
for specific sites where specific data are avail-

C-5



TM 5-809-10-1NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

Table C-2. The Modified Mercalli intensity scale.

Mercalli's (1902) Improved 1nternsity scale served
as the basis for the scale advanced by Wood and Nuemann
(1931). known as the modified Mercalli scale and commonly
abbreviated MM. The modified version Is described below
with some improvements by Richter (1958).

To eliminate many verbal repetitions In the original
scale, the following convention has been adopted. Each
effect is named at the level of intensity at which it
first appears frequently and characteristically. Each
effect may be found less strongly or more often at the
next higher grade. A few effects are named at two suc-
cessive levels to indicate a more gradual increase.

Masonry A, B. C, D. To avoid ambiguity of language, the
qualfty of masonry, brick, or otherwise is specified by the
following lettering (which has no connection with the
conventional Class A, B. C construction).

Masonry A. Good workmanship, mortar, and design;
reinforced, especially laterally, and bound together
by using steel, concrete, etc.; designed to resist
lateral forces.

Masonry B. Good workmanship and mortar; rein-
forced, but not designed in detail to resist lateral
forces.

Masonry C. Ordinary workmanship and mortar; no
extreme weaknesses like failing to tie in at corners,
but neither reinforced nor designed against hori-
zontal forces.

Masonry 0. Weak materials, such as adobe;
poor mortar; Tow standards of workmanship; weak
horizontally.

Modified Mercalli Intensitv Scale of 1931 (abriqed
and Rewritten dv C. F. Richt-e-7).

I. Not felt. Marginal and long-period of
large earthquakes.

11. Felt by persons at rest, on upper floors, or
faborably placed.

Ill. Felt indoors. Hanging objects swing. Vibra-
tion like passing of light trucks. Duration estimated.
May not be recognized as an earthquake.

IV. Hanging objects swing. Vibration like pass-
ing of heavy trucks or sensation of a jolt like a heavy
ball striking the walls. Standing motor cars rock.
Windows, dishes, doors rattle. Glasses clink. Crockery
clashes. In the upper range of 4, wooden walls and
frames crack.

V. Felt outdoors; direction estimated. S'eepers
wakened. Liquids disturbed, some spilled. Small unstable
objects displaced or upset. Doors swing, close, open.
Shutters, pictures move. Pendulum clocks stop, start,
change rate.

Reprinted from "Elementary Seismology,"
C. F. Richter, 1958, with permission from
W. H. Freeman and Company.
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Table C-2. The Modified Merca li intensity scale-continued.

VI. Felt by all. Many frightened and run outdoors.
Persons walk unsteadily. Windows, dishes, Olassware
broken. Knickknacks, books, and so on, off shelves.
Pictures off walls. Furnittere moved or overturned.
Weak plaster and masonry II cracked. Small bells ring
(church, School). Trees, bushes shaken visibly or heard
to rustle.

VII. Difficult to stand. Noticed by drivers of
motor cars. Hanging objects quiver. Furniture broken.
Damage to masonry D including cracks. Weak chimneys
broken at roof line. Fall of plaster, loose bricks,
stones, tiles, cornices, unbraced parapets, and archi-
tectural ornaments. Some cracks in masonry C. Waves
on ponds. water turbid with mud. Small slides and
caving in along sand or gravel banks. Large bells
ring. Concrete irrigation ditches damaged.

VIII. Steering of motor cars affected. Damage to
masonry C; partial collapse. Some damage to masonry B;
none to masonry A. Fall of stucco and some masonry
walls. Twisting, fall of chimneys, factory stacks,
monuments, towers, elevated tanks. Frame houses
moved on foundations if not bolted down; loose panel
walls thrown out. Decayed piling broken off. Branches
broken from trees. Changes in flow or temperature of
springs and wells. Cracks in wet ground and on steep
slopes.

IX. General panic. Masonry D destroyed; masonry
C heavily damaged, sometimes with complete collapse;
masonry B seriously damaged. General damage to foun-
dations. Frames racked. Conspicuous cracks in ground.
In alluviated areas, sand and mud ejected, earthquake
fountains, sand craters.

X. Most masonry and frame structures destroyed
with their foundations. Some well-built wooden struc-
tures and bridges destroyed. Serious damage to dame,
dikes, embankments. Large landslides. Water thrown
on bansk of canals, rivers, lakes, etc. Sand and mud
shifted horizontally on beaches and flat land. Rails
bent slightly.

XI. Rails bent greatly. Underground pipelines
completely out of service.

XII. Damage nearly total. Large rock masses
displaced. Lines of sight.

Reprinted from "Elementary Seismology,
C. F. Richter, 1956s with permission from
W. H. Freeman and Company.
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Table C-3. The Rossi-Forel scale.

The most commonly
follows:

used form of the Rossi-Forel (R.F.) scale reads as

I. Microsiesmic shock. Recorded by a single seismograph or
seismographs of the same model, but not by several seismographs
different kinds: the shock felt by an experienced observer.

by
of

II. Extremely feeble shock. Recorded by several seismographs of
different kinds; felt by a small number of persons at rest.

III. Very feeble shock. Felt by several persons at rest; strong
enough for the direction or duration to be appreciable.

IV. Feeble shock. Felt by persons in motion; disturbance of movable
objects, doors,' windows, cracking of ceilings.

V. Shock of moderate intensity. Felt generally by everyone;
disturbance of furnature, beds, etc., ringing of some bells.

)VI. Fairly strong shock. general awakening of those
ringing of bells; oscillation of chandeliers; stopping of
agitation of trees and shrubs; some startled persons
dwellings.

asleep; general
clocks; visible
leaving their

VII. Strong shock. Overthrow of movable objects; fall of plister;
ringing of church bells; general panic, without damage to buildings.

VIII. Very strong shock. Fall of chimneys; cracks in the walls and
buildings.

IX. Extremely strong shock. Partial or total destruction of some
buildings.

X. Shock of extreme intensity. Great disaster; ruins; disturbance
of the strata, fissures in the ground, rock falls from mountains.

Reprinted from "Elementary Seismology,"
C. F. Richter, 1958, with permission from
W. H. Freeman and Company.
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Table C-. The relation between Modified Mercalli intensity (MM) and Rossi-Forel intensity (RF).

MM RF

II I-II

III 1III

IV IV-V

V V-VI

V I VI-VI1

VII VII I

VIII VIII+ to IX-

IX IX+

X-XII X

Reprinted from "Elementary Seismology,"
C. F. Richter, 1958, with permission from
W. H. Freeman and Company.

able, are extremely approximate and the scatter
of data about the predicted lines is large. Note
that much of the scatter is due to the necessity
of empirically converting site intensity data to
the equivalent 10 value at the epicentral area;
so as to normalize the site distance attenuation
effects. Figure C-4 (taken from Krinitzky and
Chang, Biblio 91) shows the above relationships
along with the data behavior.

g. Recording instruments for ground mo-
tion. With the introduction of modern strong
motion instruments, the size of the ground mo-
tion at a given location is often expressed by
means of the instrumentally recorded ground
motion parameter. The most commonly used in-
struments for engineering purposes are the
strong motion accelerographs. These instru-
ments record the acceleration time history of
ground motion at a site. Figure 2-1 of paragraph
2-3b shows a typical accelerogram recorded by
such an instrument. By proper analysis of this

acceleration time history to account for instru-
ment bias and base line correction, the resulting
corrected acceleration record can be used by en-
gineers. This corrected acceleration record can
yield ground velocity and ground displacement
by appropriate integrations, see figures 2-1, and
2-2 in paragraph 2-3b.

h. Relations for recorded ground motion and
intensity. To relate the instrumentally re-
corded parameters such as acceleration, velocity
and displacement with intensity parameters,
empirical equations have been developed by var-
ious researchers. It should be cautioned again
that such relationships are obtained from widely
scattered and sparse data and should only be
used with recognition of their inherently large
prediction error. From studies related to earth-
quake damage estimation and earthquake in-
surance, it has been observed that the Modified
Mercalli intensity scale is the easiest and most
convenient with which to work. Most of the
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Reprinted from "Specifying Peak Motioas
for Design Earthquakes." Krinitzski, E. L.
and Chang, F. K., Report No. 4 in the
series, State-of-the-Art for Assessing
Earthquake Hazards in the United States,
U.S. Army Engineers Waterways Experiment
Station, Misc. Paper S-73-1, 1975.

Figure C-4. Relation between earthquake magnitude and intensity.
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available damage statistics are related to the
MM intensity at a site. However, for the rela-
tively recent instrumentally recorded data, the
information on ground motion is usually in the
form of a peak ground motion parameter such
as the PGA, and many empirical relationships
are available in the literature to relate the MM
intensity with the PGA. Peak ground accelera-
tion is an instrumentally recorded continuous
variable whereas Modified Mercalli intensity is
a subjectively assigned discrete integer variable.
Thus, it should be expected that there will be a
range or increment of continuous PGA values
corresponding to a given intensity level. In the
past, a number of researchers have developed
PGA-MMI relationships. In each of the rela-
tionships given below, I is Modified Mercalli in-
tensity and A is peak ground acceleration in cm/
sece.

C-1 0

Gutenberg and Richter (1942)
(Biblio 88)

Hershberger (1956)
(Biblio 89)

Ambrasey (1974)
(Biblio 84)

Trifunac and Brady (1975)
(Biblio 103)

log A = - 0.5 + 0.331
(eq C-8)

log A = - 0.9 + 0.43I
(eq C-9)

log A= -0.16+0.36I
(eq C-10)

log A = 0.014 + 0.31
(eq C-il)

All the above relationships are log-linear in for-
mat. Recent work by McCann and Shah (Biblio
100) has shown that the assumption of a log-
linear relationship between PGA and MMI may
not be a reasonable one. Figure C-5 shows the
following suggested relationship with two other
relationships from above:

McCann and Shah (1979) log A = -0.024I2 +
(Biblio 100) 0.5951-0.68

(eq C-12)
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Figure C-5. McCann and Shah relationship.

In this relationship, it is assumed that a range
of peak ground acceleration values are associ-
ated with each intensity level. Figure C-6 shows
the PGA-MMI relation and the interval associ-
ated with each intensity. Table C-5 lists this range
of PGA values associated with each MMI level.

C-2. Response Spectrum Representation
of Seismic Ground Motion at Site.

Seismic ground motion may be roughly char-
acterized as a set of time-varying harmonic vi-
brations having a fairly broad range of
frequencies. Structures subjected to this input
motion tend to amplify the harmonics near their
own natural frequencies and filter or attenuate
the others. The resulting structural response
therefore, depends upon the frequency content
of the harmonics in the ground motion and their
relation to the dynamic frequency characteris-

tics of the structure. This paragraph provides
the definitions and discussions of the response
spectrum representation of this inter-relation-
ship between ground motion input and struc-
tural response.

a. Single degree-of-freedom system res-
ponse. Figure C-7 shows the system and the
definition for seismic input and response.

(1) Response to General Input x(t). For
any given ground acceleration X(t), the relative
displacement response is

U(t) = - 1 t (re (-)

sin1rD(t-T)JdT
(eq C-13)

and for the case of zero damping this equation
simplifies to

u(t) = - I f(.r)sin[w(t-.r)JdT (eq C-14)
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Table C-5. Relationship between MMI and PGA.

HMI PGA(in g unit)

V 0.03< A ' 0.08

VI 0.08' A' 0.15

VII 0.15' A< 0.25

VIII 0.25< A< 0.45

IX 0.45< A< 0.60

X 0.60' A< 0.80

XI 0.80< A< 0.90

XII A> 0.90

Reprinted from "Elementary Seismology,"
C. F. Richter, 1958, with permission from
W. H. Freeman and Company.
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| / | C = K = Stiffness
/ S~~~amping/

x(t)|

System Properties

= j KM= undamped natural frequency

0 = 2 = fraction of critical damping

wD = wU 2 - damped natural frequency

Ground Motion

x(t) = displacement

x(t) = d = velocity

'x(t) = 2= acceleration
dt

US Army corps of Engineers

Figure -7. Single degree of freedom system.
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Relative velocities and accelerations are given
by the time derivatives u(t) and d(t) respec-
tively. tWD is damped natural frequency.

(2) Response to Sinusoidal Input. If the
ground acceleration i(t) were to be a single unit
amplitude sinusoid at frequency 0

I(t) = sinflt then the corresponding response
is given by u(t) = [H(wj)]sin [fit + +

where + is a phase angle and

HM [ dd(lIflz)2+4 SU,)2]v2 (eq C-15)

is the system frequency response function which
either amplifies or attenuates the response ac-
cording to the frequency fbw ratio, and the
damping ratio I, see figure G-8. This function is

most useful in the explanation of how predom-
inant harmonics in ground motion, due to spe-
cial soil conditions, can p'i. vlify the ordinates of
the response spectrum.

b. Response spectra. For a given ground ac-
celeration x(t) such as shown in figure 2-4, and
given damping, the absolute maximum values
found from the complete time history solution
of equation C-13 provide the response spectrum
values at the system frequency wo or period
T= 2w . A response spectrum is traditionally
presented as a curve connecting the maximum
response values for a continuous range of fre-
quency or period values, such as shown in fig-
ures 2-4 of paragraph 2-3c.

The different response spectra are defined as:

US Army Corps of Engineers

Fiure C-8. Maximum dynamic load factor for sinusoidal load.
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SD = u(t) maxRelative Displacement ification of the acceptable risk of exceeding the
Response Spectrum structural performance levels such as the dam-

SV = ti(t) max =Relative Velocity age threshold, functionality level, and condem-
SV ~ ~ RsoneSecrmnation threshold, in order to'establish the

corresponding level of ground motion severity.
SA = 9(t) max= u(t) + x(t) max a. Selected representative ground motion.

= Absolute Acceleration Response Given the structure site, its soil column condi-
Spectrum tions, and the geological description of the ef-

Then using th close approximationofa)=)Dfor fective earthquake sources and their corre-
A0.1, the more commonly employed versions sponding travel paths to the site: a set of time
for engineering purposes are: histories (commonly three to five) is selected so

as to have reasonably similar soil columns, source
Sv = w (SD) = Pseudovelocity Spectrum and travel path characteristics, distances, and

(eq C-16) magnitudes with these conditions at the site.
2 . The magnitude is selected according to the per-

(e C-19t formance and reliability criteria for the struc-
(eq '-19) ture. Both actual records and artificially

For the common structural damping values, and generated time histories are both used for the
the earthquake type of input motion, there is selected set.
essential equality for the real and pseudo- (1) This method has the advantages of pro-
values, viding a definite set of structural response time

Sv aF SV (eq C-18) histories or response spectra. These results maySv SV (eq 18) be averaged to provide a single description of

S. ~ SA (eq C-19) forecasted structure performance. The set of re-

Of course, for long period structures, the veloc- sponse spectra may be averaged (arithmetically
ity equality breaks down since Sv approaches or graphically) to provide the most represent-
zero, while SV approaches PGV. This is because ative response spectrum ordinates in the par-,
zeroawhile dsplapproahes apGV.This ise beause ticular period range of the structural system.
relativedisplacement approaches therel giound This method does not require the use of atten-displacement value, and there is small motion uaineatosndpcrl(DFsheswh
of the mass. The relationships between SD, Sv and spectral (DAF) shapes With
and S. can be justified by the following physical their high variances of prediction error.
behavior of the vibrating system. At maximum (2) The disadvantages are that it is often--
relative displacement SD, velocity is zero, and difficult to find the representative records that

maximum spring force equawould correspond to the particular site condi--
tia forcex tion; and the end results are based on an av-

tia force, erage representation of a very small sample.
k(SD) = m S. Much depends upon how sincerely the engineer

giving Sv = k/m(SD) =) 2(SD) (eq C-20) believes that the selected small sample can ac-
tually forecast the future ground motion. Fur-

their computation from reas s are given ther description and discussion is given in (Biblio
in (Biblios 7,3,12). An example of a typical ac-
celerogram spectrum is shown in figure 2-4. Also b. Analyticalsite-soil column response. This
because of the relations S. = w Sv = 2gd, it is method uses a somewhat similar method to thatDecase r t e rahon w.= X v= d, I ISof the selected method in C-a. The main dif-
possible to represent spectra on tri-partite log f the selected timeGhistorie must
paper, see figure 3-29 in paragraph 3-6e(l). ference IS that the selected time histories must

paper, sbe representative of bed rock motion. For a given
magnitude, a set of rock site accelerograms is

C3. Methods of forecasting earthquake selected (or scaled) so as to best represent the
ground motion. forecasted duration, amplitude and spectrum

The following methods of ground motion spec- shape of the site bed-rock motion. Then with the
ification are employed by engineers for the seis- data from the site soil boring investigations, a
mic resistant design of structures ranging from dynamic model of the site soil column is for-
nuclear facilities to ordinary buildings. Herein mulated. This model is subjected to the set of
the term "ground motion" is used in its general bed rock motions and the resulting set of site
sense to include both, the time history and re- surface time histories is obtained. These histo-
sponse spectrum representations of earthquake ries or their averaged (and smoothed) spectra
effects. Also, all methods require an initial spec- are used for the structural input. The principal

C-1 6
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advantage of this method is that it provides the
best analytical representation of the effects of
the site soil column on the surface response. The
disadvantages are inherent in the selected spec-
ification of the limited set of bed rock time his-
tories, and in the accuracy of the analytical model
of the site soil column. The uncertainties due to
a small data set to represent the future forecast
are also present as in the method C-3a. (Biblios
93,98,99) give detailed discussions on this method.
In the assignment of a particular weight, as will
be discussed in paragraph C-3f, of preference
for the spectral shape as provided by a site soil-
column response analysis, the following items
should be considered and assessed for validity
and applicability:

(1) The time histories and scaling factor for
bed-rock earthquake motion. Are the histories
inclusive of duration and frequency content rep-
resentative of the various possible sources and
travel paths? Has the scaling factor (for PGA)
been evaluated by a hazard analysis similar in
quality to that used for surface ground motion?

(2) Soil-Column Model: Have adequate
boring investigations and related tests been made
to reasonably establish the dynamic model prop-
erties. Is there adequate geological information
to supplement the boring data? Is the model ap-
propriate for the site.

(3) Have a sufficient number of bed-rock
time histories been used to establish a reason-
ably reliable statistical average and measure of
dispersion of surface motion spectra.

c. Empirical forecasts from representative
records. This method involves two basic steps:
given the risk of exceedance, forecast a spectral
scaling factor (PGA or EPA) corresponding to
this risk; then apply this scaling factor to a re-
sponse spectrum shape (DAF) representative of
the general site soil column condition. The first
step may be either "deterministic" such that the
most severe magnitude event occurs on the
source at the epicentral location nearest to the
site: or may be probabilistic such that the union
or combination of the probabilities of all the
effective event magnitudes, sources, and epicen-
tral locations is considered in the seismic hazard
of the specified ground motion description (PGA)
x (DAF). For a given magnitude of event M at
a given source to site distance R, this method
consists of:

(1) Attenuation of the spectral scaling pa-
rameter (such as PGA) to the site. These atten-
uation relations are derived from past data and
vary according to the data used and the statis-
tical model and fitting procedure (usually
regression analysis). There is usually a large

prediction error (50 to 100%) about the central
or median predicted value.

(2) The PGA at the site is represenative of
accelerogram peak records. This "instrumen-
tal" value is converted (by judgement) to an
effective EPA value, which when used to scale
the spectral (DAF) shape should produce a re-
liable structural response spectrum. With the
"properly" formulated analytical model of the
structure, this spectrum "should" provide a re-
liable estimate of the actual structural defor-
mations that would result from the event or any
one of the events included in the seismic hazard
analysis (with stated risk of exceedance such as
10% in one-hundred years). This method is based
on the statistical principle that the best predic-
tion of the future is the average behavior of
many past records. Despite the disadvantages
listed below, it is a common practical way to
forecasting and specifying ground motion. Its
results may be modified by the results of the
other methods given herein. The disadvantages
are:

(a) The high prediction error in the at-
tenuation equations for PGA.

(b) The high variability of the spectral
shape DAF as obtained from the average of nor-
malized spectra having roughly similar soil con-
ditions. The method of normalizing the spectra
to a common unity value of PGA contributes
much to the high variability of the DAF shape.

d. Empirical forecasts of spectral ordinates.
This method is a refinement of paragraph C-3c,
where the response spectrum value S. or S, at
a given period (rather than the zero period PGA
value) is attenuated from source to site. The
advantage is that the site spectrum is obtained
directly in terms of: the source-to-site distance,
the travel path geology, the event magnitude
and the site soil conditions. It is not necessary
to employ the highly variable empirical DAF
spectral shape as needed by the method in C-3c.
The disadvantage is that the attenuation rela-
tions for the spectrum ordinates are much more
subject to prediction error than these relations
for PGA. The available data for near-source
spectra and corresponding spectra at various site
distances is from only a few recent events (such
as 1971 San Fernando and 1980 Imperial Val-
ley). The data is therefore both sparse and very
sensitive to the geological conditions of the re-
gion where the records were obtained.

e. Mathematical or theoretical modeling of the
seismic event. This method models the source
fracture size and sequence of rupture impulses.
These impulses are then propagated by wave
mechanics through a model of the source to site
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path. This allows inclusion of all that is both
theoretically and empirically known about source
mechanics and site response (included are di-
rectivity and magnitude effects). Disadvan-
tages are lack of data and knowledge concerning
the faulting mechanism and the travel path ge-
ology.

f Summary. For any actual site hazard study
requiring specified ground motion description,
the most popular methods are those in C-3b and
C-3c. When both are used for a particular proj-

ect, the individual results should be reviewed for
consistency and resolution of significant differ-
ences. Of course any knowledge available from
results of the other methods can contribute to
this consistency and resolution process for the
final ground motion specification. In actual
practice, when there are two or more sources of
spectral shapes, the smoothing and averaging
process is done by judgement rather than by any
formal statistical method, see figure C-9.
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Sa

Empirical Mean Spectrum for Site

Seismicity and Soil Class

( Judgemental Weight - 50% )

_ T

Analytical Results From Three

or More Site Soil Column Response

Spectra ( Judgemental Weight -

50% )

Smoothed Average

T

-Final Weighted Judgement

Shape

Analytical Average

US Amy Corps of Engineers

Figure C-9. Judgemental averaging of empirical and analytical site spectra.
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C-4. Emperical relations for seismicity
and fault activity.

The following tables and figure are given to pro-
vide supplementary information concerning em-
pirical relationships between fault length, fault

displacement, and earthquake magnitude, Bib-
Ho (101) and degree of fault activity in terms of
slip rate, Biblio (100).

Table C-B Magnitude-displacement relation.

Equations of Beat Straight-Line Fit for Magnitude

Versus Log Displacement: H * a 4 b Log D

Fault

North Ajerics

Best of vorld

Yorldvide

A normal-slip

B reverse-slip

C normal-oblique-slip

D reverse-oblique-slip

strike-slip

A+ C

B+ D

C* D * E

C *D

B E

A* C + E

B* D t E

No.

21

51

75

20

11

8

6

30

28

17

44

14

1h

58

47

a

6. tk5

6.821

6.150

6.827

7.002

6.750

6.917

6.717

6.757

6.846

6.705

6.692

6.767

6.737

6.742

b

0.995
1.120

1.297

1.05O

0.986

I .260

-0.150

1.214

1.226

1.023

1.206

1.165

1.200

1.221

1.188

Stead rd
Deviation

0.595

0.51,9

0. 561

0. lsig

o. 469

OI. 395

O. tJ

0.639

0. "31

0.506

0.586

0. 451

o.606

0.549

0.597

CorrelatcJ,,
Coefficient

O.BO0

C.463

0.791

0.777

0.71.

0.(I 2

-0. 063

0.811

0.774

0.674

o.794.

o.568

0.811

0.806

0.795

I1-1/

Reprinted from "Fault and Earthquake
Magnitude," Slemons, D. B., State-of-
the-Art for Assessing Earthquake Hazards
in the United States, Report No. 6,
Miscellaneous Paper S-73-1, U.S. Army
Engineer Waterways Experiment Station,
1977.
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Table C-7 Displacement-fault length relation.

Equations of Best straight-Line Ft. for Lor Displacement

Versus Lor lSenth: Los D - a . b Log L

Standsrd Correlation
Deviation CoefficientFault

North America

Rest of vorld

Vorldvide

A normal-slip

.B reverse-slip

C normal-oblique-slip

D reverse-oblique-slip

E strike-slip

A + C

F + D

C + D + E

C + D

B + E

A + C + E

B + D + E

No. a b

26

h8

71

20

9
8

6

31

28

15

1i5

11'

hO

59
1.6

-4 720

-1 654

-3.185

-1a.375

-2.123

-0.107

1.2142

-3.571

-2.898

-1.665

-2.921

0.033

-3.1.69

-3.239

-3.119

1.036

0.h1.

071.7

1.01oh

0. 568

0.128

-0.220

0.805

0.705

0. h62

0. 684

0.081

0. 797

,0 756

0.728

0.632

0.320

0.515

o 567

0.226

0.279

0.154

0.541

0.351

0.276

0.516

o 265

0. 506

0. 171

0.501

0.737

0.589

o.645

0.620

0.832

0.183

-0._ 81

0.703

0.685

0.700

0. 624

0. 130

0.722

0. 680

0. 682

Reprinted from "Fault and Earthquake
Magnitude," Slemmons, D. B., State-of-
the-Art for Assessing Earthquake Hazards
in the United States, Report No. 6.
Miscellaneous Paper S-73-1, U.S. Army
Engineer Waterways Experiment Station,
1977.
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Table C-8. Magnitude-fault length relation.

Fquatior.s ot Best Strhixht-Line Fit for Magnitude

27 February 1986

VersuN Los Fault LenRth: H 2 n * b Lop L

Nortb America

Rest of vorld

Worldwide

A normal-sltp

B reverse-slip

C normal-oblique-slip

D reverse-oblique-slip

E strike-slip

A+ C

B* D

C * + E

C+ D

B+ E

A+ C + E

B+ D + E

Standard Correlation
No. a b Deviation CoeffJcient

26 -0.146 1.504 o.628 0.815

49 2.971 0.920 0.500 0.680

75 1.606 1.182 o.603 0.724

18 1.845 1.251 0.521 0.575

9 4.145 0.717 0.167 0.932

10 3.117 0.913 0.457 0.604

7 4.398 0.568 0.340 0.522

31 0.597 1.351 C.AY4 0.775

28 2.042 1.121 0.490 o.666

16 3.355 0.847 0.320 0.833

48 1.149 1.262 o.6S,0 0.737

17 2.992 0.918 0.q37 o.652

40 1.042 1.277 0.664 0.773

59 1.204 1.260 0.6Jq 0.724

47 1.357 1.217 0.638 0.758

)

Reprinted from "Fault and Earthquake
Magnitude," Slommons, D. B., State-of-
the-Art for Assessing Earthquake Hazards
in the United States, Report No. 6,
Miscellaneous Paper S-73-1, U.S. Army
Engineer Waterways Experiment Station,
1977.
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Table C-9. Magnitude-length times displacement relation.

Xauations of Best Straight-Line Oit for Kagnitude Versus

Log Length Times Displacement: K ae b LOg LD

Fault

North America

Rest of world

Worldvide

A norsal-alip

B reverse-slip

C normal-oblique-slip

D re'vrse-oblique-slip

Z strike-slip

A C

+ D

C +D t Z

C *D

B +Z

A C C E

B +D * Z

No.

24

*6

70

18

9

8

6

29

26

15

13

11.

38

55

Isi

a

3.510
4.158

3.710
&.551

5.310

3.281

3.706

3.220

3.691

4..78

3.238

3.168

3.424

3.393

3.641

b

0.701

o.610

o.68o

0.530

0.123

0.785

0.678

0-T59

0.707

0.550

o.766

0;802

0.728

0.7Tb5

0.726

Standard
Deviation

0.503

o.161

0.489

0.121

0.213

0.325

0.353

0.567

0.388

0.327

0.510

0.340

0.536

0.503

0.515

Correlation
Coefficient

0.889

0.731

0.828

0.750

o.886

0.793

0.550

0.859

0.792

0.e34

0.850

0.78h

0.8"9

0.837

0.853

Reprinted from "Fault and Earthquake
Magnitude," Slammons, D. B., State-of-
the-Art for Assessing Earthquake Hazards
in the United States, Report No. 6.
Miscellaneous Paper S-73-1, U.S. Army
Engineer Waterways Experiment Station,
1977.
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w

Table G-10. Magnitude-length times squared displacement relation.

quntions oft Sest Straight-Line Fit for Nawnitude Versus Lns

lenxth limes Szuare of Displacement: X . a * b Lor LD
2

Standard Correlation
No. A b Deviation Coeffticentrauat

North America

Pest ot vorld

Vorldvide

A normal-sli,

3 reverse-slip

C normal-oblique-alip

D reverse-obliqu*-slip

1 strike-slip

A. C

E + D

C + D * E

C * D

A * C + E

E * D + E

26

116

T0

18

9
8

6
29
26

15

43

11

38

55
tk1

*.808

I.967

*.865

5. 568

5.865

1.103

*.290

1.191

4.752

5.162

.4173

3.985

*.597

1.582

*.587

0. 420

0.412T

0.427

0.29"

0.289

0.573

0.522

0. 480

0.159

0.382

0.489

0.590

o. 468

0. 4T7

0. .69

0.526

0.473

0.496

0.427

0.242

0.309

0.373

0.574

0.381

0.350

0.513

0.340

0.535

o. L99

0.516

0.o78

0.719

0.823

0.712

0.850'

0.815

0. .68

0.855

0.796

0.808

0.818

0.785

0.859

0.840

0.852

)

Reprinted froa "Fault and Earthquake
Magnitude," Sleumons, D. B., State-of-
the-Art for Assessing Earthquake Hazards
in the United States, Report No. 6,
Miscellaneous Paper S-73-1, U.S. Army
Engineer Waterways Experiment Station,
1977.
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Table C-ll. Degree of fault activity.

FAULT
SLIP RATE
ICM/Y EARI

CALCULATED CUMULATIVE SLIP IMI
.

.

MAX SLIP
IE VENT
IME TERSI

nIECtURRFNrF

INTERVAL I'VRS.?10K yto 35K yrs jIlOK VrISI r
1 4 4---4 I--I 4

Fain..eathe.r Ak.

Sone Andrew.* Co.

Heyward: Ca.

Coyote Creek. Ca.

Rhimne Graben, Get.

Or raben. Get.

OewIw" Hill. Ca.

Rawhide Flat Wmt. Co.

Negc Jack Point. Ca.

t.e

3.7

.3

.023

.005

.0006

£0025

.00007

No

370

60

30

2.3

.5

.09

.02t

.007

2030

1295

210

105

5.5

1.76

.21

A.7

.026

b6Ow

3700

600

300

23

6

.60

.26

A7

29000

116500

3000

1600

116

26

3

1.26

.35

10

t0

2

1.5

.3

.24

08

.02

170

270

300

600

2000

6000

30000

32000

29000

.1 1. I

US Army Corps of Engineers

- E~~~~~~~~-

ILl

D~~A24
I0 U<

I-

TIME

US Army Corps of Engineers

Figure C-10. Relative degree of fault activity.
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APPENDIX D
DESIGN EXAMPLES-GROUND MOTION

D-1. Purpose and Objectives.
The purpose of this appendix is to provide
examples of the assumptions, procedures, and
calculations required for each step of the prob-
abilistic hazard analysis for site specific ground
motion. Example 1 is a simplified version that
shows hand calculations for all steps; it is in-
tended to provide a direct understanding of how
each successive value is obtained. Examples 2
and 3 represent the more detailed, actual types
of hazard analyses necessitating the use of a
computer program. Example 2 covers steps I and
II and detail; and example 3 provides additional
examples of steps I and II and then shows steps
III and IV leading to the description of hazard
as the complementary cumulative distribution
function or hazard curve for site PGA.

D-2. Introduction for Simplified Example 1.
The purpose of this example is to show a simple,
by-hand set of calculations for each of the steps
I through IV for a site hazard analysis. A point
is to be determined on the hazard curve (fig 3-
39), for P (PGA < PGAJI with PGAj = 0.20g, for
an exposure time of t = 50 years. Then assuming
that the complete hazard curve has been deter-
mined from a set of similarly calculated values
of PGAj, a selected response spectrum shape is
scaled to illustrate step V, and provide an EQ-I
site specific spectrum.

a. Step L Identification and Modeling of,
Seismic Sources (para 3-4b). The building site
is located in a region containing two distinct
sources of seismicity; a line source 1, and an
area source 2. Source 1 has been identified by
the surface trace and subsurface geological
structure of a strike-slip fault along with a his-
tory of earthquake reports and. records associ-
ated with this fault. Source 2 is a general area
within which a history of earthquake reports
have occured; there may be faults with this area,
however there is no surface evidence of their
location. Figure D-1 shows the line and area
models of sources 1 and 2, the estimated epicen-
tral locations of past earthquakes along with
the listings of historical records of earthquakes
assigned to each source.

b. Step I. Evaluation of source seismicity and
recurrence relations (para 3-4c). As shown in
figure D-1, the line source 1 has a period of t1
= 150 years of reported seismic events and rec-
ords along its assigned length LI = 30 kilome-
ters. The older reports in terms of intensity have

been converted to equivalent magnitude values
M, and the more recent events have directly
measured magnitudes. Based on the fault length,
along with its depth and slip activity, a maxi-
mum magnitude of M = 7.5 is assigned for this
source. Area source 2 has a period of t2 = 300
years of reported history. All events except the
last one are in terms of MMI intensity I0, and
the last event has a measured magnitude. The
MMI values are converted to equivalent local
magnitude values by use of the Gutenberg-
Richter equation C-5 given in appendix C. The
geological structure within source 2 is judged
to be capable of a maximum magnitude of M =
6.5. The recurrence relation for source 1 is de-
veloped by linear regression analysis as follows.
The eight recorded events are ranked according
to descending magnitude values such that the
number N of events having magnitudes equal
to greater than a given ranked magnitude is the
ranked order number. These data are shown in
figure D-2 along with the corresponding loga-
rithm values In N. A plot of In N versus M in
figure D-3 shows that a single straight line can
represent the source 1. recurrence relation

In N = as + j31M
Letting y = In N, and x = M, the linear regres-
sion analysis calculations for the least-squared-
error line

y = al + pIx

are shown in figure D-2, along with the nor-
malization required to give

In Ni = ai + A3M = 1.29 - 1.32M

for a one kilometer, one year basis. A similar
processing of the source 2 data provided the re-
currence relation

In N2 = 5.81 - 0.95M

for the 300 year time period and the 400 square
kilometer area. Normalization then gave

In N'2 = cQ'2 + 02 M = -5.89 - 0.95M

for a one square kilometer, one year basis.
c. Step III. Probabilistic Forecasting Model

(para 34d). The Poisson occurrence model is
assumed to forecast the probabilities of mag-
nitude levels for both sources 1 and 2. Referring
to equation 3-14 of paragraph 3-4d; given a
length increment AL and the future time period
t for source 1, the probability of no events greater

D-1
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6.1

SITE

0

.6.2

LINE SOURCE 1.

Length=30 km

150 Years of Record

Date M

1830 6.5

1852 6.1

1871 6.6

1890 6.2

1911 5.9
1920 6.3

1946 7.4

1980 5.7

AREA SOURCE 2.

Area=400 sq km

300 Years of Record

Date Io IVM*

1682 VII 5.7

1765 VI 5.0

1812 VI 5.0

1920 VII 5.7

1982 V 4.3

* M=1.0+(2/3)IO (eq C-5)

US Army Corps of Engineers

Figure O1I. Source models and records for sources I and 2.
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Figure D-2. Recurrence relation calculations for source 1.
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Figure D-3. Recurrence data plot for source 2
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than M, = m is

P [Ml - m) =P(o,m,t) =exp [-N'1 (m) AL ti

where N', (m) = at', + A1m.

Similarly given an area increment &A and t for
source 2,

P [M2 < m]=P(o,m,t) =exp [-N'2 (m) LA tQ

where N'2 (m) = aC'2 + Num

The value of magnitude m to be employed in

these equations is that which can produce the
attenuated value of PGA = 0.20g at the building
site when the earthquake event occurs at the
center of the increments AL and AA of sources
I and 2 respectively. In order to determine these
magnitudes it is necessary to divide the sources
into elements, measure the element-to-site dis-
tance R, and then use the attenuation relation
in Step IV. Figure D-4 shows the element mod-
eling of the sources.

Site

LINE SOURCE 1.

L=30 km

n=3 Elements

AL=10 km

Transmission Path A

AREA SOURCE 2.

A=400 sq km

n=4 Elements

6A=100 sq km

Transmission Path B

For the given PGA.=O.20g ,the OASES attenuation curves

in figure 3-23 provide the magnitudes m. for each of
1

the measured element to site distances Ri.

SOURCE 1. SOURCE 2.

i Ri km m i

1 15 6.5
2 18 6.7

3 24 7.2

US Army Corps of Engineers

i Rikm mi

1 22 5.0

2 28 5.3

3 32 5.7
4 37 6.1

Figure D-4. Source location and element properties.
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d Step IV Selection of the Attenuation Re-
lation (para 3-5). The OASES relationship given
by equation 3-21 and as shown in figure 3-23
has been judged to be appropriate for the source
depth, travel path, and site soil characteristics.
With the measured source element-to-site dis-
tances R given in figure D-4, and the given ob-
jective PGA = 0.20g = 196cm per second squared,
the corresponding magnitude values can be found
by interpolation between the curves of figure 3-
23. The results are tabulated in figure D-4.

e. Combination of element and source prob-
abilities. With the magnitudes m necessary to
produce PGA = 0.20g at the site, the normalized
recurrence relations are used to evaluate the
corresponding rate values of N'1 (m) and N'2 (m)
for use in the Poisson probability equations;
these rates are tabulated in figure D-5.
The total hazard P [PGA> 0.20g] is calculated
by I - P [PGA - 0.20g], where.P [PGA 6; 0.20g]
is the total probability of no exceedence of 0.20g
at the site. This total probability is the proba-
bility of the intersection or mutual occurence of
the occurences of (M i mn) at all of the elements
ALi and AAi of sources 1 and 2 respectively. In
order to evaluate this intersection probability,
an independent point source model is assumed
for elements ALi and AA. Accordingly, for the
given level of PGA =0.20g and the future time
t = 50 years, the elements AL, and AAi are con-
sidered as point sources with seismicity rate N',
(mi) AL t and N'2 (Mi) AA t respectively. Here
for each element the mi is the magnitude level
necessary to produce 0.20g at the site. Having
the normalized rates NYA(m) and N'2 (mJ) from
the recurrence relations, the individual element
probabilities of no magnitudes mi capable of ex-
ceeding 0.20g at the site are:

P [MI - ml] = exp [-N', (m4AL t]

for elements AL, on source 1 and

P [M2 - Mi] = exp [-N'2 (mI) AA t

for elements AA, on source 2. Since each point
source is assumed to be independent of the oc-
curences of events on the other point sources,
the intersection probability P [PGA G 0.20g] for
each source 1 and 2 is found by the product of
the individual element probabilities for each
source: P [PGA < 0.20g] due to source 1 is the
product of all of the (i = 1, 2, 3) element prob-
abilities exp [-N'1 (mi) AL t] and equals (be-
cause exponents are added), exp [ -MN', (mi)
AL t]. Similarly P[PGA 6 0.20g] due to source
2 is exp [-IN'2 (Mi) AA t]. Finally since each
source is independent of events that may occur

on the other source, the total probability at the
site is
P[PGA--0.20g] = P [PGAi-0.20g] P[PGA%-0.20g]

Source 1 Source 2

and hazard P[PGA>0.20g] is 1-P [PGAs0.20g].

The complete set of calculations is shown in
figure D-5.

f. Construction of the site hazard curve. The
calculations as performed for PGAj = 0.20g, are
repeated to evaluate P IPGA > PGAJ] for suc-
cessive incremented values of PGAj such as
(0.10g, 0.15g, 0.25g, and 0.30g). The site hazard
curve is drawn through the plot of the calcu-
lated hazard values verses their respective PGAj
values, as shown in figure D-6.
Since this curve is for the exposure time of t =
50 years which corresponds to the exposure time
for EQ-I, the spectral scaling value PGA, for this
level of ground motion can be taken directly from
the curve at the 50 percent hazard value. The
curve gives PGA i = 0.23g.

g. Step V Site Specific Response Spectrum
for EQ-I. The soil conditions correspond to
those for the soil class 1 as defined in paragraph
3M6f(3). It is therefore judged that the Kire-
midjian and Shah mean DAF shape in figure
3-35, for the soil class = 1, damping = 5% is
appropriate for the site. Having the scaling PGA1
= 0.23g, the EQ-I acceleration response spec-
trum S,, is found by multiplying the selected
DAF shape by 0.23g. This Sa. is shown in figure
D-6. It should also be mentioned that the ATC
3-06 response spectrum shape (para 3-8) for
the soil type S2, as scaled by the PGAI = 0.23g,
would have been suitable for this site.

D-3. Introduction for Computer Examples
2 and 3.

It is assumed that computer programs for seis-
mic hazard analysis such as the Stanford Seis-
mic Hazard Analysis = STASHA, are available
for use. A complete flow chart describing the
seismic hazard methodology is presented. This
will be followed by numerical examples describ-
ing the separate stages of the model. It is im-
portant to note that computer programs must
be available to conduct the probabilistic hazard
analysis as outlined in paragraphs 3-3 through
3-5. Figure D-7 shows the general flow chart for
seismic hazard analysis. Figure D-8 shows fur-
ther subtasks within each of the three stages
outlined in figure D-7. In most of the available
computer programs, the plotting programs are
usually system dependent. In the examples, it
will be assumed that stage I, the raw data, has

)

-I)
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US Army Corps of Engineers

Figure D-5. Probability calculations for event combinations giving the hazard P [PGA> 0.20gJ.
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100.0%

65.1%

50.0%

0

values,not calculated

I.

0. 23g=PGAI

SITE HAZARD CURVE

SaI in g's

"T risec.

)

0.50g

0.23g

5% Damping

0 1.0 2.0

SITE RESPONSE SPECTRUM

US Army Corps of Engineers

Figure D-6. Site hazard curve and scaled site spectrum for El Q2-I
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already been treated and that the seismic sources
of stage II have been identified; these corre-
spond to step I of the hazard analysis. The next
section will give an example of how one deter-
mines the recurrence relationship for the iden-
tified seismic sources; step II of the hazard
analysis.

D-4. Example 2.
Figure D-9 shows a listing of earthquakes for
a region between 1850 and 1967. There were 18
events with magnitudes between 3 and 5.5. The
data base is for a 125 year time period. The for-
mat in which the data is read is given in section
6.3 of STASHA. A log-linear recurrence rela-
tionship of the form needs to be fitted to these
data (Step II). The analyst does not wish to nor-
malize with respect to the source length (or area)
or the time period over which the data was avail-
able; (See para 3-4 for normalization). A mag-
nitude increment of 0.2 is used to compute the
cumulative histogram. It is assumed in this ex-
ample that a single log-linear line will suffice to
describe the source seismicity. An upper cut-
off magnitude of 6.5 (which is obtained from
geological considerations) is given for the source;
(see para 3-3). Figure D-10 shows the output
of the computer program which gives the re-
currence relationship. The following nomencla-
ture is used in figure D-10.

STDV(LNNM) = Standard deviation of
(LNNM).

CONF. VALUE = Value of t-student's
distribution for the fitted
line.

UPCNF = Value of upper confidence
interval for a given RM.

DNCNF = Value of lower confidence
interval for a given RM.

Figure D-11 shows the fitted recurrence line to-
gether with the data points and the confidence
interval. Note that the regression line is ex-
tended beyond the last data point in order to
intercept the cutoff magnitude line. In the above
example, the RMBK, the breakpoint for the
Richter magnitude was defined as zero; (See fig
D-10). This indicates that only one single line
was used to relate In N(m) to m. Close exami-
nation of figure D-11 shows that the regression
line does not fit well to the data. For example,
for the magnitude range between 4 and 5, the
fitted line underestimates the cumulative num-
ber of occurrences, and beyound the 5.0 mag-
nitude the fitted line overestimates the
cumulative number of occurrences. Thus, it seems
reasonable to try a bi-linear fit with RMBK at
4.2. Figure D-12 shows the new output format
and figure D-13 shows the bilinear fit. The re-
sulting recurrence lines provide the mean num-
ber or rate of events equal to or above Richter
magnitude m. This rate is used in the Poisson
model (para 3-4) to estimate the probability of
future activity for a given source (Step III).

D-5. Example 3.
In this example, the seismic hazard at a site in
terms of probabilistic peak ground acceleration
will be obtained. Figure D-14 shows a seismic
region with two line sources and one area source.
Occurrence data for each of the sources are
given in figure D-15. The seismic sources
were modelled after correlating past events to
major fault systems and the tectonic features
identified within the region (Step I). The future
seismic exposure (PGA) for "CITY2" (see fig D-
14) for a time period of 50 years is equired. For
this purpose, the following assumptions are
made:

a. Past earthquake events (as recorded for
the region) have been classified as shallow % th
hypocenters between 0 and 15km.

b. The average depth of the three seismic
sources has been set equal to 10 km (0.087 de-
grees for the particular geographic location).

NBRC

AREA

RMBK

X-Mean

Y-Mean

XVAR

YVAR

COVARXY

VAR(LNNM)

= Number of earthquake
records used in the analysis.

= Area or length of the
seismic source under
consideration. (In this
example, it is shown as zero
since normalization of a is
not needed)

= Breakoff magnitude

= Mean of the independent
variable (Richter magnitude
in this case)

= Mean of the dependent
variable (number of
earthquakes, log-scale)

= Variance of independent
variable.

= Variance of dependent
variable.

= Covariance for X and Y.

= Variance of the log to the
base e of the cumulative
number of occurrences.
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c The length in degrees of the two line sources
are, respectively:

Line Source 1 = 0.871°

Line Source 2 = 0.764°

These lengths have been obtained in the follow-
ing manner: I

End (4,y°)

Line Source

Origin (x,y°) L = V(_xv,.-_x'4.5 �+(y.�-y.) �

d The radius (in degrees) of the area source
is

R = 0.749°

and is defined as the distance from the centroid
of the epicenters associated to the source to the
most distant epicenter in the source.

e. From regression analysis the following
recurrence coefficients have been obtained
(Step II).
Line Source 1 (bi-linear recurrence relation-
ship)

ALPHA1 = 2.58, BETAI = -1.09, ALPHA2
- = 24.00, BETA = -4.55

Cutoff magnitude = 6.8, breakpoint
magnitude = 6.45

Line Source 2 (bi-linear recurrence relation-
ship)

ALPHAI = 3.17, BETAI = -0.74, ALPHA2
= 79.15, BETA2 = -12.4

Cutoff magnitude = 7.8, breakpoint
magnitude = 6.50

Area Source I (bi-linear recurrence relation-
ship)

ALPHAI = 0.14, BETAI = -0.07, ALPHA2
= 79.90, BETA2 = -13.04

Cutoff magnitude = 6.5, breakpoint
magnitude = 6.15

All alpha values have been normalized with re-
spect to time t = 50 years and the length (in
degrees) or area of source, and the resulting
recurrence rates are used in the Poisson prob-
ability model (Step III).

f. The attenuation parameters b1, b2, b3, and
c in eq. 3-21 for PGA are as follows (Step IV):

bi = 0.00429937

b2 = 0.800

b3 = 2.000

c = 0.3673769

g. Coordinates for sources and site.
Line X-coordinate of origin = 30.500
Source 1: (longitude)

Y-coordinate of origin.= 31.970
(latitude)
X-coordinate or end = 30.92°
(longitude)
Y-coordinate or end = 32.62°
(latitude)

Line X-coordinate of origin = 30.510
Source 2: (longitude)

Y-coordinate of origin = 31.750
(latitude)
X-coordinate of end = 31.30°
(longitude)
Y-coordinate of end = 31.00°
(latitude)

Area X-coordinate of center = 32.39°
Source 1: (longitude)

Y-coordinate of center = 31.078°
(latitude)

Site X-coordinate = 32.00°
(City2): (longitude)

h. The input data format is given in section
7-2 of STASHA. Figure D-16 shows the listing
of the output program ACC.LINE.AREA
(STASHA, 1979). The output contains the input
parameters plus the probabilities of exceedance
and non-exceedance for each discrete value of
the ground parameter of interest (PGA discre-
tized at 0.05g intervals) under the heading
"Probability Distribution of Peak Ground Ac-
celeration". Figure D-17 shows a plot of the
complementary cumulative distribution func-
tion or hazard curve for the City 2. From figure
D-16,

P(A < 0.10g) = 0.7512

Thus, for city 2, there is an approximately 75%
chance of exceeding 0.10g at least once during
the next 50 years, or 25% chance of not exceed-
ing 0.10g during the same time period. Hence,

P(zero exceedance of 0.10g in 50 years) = 0.25

(1) From the binomial probability law, it is
known that for independent trials with proba-
bility of success p at each trail, the probability
of r successes in n trials is given by

Pn (r) = (p) pr (1 p_)-r

where r = 0, 1, 2, ... , n and (= r (n r)!

(2) Let each trial be a one-year duration for
which we are observing the level of peak ground
acceleration. Define success as that event when
the peak ground acceleration for a given trial

)

)
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(year) exceeds 0.10g. Thus, the probability of
zero successes in 50 years is the same as the
probability of zero successes in 50 trials. Hence,

P50(o) = (M) po (1-p) = (l-p)

Then having

Pso = 0.25 = (1-p)50

giving

p = 0.027

Therefore, for CITY2, there is a 2.7 percent
chance that in any given year, a peak ground
acceleration of 0.10g will be exceeded. The cor-
responding Return Period RP in "CITY2" for a
peak ground acceleration of 0.10g is

1/0.027 = 37 years

(3) Similarly, using the complementary cu-
mulative distribution function computed for
"CITY2", a table of peak ground acceleration
and return period can be developed and plotted
to obtain a curve referred to as an Acceleration
Z one Graph (AZG). Table D-I and figure D-18
show the values of Return Period versus PGA
and the AZG for "CITY2." Using this figure D-
18, the PGAI for EQ-I would be approximately
0.12g (corresponding to a 72-year return pe-
riod); and the PGA11 value for EQ-I1 would be
0.145g (corresponding to a 950 year return pe-
riod). These PGA values for EQ-I and EQ-II are
not very different in this example because the
example site has relatively low seismicity and
the three sources have low maximum magni-
tudes.

a
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Untreated past seismic
events gathered for the
region (raw data file)

Treated past seismic
events (data in com-
plete form)

~~I - _1 ,
STAGE NO. 2

(Seismic source modeling
of the region) )

Seismic Sources and
recurrence relation-
ships

I
STAGE NO. 3

(Seismic Hazard Model)

,~ ~~ - 9 ,_ .- I

Future Seismic Loading

US Army Corps of Engineers

Figure D-7. Scheme of present seismic hazard methodology.
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(0)

Obtain information regarding pact
seismic events for the region of
Interest
Store data on disk as card images

(Raw Data File)

I. Stage No. 1--Data Treatment

YES

(1)

( Some records are mis-
sing information on both\ epicentral location ani

magnitude }

Disregard those
records for direct
input

US Amy Corps of Engineeys

Figure D-8. General flow chart for seismic hazard analysis.
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(MI) instead of magni-- "I
tude I |

I Use Program
R I EGRESSION.ANALYSIS

(4US Army Cp o
/ \ I ll~~~~~se Prog~ram

Some records are mis- GENRYESNIUDl
sng information bot~h on _I
magnitude and intensits <_

\ / § ~~~~~~Use Programn
\ / | ~~~~~REGRESSION.ANALYSIS |

US Army COrPS of Engineers

Figure D- 8 General Flow Chart for Seismic Hazard Analysis-continued.
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(5)

.Supply information
by judgement

v

II. State No. 2-Seismic Modeling of the Region
__

Use Frogram I System Dependent

E 1~~vlz

(1) Locate seismic sources using
geological information and
judgement

- U

r (2) l I
*Use Program

L OEGRESNSI .A:ALSIS

III. Stage No. 3--Seismic Hazard Model

US Army Corps of Engineers

Figure D-8. General Flow Chart for Seismic Hazard Analysis-continued.
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US Army Corps of Engineers

Figure D-8. General Flow Chart for Seismic Hazard Analysis-continued.
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US Army Corps of Engineers

Figure D-9. Earthquake listing for example 2.
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Figure D-10. Output for recurrence relationship, example 2.

D18



27 February 1986 TM 5-809-10-1INAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

S.

2 .

7 J-.

-L

* - .. -.~ - - - -- 4 -- - --- - - . - - - -

-7 i - 7- i=__ __' I

-%, I N -%, i . -,
I IS, N Nin

@ . _ _

.... _ -

- I - - �� k�

I --

6. .
- .- _. - f - - - �� -� ==I - M.:_

, .

z�� � j�-ZEa: -� _4 :E- o_-

tur -Ftnt:_;q�x
* ._ E- .

* _ �__ an,_ F _ w _ C _ #

_ In __

, .

1 _tI . I I-

$1 __+
3 1 -=___,:Z I =-I.--

LDn , .

.9
M

-. _ - I i 3 .=,__..
�_ I � --Ml � = � �- � �--_ �_

-- ---- F4--EZ-. �= : - ===
.B .

.6.
�__ �==___ A��M ::

Em

A

3 4 5 7 8

Magnitude (M)

US Army Corps of Engineers

Figure D-11. Recurrence relationship for example 2.

D-19



C REGIESSI011 ANIALYSZS
L.I11EIR-1.1 SCALE M4RC AREA
SAHIPLE PRCOLCII I la 0.9

RIHDK
0.0

I4UflER OF RECORDS INCLUDED IO
AREA 0.0
TMElL (YEARS) 125.00
I11811fUl MIGNITUDL
IlAGIIITlE 14CREPI£NT FOR CWr
EARTHQUAKE HAGNIXTUOES

4.60 5.20 5.10
3.50 3.00 4.00

P11 INTERVAL
INTERVAL FREQUENCY

3.00
0.20

5.00 5.40 5.30
5.50 4.40 4.30
CUIWULArYVE FREQUENCY
OCCURRENCES ABOVE R"

S.14 4.10 C.50 4.20 S.00 4.10

3.00 - 3.19 1- It
3.20 - 3.39 0 I
3.40 - 3.59 1 E
3.60 - 3.79 0 II
3.00 - 3.99 0 1I
4.00 - 4.19 3 16
4.20 - 4.39 2 I
4.40 - 4.59 2 11
4.60 - 4.79 I
4.60 - 4.99 0 a
5.00 - 5.19 3
5.20 - 5.39 2
5.40 - 5.59 3

INTERCEPT ANk SLOPE OF LIHE I
STATISTICS FORH REGRESSION LINE S!GHIEN

X-MIEAN: 4.19999 Y-I1EANH 2.37704
COVARXY8 -0.36135 COEFF. Of VAR.w

P.
F.

5 .
I.0

I .

i .

S.

3.00
3.20
3.40
3.60

4.004 .4 00
4.:0
4.40
4.60
4.00
5.00
5.20
5.40

-I

z

n

UN

*In

3A

(It

(A
S
a

I
XVA~v

0.83776
0.S6004 YVAR0 0.27831
VAUlUM4#1)3 0.05334 SIOV(LO"OI . Z3100

ALPHA 5.036937
GCtA -0.64 5:2
INTERCPt AT 3. S.

23.36659 6.42923
90 X CO4FIOCENC INTERVALS

CONF. VALUE 2.20095 1

6. 7.
5.37Z41 1.76898

ERROR INDIC.U 0

X v

ONCNFX

UPCr:F a
OINCIAW2

3.000
30.502
17.930
5.000
7.903
5.230

3.200
35.987
16.231
5.:00
7.150
4,466

3.400
22.190
14.68S
5.400
6.433
3.805

3.600
19.009
13.243

3.800
16-363
11.8a5

4.000
14.103
10.592

*.200
lt.404
9.356

4.400
10.957
8.183

4.600
9.765
7.093

4.800
8.764
6.105

0*

C

%0

co
0%

US Army Corps of Engin~eers

Figure D-12. Output for bilinear recurrence relationship, example 2.
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Figure D-13. Bilinear recurrence relationship for example 2.
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Figure D-14. Seismic sources for region of example 3.
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EARTHQUAKE DATA SORTED BY SCYuMCEs
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R
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a
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0
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S
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l II II
56 a

I
R
t

S
Y
11
a
a
L

E

LINE S0LECE I 10 RECORDS)
A.GRAN 0. 03 190 07 00 32.600H 30.75CE 3.50 3.50

A.CRAH 03 05 1902 05 00 32.50§ 30.900E 3.75 3.75

AA6RAII 05 03 1905 01 00 32.350N 30.90QE 4.75 4.75
A.GRAN 05 C3 1912 02 00 32.000N 30.S00E 3.25 3.25

A.ERAN 08 01 1920 02 30 32.200N 30.700E 6.00 S.00

A.GRAN 04 03 1965 09 30 32.000tl 30.600E 4.65 4.65

A.tRAN 03 03 1973 CS 30 32.400N 30.750E 5.00 5.00

A.GRSA 06 04 1976 05 00 32.150N 30.530E 3.:S 3.;5

LIE SCURRCE Z (9 PECO.05)
A.GRAN 04 G9.1916 01 00 31.600N 30.530E
A.XPAI 06 03 1921 09 10 31.70011 30.650E
A.GRAN 04 01 1935 IS 30 31.4500W 3t.0C0E
A.GRAN 10 CS 1937 01 15 31.2001 30.900E
A.CtRAIt 04 12 1940 03 0o 31.250N 31.O0CE
A.ORAII 12 01 1972 It CS 31.75CG 30.900E
A.GRAPL It 05 975 01 15 31.5001 30.750E
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Figure -15. Earthquake listing for sources in example 3.
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Figure D-16. Output for recurrence relationships and site PGA probability distribution for example 3.

' i)

D-24



27 February 1986

A

A.

1.0

0. 9

0. 8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

TM 5-809-1Ol-1NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

(1 - CDF)

I1

P.-
0.05 0.10 0.15 0.2) 0.30 u(P

(P(

US Army Corps of Engineers

Figure Do-1. Complementazr cumulative distribution function for example 3.
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Table D-o. Return period vs. PGA for CITY 2

PGA in g Return Period
units In Years

0.06 18

0.075 23

0.100 37

0.110 63

0.120 87

0.130 141

0.140 358

0.150 10000

US Amy Corps of Engineers
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Figure D-18. Acceleration zone graph (AZG) for CITY 2.
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APPENDIX E
DESIGN EXAMPLES-STRUCTURES

E-1. Purpose and scope.
This appendix gives illustrative examples for de-
signing and analyzing various types of lateral
systems in accordance with the criteria and pro-
cedures of chapters 4 and 5 of this manual.

E-2. Use of appendix.
The design examples are purely advisory; they
are not intended to place super-restrictions on
the manual. This appendix is not a handbook
for the inexperienced designer. Neither the
manual or the manual supplemented by the ap-
pendices can replace good engineering judg-
ment in specific situations. Designers are urged
to study the entire manual.

Fig. No.
E-1
E-2

E-3

E-4

Table E-1. Design Examples-Structures

Example No. and Description
E-1 Sample modal analyses.
E-2 Box system. A 2-story building with bearing walls in concrete using a series of

interior, vertical-load-carrying columns and girder bents.
E-3 Steel ductile moment-resisting space frame and steel braced frame. A 3-story build-

ing with transverse ductile moment-resisting frames and longitudinal frames with
K-bracing.

E-4 Concrete ductile moment-resisting space frame. A 7-story building with a complete
ductile moment-resisting space frame in concrete without shear walls.

E-1
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DESIGN EXAMPLE: E-l

SAMPLE MODAL ANALYSES:

Purpose. This example is presented to illustrate the method of
obtaining story forces, accelerations, and displacements from given
building characteristics and ground motion response spectra. The
results are-shown in a format similar to the sample format used in
the equivalent static force procedure of the Basic Design Manual,
table 4-4. Thus, a comparison of static force procedures and
dynamic analysis procedures can be made. The data in this example
serve as a back-up for the examples given in paragraph 2-Sc of this
manual. The results are graphically displayed in figures 2-9 and
2-10 of this manual.

Description of Structure. The data on sheets 3 through 6 are based
on the characteristics of a 7-story reinforced concrete moment-
resisting space frame building. Sheet 7 represents a 30-story
building. The model for this building was developed by expanding
the 7-story building characteristics. Each story mass (w/g) of the
30-story building lumped mass model was assumed to represent 4
stories similar to those of the 7-story building (i.e., the indi-
cated story plus one-and-one-half stories above and below). This
was done only for illustrative purposes to demonstrate the influences
of higher modes of vibration for taller buildings with longer
periods of vibration (refer to para 2-Sc(3)).

Response Spectrum. The modal analyses were performed on the basis
of the 5-percent damped response spectrum shown in figure 2-8 of
this manual.

Masses, Mode Shapes, and Periods. Story masses were obtained from
the calculated story weights of the building. A mathematical model
of the building was developed from the section properties of the
structural system. The building was modeled as a series of two-
dimensional frames. A computer program that analyzes two-dimensional
framing systems was used to determine the periods and mode shapes
of the first three modes of vibration. In this computer program,
each mode is normalized for E(w/g)02 = 1.0. The mode shapes are
shown in figure 2-6 of this manual. In figure 2-6, the modes are
normalized to a value of 1/2-inch at the top story.

LFS ASpy Corps of Engineers

Example E-1 I of 7 Sample Modal Analyses

Figuzre El4. Sample modal analysis
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Modal Analysis.-to Determine Total Base Shear and Story Acceler-
ations. Sheet 3 illustrates a hand-calculation procedure to
determine the total base shear and the story accelerations using
mass, mode shape, period, and response spectrum data. Equations
4-1 and 4-2 are used to determine the participation factors. The
spec;ral acceleration (Sa) for the period (T) of each mode is
determined from the response spectrum. The story accelerations (a)
are determined from equation 6-1 and the base shears (V) are
determined from equation 4-4. The sum of the participation
factors (P.F. and a) add up to 1.08 and 0.986, respectively. These
values being close to the value of 1.0 indicate that most of the
model participation is included in the three modes considered in
this example (refer to paras 4-3cCl)(b) and 5-4c(2)). The storN
accelerations and the base shears are combined by the square-root-
of-the-sum-of-the-squares (SRSS) on the last column of the table.
The modal base shears are 2408 kips, 632 kips, and 200 kips for the
first, second, and third modes, respectively. These are used on
the following sheets to determine story forces. The SRSS base
shear is 2498 kips.

Story Forces, Accelerations, and Displacements. Sheets 4, 5, and
6 are set up in a manner very similar to the Basic Design Manual,
table 4-4. In the static lateral force procedure, wh/1wh is used
to distribute the force on the assumption of a straight line mode
shape. In the dynamic analysis, the more representational wf/Ewt
is used to distribute the forces for each mode. Story shears and
overturning moments are determined in the same manner for each
method. Modal story accelerations are determined by dividing the
story force by the story weight. These are essentially the same
values as shown on sheet 3 (slight differences are due to rounding
off). The SRSS of the accelerations of sheet 3 are roughly esti-
mated in the static procedure by the bracketed quantity in equation
3-9 of the Basic Design Manual and are listed in the last column of
table 4-4 in that manual. Modal story displacements (6) are cal-
culated from the accelerations and the period (equations 4-5 and
6-1 of this manual). Modal interstory drifts (A6) are calculated
by taking the differences between the 6 values of adjacent stories.
The values shown on sheets 4, 5, and 6 of this design example are
summarized in table 5-3 and are plotted with the SRSS combination
in figure 2-10.

Thirty-Story Example. Sheet 7 shows the model analysis for base
shears and story accelerations for the 30-story example. This
parallels the 7-story example on sheet 3. Parallel tables for
sheets 4, 5, and 6 are not shown, but the results are summarized
in figure 2-9.

US A,.y Corps of Engineers

Example E-1 2 of 7 Sample Modal Analyses

Figure E-l. Sample modal analysis-continued.
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Example E-1 3 of 7 Sample Modal Analyses

Figure E-g. Sample modal analysis-continued.
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Example E-1 4 of 7 Sample Modal Analyses

Figure B-I. Sample modal analysis-continued.
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Figure E-1. Sample modal analysis-continued.
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Figure E-1. Sample modal analysis-continued.
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DESIGN EXAMPLE: E-2

BUILDING WITH A BOX SYSTEM:

Description of Structure. A 2-story hospital building with bearing
walls in concrete, using a series of interior, vertical-load-carrying
column and.girder bents. The structural concept is illustrated in the
Basic Design Manual, Design Example A-1.

Initial Trial Structure. The building in Design Example A-1 of the
Basic Design Manual was designed for Z = 1.0 and I = 1.0 with a base
shear coefficient V/W = ZIKCS = 0.186. In order to utilize the same
structure in this example, the following conditions are assumed:

Seismic Zone 3, Z = 3/1
Hospital building, I = 1.5
Box building, K = 1.33
Soil factor, based on Ts = 2.5 sec
Building period T < 0.3 sec
CS = 0.133
ZIKCS = 0.20

The base shear, V, for this example is 0.20W, which is close enough to
that design base shear in the building in Design Example A-1 so that
uilding will be used for the initial trial design.

Seismic Design Criteria. The building is to be designed in accordance
with the dynamic analysis procedures of this manual. The following
conditions apply:

Building classification: Essential facility
Ground motion spectra: ATC 3-06 spectra with A = A = 0.30g
Soil profile coefficient: Type S3

Design Procedure.

Sheet
Introduction ........................ 2
ite response spectra ............... .3
Q-I
Seismic forces ..................... 5
Capacities ......................... 11
Deflections and period ............. 14
Commentary ......................... 19
Q-II
Seismic forces ..................... 20
Torsion check ...................... 22
Commentary ....... 23

US Army Corps of Engineers

Example E-2 1 of 23 Box Svstem

Figure E-2. Building with a box system.
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Figure E-2. Building Wit a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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Figure E,-2. Building with a box system--continued.
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Figure E-2. Building with a box system-continued.
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Figure E-2. Building with a box system-continued.
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DESIGN EXAMPLE: E-3

BUILDING WITH STEEL MOMENT-RESISTING SPACE FRAMES AND STEEL
BRACED FRAMES:

Description of Structure. A 3-story hospital building with trans-
verse ductile moment-resisting frames and longitudinal braced
frames in structural steel, using nonstructural exterior curtain
walls of flexible insulated metal panels. In addition, there are a
series of interior vertical load-carrying column and girder bents.
The structural concept is illustrated in the Basic Design Manual,
design example A-3.

Initial Trial Structure. The building in design example A-3 of the
Basic Design Manual was designed for a base shear (V = ZIKCSW) of
0.08W in the transverse direction and 0.14W in the longitudinal
direction. In order to utilize the same structure in this example,
the following conditions are assumed:

Transverse Longitudinal

Seismic Zone 3 Z = 3/4 Z = 3/4
Hospital building I = 1.5 I = 1.5
Ductile frame/braced frame K = 0.67 K = 1.0
Soil period Ts = 1.0 sec Ts = 1.0 sec
Building period T = 0.69 sec F = 0.3 sec

CS = 0.116 CS = 0.140
ZIKCS = 0.087 ZIKCS = 0.157

The above base shears (0.087W and 0.157W) are reasonably close to
the base shears of the building in design example A-3 of the Basic
Design Manual so that building will be used for the initial trial
design.

Seismic Design Criteria. The building is to be designed in accord-
ance with the dynamic analysis procedures of this manual. The
following conditions apply:

Building classification: Essential facility
Ground motion spectra: ATC 3-06 spectra with Aa = Av = 0.30
Soil profile coefficient: Type S2

US Army Corps of Engineers

Example E-3 1 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames.
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Design Procedure. The site response spectra are developed in accord-
ance with the procedure described in chapter 3. The governing equa-
tions and spectra for EQ-I and EQ-II, shown on sheets 3 and 4,
include the effects of site severity, soil type, and structural
damping. The structure of Basic Design Manual design example A-3 is
assumed to be the initial trial design (para 5-3a). The EQ-I design
spectrum is compared to the static base shear coefficients ZICS as
follows:

T, period S S Ratio
(estimate) a(g) ZICS a - ZICS

Transverse 0.69 sec 0.35 0.130 2.7
Longitudinal 0.3 sec 0.41 0.157 2.6

These ratios of Sa to ZICS are greater than 2. This is an indication
that the structure may have to be modified for the higher force
level. Because the ratio is less than 3, it has been decided to
continue with the procedure without modifying the structure at this
time.

The example building is a steel frame structure with lateral forces
resisted by ductile frames in the transverse direction and braced
frames in the longitudinal direction. The metal deck roof system
forms a flexible diaphragm while the metal deck with concrete fill
forms rigid diaphragms at the second- and third-floor levels. The
procedure used to distribute the forces is discussed on sheet 5.

An outline of the procedures for the transverse direction and the
longitudinal direction are given below:

Sheet
Transverse direction - Frame 4

Modal analysis .................. 6
Load combinations .10
Element stress check .12
Interstory drift check .is
Commentary .16
Method 2 analysis ................ 17
Suggested modifications. . 23

Longitudinal direction - Frame A
Modal analysis .24
Load combinations .27
Element stress check .29
Interstory drift check. , 32
Commentary .33
Suggested modifications .34

US ArtY Corps' of Eniineers

Example E-3 2 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building wIth steel moment-resisting frames and steel braced frames--continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 7 of 34 Steel lrames

Figur E Z- Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 8 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 9 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3 Building with steel momnent-resisting frames and steel braeed frarmes-continued.

E-41



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

EQ-IE ELEMEN'r FoICES : -rXASVE#.S5 (N 4,) p~tecflocm - nAE _4

17 LL ZESV'LTS FIZOL4 P7E$ISI J MA IN&L CMAJA ME A- 3 aftriB a a 34.
SCISmIC, 9ZSVuU5 ?I2o4 C.OMW~TCIZ. AMALY'SIS.
ALL eWV -MOMENTS Ai1JD SWC1AIS, ~ivE7 AT F~c oFSPo
UNIT5 AZE K) It#.

XQ. XmpTLU> . X7

M 50 It
o a

'% so 113 o _ __

~~o a~

a 3:0
0

DEAD LOAD

ir4 176 _ _ _ _ _ _

0190

Nj 4q 4 _ _ _ __A

H

'4 0~~T

240 ;0 _ _ _ _ _ _

C.

0555

1.11 27

)

Fl v

atr4

U.
xi1

A

I
0, N

I3.
-aOe-

SEISMir. - eq-fl StS5 Tro7ALvI.OD+.25L*I.O0 Ee.,

us Army Corps of Engineers

Example E-3 11 of 34 Steel Frames I

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 12 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 13 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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I Example E-3 14 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 15 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Exainple E-3 16 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames--continued.
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Example E-3 17 of 34 Steel Frames

Figure E-3 Building with steel moment-resisting frames and steel braced frames-continued.
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It has been determined that the seismic base shear coefficient (in
terms of first mode values) could reach a value of 0.13 before any
yielding would occur in the structural frame. For seismic forces
applied towards the north (towards the right on sheet 19), the base of
the north (right) column and the center column will yield in flexure
(the column bases were assumed fixed). The south (left) column does
not yield because both the dead and live load stresses are counter-
balancing some of the lateral load stresses. At a base shear coeffi-
cient of 0.13, the spectral acceleration is 0.161g, the spectral dis-
placement is 1.43 inches, the roof displacement is 1.93 inches, and
the period is 0.97 second (refer to sheet 20).

A new mathematical model is constructed that allows the base of two
columns to yield in flexure. A nominal lateral force is applied. The
relative distribution of beam moments will vary from the distribution
of beam moments shown on sheet 10 for seismic forces. New values for
periods, mode shapes, and participation factors are calculated. The
forces are proportionally adjusted until a number of additional struc-
tural elements begin to yield (t5to of calculated yield capacity). At
an additional equivalent base shear coefficient of 0.06, yielding
occurs at the base of the third (left) column, the tops of the other
two first-story columns, the top and bottom of the second-story center
column, and the north end of the first- and second-story beams (model
3 on sheet 19). The period of this revised model is 1.14 seconds and
the roof displacement is 1.10 inches for the base shear of 0.06. When
the results of this model are superimposed on the initial model, the
following results are obtained: base shear is 0.19 (0.13 + 0.06),
spectral acceleration is 0.224g, spectral displacement is 2.27 inches,
the roof displacement is 3.02 inches, and the effective period is 1.02
seconds. These results are summarized on sheet 20.

The mathematical model is revised again to allow the newly formed
hinges to yield. These hinges were given sectional properties roughly
equal to 5% of their fully elastic value. An additional set of per-
iods, mode shapes, and participation factors are calculated. New
increments of force are applied until additional hinges form and a
mechanism forms at the first floor (see model 4 on sheet 19). The
period for this last increment of displacement is 2.29 seconds, the
base shear coefficient is 0.04, and the roof displacement is 2.69 sec-
inches. When these results are superimposed on the previous results,
the following values were obtained: base shear is 0.23, spectral
acceleration is 0.257g, spectral displacement is 4.45 inches, roof
displacement is 5.71 inches, and the effective period of vibration is
1.33 seconds (refer to sheet 20).

US Army Corps of Engineers

Example E-3 18 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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IExample'E-3 19 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.

E-50



27 February 1986 TM 5-809-1 0-1NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A

DEFLECTED SWES (INCEES)

Model + Model - 12 + Model
I-1 1-2D I-3DR

LEVEL
v
W(3)

R00
137
(5.31)

3RD;
236
(7.32)

2ND k

(7.32)

13

IST I...

W-659k2
(Int.20. 45)k-Sec /ft.

:£2- 39.35 r12 81.46
(EwL - 89.3) (Em: -362.4)

a (±n)

T(sec)

CD

C S/

$a

1.93

0L.

0.13

0.305

0.161a

1.345

1.43

0.95

1.10

1.14

0.06

0.897

1.298

3.02

0.19

0. 348

0. 224i

1.331

2.27

1.02 sec.

2.69

2.29

0.04

0.934

1.219

5.71

0.23

0.895

0. 257 i

1.283

4 .45

1.33 sec.

CAPACITY SURMARY

US Amy Corps of Engineers

Example E-3 20 of 34 Steel *rrnes

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E"3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-ontinued.
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Example E-3 25 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building th steel moment-resisting frames andsteel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.

E-59



TM 5-809-10-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

ELCMFW'r Sr-e - FP-AME Pr (?;Atce-'P-fWME

(v' F,-46s;)

STEEL A r ~L Fa. I P . 2 LA.. i'p21 FI IL.. imP
-rvs E (I.j G3. r (10 CIL) ?C, L M) _____

5~5'q. q* 1 I~) 12I1.'2 10.13 ItI. 12..8 I.(4c 232. 2.5, I-O

0 BAM ELLEMETS Nt "BP-Acg!' wPr-es

F a - T I_ _ _ _ _ _ _ _ _ _

Z, M V . M D j Mv ti C. M., Ir!e

LEvJEL SvLE (L.;.) (L-4') M C (k 4i) (IL-) 1M1C,

2. witt4o ~1?.L in2 i;3 .G5 mI 2Z;5 .47 i.5

d,)

*.jLNLAsTIC. Z£mArIp g"io FibDt mAcue 4-2.

US Arly Corps of Engineers

Example E-3 29 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 30 of 34 Steel Frames

FigureE-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Example E-3 31 of 34 Steel Frames

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.

E-62



27 February 1986 TM 5-809-10-1/NAVFAC P-355.1 AFM 88-3, Chapter 13, Section A

04WAL IMTM�;;�,.r VP-IF7-

P(LCO \,Vkg~ i
.COS4. f~-g rp -L.

Fct ~-J

ESS~ENft1/ F~cirLj7ES :

LQ4CjtTVvtJWA-. (E-W vIPeCrlnj - 'Fieft-mr A

LEVEL ki.,~ *ASLSS. ~, .co'sk b '.' S .0 I0 k.

Acur 1 7- .01 .(c*ogI5( 13. l.-
3 1 3 .. . U I .(O( *3eq- [?Z-"I

a9

*#-kSeS FF-oM ?LEVIOVS CALCUfTIONJS ON S erIL 2to
SCALEP DY #.-I AT TVE 2..", Y5' FLDoIZS Tr AczourJT

FoI. AWCcI PENFrA* TotafI J .

US Army Corps of Engineers

Example E-3 32 of 34 Steel Framnes

Figure E-3. Building with steel moment-resisting frames and steel braced frames-continued.
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Figure E-3. Building with steel moment-resisting frames and steel braced frames-.continued.
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Figure E-3. Building with steel moment-zesisting frames and steel braced frames--continued .
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DESIGN EXAMPLE: E-4 ' J

SEVEN-STORY DUCTILE CONCRETE FRAME BUILDING:

Purpose. This example is presented in order to illustrate the modal
analysis of a multistory building and the procedure for checking the
ductility of beams and columns in a reinforced concrete frame.

Description of Structure. Design example E-4 is based upon a building
with the same characteristics as the one that was used for design
example E-1 and for the examples given in paragraph 2-Sc of this
manual. The building is a 7-story, reinforced concrete moment-resist-
ing space frame building as shown on sheet 2. The computer program
TABS was used to model the structure for the seismic analyses. The
section properties for the model were based on gross concrete sections
and the properties for the spandrel beams around the perimeter were
increased by 50% to approximate the influence of the slab.

Modal Analysis, The transverse modal analysis of the structure is
shown in example E-1. The site response spectra for EQ-I and EQ-1I
were provided by the soils engineer. The spectrum for EQ-I was based
on 5% structural damping and a soil profile similar to type S2. The
EQ-I spectrum has a peak ground acceleration of 0.20g and a maximum
spectral acceleration of 0.50g. The seismic analyses included three
modes of vibration from which the SRSS responses were determined. )
Ductility Check. One beam and one column section were selected from
the sixth-floor level of frame B in order to illustrate the ductility
check procedure. The properties of these sections and appropriate
dead load, live load, and seismic analysis results are shown on
sheets S and 6. The beam ductility check is presented on sheets 6-8
and the column ductility check is on sheets 9-12.

US Army Corps of Engineers

Example E-4 1 of 12 Concrete Frame

Figure E-4. Seven-story ductile concrete frame building.
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'Figre ". Seven-story ductile concrete frame building-ontinued.
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F'gure E-. Seven-story ductile concrete frame buflding--continued.
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Example E-4 4 of 12 Concrete Frame

Figure E-4. Seven-story ductile concrete frame building-continued.
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I Example E-4 5 of 12 Concrete Frame

V
Figure E-4. Seven-story ductile concrete frame building-continued.
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Example E-4 6 of 12 Concrete;Frame

Figue E-4. Seven-stor-Y ductile concrete frame building-continued.
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Figure E-4. Seven-story ductile concrete frame building-continued.
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Figure.E-4. Seven-story ductile concrete frame building-continued.
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Figure E-4. Seven-story ductile concrete frame building-continued.
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Figure E-4. Seven-story ductile concrete frame building-continued.
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Figure E-4. Seven-story ductile concrete frame building-continued.
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APPENDIX F
DESIGN EXAMPLES-EQUIPMENT IN BUILDINGS

F-1. Purpose and scope.
The design examples in this appendix are to il-
lustrate principles, factors, and concepts de-
scribed in chapter 6 of this manual for the
anchorage or bracing of mechanical or electrical
equipment in buildings.

F-2. Design examples.
The following design examples are representa-
tive of typical mechanical or electrical equip-
ment supported on the roof or on a floor of any
building. The various examples illustrate the
procedures for the analysis and design of both
rigid and flexibly mounted equipment.

Fig. No.

4 F-1

F-2
F-3

F-4

Table F-1. Design Examples-Equipment in Buildings.

Example No. and Description
F-1 Cooling tower in building: presents analysis for a rigidly mounted cooling tower in

a multi-story building.
F-2 Unit heater-flexible brace: analysis of a unit heater not rigidly braced.
F-3 Unit heater-rigid support: demonstrates the reduction of the lateral seismic load

by rigidly bracing the unit heater of design example F-2.
F-A Tank on a building: demonstrates the seismic analysis of a storage tank on a build-

ing. Emphasis is placed on the period determination.
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Design Example F-1 1 of 2 Cooling Tower in Building-

'

Figure F-1. Cooling tower in buiding.
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Figure F-I. Cooling tower in building-continued.
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Figure F-2. Unit heater-flexible brace-continued.
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Figure F-Z Unit heater-flexible brace-continued.
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Figure F-4. Tank on a building.
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Figure F-4. Tank on a building--continued.
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Figure F-4. Tank on a building-continued.

F-13



TM 5-09-1 0-1/NAVFAC P-355.1/AFM 88-3, Chapter 13, Section A 27 February 1986

INoMOCIF

M. P

T&'

*1rI4 .4Q25 OcX 'o .lj(,(

0

1.0

0
.76(

.6

I.0

4t01v

.47

4.0

I. ij

1.15

6,0

* &04

1.1Pb

1.0
I,

9%1O O

T./.I-

TMr1 .- ,>~

o .65

1.o .

o 11

.1190 .1590

6.0 6.0

.1(0 .3,6

g.0

.190

1.0 ffp 60ap

10'

l

IR6POt'4A cr
I IUILVIH(q

AV.,xr ~HMMT

.1 .?, .,kj --i . 5 l.a

US Arny Corps of Engineers

Design Example F-4 5 of 6 Tank on a Building

Figure F-4. Tank on a building--continued
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GLOSSARY
TERMS FOR PROBABILISTIC SEISMIC RISK AND HAZARD

ANALYSIS
Acceptable Risk-a probability of social or economic consequences due to earthquakes that is low

enough (for example in comparison with other natural or manmade risks) to be judged by
appropriate authorities to represent a realistic basis for determining design requirements for
engineered structures, or for taking certain social or economic actions.

Active Fault-a fault that on the basis of historical, seismological, or geological evidence has a high
probability of producing an earthquake. (Alternate: a fault that may produce an earthquake
within a specified exposure time, given the assumptions adopted for a specific seismic-risk anal-
ysis.)

Attenuation Law-a description of the behavior of a characteristic of earthquake ground motion
as a function of the distance from the source of energy.

B-Value-a parameter indicating the relative frequency of occurrence of earthquakes of different
sizes. It is the slope of a straight line indicating absolute or relative frequency (plotted loga-
rithmically) versus earthquake magnitude or meizoseismal Modified Mercalli intensity. (The B-
value indicates the slope of the Gutenberg-Richter recurrence relationship.)

Coefficient of Variation-the ratio of standard deviation to the mean.
Damage-any economic loss or destruction caused by earthquakes.
Design Acceleration-a specification of the ground acceleration at a site, terms of a single value

such as the peak or rms; used for the earthquake-resistant design of a structure (or as a base
for deriving a design spectrum). See "Design Time History."

Design Earthquake-a specification of the seismic ground motion at a site; used for the earthquake-
resistant design of a structure.

Design Event, Design Seismic Event-a specification of one or more earthquake source parameters,
and of the location of energy release with respect to the site of interest; used for the earthquake-
resistant design of a structure.

Design Ground Motion-see "Design Earthquake."
Design Spectrum-a set of curves for design purposes that gives acceleration velocity, or displace-

ment (usually absolute acceleration, relative velocity, and relative displacement of the vibrating
mass) as a function of period of vibration and damping.

Design Time History-the variation with time of ground motion (e.g., ground acceleration or ve-
locity or displacement) at a site; used for the earthquake-resistant design of a structure. See
"Design Acceleration."

Duration-a qualitative or quantitative description of the length of time during which ground
motion at a site shows certain characteristics (perceptibility, violent shaking, etc.).

Earthquake-a sudden motion or vibration in the earth caused by the abrupt release of energy in
the earth's lithosphere. The wave motion may range from violent at osme locations to imper-
ceptible at others.

Elements at Risk-population, properties, economic activities, including public services etc., at risk
in a given area.

Exceedence Probability-the probability that a specified level of ground motion or specified social
or economic consequences of earthquakes, will be exceeded at a site or in a region during a
specified exposure time.

Expcted-mean, average.
Expected Ground Motion-the mean value of one or more characteristics of ground motion at a

site for a single earthquake. (Mean ground motion.)
Exposure-the potential economic loss to all or certain subset of structures as a result of one or

more earthquakes in an area. This term usually refers to the insured value of structures carried
by one or more insurers. See "Value at Risk."

Exposure Time-the time period of interest for seismic-risk calculations, seismic-hazard calcula-
tions, or design of structures. For structures, the exposure time is often chosen to be equal to

A the design lifetime of the structure.
Geologic Hazard-a geologic process (e.g., landsliding, liquefaction soils, active faulting) that

during an earthquake or other natural event may produce effects in structures.
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Intensity-a qualitative or quantitative measure of the severity of seismic ground motion at a specific
site (e.g., Modified Mercalli intensity, Rossi-Forel intensity, Housner Spectral intensity, Arias
intensity, peak acceleration, etc.).

Loss-any adverse economic or social consequence cause by one or more earthquakes.
Maximum-the largest value attained by a variable during a specified exposure time. See "Peak

Value."
Maximum Credible
Maximum Expectable
Maximum Expected
Maximum Probable-These terms are used to specify the largest value of a variable, for example,

the magnitude of an earthquake, that might reasonably be expected to occur. These are mis-
leading terms and their use is discouraged. (The U.S. Geological Survey and some individuals
and companies define the maximum credible earthquake as "the largest earthquake that can be
reasonably expected to occur." The Bureau of Reclamation, the First Interagency Working Group
(Sept. 1978) defined the maximum credible earthquake as "the earthquake that would cause
the most severe vibratory ground motion capable of being produced at the site under the current
known tectonic framework." It is an event that can be supported by all known geologic and
seismologic data. The maximum expectable or expected earthquake is defined by USGS as "the
largest earthquake that can be reasonably expected to occur." The maximum probable earth-
quake is sometimes defined as the worst historic earthquake. Alternatively, it is defined as the
100-year-return-period earthquake, or an earthquake that probabilistic determination of recur-
rence will take place during the life of the structure.)

Maximum Possible-the largest value possible for a variable. This follows from an explicit as-
sumption that larger values are not possible, or implicitly from assumptions that related vari-
ables or functions are limited in range. The maximum possible value may be expressed
deterministically or probabilistically.

Mean Recurrence Interval, Average Recurrence interval-the average time between earth-
quakes or faulting vents with specific characteristics (e.g., magnitude a 6) in a specified region
or in a specified fault zone.

Mean Return Period-the average time between occurrences of ground motion with specific char-
acteristics (e.g., peak horizontal acceleration n 0.1 g) at a site. (Equal to the inverse of the
annual probability of exceedance.)

Mean Square-expected value of the square of the random variable. (Mean square minus square
of the mean gives the variance of random variable.)

Peak Value-the largest value of a time-dependent variable during an earthquake.
Response Spectrum-a set of curves calculated from an earthquake accelerogram that gives values

of peak response of a damped linear oscillator, as a function of its period of vibration and
damping.

Root Mean Square (rms)-square root of the mean square value of a random variable.
Selsmic-Activity Rate-the mean number per unit time of earthquakes with specific characteristics

(e.g., magnitude a 6) originating on a selected fault or in a selected area.
Seismic-Design-Load Effects-the actions (axial forces, shears, or bending moments) and defor-

mations induced in a structural system due to a specified representation (time history, response
spectrum, or base shear) or seismic design ground motion.

Seismic-Design Loading-the prescribed representation (time history, response spectrum, or
equivalent static base shear) of seismic ground motion to be used for the design of a structure.

Seismic Event-the abrupt release of energy in the earth's lithosphere, causing an earthquake.
Seismic Hazard-any physical phenomenon (e.g., ground shaking, ground failure) associated with

an earthquake that may produce adverse effects on human activities.
Seismic Risk-the probability that social or economic consequences of earthquakes will equal or

exceed specified values at a site, at several sites, or in an area, during a specified exposure time.
Seismic-Risk Zone-an obsolete term. See "Seismic Zone."
Seismic-Source Zone-an obsolete term. See "Seismogenic Zone" and "Seismotectonic Zone."
Seismic Zone-a generally large area within which seismic-design requirements for structures are

constant.
Seismic Zoning, Seismic Zonation-the process of determining seismic hazard at many sites for

the purpose of delineating seismic zones.
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Seismic Mlcroxone-a generally small area within which seismic-design requirements for structures
are uniform. Seismic microzones may show relative ground motion amplification due to local
soil conditions without specifying the absolute levels of motion or seismic hazard.

Seismic Microzoning, Seismic Microzonaftion-the process of determining absolute or relative
seismic hazard at many sites, accounting for the effects of geologic and topographic amplification
of motion and of soil stability and liquefaction, for the purpose of delineating seismic microzones.
Alternatively, microzonation is a process for identifying detailed geological, seismological, hy-
drological, and geotechnical site characteristics in a specific region and incorporating them into
land-use planning and the design of safe structures in order to reduce damage to human life
and property resulting from earthquakes.

Seismogenic Zone, Seismogenic Province-a planar representation of a three-dimensional do-
main in the earth's lithosphere in which earthquakes are inferred to be of similar tectonic oi .. i.
A seismogenic zone may represent a fault in the earth's lithosphere. See "Seismotectonic Zone."

Selsmogenic Zoning-the process of delineating regions have nearly homogeneous tectonic and
geologic character, for the purpose of drawing seismogenic zones. The specific procedures used
depend on the assumptions and mathematical models used in the seismic-risk analysis or seismic-
hazard analysis.

Seismotectonic Zone, Selsmotectonic Providence-a seismogenic zone in which the tectonic pro-
cesses causing earthquakes have been identified. These zones are usually fault zones.

Source Variable-a variable that describes a physical characteristic (e.g., magnitude, stress drop,
seismic moment, displacement) of the source of energy release causing an earthquake.

Standard Deviation-the square root of the variance of a random variable.
Upper Bound-see "Maximum Possible."

- Value at Risk-the potential economic loss (whether insured or not) to all or certain subset of
structures as a result of one or more earthquakes in an area. See "Exposure."

Variance-the mean squared deviation of a random variable from its average value.
Vulnerability-the degree of loss to a given element at risk, or set of such elements, resulting from

an earthquake of a given magnitude or intensity, which is usually expressed on a scale from 0
(no damage) to 10 (total loss).
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