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FOREWORD

This updated manual with revised seismic design provisions governs the design and construction of Army,
Navy, and Air Force facilities and supersedes the April 1978 issue. Basic criteria are stated herein with aug-
mentations and clarifications of the criteria. Also, commentary and design examples are included to provide
comprehensive applications and guidelines for the seismic-resistant design of facilities. The organization of
the manual has been revised to present thetoplcsmamoreorderlymanner Thedynamxcana!yms approach
for seismic design is not covered but its use is not precluded in this manual.

The basic criteria cited are the “Recommended Lateral Force Requirements and Commentary’’ as published
by the Structural Engineers Association of California (SEAQC). The design concepts and applications for the
design of: (1) supports for electrical, mechanical and architectural elements and (2) structures other than build-
ings, have been revised. The applications of essential, high risk and other occupancy type structures are in-
cluded with the use of the importance factors vice high-loss potential and low-loss potential facilities in the
1978 issue.

The general direction for the revision of the manual was by a Department of Defense Tri-Services Seismic De-
sign Committee, i.e., representatives of the Office of the Chief of Engineers, Headquarters, US Army; Naval
Facilities Engineering Command, Headquarters, US Navy; and Directorate of Engineering and Services,

Headquarters, US Air Force. Detailed development of the manual was under the direction of the Office of the
Chief of Engineers, Washington, DC and the US Army Division Engineer, South Pacific, San Francisco,
California.

Coordination was maintained with the Naval Facilities Engineering Command at Headquarters, Washington,
DC, and Western Division, San Bruno, California; and US Air Force Civil Engineering Offices at Headquar-
ters, Washington, DC, and Western Regional Office, San Francisco, California.
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S$1 CONVERSION UNITS
~—

In view of the present accepted practice for building technology in this country, common U.S. units of
measurements have been used throughout this publication. In recognition of the position of the United States
as a signatory to the General Conference on Weights and Measures, which gave official status to the
International System of Units {SI) in 1960, the table below is presented to facilitate conversion to SI Units.
Readers interested in making further use of the coherent system of SI units are referred to: NBS SP 330, 1972
Edition, The International System of Units; and ASTM E380-76, Standard for Metric Practice. For conver-
sion of formulas used in reinforced concrete design, the reader is referred to ACI 318-77, Appendix D.

Tabdle of Conversion Factors to SI Units

To Convert From

inch (in)
inz

i'na

in‘

foot {ft)
pound-force (Ibf)
Ibf-ft
Ibf/ft
Ibf-in
Ibf/in
1bf/in3 (psi)

*Exact value; others are rounded to five digits.

To

meter (m)
m?2

newton (N)
N‘m

N/m

N-m

N/m
pascal (Pa)

Multiply By

2.54* X 10~2
6.4516* X 104
1.6387 X 103
41623 X 10~7
3.048* X 101
4.4482

1.3558

1.4594 X 10
1.1298 X 101
1.7513 X 102
6.8948 X 10°
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CHAPTER 1
GENERAL

1-1. Purpose and scope. a. Purpose. This man-
ual prescribes criteria and furnishes guidance for the
design of buildings, some structures other than
buildings, mechanical and electrical equipment sup-
ports, and utility systems in areas subject to
damaging earthquakes. These criteria apply to all
elements responsible for design of military con-
struction located in seismic regions. In overseas
- construction, where local materials of grades other
than those herein are used, the working stresses,
grades, and other requirements of. this manual will
be modified as applicable.

b. Scope. This manual is for guidance in the de-
sign of buildings and other structures that are gen-
erally regular in shape, size, and concept. Buildings
and other structures that are highly irregular will
require analysis that rely on greater application of
engineering judgment and experience in seismic de-
sign. Dynamic analysis requirements and altera-
tions or evaluations of existing structures are not
covered in this manual.

¢. Design Criteria. Preparation of seismic design
will be in accordance with the criteria and design
standards herein. Criteria and design standards
covered in the agency manuals for ordinary or non-
seismic design are applicable to seismic design ex-
cept where overriding criteria are contained herein.
The seismic design and detail requirements herein
are from the provisions of the ‘““Recommended Lat-
eral Force Requirements and Commentary,” 1975
edition, of the Structura! Engineers Association of
California, 171 Second Street, San Francisco, CA
94105, except as modified herein.

1-2. Organization of manual. The general pro-

- visions for seismic design are covered by chapters 2,
8, and 4. Chapter 2 provides an introduction to the
basic concepts of seismic design; chapter 3 contains
the seismic design provisions; and chapter 4 pro-
vides a guide to the implementation of the seismic
design provisions. Chapters § through 8 are con-
cerned with seismic design in relation to structural
materials, elements, and components. Chapters ¢
and 10 cover seismic provisions for nonstructural
components such as architectural, mechanical, and
electrical elements. Chapter 11 covers structures
other than buildings, and chapter 12 gives some
guidelines for designing for the effects of earth-
quakes on utility systems. The appendices provide
examples of design calculations.

1-3. Preparation of project documents.
a. Design Analysis. A design analysis conforming
to agency standards will be provided with final
plans. This design analysis will include seismic de-
sign computations for the stresses in the lateral
force resisting elements and their connections, and
for the resulting lateral deflections and interstory
drifts. (Note: In Zone 1, if wind loads control the de-
sign, a complete seismic analysis is not required;
however, the seismic detailing requirements will be
provided as specified.) The first portion of the De-

" sign Analysis, called the Basis of Design, will con-
tain the following specific information:

(1) A statement of the seismic zone for which
the structure will be designed.

(2) A description of the structural system se-
lected for resisting lateral forces and discussion of
the reasons for its selection. If setbacks are in-
volved, the application of setback design provisions
will be established.

(3) A statement regarding compliance with this
manual and the selected values of “K”’, “C”, “S”,
“1”,and “Z".

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

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

(1) Preliminary drawings will contain a state-
ment that seismic design will be incorporated. The
Basis of Design submitted with these drawings will
give full information concerning the seismic loads
that will be used, and the assumptions that will be
made in carrying out the seismic design.

(2) Construction drawings for seismic areas will
include the following additional special information:

(a) A statement of the Seismic Zone and the
4" vu' ucu' usn' “I", and uzn V&lues Win u added to
the tabulation of design loads.

{b) A list of the portions of the structure for
which design was controlled by wind load will be
placed immediately below the statements concern-
ing seismic design.

(c) Details of construction will be similar or
equal to the typical seismic details shown in the var-
ious sections of this manual.

iy (d) Assumptions made for future extensions
" or additions.
(3) Site adaptation of standard drawings will in-
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clude design revisions for the seismic area as re-

quired.

¢. Specifications. Project specifications will be
prepared in accordance with agency standards and
practices for ordinary construction except that ap-
plicable seismic guide specifications or supplements
will be used as appropriate.

d. Cost Estimates. The special provisions re-
quired for seismic design generally result in an in-
crease in construction costs of 1 percent to 6 per-
cent. The amount of this increased cost depends on
the overall concept and configuration of the building
system and the geographical location of the building
site. In some cases, a small amount of additional re-
inforcing bars, anchors, stiffener plates, or weld ma-
terial may be all that is required to provide for the

seismic design provisions. However, in other car
where the basic concept or configuration of S
building does not provide an efficient system of lat-
eral force resistancs, the additional costs to provide
seismic force resistance can be appreciable. In geo-
graphical locations where the local construction in-
dustry is not experienced with the special details of
seismic resistant construction, the differential costs
for seismic design will generally be greater than for
those areas, such as California, where seismic design
construction is in general use. For example, the
premium for selsmic construction will be higher for
reinforced masonry, ductile . reinforced concrete
frames, and ductile structural steel frames in areas
where these types of construction are not common.
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CHAPTER 2
INTRODUCTION TO SEISMIC DESIGN

2-1. Purpose and scope. This chapter provides
an introduction to the basic concepts of designing
buildings to resist inertia forces and related effects
caused by earthquakes. General guidance is given
for the selection and use of proper structural sys-
tems.

2-2. General. An earthquake causes vibratory
ground motions at the base of a structure and the
structure actively responds to these motions.
Seismic design involves two distinct steps: deter-
mining (or estimating) the forces that will act on the
structure and designing the structure to resist these
forces and to keep deflections within prescribed lim-
its. Other hazards, related to site location, are dis-
cussed in paragraph 2-7.

a. Determination of Forces. There are two general
approaches to determining seismic forces: an equiv-
alent static force procedure and a dynamic analysis
procedure. This manual illustrates the equivalent
static force procedure. Dynamic analysis procedures
are not within the scope of this manual, but some
discussion of structural dynamics is included in this
chapter in order to explain the rationale of the equiv-
alent static force procedure that is used in this
manual. ,

b. Design of the Structure. The development of an
adequate earthquakeresistant design for a struc-
ture includes the following: (1) selecting a workable
overall structural concept, (2) establishing member
sizes, (3) performing a structural analysis of the
members to verify that stress and displacement re-
quirements are satisfied, and (4) providing struc-
tural and nonstructural details so that the building
can perform as intended. The structural designer
must visualize the response of the structure to
earthquake ground motions and provide a design
that will accommodate the distortions and stresses
which will occur in the building. In certain cases,
some elements cannot accommodate these stresses
and distortions. Elements such as rigid stairs, rigid
partitions, and irregular wings can be isolated in or-
der to reduce the detrimental effects to the lateral
force-resisting system.

2-3. Ground motion. The response of a given
building depends on the characteristics of the
ground motion; therefore, it would be highly desir-
able to have a quantitative description of the ground

motion that might occur at the site of the building

during a major earthquake. Unfortunately, there is
no one description that fits all the ground motions
that might occur at any particular site. The charac-
teristics of the ground motion are dependent on the
magnitude of the earthquake (i.e., energy released),
distance from the source of the earthquake (depth as
well as horizontal distance), distance from the sur-
face faulting (this may or may not be the same as
the horizontal distance from the source), the nature
of the geological formations between the source of
the earthquake and the building, and the nature of
the soil in the vicinity of the building site (e.g., hard
rock or alluvium). Although the fully accurate pre-
diction of ground motion is not possible, the art of
ground motion prediction has progressed in recent
years such that design criteria have been estab-
lished in areas where historical earthquake records
and geological information are available.
2-4. Structural response. If the base of a
structure is suddenly moved, as in the case of seis-
mic ground motion, the upper part of the structure
will not respond instantaneously but will lag be-
cause of inertial resistance and the flexibility of the
structure. This concept is illustrated in figures 2-1,
2-2, and 2-3 by showing the motion in one plane.
The stresses and distortions in the building are the
same as if the base of the structure were to remain
stationary while time-varying horizontal forces are
applied to the upper part of the building. These
forces, called inertia forces, are equal to the product
of the mass of the structure times acceleration, or
F = ma (mass is equal to weight divided by the
acceleration of gravity). Because the ground motion
at a point on the earth’s surface is three dimensional
{one vertical and two horizontal components}, the
structures affected will deform in a three-dimen-
sional manner. Generally, however, the inertia
forces generated by the horizontal components of
ground motion required the greater consideration
for seismic design since adequate resistance to
vertical seismic loads is usually provided by the
member capacities required for gravity load design.
For ordinary structures within the scope of this
manual, the inertia forces are represented by
equivalent static forces. However, buildings can be
idealized by the use of simplified models that
represent the dynamic characteristics of the
-structure. For special structures the idealized
models are subjected to time-history, response-
spectrum, or other dynamic analyses, and the re-

2-1
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Figure 3-1. Schematia of Low~Rise Building Instantaneous
Distortion During Ground Motion
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sults are used to determine the forces in the
building. .

2-5. Behavilor of bulldings. Buildings are com-
posed of vertical and horizontal structural elements
which resist lateral forces. The vertical elements
that are used to transfer lateral forces to the ground
are: (1) shear walls, (2) braced frames, and (38)
moment-resisting frames. Horizontal elements that
are used to distribute lateral forces to vertical
elements are: (1) diaphragms and (2} horizontal
bracing. Horizontal forces produced by seismic
motion are directly proportional to the masses of
building elements and are considered to act at the
centroid of the mass of these elements. All of the
inertia forces originating from the masses on and of
the structure must be transmitted to the lateral
force-resisting elements, to the base of the structure
and into the ground. The path of these forces is
discussed in chapter 4, paragraph 4-4d.

a. Demands of Earthquake Motion. The loads or
forces which a structure sustains during an earth-
quake result directly from the distortions induced in
the structure by the motion of the ground on which
it rests. Base motion is characterized by displace-
ments, velocities, and accelerations which are
erratic in direction, magnitude, duration, and se-
quence. Earthquake loads are inertia forces related
to the mass, stiffness, and energy absorbing (e.g.,
damping and ductility) characteristics of the struc-
ture. During the life of a structure located in a
seismically active zone, it is generally expected that
the structure will be subjected to many small earth-
quakes, some moderate earthquakes, one or more
large earthquakes, and possibly a very severe earth-
quake. In general, it is uneconomical or impractical
to design buildings to resist the forces resulting
from the maximum credible earthquake within the
elastic range of stress. If the earthquake motion is
severe, most structures will experience yielding in
some of their elements. The energy-absorption ca-
pacity of the yielding structure will limit the
damage so that buildings that are properly designed
and detailed can survive earthquake forces which
are substantially greater than the design forces that
are associated with allowable stresses in the elastic
range. Seismic design concepts must consider
building proportions and details for their ductility
(capacity to yield) and reserve energy-absorption ca-
pacity for surviving the inelastic deformations that
would result from a maximum expected earthquake.
Special attention must be given to connections that
hold the lateral force-resisting elements together.

b. Response of Buildings. A building is analyzed
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for its response to ground motion by representing
the structural properties in an idealized mathemati-
cal mode! as an assembly of masses interconnected
by springs and dampers. The tributary weight to
each floor level is lumped into a single mass, and the
force-deformation characteristics of the lateral
force-resisting walls or frames between floor levels
are transformed into equivalent story stiffnesses.
Because of the complexity of the calculations for
methods of dynamic analysis, the use of a computer
program is generally necessary; these complex
methods of analysis are generally used for critical
structures. However, most buildings are designed
by the equivalent static force procedure prescribed
in this manual.

c. Response of Elements Attached to the Build-
ing. Elements attached to the floors of the building
(e.g., mechanical equipment, ornamentation, piping,
nonstructural partitions) respond to floor motion in
much the same manner that the building responds
to ground motion. However, the floor motion may
vary substantially from the ground motion. The
high frequency components of the ground motion
tend to be filtered out at the higher levels in the
building while the components of ground motion
that correspond to the natural periods of vibrations
of the building tend to be magnified. If the elements
are rigid and are rigidly attached to the structure,
the forces on the elements will be in the same pro-
portion to the mass as the forces on the structure.
But elements that are flexible and have periods of
vibration close to any of the predominant modes of
the building vibration will experience forces in a
proportion substantially greater than the forces on
the a;ructm'e. For further discussion, refer to chap-
ter 10.

2-6. Nature of selsmic codes. Codes and
criteria are established from the performance of
buildings in past earthquakes. A code represents the
consensus of a committee. Consensus means ele-
ments of compromise and generalized statements to
cover uncertainties and limitations. Codes must of
necessity be short and relatively simple; therefore,
they do not account for all aspects of the complex
phenomena of the response of actual structures to
actual earthquakes. Seismic design codes provide a
set of design static forces to represent the dynamic
response of a structure subject to a complex earth-
quake ground motion.

¥, a. Purpose. The basic purpose of a building code

"i's to provide for public safety. The seismic provi-
sions of this manual (chap 3) are based on the fourth
edition of “Recommended Lateral Force and Com-
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mentary’”’ of the Seismology Committee of the
Structural Engineers Association of California

(SEAOC). The introduction to the Commentary
that publication is reprinted below:* ~

“The SEAOC Recommendations are intended to provide criteria to fulfill life safety concepts.
It is emphasized that the recommended design levels are not directly comparable to recorded or
estimated peak ground accelerations from earthquakes. They are however, related to the effec-
tive peak accelerations to be expected in seismic events. More specifically with regard to earth-
quakes, structures designed in conformance with the provisions and principles set forth therein
should, in general, be able to:

1. Resist minor earthquakes without damage;

2. Resist moderate earthquakes without structural damage, but with some nonstructural
damage;

3. Resist major earthquakes, of the intensity of severity of the strongest experienced in
California, without collapse, but with some atructural as well as nonstructural damage.

In most structures it is expected that structural damage, even in a major earthquake, could be
limited to repairable damage. This, however, depends upon a number of factors, including the
type of construction selected for the structure.

“Conformancs to the Recommendations does not constitute any kind of guarantee that signifi-
cant structural damage would not occur in the event of a maximum intensity earthquake. While
damage in the basic materials now qualified may be negligible or significant, repairable or virtu-
ally irrepairable, it is reasonable to expect that a well-planned structure will not collapse in a ma-

- jor earthquake. The protection of life is reasonably provided, but not with complete assurance.

“It is to be understood that damage due to earth slides such as those that occurred in Anchor-
age, Alaska, or due to earth consolidation such as occurred in Niigata, Japan, would not be pre-
vented by conformance with thess Recommendations. The SEAOC Recommendations have been .
prepared to provide minimum required resistance to typical earthquake ground shaking, without
settlement, slides, subsidence, or faulting in the immediate vicinity of the structure.

“Where prescribed wind loading governs the stress or drift design, the resisting system must
still conform to the ductility, design and special requirements for seismic systems. This is re-
quired in order to resist in a ductile manner potential seismic loadings in excess of the prescribed
load'-" '\/’
<
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b. Equivalent Static Force. The assumed equiva-
lent total lateral force, equal to the base shear, is
determined by the formula V = ZIKCSW (see chap
3 and 4 for seismic provisions). This approach at-
tempts to recognize the available recorded expe-
rience and to some degree the qualitative dynamic
analysis of simplified structures.

(1) The seismicity factor Z relates to severity of
the ground motion at the site of the structure.

(2) The factor I represents the importance of
the structure and is used to categorize the risk
of damage to types of facilities.

(3) The factor K relates to the ductility and en-
ergy absorption qualities of certain types of struc-
tural framing systems, which historically have
shown characteristic degrees of earthquake resist-
ance.
(4) The product CS may be considered to be pro-
portional to a response spectrum; however, it is
applicable to base shear coefficients rather than
spectral accelerations. The factor C accounts for the
structural response as a function of the natural pe-

*From the publication “Recommended Lateral Force Require-
ments and Commentary” by the the Seismology Committee,

Structural Engineers Association of Californis. Copyright
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riod and stiffness of structures. The coefficient S
accounts for the variability of site conditions. Al-
though CS is a function of the fundamental period of
vibration, it is intended to represent the combined
effects of all vibrational modes of the building.

(5) W is the weight of the structure.

(6) The total force V is distributed vertically
along the height ‘of a structure according to formu-
las that approximate the fundamental mode of
vibration, with adjustments to approximate the ef-
fects of other participating modes of vibration.

¢. Design Provisions. The seismic design provi-
sions furnish a method for establishing the forces,
describe acceptable basic systems, set limits on de-
formation, and specify the allowable stresses and/or
strengths of the materials. The seismic design provi-
sions are minimum requirements, and emphasis
must be placed on structural concepts and detailing
techniques as well as on stress calculations. The
provisions are not all-inclusive ones: they work best
for regular, symmetrical buildings. For unusual or

lgrge buildings, alternatives to the static provisiop=

1978, Structural Engineers Association of California a
reproduced with permisaion.
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that rely on dynamic analyses and/or greater appli-
cation of engineering judgment and experience in
seismic design are required.

2-7. Location of site. Site planning must con-
sider geological, foundation, and tsunami (sea-
wave) hazards as well as seismicity. Structures shall
not be sited over active geologic faults, in areas of
instability subject to landslides, where soil liquefac-
tion is likely to occur, or in areas subject to tsunami
damage.

a. Seismic Zones. The probability of the severity,
frequency, and potential damage from ground
shaking varies in different geographic regions. Re-
gions with similar hazard factors are identified as
seismic zones. The seismic zones prescribed by this
manual are given in chapter 3, Design Criteria.

b. Fault Zones. Damage which is directly or indi-
rectly caused by ground distortions or ruptures
along a fault cannot be eliminated by design and
construction practices; therefore, site planning must
avoid these particularly hazardous locations.

¢. Other Hazards. There are other hazards asso-
ciated with earthquakes that should be considered.
These include subsidence and settlement due to con-
solidation or compaction, landslides, and lique-
faction. Liquefaction is a common occurrence in
relatively loose cohesionless sands and silts with a
high water table. The earthquake motions can
transform the soil into a liquefied state as a conse-
quence of the increase in pore pressure. This can
result in a loss of strength in bearing capacity of the
soil supporting e building, causing considerable
settling and tilting. Also, this loss of strength can
occur in the subsurface layer, causing lateral
movement of surficial soil masses of several feet, ac-
companied by ground cracks and differential
vertical displacements. These movements have sev-
ered pipelines and damaged bridges and buildings.
There are several ways to stabilize the ground such
as providing drainage wells, pressure grouting, or
removing the liquefiable zone, but often the
susceptible area is too extensive for an economical
solution. The exposure to these hazards varies with
the geography, geology, and soil conditions of the
gite, and the type of structure to be constructed. The
professional judgment of geologists, soils engineers,
and structural engineers shall be used to establish
reasonable standards of safety.

d. Tsunami Protection. Each region along the Pa-
cific Coast must be separately and carefully in-
vestigated for its tsunami-generation characteris-
tics. Particular coastlines, inlets, and bays of the
Pacific Ocean boundary are resonators of tsunami
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waves and may amplify the effects to large
proportions. Assuming that tsunami warning serv-
ices can ensure the safety of human life, there is as
yet no hard-and-fast rule for establishing safety and
economic standards. Where feasible, power plants,
oil storage tanks, and other strategic facilities
should be located on high ground, out of reach of
high water. The methodology for predicting wave
run-up is published in U.S. Army Engineers Water-
way Experimental Station Technical Reports
H-74-8, H-75-17, and H-77-16.

2-8. Selection of the structural system. It is
of the utmost importance to make sure that the de-
sign efforts get off to a good start. Thus, it is
essential that careful professional scrutiny be given
to the design at its inception as well as at all signifi-
cant stages of design development. The proper
approach to be applied in the selection of a struc-
tural system that will achieve a reliable earthquake-
resistant building must be based on performance
criteria, alternative solutions, and corresponding
costs.

a. Objective. The objective is to produce the
structural system that is the most economical
without compromising function, quality, or reliabil-
ity. Final selection of materials and systems will be
made with due consideration given to the cost of
construction, architectural requirements, fire and
other safety hazards, and maintenance and operat-
ing costs over the life of the facility. It is essential -
that the most efficient systems, methods, and mate- -
rials be employed.

b. Economic Aspects. Usually, the major struc-
tural-architectural components of a building that
have the greatest effect on the cost of construction
are exterior walls, partitions, floor and roof decks,
and the structura! framing system. In some in-
stances, the type of foundation may be a major
factor in & cost study. Skillful planning, simple
detailing, and arrangement of spaces to be compati-
ble with repetitive modular construction all con-
tribute greatly to reducing total building costs. On
the other hand, the use of exotic or unconventional
methods of construction may increase the costs and
reduce the reliability of earthquake-resistance per-
formance.

¢. Planning Concepts. Participation of all disci-
plines of the design team in the conceptual planning
and selection of basic construction materials will en-
sure the optimal design at lowest construction cost
and minimize the total design effort. Procedures in

“the approach to develop a concept will vary depend-
ing upon the type of facility end the individuals on
the design team.
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2-9. Technlques of seismic design. For grav-
ity loads, it has been .a long-standing practice to
design for strength and deflections within the elas-
tic limits of the members. However, to control
design within elastic behavior for the maximum ex-
pected horizontal seismic forces is impractical in
high-seismicity areas (refer to para 2-5a). Hence, de-
signers must resort to other techniques to achieve
acceptable building performance (refer to chap 4,
Design Procedures). A number of features contribut-
ing to seismic resistance are discussed below.

a Layout. A great deal of a building’s resistance
to lateral forces is determined by its plan layout.
The objective in this regard is symmetry about both
axes, not only of the building itself but of the ar-
rangement of wall openings, columns, shear walls,
etc. It is most desirable to consider the effect of
lateral forces on the structural system from the
start of the layout since this may save considerable
time and money without detracting significantly
from the usefulness or appearance of the building.

b. Structural Symmetry. Experience has shown
that buildings which are unsymmetrical in plan
have greater susceptibility to earthquake damage
than symmetrical structures. The effect of asym-
metry will induce torsional oscillations of the
structure and stress concentrations at re-entrant
corners. Asymmetry in plan can be eliminated or
improved by separating L-, T-, and U-shaped build-
ings into distinct units by use of seismic joints at
junctions of the individual wings. Asymmetry
caused by the eccentric location of lateral force-
resisting structural elements, e.g., a building that
has a flexible front because of large openings and an
essentially stiff (solid) rear wall, can usually be
avoided by better conceptual planning, e.g., by mod-
ifying the stiffness of the rear wall, or adding rigid
structural partitions to make the center of rigidity
of the lateral force-resisting elements close to the
center of mass.

¢. Irregular Buildings. Geometric configuration,
type of structural members, details of connections,
and materials of construction all have a profound
effect on the structural-dynamic response of a
building. When a building has irregular features,
such as asymmetry in plan or vertical discontinuity,
the assumptions used in developing seismic criteria
for buildings with regular features may not apply.
Therefore, it is best to avoid creating buildings with
irregular features. For example, planners often omit
partitions and exterior walls in the first story of a
building to permit an open ground floor. This leaves

the columns at the ground level as the only elements
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available to resist lateral forces, thus causing
abrupt change in rigidities at that level. This cor.
tion is undesirable. It is advisable to carry all shear
walls down to the foundation. When irregular
features are unavoidable, special design considera-
tions are required to account for the unusual dy-
namic characteristics {chap 4, para 4-4a(4)) and the
load transfer and stress concentrations that occur at
abrupt changes in structural resistance.

d. Lateral Force-Resisting Systems. There are
several approved systems for the resistance of lat-
eral forces {chap 3, table 3-3 and para 3-6; and chap
4, para 4-3c). All of the systems rely basically on a
complete, three-dimensional space frame; a coordi-
nated system of shear walls or braced frames with
horizontal diaphragms; or a combination of the two
systems.

(1) In buildings where a space frame resists the
earthquake forces, the columns and beams act in
bending (fig 2-4a). During a large earthquake, story-
to-story deflection (story drift) may be a measure of .
inches without causing failure of columns or beams.
However, the drift may be sufficient to damage
elements that are rigidly tied to the structural sys-
tem such aa brittle partitions, stairways, plumbing,
exterior walls, and other elements that extend be-
tween floors (para 2-9i). Therefore, buildings -
have substantial interior and exterior nonstruc
damage, possibly approaching 50 percent of the
total building value, and still be considered as struc-
turally safe. While there are excellent theoretical
and economic reasons for resisting seismic forces by
frame action, for particular buildings this system
may be a poor economic risk unless special damage
control measures are taken (para 2-9k).

{2) A shear wall (or braced frame) building is
normally rigid compared with a framed structure.
With low design stress limits in shear walls, deflec-
tion due to shear forces (for low buildings) is
negligible. Shear wall construction is an excellent
method of bracing buildings to limit damage, and
this type of construction is normally economically
feasible up to about eight stories. Shear walls are
usually of reinforced unit masonry, reinforced con-
crete (fig 2-4b), or steel X-bracing (fig 2-4¢) but may
be of wood in wood-frame buildings up to and in-
cluding three stories. The shear wall concept for
earthquake-resistant design of low buildings is quite
valid. Its effectiveness depends primarily on the

Connections between the structural elements. Nota-
;;\;le exceptions to the excellent performance of shear
> walls occur when the height-to-width ratio becor

great enough to make overturning a problem ./
when there are excessive openings in the shear
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Figure 2-4. Basic lateral force-resisting systems
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walls. Also, if the soil beneath its footings are rela-
tively soft, the entire shear wall may rotate, causing
localized damage around the wall.

(3) Either of the above structural systems may
be used in combination with a wide variety of floor,
roof, wall, and partition components. When frames
and shear walls are combined, the system is called a
dual bracing system. The type of structural system
used, with specified details concerning the ductility
and energy-absorbing capacity of its components,
will establish the minimum K-value to be used for
calculating the total base shear and to distribute the
lateral seismic forces. The decision as to the type of
structural system to be used shall be based on the
merits and relative costs for the individual building
being designed.

(4) The design engineer must be aware that a

building does not merely consist of a summation of

parts such as walls, columns, trusses, and similar
components but is a completely integrated system
or unit which has its own properties with respect to
lateral force response. The designer must follow the
forces through the structure into the ground and
make sure that every connection along the path of
stress is adequate to maintain the integrity of the
system. It is necessary to visualize the response of
the complete structure and to keep in mind that the
real forces involved: are not static but dynamic; are
usually erratically cyclic and repetitive; and can
cause deformations well beyond those determined
from the elastic design. Seismic forces are assumed
to come from any horizontal direction and must be
combined with gravity loads.

e. Diaphragms. Floor and roof systems are gener-
ally used as diaphragmas. It is customary to design
the floor and roof (e.g., concrete slab, wood
sheathing, metal decking) as the web of a horizontal
beam and to provide for the flange stresses of the
beam with structural elements concentrated at the
edge of the floor system {e.g., edge beams or special
reinforcement in concrete slabs, continuous beams
in wood and metal deck sytems). Too frequently, it
is forgotten that these flanges must be made contin-
uous or be adequately spliced. Horizontal truss
systems may also be used as diaphragms (refer to
chap 5, Diaphragms).

f. Shear Walls. The shear wall is designed as a
vertical beam. To resist tensile stress due to bend-
ing moments, structural elements are concentrated
at the vertical edges of walls in a manner similar to
that described above for diaphragms. These bound-
ary elements must be anchored into a foundation
which is capable of transferring the forces into the
ground (refer to chap 6, Walls).
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& Connections. Past performance of buildings

earthquakes has shown that connections betwe._

floor and roof diaphragms and the shear walls are
vulnerable to failure because of high stress concen-
trations. In order to develop the reserve capacity of
the structural elements, the design forces for
connections between lateral forceresisting elements
are required to be greater than the design forces for
the elements themselves (e.g., chap 3, para 3-3(J)1g,
3a, b, and d; and chap 4, para 4-6).

k. Ductility. Ductility is the capacity of building
materials, systems, or structures to absorb energy
by deforming in the inelastic range. The capability
of a structure to absorb energy, with acceptable de-
formations and without failure, is a very desirable
characteristic in any earthquake-resistant design.
Structural steel (and wood to some degree) is consid-
ered to be a ductile material. Brittle materials such
as concrete and unit-masonry must be properly rein-
forced with steel to provide the ductility character-
istics necessary to resist seismic forces {chap 3, para
3-3(J)2b). In concrete columns, for example, the
combined effect of flexure (due to frame action) and
compression (due to the action of the overturning
moment of the structure as a whole) produces a
common mode of failure: buckling of the vertical
steel and spalling of the concrete cover near the flc

levels. Columns with proper spiral reinforcing ./

hoops have a greater reserve strength and ductility
(refer to chap 7, Space Frames).

i. Nonstructural Participation. For both analysis
and detailing, the effects of nonstructural parti-
tions, filler walls, and stairs (refer to chap 4, para
4-7d) must be considered. The nonstructural ele-
ments that are rigidly tied to the structural system
can have a substantial influence on the magnitude
and distribution of earthquake forces, causing a
shearwall-like response with considerably higher lat-
eral forces and overturning moments. Any element
that is not strong enough to resist the forces that it
attracts will be damaged; therefore, it should be

.isolated from the lateral force-resisting system.

J. Foundations. The differential movement of
foundations due to seismic motions is an important
cause of structural damage, especially in heavy,
rigid structures that cannot accommodate these
movements. Adequate design must minimize the
possibility of relative displacement, both horizontal
and vertical, between the various parts of the foun-
dation and between the foundation and superstruc-

.ture (refer to chap 3, para 3-3(J)3c; and chap 4, po~~
N4

4-~8, for seismic requirements).
k. Damage Control Features. The design of a



structure in accordance with the seismic provisions
of this manual will not fully ensure against earth-
quake damage because the horizontal deformations
from design loads are lower than those that can be

during a major earthquake. However,
without increasing construction costs, a number of
things can be done to limit earthquake damage
which would be expensive to repair. In considering a
building’s response to earthquake motions, it is im-
portant to keep in mind the structural system and
the geometry of the building. During & major earth-
quake it should be assumed that deflections {story
drift) may be 8/K times that resulting from the de-
sign lateral forces (refer to chap 8, para 3-3(J)1d). A
list of features to minimize damage follows:

(1) Provide details which allow structural move-
ment without damage to nonstructural elements.
Damage to such items as piping, glass, plaster, ve-
neer, and partitions may constitute a major finan-
cial loss. To minimize this type of damage, special
care in detailing, either to isolate these elements or
to accommodate the movement, is required.

(2) Breakage of glass windows can be mini-
mized by providing adequate clearance and flexible
mountings at edges to allow for frame distortions.

(8) Damage to rigid nonstructural partitions
can be largely eliminated by providing a detail at
the top and sides which will permit relative move-
ment between the partitions and the adjacent
structural elements.

(4) In piping installations, the expansion loops
and flexible joints used to accommodate tempera-
ture movement are often adaptable to handling the
relative seismic deflections between adjacent equip-
ment items attached to floors.

(5) Fasten free-standing shelving to walls to
prevent toppling.

(6) Concrete stairways often suffer seismic
damage due to their inhibition of drift between con-
nected floors. This can be avoided by providing a
slip joint at the lower end of each stairway to elimi-
nate the bracing effect of the stairway or by tying
stairways to stairway shear walls.

L Redundancy. Redundancy is a highly desirable
characteristic for earthquake-resistant design.
When the primary element or system yields or fails,
the lateral force can be redistributed to a secondary
system to prevent progressive failure.

2-10. Alternatives to the prescribed provi-
slons. Alternatives to some of the seismic
provisions are permitted if they can be properly sub-
stantiated. In some cases, alternative solutions are

mandatory (e.g., irregular buildings and setback
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buildings); in other cases, they are optional (e.g., to
provide a more efficient design or to analyze the
building for the effects of a predicted earthquake
ground motion). The alternatives are generally clas-
sified as dynamic methods and are not covered in
this manual. Using dynamic loading and a computer
analysis, one can more accurately predict how a pro-
posed building will act and deform under ground
motions from a specific earthquake. It will be found
that this response may sometimes cause deflections,
joint rotations, and stresses quite different from
those determined from the prescribed static load-
ings. Before proceeding with the equivalent static
force procedure, the designer should make sure that
there are no special conditions that would warrant
or require the use of more rigorous methods.

a. Elastic Analysis. For most buildings requiring
an alternative design method, an elastic dynamic
analysis procedure is sufficient to determine load
distribution and member forces for design earth-
quake motion. A response spectrum analysis with
the modes combined by the square-root-of-the-sum-
of-the-squares (SRSS) method or by some other ap-
proved method is generally sufficient for an elastic
analysis. A time-history analysis may be used if nec-
essary.

b. Inelastic Analysis. For major buildings, which
require added assurance so that the building can
withstand a major earthquake without collapse or
within a limited range of damage, an inelastic dy-
namic analysis may be used. This usually is a time-
history analysis; however, other approximate proce-
dures that can estimate inelastic effects may be
used.

2-11. Future expansion. When future expan-
sion of a building is contemplated, it is generally
better to plan for horizontal expansions rather than
for vertical growth because there will be greater
freedom in planning the future increment, there will
be less interruption of existing operations when ad-
ditions are made, and the first increment will not
have to bear a large share of cost of the second incre-
ment. For future vertical expansion, the foundation,
floor/roof system, and the structural frame must be
proportioned for both the initial and future design
loadings, including the seismic forces. For future
horizontal expansion, either a complete structural
separation between the two phases must be pro-
vided, or the first increment must be designed for its
share of the loads under both conditions: the first
‘ihcrement and the expansion. Many bmldmgs that
have been designed for future expansion under past
seismic criteria do not satisfy the present criteria;
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therefore, these buildings must be upgraded and will
incur high seismic strengthening costs.

2-12. Major checkpolnts. The process of achiev-
ing an adequate building must start with conceptual
planning and be carried through all phases of the de-
sign and construction program. The major check
points include: perform site investigations; coordi-
nate the work of the architect and engineers
(structural, mechanical, and electrical) to establish

2-10

the plan, the system, and the materials of const
tion; establish design criteria for the speck,
facility; identify and locate primary structural ele-
ments; determine and distribute lateral seismic
forces; prepare design calculations; detail connec-
tions; detail nonstructural parts for damage control;
make clear, completa contract drawings; check shop
drawings; perform quality control inspection; and
maintain surveillance over any changed conditions
during the entire construction period.
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CHAPTER 3
DESIGN CRITERIA

3-1. Purpose and scope. This chapter pre-
scribes the criteria for the seismic design of build-
ings and other structures.

3-2. Goneral. The seismic design of buildings
and other structures will be in accordance with the
criteria and design standards herein. The structural
system or type of construction will admit to a ra-
tional analysis in accordance with established
principles of mechanics. Structures will be designed
for dead, live, snow, wind, and seismic forces. The
dead, live, snow, and wind loads will be as given in
applicable agency manuals. Every building or struc-
ture and every portion thereof will be designed and
constructed to resist stresses produced by lateral
seismic forces in combination with dead and live

loads as provided in this chapter. Materials and de-

tails will conform to the seismic provisions,
applicable guide specifications, and criteria herein.
The provisions of this chapter apply tc the structure
a3 a unit and also to ell parts thereof, including the
structural frame or walls, floor and roof systems, an-
chorages and supports for architectural elements
and mechanical and electrical equipment, and other
elements.

3-3. Seismic design provisions. The seismic
provisions of this manual are based on the
“Recommended Lateral Force Requirements and
Commentary’’ of the Seismology Committee of the
Structural Engineers Association of California,

Fourth Edition, 1976! (hereafter referred to as the
SEAOC Recommendations). The SEAOC publica-
tion, which includes the Recommendations, the
Commentary, and Appendices, may be used as a ref-
erence for this manual. (Note: The SEAOC
Commentary discusses and explains the provisions
of the SEAOC Recommendations Lateral Force Re-
quirements. In some respects, the Commentary is as
important as the Recommendations. The Commen-
tary, in general, gives the intent of the seismic
provisions; however, it becomes an extension of the
SEAOC Recommendations when supplementing the
seismic provisions with clarifying interpretations.)
The following is a reprinted version of Section 1 of
the SEAOC Recommendations that has been modi-
fied to satisfy the requirements of this manual (see
chap 6 and 7 for references to SEAOC Sections 2, 3,
end 4). The modifications consist primarily of (1)
additions and interpretations which extend the pro-
visions to more fully cover areas of lower seismicity,
outside of California, (2} special provisions devel-
oped by the Tri-Services Committee; and (3) 1978
SEAOC Seismology Committee revisions. Modified
portions are noted in itakics. The SEAOC paragraph
identification system has been maintained such that
SEAOC Section 1(J)2d is equivalent to paragraph
8-3(J)2d in this manual.

lpublished by the Structural Engineers Association of
California, 171 Second Street, San Francisco, California 84105,

SEAOC, SECTION 1*

GENERAL REQUIREMENTS
FOR THE DESIGN AND CONSTRUCTION OF
EARTHQUAKE RESISTIVE STRUCTURES
(Modifications are iIn Italics)

(A) General.

1. The proper application of these lateral force requirements, both in de-
sign and construction, are intended to provide minimum standards toward
making buildings and other structures earthquake resistive. The provisions of
this Section apply to the structure as a unit and also to all parts thereof, in-

N

L2

*From the publication “Recommended Lateral Force Requirements and Commentary™ by the Seismology Committee, Structural Engi-
neers Association of California. Copyright 1976, Structural Engineers Association of California, and reproduced with permission.
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cluding the structural frame or walls, floor and roof systems, and other ele-
ments.

2. Every structure shall be designed and constructed to resist stresses
produced by lateral forces as provided in this Section. Stresses shall be calcu-
lated as the effect of a force applied horizontally at each floor or roof level
above the base. The force shall be assumed to come from any horizontal direc-
tion.

3. Where prescribed wind loads produce higher stresses, such loads shall
be used in lieu of the loads resulting from earthquake forces.

4. The effects of vertical accelerations must be considered for structures in
Seismic Zones 3 and 4 (chap 4, para 4-4c(2)).

8. Dead, live, snow, and wind loads will be in accordance with applicable
- agency manuals. Earthquake loads will be considered in combination with
dead loads and live loads as specified in paragraph 3-3{J)2¢c. Allowable
working stresses specified in agency manuals for ordinary or non-seismic con-
struction will be increased one-third for earthquake loading, provided the re-
quired section or area computed on this basis is not less than that required for
vertical loading, without the one-third increase. Working stresses for rein-
forced masonry construction will be as given in chapter 8 Reinforced Ma-
sonry. The one-third increase in stresses does not apply when strength design
or plastic design methods are used.

(8) Definitions.

BASE is the level at which the earthquake motions are considered to be
imparted to the structure or the level at which the structure as a dynamic vi-

brator is supported. '
o BOX SYSTEM is a structural system without a complete vertical load
oot s carrying space frame. In this sytem, the required lateral forces are resisted by
shear walls or braced frames as hereinafter defined. Refer to chapter 4, para-
graph 4-3c(4).

BRACED FRAME is a truss system or its equivalent which is provided to
resist lateral forces and in which the members are subjected primarily to axial
stresses. Refer to chapter 6.

DUCTILE MOMENT RESISTING SPACE FRAME is a moment resist-
ing space frame that complies with special requirements given in chapter 7. To
comply with the SEAOC Recommendations, only Type A concrete and steel
frames could be classified as ductile moment resisting space frames; however,
in this manual the definition is extended to include concrete frame Type B for
buildings in Seismic Zone 1.

ESSENTIAL FACILITIES are those structures which must be func-
tional for emergency post earthquake operations.

LATERAL FORCE RESISTING SYSTEM is that part of the structural
system assigned to resist the lateral forces prescribed in paragraph 3-3(D).

MOMENT RESISTING SPACE FRAME is a vertical load carrying
space frame in which the members and joints are capable of resisting forces
primarily by flexure. Classifications are given in chapter 7.

SHEAR WALL is a wall designed to resist lateral forces parallel to the
plane of the wall. Classifications are givén'in chapter 6.

SPACE FRAME is a three-dimensional structural system, without bear-
ing walls, composed of interconnected members laterally supported so as to

3-2
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N | function as a complete self-contained unit with or without the aid of horizontal

diaphragms or floor bracing systems.
VERTICAL LOAD CARRYING SPACE FRAME is a space frame de-
signed to carry all vertical loads. Refer to chapter 4, paragraph 4-3c(4).

(C) Symbols and Notations.

The following symbols and notations apply to the provisions of this Sec-
tion:
C = Numerical coefficient as specified in paragrapk 8-3(D)
Cp = Numerical coefficient as specified in paragraph 3-3(G) and as set
forth in table 3-4.
D = The dimension of the building in feet, in a direction paralle! to the
applied forces.
éi = Deflection at level i relative to the base, due to applied lateral
forces, X f; forusein Formula (3-3).*
Fi, Fp, Fx = Lateral force applied to level i, n, or x, respectively.
Fp = Lateral forces on a part of the structure and in the
direction under consideration.
F¢ = That portion of V considered concentrated at the top of the
structure in addition to Fy.
fi = Distributed portion of a total lateral force at level i for use
in formula (3-3).*
g = Acceleration due to gravity.
bi, by, hy = Height in feet above the base to level i, n, or x,
respectively.
I = Occupancy importance coefficient.
o K = Numerical coefficient as set forth in Table 3-3.
Leveli = Level of the structure referred to by the subscripti. i =1
T designates the first level above the base. '
TS Leveln = That level which is uppermost in the main portion of the
structure.
Levelx = That level which is under design consideration. x =1
designates the first level above the base.
N = The total number of stories above the base to level n.
S = Numerical coefficient for site-structure resonance.
T = Fundamental elastic period of vibration of the structure in
seconds in the direction under consideration.
Ts = Characteristic site period.
V = The total lateral force or shear at the base.
W = The total dead load and applicable poruons of other loads.
wi, Wy = That portion of W which is located at or is assigned to level
i or x respectively.

Wpx = The weight of the diaphragm and the elements tributary
thereto at level x, including 25 percent of the floor live load
in storage and warehouse occupancies.®

Wp = The weight of a portion of a structure.
Z = Numerical coefficient related to the seismicity of a region.

(D) Minimum Earthquake Forces for Structures.

‘Except as provided in paragraphs 3-3{6) and 8-5(I), every structure shall
be designed and constructed to resist minirhum total lateral seismic forces as-

*1978 SEAOC Revisions.
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sumed to act nonconcurrently in the direction of each of the main axes (chap
4-4c(1)) of the structure in accordance with the formula

V=ZIKCSW. {3-1)
Houwever, the product of ZIKCS will not be less than 0.015,

1. The value of Z is dependent upon the seismic zone as specified by fig-
ures 3-1, 3-2, 3-3, and 3-4 in paragraph 3-4 and is determined from table 3-1
below.

Table 3-1. Z-Coefficient

Seismic Zone 0 1 2 3 4
Z-coefficient 0 3/18 3/8 3/4 1

2. The value of the coefficient 1 is dependent on the type occugancy. such
as discussed in paragraph 3-5, and is determined from table 3-2 below:

Table 3-2 I-Coefficient
Type of Occupancy I
Essential Facilities 1.50
High Risk Facilities 1.28
Al Others 1.00

3. The value of K shall be not less than that set forth in table 3-3.

4. The values of C and S are as indicated hereafter except that the product
of CS need not exceed 0.14.

5. W is the total dead load and applicable portions of other loads including
all permanent structural and nonstructural components of a building such as
walls, floors, roofs, and fixed service equipment.

a. Where partition locations are subject to change, in addition to all
other loads, a uniformly distributed dead load of 20 pounds per square foot of
floor will be applicable.

b. In storage and warehouse occupancies, a minimum of 25 percent of
the floor live load will be applicable.

¢. Where the design uniform snow load is 20 psf or less, no part need be
included in the value of “‘W". Where the snow load is greater than 20 psf, an ef-
fective weight of 70 percent of the full snow load will be included; however,
where the snow load duration warrants, the effective weight of the snow load
may be reduced to 20 percent of the full snow load.

- 8. The value of C shall be determined in accordance with the formula

C= 151—” (3-2)'
The value of C need not exceed 0.12,

7. The period T shall be established using the structural properties and
deformational characteristics of resisting elements in a properly substantiated
analysis such as the formula

T=2n /C gw;df) + (, i}::! f,d) - {3-3)*

where the values of f; represent any latgf!all force distributed approximately in

*1978 SEAOC Revisions.
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accordance with the principles of formulas 8-6), {3-6), and (3-7) or any other ra-
tional distribution. The elastic deflections, d;, shall be calculated using the ap-
plied lateral forces, f;.* (Refer to chap 4, para 4-3d.)

In the absence of a period determination as indicated above, the value of T for
buildings may be determined by the formula

0.05

T= S 3-34)

or, for buildings in which the lateral force resisting system consists of moment

resisting space frames capable of resisting 100 percent of the required lateral

forces and such system is not enclosed by or adjoined by more rigid elements

tending to prevent the frame from resisting lateral forces, T may be deter-
mined by the formula

T=0.10N $-3B)

8. The value of 8§ shall be determined by the following formulas but shall
not be less than 1.0:

For2=100rless.s=10+z-—05 T 3-4)
P T, Ts _
ForL greaterthan1.0,S =12+ 0.6% — 0.3 -7-' 2 (3-44)
Tl Tg Tg .

T in Formulas (3-4) and (3-4A) shall be established by a properly substan-
tiated analysis but T shall not be taken as less than 0.8 seconds -
The range of values of Ty may be established from properly substantiated geo-
technical data, except that T, shall pot be'taken as less than 0.5 seconds nor
more than 2.6 seconds. T, shall be that value within therangeofaitepmods
as determined above, that is nearest to T.
When T, is not properly established, the value of S shall be 1.5.
EXCEPTION: Where T has been established by a properly substantiated
analysis and exceeds 2.5 seconds, the value of S may be determined by as-
suming a value of 2.5 seconds for T,.

(E) Distribution of Lateral Forces.

1. Regular Structures or Framing Systems. The total lateral force V shall be
cf:liatﬁbut.ed over the height of the structure in accordance with the following
ormulas:

n
' V=F+ i§l Fy. (3-5)
The concentrated force at the top, Fy, shall be determined by the formula
F¢=0.07TV. (3-6)

F¢ need not exceed 0.25V and may be considered as zero where T is 0.7
seconds or less. The remaining portion of the total base shear V shall be
distributed over the height of the structure including level n according to
the formula

LA L (8-7)

‘élwihi

At each level designated as x, the force Fx shall be applied over the area of
the building in accordance with the mass distribution on that level.

2. Setbacks. Buildings having setbacks\wherein the plan dimension of the
tower in each direction is at least 76 percent of the corresponding plan dimen-

*1978 SEAOC Revisions
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sion of the lower part m&y be considered as uniform buildings without set-
backs, providing other irregularities as defined in this Section do not exist.

3. Irregular Structures or Framing Systems. The distribution of the lateral
forces in structures which have highly irregular shapes, large differences in
lateral resistance or stiffness between adjacent stories or other unusual struc-
tural features shall be determined considering the dynamic characteristics of
the structure.

4. Distribution of Horizontal Shear. Total shear in any horizontal plane
shall be distributed to the various elements of the lateral force resisting sys-
tem in proportion to their rigidities, considering the rigidity of the horizontal
bracing system or diaphragm. Rigid elements that are assumed not to be part
of the lateral forceresisting system may be incorporated into buildings pro-
vided that their effect on the action of the system is considered and provided
for in the design.

5. Horizontal Torsional Moments. Provisions shall be made for the increase
in shear resulting from the horizontal torsion due to an eccentricity between
the center of mass and the center of rigidity. The forces shall not be decreased
due to torsional effects. Where the vertical resisting elements depend on dia-
phragm action for shear distribution at any level, the shear resisting elements
shall be capable of resisting a torsional moment assumed to be equivalent to
the story shear acting with an eccentricity of not less than five percent of the
maximum building dimension at that level.

(F) Overturning.

Every structure shall be designed to resist the overturning effects caused by
the wind forces and related requirements, or the earthquake forces specxﬁed in
this Section, whichever governs.

At any level, the incremental changes of the design overturning moment, in
the story under consideration, shall be distributed to the various resisting ele-
ments in the same proportion as the distribution of the shears in the resisting
system. Where other vertical members are provided which are capable of par-
tially resisting the overturning moments, a redistribution may be made to
these members if framing members of sufficient strenigth and stiffness to
transmit the required loads are provided.

Where a vertical resisting element is discontinuous, the overturning mo-
ment carried by the lowest story of that element shall be carried down as loads
to the foundation.,

(G) Lateral Force on Elements of Structures.

Parts or portions of structures and their anchorage to the main structural
system shall be designed for lateral forces in accordance with the formula*

Fp=ZIC,W}3 (3-8)

The distribution of these forces shall be according to the gravity loads pertain-
ing thereto.

1. The values of Cp are set forth in table 3-4. The value of the I coefficient
shall be the value used for the building.*

EXCEPTIONS:
a. The value of I for wall paneLcannectors shall be as given in para-
8raph 3-3(J)3d.* S
*1978 SEAOC Revisions
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b. The value of I for elements of life safety systems (such as items as-
sociated with exiting and fire protection) shall be 1.5.*

2. For applicable forces on diaphragms and connections for exterior pan-
els, refer to paragraphs 3-3(1)2d and 3-3(J)3d, respectively.*

3. For applicable forces on flexible and flexibly mounted equipment and
machinery (footnote 3, table 3-4), refer to chapter 10 (equipment in buildings).

4. For applicable forces on storage racks, refer to chapter 9 (footnote 5, ta-
ble 3-4).

5. For applicable forces on lighting fixtures, piping, stacks, bridge cranes
and monorails, and elevators, refer to chapter 10.

(H) Orift Provisions.

1. Drift. Lateral deflections or drift of a story relative to its adjacent stories
shall not exceed 0.005 times the story height unless it can be demonstrated
that greater drift can be tolerated. The displacement calculated from the appli-
cation of the required lateral forces shall be multiplied by (1.0/K) to obtain the
drift. The ratio (1.0/K) shall not be less than 1.0.

2. Buflding Separations. All portions of structures shall be designed and
constructed to act as an integral unit in resisting horizontal forces unless sepa-
rated structurally by a distance sufficient to avoid contact under deflection
from seismic action or wind forces. Refer tc chapter 4, paragraph 4-7.

(1) Alternhate Determination and Distribution of Selsmilc Forces.

Nothing in these Recommendations shall be deemed to prohibit the submis-
sion of properly substantiated technical! data for establishing the lateral de-
sign forces and distribution by dynamic analyses. In such analyses the dy-
namic characteristics of the structure must be considered.

(J) Structural Systems.

1. Ductility Requirements.

a. Force Factor. All buildings designed with a horizontal force factor
K = 0.67 or 0.80 shall have ductile moment resisting space frames. {Some ex-
ceptions ere permitted for dual systems with height limitations as specified in
table 3-7.) '

b. Tall Buildings. Buildings more than one hundred and sixty feet (160 in
height shall have ductile moment resisting space frames capable of resisting
not less than 25 percent of the required seismic forces for the structure as a
whole. ’

EXCEPTION: Buildings more than 160 feet in height in Seismic Zone
No. 1 may have concrete shear walls designed in conformance with
chapter 6, paragraph 6-3afl), in lieu of a ductile moment resisting space
frame, providing a K value of 1.00 or 1.88 is utilized in design.

¢. Concrete Frames. Al concrete space frames required by design to be
part of the lateral force resisting system and all concrete frames located in the
perimeter line of vertical support shall be ductile moment resisting space
frames. (Some exceptions are permitted in Seismic Zones No. 1 and No. 2 with
keight limitations as specified in table 3-7.)

EXCEPTION: Frames in the perimeter line of vertical support of
buildings designed with shear wallstaking 100 percent of the design
lateral forces need only conform wit!i‘?aragraph 3-3u)1d.

*1978 SEAOC Revisions
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d. Deformation Compatibility. All framing elements not required by de-
sign to be part of the lateral force resisting system shall be investigated and
shown to be adequate for vertical load carrying capacity and induced moments
due to (3.0/K) times the distortions resulting from the required lateral forces.
The rigidity of other elements shall be considered in accordance with para-
graph 3-3(Ej4.

e. Adjoining Rigid Elements. Moment resisting space frames and ductile
moment resisting space frames may be enclosed by or adjoined by more rigid
elements which would tend to prevent the space frame from resisting lateral
forces where it can be shown that the action or failure of the more rigid ele-
ments will not impair the vertical and lateral load resisting ability of the space
frame.

f. Frame Ductility. The necessary ductility for a ductile moment resisting
space frame shall be provided by a structural steel or reinforced concrete frame
complying with the requirements of chapter 7 and conforming to the classifica-
tions of tables 3-3 and 3-7.

g. Braced Frames. All members in braced frames shall be designed for
1.25 times the force determined in accordance with paragraph 3-3(D). Connec-
tions shall be designed to develop the full capacity of the members or shall be
based on the above forces without the one-third increase usually permitted for
stresses resulting from earthquake forces. Members of braced frames shall
comply with the requirements of chapter 6, paragraph 6-7, and conform to the
classifications of tables 3-3 and 3-7.

h. Shear Walls. Reinforced concrete shear walls for all structures shall
conform to the requirements of chapter 6, paragraph 6-3, and conform to the
classifications of tables 3-3 and 3-7. Reinforced masonry shear walls shall con-
form to the requirements of chapter 8 For the calculation of shear stress only,
all masonry shear walls shall be designed to resist 1.5 times the force deter-
mined in accordance with paragraph 3-3(D).

i. Framing Below Base. In buildings where K = 0.67 or 0.80, the special
ductility requirements of SEAOC sections 2 (chapter 7, paragraph 7-3afl)), 3
(chapter 6, paragraph 6-3o(1)), and 4 (chapter 7, paragraph 7-5a(1)), as appropri-
ate, shall apply to all structural elements below the base which are required to
transmit to the foundation the forces resulting from lateral loadas.

2. Design Requirements.

a. Minor Alterations. Minor structural alterations may be made in exist-
ing buildings and other structures, but the resistance to lateral forces shall be
not less than that before such alterations were made unless the building as al-
tered meets the requirements of these Recommendations.

b. Reinforced Masonry or Concrete. All elements within the structure
which are of masonry or concrete shall be reinforced so as to qualify as rein-
forced masonry or concrete under the provisions of chapters 6 and 8.

EXCEPTION: See table 8-5 for Seismic Zone 1 exceptions.

¢. Combined Vertical and Horizontal Forces. In computing the effect of
seismic forces in combination with vertical loads, gravity load stresses in-
duced in members by dead load plus design live load, except roof live load,
shall be considered. Consideration should also be given to minimum gravity
loads acting in combination with lateral forces.

d. Diaphragms.® Floor and roof diaphragms and collectors shall be de-
signed to resist the seismic forces deterntined in accordance with the following

formula: 31

*1978 SEAQC Revisions
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Fe+ 3 Fy
pr= ‘—_-———n wpx (3-9)
iéx wi

The force Fp, determined from Formula 3-9 need not exceed 0.80 Z I wp,.

When the diaphragm is required to transfer seismic forces from the verti-
cal resisting elements above the diaphragm to other vertical resisting elements
below the diaphragm due to offsets in the placement of the elements or to
changes in the stiffness in the vertical elements these forces shall be added to
those determined from Formula 8-9.

Howeuver, in no case shall the seismic force on the diaphragm be less than
determined by the following formula:

Fp; =0142Z I wa ‘8"9‘4)

Diaphragms supporting concrete or masonry walls shall have continuous
ties between diaphragm chords to distribute the anchorage forces specified in
paragraph 8-8(J)3a into the diaphragm. Added chords may be used to form
sub-diaphragms to transmit the anchorage forces to the main cross ties. Dia-
phragm deformations shall be considered in the design of the supported walls.
(See paragraph 3-S{J)3b for specxa] anchorage requirements of wood dia-
phragms.)

3. Special Requirements.

a. Anchorage of Concrete or Masonry Walls. Concrete or masonry walls
shall be anchored to all floors and roofs which provide lateral support for the
wall. The anchorage shall provide a positive direct connection between the
walls and floor or roof construction capable of resisting the horizontal forces
specified in these Recommendations or & minimum force of 200 pounds per lin-
eal foot of wall, whichever is greater. Walls ghall be designed to resist bending
between anchors where the anchor spacing exceeds four feet. In masonry walls
of hollow units or cavity walls, anchors shall be embedded in a reinforced
grouted structural element of the wall. (See paragraph 3-3(J)2d for the
requirements for developing anchorage forces in diaphragms. See paragraph
3-3(J}3b for special anchorage requirements for wood diaphragms.)

b. Wood Diaphragms Used to Support Concrete or Masonry Walls.
Where wood diaphragms are used to laterally support concrete or masonry
walls the anchorage shall conform to paragraph 8-3(J)3a. In Seismic Zones No.
2, No. 3, and No. 4 anchorage shall not be accomplished by use of toe nails, or
nails subjected to withdrawal; nor shall wood ledgers be used in cross grain
bending. The continuous ties required by paragraph 3-8(J)2d shall be in addi-
tion to the diaphragm sheathing; the diaphragm sheathing shall not be used to
splice these ties.

c. Pile Caps and Caissons. Individual pile caps and caissons of every
building or structure shall be interconnected by ties, each of which can carry
by tension and compression a minimum horizontal force equal to 10 percent of
the larger column loading, unless it can be demonstrated that equivalent re-
straint can be provided by other approved methods. See chapter 4, paragraph
4-8, for supplemental requirements. -

d. Exterior Elements.*® Precast or prefabncated nonbearing, nonshear wall
panels or similar elements which are attached to or enclose the exterior, shall

¢1978 SEAOC Revisions
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be designed to resist the forces per Formula 3-8 and shall accommodate move-
ments of the structure resulting from lateral forces or temperature changes.
Concrete panels or other similar elements shall be supported by means of cast-
in-place concrete or by mechanical connections and fasteners in accordance
with the following provisions:

(1) Connections and panel joints shall allow for a relative movement be-
tween stories of not less than two times story drift caused by wind or (VK)
times the calculated elastic story displacement caused by required seismic
forces, or 1/2-inch, whichever is greater.

(2) Connections to permit movement in the plane of the panel for story
drift shall be properly designed sliding connections using slotted or oversize
holes or may be connections which permit movement by bending of steel or
other connections providing equivalent sliding and ductility capacity.

(3) Bodies of connections, such as structural steel angles, rods, plates,
ete., shall have sufficient ductility and rotation capacity so as to preclude frac-
ture of the concrete or brittle failures at or near welds. The body of the connec-
tion shall be designed for 1.33 times the force determined by Formula 3-8.

(4) Elements connecting the body to the panels or the structure, such as
bolts, inserts, welds, dowels, etc., shall be designed for 4 times the forces deter
mined by Formula 3-8. Elements of conrnections embedded in concrete shall be
attached to, or hooked around reinforcing steel, or otherwise terminated so as
to effectively transfer forces to the reinforcing steel

 {5) The value of the coefficient Iin Formula 3-8 shall be 1.0 for the entire
connection {i.e., the value need not be greater than 1.0 even if the I-coefficient
of the building is greater than 1.0).

e, Connections. For additional requirements for connections refer to chap-
ter 4, paragrapk 4-6.
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Table 3-3. Horizontal Force Factor "K" for Buildingé or Other Structures*
(Refer to Table 3-7 (Paragraph 3-6) for Swmmary Tables
for K Valueg for Each Seismic Zone.)

Basic

System Category Type or Arrangement of Resisting Elements Value of k*P

Bulldings with a ductile moment reststing space frame designed in
1 accordance with the following criteria: The ductile moment resisting 0.67

s;&:e frame shall have the capacity to resist the total required later- :
al force.

100%
Frames Bulldings with moment resisting space frames designed in accordance
2 with the following criteris: The moment resisting space frame shall 1.00
have the capacity to resist the tota) required lateral force and shall *
comply with the height Yimitations and frame specifications of Table

3-7.

Buildings with a dual bracing system consisting of a moment resisting
space frame and shear walls or braced frames designed in atcordance
with the following criteria:

8. The moment resisting space frames shall comply with the speci-
fications and height Timftations of Table 3-7.

Dusl b. The frame and shear walls or braced frames shall resist the
Systems 3 total lateral force in sccordance with their relative rigidi- 0.80
4 ties considering the {nteraction of the shear walls and frames.

C. The shear walls or braced frames acting independently of the
moment resisting space frame shall resist the total required
lateral force.

d. The moment resisting space frame shall have the capacity to re-
sist not less than 25 percent of the required lateral force.

Buildings with & verifcal load carrying space frame and shear walls or
braced frames designed {n accordance with the following criteria:

8. In Seismic Zones 2, 3, and & the height of the building shall
not exceed 160 feet.©

b. The shear wall or braced frame shall have the capacity to re-
] sist the total required laters) force and shall comply with 1.00
. the hefght Timitations and wall specifications of Table 3-7.

\_/ c. The intersction between the vertical load carrying space frame
and the shear walls or braced frames shall not result in the

) loss of the vertical load carrying capacity of the space frame
1002 fn the case of damage occurring to & portion of the latersl
valls force resisting system (see paragraph 3-3(J)1d). -

lr::ed Bullding with wood frame construction and plywood shear walls designed
Frames {n accordance with the following criteria: *#%

8. The height of the butlding shall not exceed 40 feet or three

5 storfes. 1.00

b. The plywood shear walls shall have the capacity to resist
the total required latersl force.

€. :uonlr 3v§neers shall not be used. (If veneers are used,
- - .

Buildings with a box system designed 1n accordance with the following
criterfa:

8. In Sefsmic Zones 2, 3, and & the hefght of the buflding a
6 shall not exceed 160 feet.© 1.33
b. The shear walls or braced frames shall have the capacity

to resist the tota) latera) force and shall comply with the
hefght 1{mitations and wall specifications of Table 3-7.

Elevated €levated tanks plus full contents, on four or more cross-braced legs
Tanks and nat supported by a2 dbuilding. The braced frame requirements of par- d
and Inverted 7 agraph 3-3(J)1g and the torsfonal requirements of paragraph 3-3(E)5 2.5
Pendulums shall apply. The product of KCS will not be less than 0.12. Refer to
Chapter 11 for inverted pendulums.8

Structures Structures other than bufldings, elevated tanks, or minor structures
Other 8 set forth in Table 3-4. The product of KCS will not be less than 0.10. 2.0
Than Also, refer to Chapter 11.9

8uildings

*Modification of SEAOC Table 1A,

s*ln 1980 SEAOC modified this category to include "buildings--with stud wall framing
and using horizontal diaphragms and vertical shear pdhels for the lateral force system.’

\\/‘, Therefore, valls in accordance with either paragraplf’6-5s or paragraph 6-5b of Chapter 6
vill be in compliance with item 5b above. "
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Footnotes to Table 3-3

a. If K = 1.33 in one direction, it will be 1.33 in both directions. Other K-values may vary in the
two directions.

b. Generally, one value of K applies to the total height of the building; however, if there is a
changein K along the height of the building (e.g., dus to change in framing system), the K value
used at any level must be equal to or greater than the K value at the next level above. (Also,
refer to provisions of paragraphs 3-3(E)1 and 2 for setback and irregular buildings.)

¢. In Seismic Zons 1 concrete shear walls may exceed the 160-foot Emit (paragraph 3-54}15).

d. Categories 7 and 8: Refer to chapter 11 for alternate methods and additional requirements.
Pedestal type elevated water tanks will not be permitted in Selsmic Zone Nos. 3 and 4. In Seis-
mic Zone Nos. 1 and 2, K will be 3.0 for pedestal type elevated tanks.

Table 3-4. Horizontal Force Factor “Cy"

for Elements of Structures®
Horizontal
Direction of Value of
Part or Portion of Structure Force c;!
Cantilever Elements: Normal to
a. Parapets flat
1 : surfaces 038
b. Portion of chimneys or stacks that Any direction
protrude above rigid supports®
All other elements such as walls, parti-
2 tions and similar elements—see also Any direction 0.3

paragraph 3-3(J)3d. Also includes
masonry or concrete fences over 6 feet high.

Exterior and interior ornamentations and ‘directio
3 appendages. See chapter 9, paragraph 9-3. Any n 0.8

When connected to, part of, or housed
within a building:

a. Penthouses

b. Anchorage and supports for tanks
4 _plus contents . Any direction 0.334
¢. Rigidly braced chimneys and stacks?
d. Storage racks plus contents®

e. Suspended ceilings®

f. All equipment or machinery

Connections for prefabricated structural
5 elements other than walls, with force Any direction 0.3¢
applied at center of gravity of assembly

*Based on the 1978 SEAOC Revisions

Footnotes to Table 3-4

1. C, for clements laterally self supported only at ground level may be 2/3 of
the value shown. Also refer to chapters 10 and 11 f{e.g., equipment,
paragraph 10-5; stacks, paragraph 10-8, and tanks, chapter 11).

2 Chimneys or stacks that extend more than 15 feet above a rigid attachment
to the structure will be designed in accotdance with chapter 10, paragraph
10-8a. Also, refer to chapter 10 for guyed stacks and stacks on ground.

& For flexible and flexibly mounted equipment and machinery, the
appropriate valuss of C, shall be determined with consideration given to
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both the dynamic properties of the equipment end machinery end to the
bullding or structure in which it is placed but shall not be less than the
listed values. The design of the equipment end machinery and their
anchorage is an integral part of the design and specification of such
equipment end machinery frefer to chapter 10).

For Essential Facilities and life safety systems fi.e., when the value of the I-
coefficient is equal to 1.5 per paragraph $-%G)1), ¢the design and detailing of
equipment which must remain in place and be functional following a major
earthquake shall consider the effect of drift.

4. The force shall be resisted by positive anchorage and rot by friction.

8. W, for storage racks shall be the weight of the racks plus contents. The
value of C,, for racks over two storage support levels in Reight shall be 0.24
for the levels below the top two levels. In lieu of the tabulated values, stee!
storage racks may be designed in accordance with chapter §, paragraph

5~4g

6. Ceiling weight shall include all light fixtures and othsr egquipment or
partitions which are laterally supported by the ceiling. For purposes of
determining the lateral force, a ceiling weight of rot less than 4 pounds per

sguare foot shall be used.

3-4. Seismic zone maps. The seismic zones
required for the determination of the coefficient Z in
table 8-1, paragraph 3-8(D}1, are given on maps
shown on figures 3-1, 3-2, and 8-3 for the contigu-
ous states, Alaska, and Hawalii, respectively. The
map on figure 3-4 shows the seismic zones for Cali-
fornia and Nevada in greater detail and scale. Seis-
mic zones for specific areas are tabulated in tables
8-5 and 38-6 for localities within the United States
and outside the United States, respectively. The
boundary lines are approximate, and in the event of
any conflict or uncertainty regarding the applicable
zone of any particular site, the higher zone will be
used.

3-5. Types of occupancy. General descriptions
and examples of various occupancy types are given
for the determination of the value of the coefficient I
in table 8-2, paragraph 8-8(D)2.

a. Essential Facilities (I = 1.5). These are struc-
tures housing critical facilities which are necessary
for post-disaster recovery and require continuous
operation during and after an earthquake. This in-
cludes facilities where damage from an earthquake
may cause significant loss of strategic and general’

- communications and disaster response capability.

Typical examples are:

3-13
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ALABAMA
Anniston ...... ceesnses Ceeasnas 2
MaxwellAFB .......cc00000000s 0
Birmingham......ccvvivnseaeene 2
Huntsvills ..... Ciearearnascesne 1
Mobile .....cocviveinnnnennanas 0
Montgomery ...oovvececosocnsss 0
Fort Rucker......coo00vuennnees 0

ALASKA
Adak Island......... ceesssaaane 4
Anchorage.......coveeivnnennes 4
Barrow.......ccociiiieiiieannes 1
Bethel......oocviinvccenannnnns 2
ElelsonAFB ......civ0veenanses 3
Elmendorff AFB......c.co0vaness 4
Fairbanks......c.co0vvrenennnnss 3
FortGreely ........co0ivveeneee 3
Juneau ....cocvennnnevccee R |
KodiakIsland .......cce00cennee 4
NOmM® . ccvivineenccncscancnnas 1

ARIZONA
Fort Huachuca ................. 2
Luke AFB ........ tesseenesnnan 1
NavajoAD......ccoceennnnnnnas 1
PhoenixX .....cccicveansenanenss 1
TUCBOM .. ivnvonvansnsnnnocansan 1
Williams AFB.........c000. RS |
Yums ....cciiiienncrcnrcccanes 4

ARKANSAS
Blytheville AFB ................ 3
FortChaffee........oonveevnanns 1
LittlsRock AFB .......coveveeen 1

CALIFORNIA
Castle AFB .......co0cvunvneen .3
China Lake........ treeseeaanes .4
Edwards AFB.......occiienneas 4
Hamilton AFB.........00000in0us 4
Hunter-Ligget MR .............. 4
LongBeach ...... seessessanens 4
LosAngeles.........ceo000ennns 4
MarchAFB......covvvennnenens 4
MarelIsland..........co00vvenes 4
Norton AFB............c000nens 4
Oskland ...........cconnivnnnnn 4
FortOrd.....coovenrinnnnnnss 4
CampPendleton .........c000.n. 4
Port Huenem®.......cc0vees P |
Sacramento ....ccvcvercacasnnas 3
SanDiego....cvvunvuneianenens 4
SanFrancisco ......co0000vennns 4
Sharpe AD........c.ovvvnennns. 3
Sierra AD......... beserenannans ]
TravisAFB ...c.oovvvinnnnnnn.. 4
VandenbergAFB ............... 4

Table 3-8 Seismic Zone Tabulation, U.S.*

COLORADO
USAF Academy ....co0000eee S |
FortCarson........ vessesecrens 1
Denver...coceevaeees P S §
Fitzsimons AMC..... cettecraans 1
Peterson Field......... ceesenvee 1
Pueblo ..coccviiiiicncranncanne 1
CONNECTICUT
Hartford......... cessssencccsacd
NewHaven ......... vesseae eeead
NewLondon......oocveeecenss 2
DELAWARE
Dover AFB .......0000n N 1
Wilmington ....... ceeccsanannns 2
FLORIDA
EglinAFB......... eeetrennanns 0
Homestead AFB.........c.c0.00 .0
Jacksonville.......civveennnenss 1
KoyWest.......oon00e RPN .0
MacDill AFB.......... teessas ..0
Miami.......coccvcenvnnovens .0
Orlando ....oncvnnnnes teseeeee .0
Patrick AFB ........ cetsecsene .0
Pensacola....ccocvvees ceanes s
Tampa ...ccoeeveeeens saecsensn .0
GEORGIA
Albany......c..... eesrseeennes 1
Atlanta......... ceeaee teeeeeees 2
Fort Benning.......... IR §
FortGordom.......ccovvvenccces 2
Hunter AFB ....covvnevevncnees 2
Macon. . covoinesnticnsencensanns 1
Robbins AFB...... cessvecnnane .1
Savannah....cc.veecenncannennn 2
FortStewart .....ccoeonvcecanes 1
HAWAII
Barbers Point,Oshu............. 2
HickamAFB.......ooo0ve0enees 2
Hilo, Hawail.....cccovveeanances 4
Honolulu,Oahu.......co000eeee 2
Kaneohe Bay,Oahu.............. 2
Lihue, Kaual .......cccc00neeens 1
Schofield Barracks ........cc000e .2
Wheeler AFB....covvveeenneness 2
IDAHO
IdahoFalls........ccoevvvneeees 2
Mountain Home AFB............ 1

*Refer to table 3-1 for prescribed values of Z.
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ILLINOIS ~
Chanute AFB............cc.0 A |
Chicago ...oovvevnnen NP |
Great LakesTC...... tiseeee R |
Joliet AAP......... censesnes A |
O'Hare IAP.......... veseanea .1
Rock Island Arsenal.......... A |
Savanna AD ......... P |
Scott AFB........ cesenrnens a2

INDIANA
Fort Ben Harrison. ....voc0eeeens 2
FortWayne.........coceeneneee 2
Grissom AFB......... vesssnasas 1
Indiana AAP.......... setseanesd

IOWA
Burlington....... crecuasaseenae 1
Cedar Rapids......... asecenees 1
Des Moines ........ .. RS |
SiouxCity ........ ceasserasrens 1

KANSAS
Kansas AAP .....covveene vessan 1
Fort Leaveaworth..... cesssses 2
McConnell AFB......... cesnens .1
FortRiley...cocveeesnss eerssene .2
Sunflower AAP........ eeesvenns 2

KENTUCKY
Fort Campbell ................
Lexington «............ NS
Louisville..coceveveees sranecces 1
FortKnox .......cc.0 cesesascae 2

LOUISIANA
FortPolk...cocovvecennnnvcnnns 1
LakoCharles ........c000nee 1
Louisiana AAP ....icvvvvnnnnnne 1
NewOrleans. . .....ccocnceeecns 1
Shreveport......cccoeeeeess eeenl

MAINE
Bangor...... Gesrseesenssnsnnae 1
Brunswick .oococvvececannns veeed
Loring AFB........ creeetasenns 1
Winter Harbor. .. ooevevnns sesenss 1

MARYLAND
Aberdeen Proving Ground ........1
Andrews AFB.......ccov0eus000 1
Annapolis........... ceassrenas .1
Baltimore...cccicvvecenvcnnnens 1
FortDetrick.......ov0cvenveneee 1
Edgewood Arsenal .............. 1
FortMeade .......... R |
FortRitchio......coovvinveeens. 1

~—
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\/ Table 3-5. Seismic Zone Tabulation, U.S.*
MASSACHUSETTS NEW YORK RHODE ISLAND
Boston .....coinieecennensnanes 2 Albany......cioeeivieenanannne 2 Newport.....oooeeneeensasnnnee 2
FortDevens.........ocovvveeees 2 Buffalo.....coocevveveonnnncsnns 2 Providence........ Neesecaresnae 2
L.G.HanscomField............. 2 FortDrum....cconcvvvnenncnces 2
OtisAFB .....covvvvvennnensse 2 Griffiss AFB ................... 2 SOUTH CAROLINA
Westover AFB.................. 2 NewYork.......oo0viiinnannnes 2 Charleston ......coocoeeeasannes 8
NiagaraFallsIAP............... 2 FortJackson........coniinvenes 2
MICHIGAN Plattsburg AFB ................ 2 ParrisIsland ...........cc000nes 3
Detroit ..ooovvveeececoreennonss 1 SYrBcuUSe. .. ...civiinirasenninns 1 Shaw AFB . ......covviinnnnanes 2
Kincheloe AFB ........cc00uneen 1 West Point Military
K. 1. SawyerAFB............... 1 Reservation .................. 2 SOUTH DAKOTA
Selfridge AFB.................. 1 Watervliet ....ocovevineennnnn. 2 EllsworthAFB ................. 1
Wurtsmith AFB .........0o0ueee 1 Pierre .....ooiviiiiiiiiiiiaains 1
NORTH CAROLINA Sioux Falls........... eeeeseeas 1
MINNESOTA FortBragg.....oooceveveecaaans 1
Duluth .....ooiiiiiiinennneanas 1 Charlotte ........coovnvveinnns 2 TENNESSEE
Minneapolis.....coooviveennanns 1 CamplLejeune .........ocovveese 1 Chattanooga .......ccoonvvsenes 2
Osceola AFB ........oo000nenens 1 Greensboro ......occvvvicaionns 2 Holston AAP............o00uten 2
Pope AFB ......cvvvvecvicinnns 1 Memphis ...........c0ciiniiies 3
MISSISSIPPI Seymour Johnson ............... 1 Milan AAP.......coivvnenneanns 3
Biloxi.......coiiviiiinniinnnan 0 Sunny Point Ocean Nashville .......cooveenecnnnnes 1
Columbus AFB .........cc.vnene 1 Terminal.......oocnveecennen- 1
Jackson .....ceiiiiiiiiiiiean.n 1 TEXAS
Keesler AFB ...........c0.0eene 0 NORTHDAKOTA Austin/Bergstrom AFB .......... 0
Meridan ......ocvviiienecnnnnns 1 Bismarck ..oecvviiennnieensannss 1 CorpusChristi.................. ¢
Fargo.cooeevennniiiennannnes 1 Dallas.....cooviievniincnecanns 0
MISSOURI GrandForks AFB............... 1 DyessAFB ........... Ceseennne o
KansasCity.............. ceenes 2 Minot AFB .......covvniuennnnns 1 Ellington AFB......... Ceeeesens )
LakeCity AAP ......covvvvnnnes 2 . ElPaso......cc.... T eresesanns 2
N Fort Leonard Wood. ............. 1 OHIO Galveston. ............ teecreans 0
~ St.LouS. ...uueereneeaaanann. 2 Cincinnati. ..o covvvereennennnnns 1 FOrtHood ..evvvevnneannnnnanns o
Richards Gebaur AFB ........... 2 Cleveland............ Ceraceenne 1 HOUStOM ...ovvecnrrneennnscnnes 0
L Whiteman AFB............c.00. 1 Columbus......coievvvvneccnns 1 LoneStarAAP...........c00u0s 1
bt oo Ravenna AAP.................. 1 Reese AFB.........ccoveevennns 1
MONTANA Wright-Patterson AFB........... 1 SanAntonio.......coccevvennanns 0
Helena ......ooiiiinniinnnennns 8 FortWorth.......ccovvveeeannss 0
Malmstrom AFB........coc00ne. 2 OKLAHOMA WichitaFalls.......cocviunnene O~
Missoula........ccovnvnnnncanes 2 Enid/Vance AFB................ 1
. FortSill ...covvieivicinnnnannns 2 UTAH
NEBRASKA Tinker AFB......cociiiennnnnns 2 DugwayPG........coivivvnnnne 2
Cornhusker AAP................ 1 Tulsa ....ovvnnneeecnccannaaans 1 HILAFB .. .cvviiiiiinaicnnans 3
Lincoln.......coveivnnnnnnnnens 1 SaltLakeCity ........o00ivvenee 8
Offutt AFB .......cocvvvvennnen 1 OREGON Tooele Army Depot.....ooveeennn 8
CoosBay ...oooieiinnnccansenss 1
NEVADA Eugene.....ccoovveneenencecnnns 1 VERMONT
CarsonCity ....covvvvncnnacenss 3 Portland......oociivenvennennnns 1 7 | P 2
Fallon........covveiinniinnnncnn 4 Umatila AD .......cch0evinnen 1
Hawthornme......coovivevieennss 4 VIRGINIA
LasVegas ........cccco0nvnvnnnn 2 PENNSYLVANIA FortBelvoir........coovinivanes 1
Carlisle Barracks................ 1 FortEustis ...............c00nn 1
NEW HAMPSHIRE Harrisburg. . ....cooveveenniiens 1 FortMeyer.........cociivveanns 1
Hanover......covcecneenannnnae 2 Letterkenny AD ........c0vunen. 1 Norfolk....ooivinvieennnsenanns 1
Pease AFB..........co0c0nennsn 2 Philadelphia............oco0unn. 2 Petersburg/FortLee............. 1
Portsmouth .. .....coovvverenenn. 2 Pittsburgh .. cooeevnnerrnecannn. 1 QUADLICO. - e eveennerenananeanns 1
SCranton. .. coeeiiiiianirerainn 2 Radford AAP..........c.coo0nen 2
NEWJERSEY Richmond..........ccooviinnnns 1
AUANLCCILY o oo v viieeennnnnnns 1  NEWMEXICO
Bayonne.......cocioneniieennen 2 Albuquerque ........ Taeeraeanen 2
Picatinny Arsenal............... 2 Cannon AFB ..... eeeanian 1
\_/, McGuire AFB ...........c0vutns 1 Hollomon AFB ..... 500 oo iunn 2
Fort Monmouth.........oovnvnn. 2 WhiteSandsMR................ 2
*Refer to table 3-1 for prescribed values of Z.
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Table 3-5. Seismic Zone Tabulation, U.S.*
WASHINGTON WASHINGTON, DC . WISCONSIN
Bremerton ccveeeaeceiinaiannan, 3 Boling AFB..........cciivveene 1 7 |
Fairchild AFB........ccovvvenns 1 Fort McNair. ......... Veeseecens 1
Fortlewls........ccovveeeennns 3 Walter Reed AMC............... 1 WYOMING
McChord AFB......... tesseeeesd Cheyenne........oocveeeviunnas
Seattls ..... ctrssestseccansenes 3 WEST VIRGINIA Yellowstone........cocovvnnens.
WeallaWalla......coo0venenannns 1 7 1
Yakima....oooveeeninecnninnns .1

‘o.’-.l A.!-.!»!s.!»! wlv.it.i »!A.!c;lv-
.
BN
-
S8

*Refer to table 3-1 for prescribed values of Z.
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Algeria:
Alger....cooiiiiiiiiiinnnanan 3
[0 8

Botswana:

Gaberone .........cc000eeenes 0

Camaroon:

Yaounde .....ocoovvennnnences 0

Egypt:

........................ 2
PortSaid...........co000venn. 2

Ethiopia:

Addis Ababa ...........c0000 2
ASMAIE .. iviveecarsocccannes 8

Kenya:
Nabobi....oooooveeveennnnnns 2

Liberia:

Monrovia .....ccocevennnnnnnn 1

Libya:
Tripoli....coovvevivennennees, 2
Wheelus AFB...............0s 2

Malawi:
Blantyre........cco00eveunne. 3
Lilongwe......coooevevncenans 3
Zomba....oooeeeiiinnnnnna, 8

Morocco:
Casablanca..........cco00eee. 2
PortLyautey ....ocovvvvcnnnnn 1
Rabat c.covvvvvivirnnnnnnnees 2
Tangier........... ceecanavane 3

Mozambique.
Maputo....ococveveannnnnnens 1

Niger:
Nitmey..ococevaeareesnnsanes 0

Nigeria:

Ibadan ........... Cerrrereee. 0
Kaduna...ooooviivvevnnnnnass 0
Lagos ccovevenennrcteannnnnes 0

Senegal:

Dakar ....cciiivnirenecncnens 0

Somali Republic:
Modadiscio.........o00vnvnnn. 0

South Africa:

Capetown ... c.ovuveeienanennn 8
Durban.......covvvvvnnennnns 1
Johannesburg. .........0c0vnes 2
Natal...oovviiiiaeiecancnnnses 1
Pretorif....c.civvvvevccnnnns. 2

Southern Rhodesia:

Salishbury .......cccvnnnnnnn. 3

Swaziland:
Mbabene.......cccc00eeeeennn 1

Tanzania:

DaresSalaam ................ 1
Zanzibar............cccunnnn. 1

Tunisia:

TURIS. o cevvenenrreesnnnnnnnns 3

Table 3-6. Seismic Zone Tabulation, Outside U.S.*

Uganda:
Kampala.......ooovvvnvnnnnns 2
Zaire:
Bukavi....ooneeereevrecnaaan 3
Lubumbashi.................. 2
Kinshasa...........cco00000000 0
Zambia:
Lusaka .....oo0vviinrennnones 2
Afghanistan:
Kabul ....ooiiiviiinnnennnes 4
Burma:
Mandalay...........cceevnnns 3
RADGOOD ccevvvvvrivuacenannns 3
China:
Canton ....ccvvvnvncenconnnes 2
Nanking ......c.0occiniieeennenn 2
Peking...oooovievinnecosnanas 4
Shanghai..........co00000nnnn 2
Tihwa ..ccoiirinievcanenncans 4
Taingtao...ccovveevecocnanans 3
Cyprus:
Nicosis ..coocvvveecencnvennns 3
India:
Bombay «.cooviiiiiinnnnnnnas 3
Calcutts c.oovvvnnennvonnnnnns 2
NewDelhi.....ocoovivvennanns 3
Madras...cooveeeeeieannnanas 0
Indonesia:
Bandung.....cco0vcrecnnennes 4
Jakarta......oc0iiiiireneean. 4
Medan....cooveernnanencacans 3
Surabays ........ccc0000ennnn 4
Iran:
Isfahan....ccovvvenvnccanens 8
ShirZ ..cooeosveniocancasenns 3
Tabriz..coveoreneiencecesnnns 4
TehrAh vocvvvecenronascnsanna 3
Irag:
Bagdad.....ccoinirnneennnans 8
Basra. ..ccovvveirnianccnssens 1
Israel:
Haifa....coo0evnicnncnnenaes 3
Jerusalem..........c0000cus.n 3
TalAVIV ccoiviennecncannannns 3
Japan:
Ttazuke AFB .......cco0veennn 3
Misawa AFB ....... certninens 3
Okinawa .cooovveeevacccnannns 4
Osaka/Kobe ..........c0nveee. 4
TOKYO vevevrnernnecnaansannces 4®
Wakkanai.........oo0onevnnenn 3
Yokohama o...ovvvrernrnennns 4
Yokotfl ovvverrnnenrnnnenanans 4®
Korea:
An CRCIE A B RC R BB BB B ) .3‘, ---------- o
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Kuwait.....cccoiiiieievnannne. 1
Laos:

Vientiane ........cco0veneenns 1
Lebanon:

Beirut ...ooovvvviinnenacnnan. 3
Malaysia:

KualaLumpur .......ccoo0vauas 1
Nepal:

Kathmandu ..........o000naun 4
Pakistan:

T 4

Peshawar .......c0000venvanas 4
Saudi Arabia:

AlBatin .........ccocvvireann 0

Dhahran.........covcnennnnas 1

Jedda ....iiiiiiiiiiiiiineans 2

Jubail ...t iiiieiee 1

Khamis Mushayf.............. 1

Riyadh ......cciviiiirnnenns 0
Singapore:

Al ..ttt 1
Syria:

APDPO covvviiiiiiirnieninnes 3

Damascus.......ccooeeuneccnas 3
Taiwan:

7 | 4
Thailand:

Bangkok.........oovvieennnns 0

Udorm coovvvinenrnnnaneaanans 0
Turkey:

Ankars .........cci0iinnn ‘e 2

Istanbul .........ccovvvneenns 4
- Karamursel. ......ociieinanann 3
Vietnam:

Salgon. . iiiiiiciciei i eeeann (]
Yemen:

Sanag ... iiiiiiiiriateenns 2

ATLANTIC OCEAN AREA
AscensionlIsland ............... U
AZOTES ..oovverrvonrnasronesens 2
Bermuda .......coinvcinennanns 1
CARIBBEAN SEA:
-Bahamalslands. ............. ... 1

Cuba....oivvvevnennninananes 2
Dominican Republic:

SantoDomingo ........00vennn 3
Haiti:

PortauPrince .........0000ntn 3
Jamaica:

T 7+Y + F Y 3
LeewardIslands ................ 3
PuertoRico ......ccovveivvnnnn. 3
Trinidad......ocvoiveeiennnnans 3

*Refer to table 3-1 for prescribed values for seismic zone nos. 0 thr;uxh 4. U denotes unknown seismicity.
bUse local code if it ie more severe than seismic zone no. 4.
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Table 3-8 Seismic Zone Tabulation, Outside U.S.*

~—
CENTRAL AMERICA: Italy: SOUTH AMERICA:
Aviano AFB......cveiieeeene 3

CanalZone.......oocvevaannnns 2 Brindisl. ...ovieeiereeiscncees 0 Argentina:

Costa Rica: GEnOR . vevvnenrconcsarvsons 3 Buenos Aires ......c.coceeeens 0
SanJose.......coecenniaannnn 3 Milan. ...ouerenarccocnsaeeens 2 Brazil:

El Salvador: Naples.....coonvecvenacscanns 3 N | ..0
SanSalvador .........ec000vees 4 BOMDE. ¢ e e vvevenrvcncansncnans 2 Bolivia:

Guatemala:. .....ooveevosccasnss 4 Sicily..ooierreroorearaciacess 4 LaPaz....cooeconurncssssoans 3

Hondyras: Trieste...cccvervnesoacoasaass 3 SantaCruz ....ccooneenconnene 1
Tegucigalpa ........ vesecesann 3 Turin...... teesesatissresases 2 Chila:

Mexico: Netherlands: Santiggo.....co0000eventeccnn 4
CiudadJuarez ......ceva0uneee 2 N | 0 Colombia:
Guadalajara.......cccoennevens 3 Norway BOgOtA +oocvivccencanccsccnns 4
MexicoCity . c.cvoveeerecncenas 3 Oslo....... eeesirearernanans 2 Ecuador:
TiuanA..ccccionrrrrscoonnnns 3 Portugal: QUItD...ciceireenranicastnans 4

Nicaragua: ) BT e 4 Guayaquil.....oovvnveecarnnns s
MANAGUA. . ccoooneennocanasnns 4  OpPOTLO ciciiiirinnnccccsanes 3 Paraguay.

Panama: Scotland: Asuncion. ....coocierecaccennes 0
Colon..ccoovevrncnncasnnncnns 3 Aberdeen.......cooiiicannnns U Peru:

Panama........ veeavees T | Edinburgh & ..covvveuinnnienes 1 Lima . .oeeeveavnnasnnanns ceood
Edzell ......cicevvonnecannnns 1 Plura....ccocovenee eesnaceas 4

EUROPE: Glasgow/Renfrew. .......ccc...- 1 Uruguay
Londonderty ....occecaccscens 1 Montevideo ......ecoeesseccee 0

Belgium: Prestwick. . .ocvveeesnasensnns U Venezuela:
Antwerp......cccvcectanacans 1 Shetland Islands........cou0n. U Maracaibo. ....coeecons wenvens 2
Brussels ........co0avievennen 2 SLOIrMOWRY .. evceerosansonenns U CHIBCAS. «vvveeerraranoasasnns 4

England: TRULSO .. .vvreneeonnncnsanss 1
London...covvevennne feeerena 2 PACIFIC OCEAN AREA:

Liverpool c..ccvveieiennnacen 1
France: Australia:
Lyon.....cun. teecesnns . 1 Canberra......coccoovenane \\/‘
Marseille. .cocccvneenonanansss 3 Melbourne ....ccineecnancnoes 1
Nic®eeoeosoaes tereuas Ceessene 3 Perth...covueenen. ceseernsaas 1
Paris....cconvvunanee ceenveoe 0 Sydney ...coocecnecncncvenens 1

Germany: Caroline Islands
Berlin c.cvevenvennons cesenane 0 Koror,Paulauls..........cc..0 2
Bonn...ovevenennanns Ceesneee 2 Ponape ......ccccennennn vesss0
Bremen...ccoceccescccsssncss 0 Fiji:

Dusseldorf ...covovveccennncanes 1 SUF&. ...vvveersecsncsaaconsas 3
Frankfurt . ..cccvvevecnennnenn 2 JohnsonlIsland ......coocoeennns 1
Hamburg .......0uuue Geesenas 0 Mariana Islands:

Munich....... Ceevesensnasens 1 GUAM ¢euvnevcvrnnnncosnonnns 3
Stuttgart ......ccocieiniennnnn 2 Kwajalein......ccoveveeeennsan 1

Greece: Saipan..c..oeevinaries eesaran 3

Athens ...covvvrvesncnncces 3 TinAN .o veviesrrnncsonnnnnons 3
b Thessalonild.....coo0vuueene .. 4 MarshallIslands .. ..cocvvenneen. 1
A Iceland: MidwayIsland .......... ceeeres U
Keflavick ..... veesseneanansns 3 New Guinea:
Reykjavik......co0evennnn veeok Port Moresby......cocceeenne. 3
Thorshoffh ..covvveenesannaens U New Zealand:

Ireland: Auckland .....c.icihiiiiinnn 3
Belfast ....... Ceeseereenarene 0 Wellington ....covovennennsnas 4
Dublin......ccoeevincnnnancns 0 Philippine Islands:

Cebu iivvviinriiiencaannecans 4
Manila.......oioneecncanecens 4
Baguio .....vovenrecrracnnnns 3
8amoa. ....ccocevavsrtrssrnsnes 3
VolcanoIslands .........coeuve. U
Wakelsland. ......ccovvvee: 0
~

aRefer to table 3-1 for prescribed values for seismic zone nos. 0 through 4. U denotes unknown seismicity.
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(1) Hospitals,

(2) Fire stations, rescue stations, and garages
for emergency vehicles.

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

(4) Mission-essential and primary communica-
tion or data-handling facilities.

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

(6) Facilities involved in handling, processing,
or storing sensitive munitions, nuclear weaponry or
processes, gas and petroleum fuels, and chemical or
biological contaminants.

b. High Risk (I = 1.25). Those structures are
where primary occupancy is for assembly of a large
number of people, where the primary use is for
people that are confined (e.g., prison), or where serv-
ices are provided to a large area or large number of
other buildings. Buildings in this category may suf-
fer damage in a large earthquake but are recognized
as warranting a higher level of safety than the aver-
age building. Typical examples are:

(1) Buildings whose primary occupancy is that
of an auditorium, a recreation facility, dining hall, or
commissary which is subject to occupancy by more
than 300 persons.

(2) Confinement facilities (e.g., prisons).

(8) Central utility (power, heat, water, sewage)
that are not covered by paragraph a(3) above, and
that serve large areas.

(4) Buildings having high value equipment
when justification provided by using agency.

c. All Others (I = 1.0). This includes all struc-
tures not covered by the above categories.

3-6. Summary of approved structural sys-
tems. The minimum values of the base shear
coefficient K are set forth in table 3-8. Table 3-7 is

. provided as a guide to interpret table 3-3 and to

summarize the approved structural systems for
Seismic Zone 1, Seismic Zone 2, and Seismic Zones 3
and 4. The designations used for frame and wall
specifications are described below. Note that the
wall specifications include braced frames.

T™M 5-809-10
NAVFAC P-355
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a. Frame Specifications. (The design require-
ments are covered in chapter 7.)

(1) Concrete Frame Type A. Ductile moment re-
sisting space frame.

(2) Concrete Frame Type B. Moment resisting
space frame. Qualifies as a ductile moment resisting
space frame in Seismic Zone 1 only. May be used as
a lateral force resisting system in Seismic Zone 2
with certain height and K limits.

(8) Concrete Frame Type C. Moment resisting
space frame. May be used as a lateral force resisting
system in Seismic Zone 1 only for buildings less
than 80 feet in height.

(4) Concrete Frame Type D. Vertical load carry-
ing space frame in accordance with ACI 318-77.

(5) Steel Frame Type A. Ductile moment resist-
ing space frame.

(6) Steel Frame Type B. Moment resisting
space frame. May be used as a lateral force resisting
system subject to certain height and K limits.

(7) Steel Frame Type C. Vertical load i
space frame in accordance with AISC Specifica-
tions, May be used as a moment resxstmg space
frame lateral force resisting system in Seismic Zone
1 only for buildings less than 80 feet in height.

(8) Wood frames.

b. Wall Specifications (Includes Braced Frames).
(The design requirements are covered in chapter 6.)

(1) Skear Wall Type A. Concrete (or steel) shear
walls with vertical boundary elements.

(2) Shear Wall T'ype B. Concrete shear walls.

{3) Braced frames. Steel or concrete.

(4) Masonry. Masonry shear wall. When ma-
sonry shear walls are used as part of a dual system
in Seismic Zones 2, 3, or 4, vertical boundary mem-
bers are required.

{6) Wood. Wood stud shear walls with plywood
or diagonal wood sheathing.** (Note: Stud wall
shear walls other than those listed above limited to
2 stories with K 2> 1.33. See Stud Walls below.)

(6) Stud walls. Wood or metal stud walls that
comply with chapter 6, paragraphs 6-5 and 6-6.
**See footnote on the bottom of table 3-3 for 1980
SEAOC modification.
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Table 3-7. Approved Building Systems
Zone 1 Zome 2 Zones 3 and §
Basic |3 Hetght
System! Value Limit Hinimum Min{imum Minioun Rinimum Ninimua Kinimum
(feet) Required Required Required Required Required Required
Frame ¥all Fraze Wall Frame wn o
Concrete B Concrate A Concrete A
0.6 None or or or

Franes Steed A Steel A Steal A

{100% of

F:I‘Cl ;n 0 Not

rame,
Categortes | 1.00 Steel § Stéel B Aopdicable
lad 2 Concrets C Concrate B
80 or . or
Steel € Steel B Steal B ,
Concreta B | Shear Wal) A} Concrets A | Shear UWall AR Concrete A | Shear Wall A
Nona or or or or or or
Stee) A Braced Frame] Steel A Braced Frame} Stee) A Braced Frame
Dual Shear ¥all Aj Concrete 8 | Shear ¥all A .

Systems | o.80 160 or or or ot Not
(Frane 253, Steel 8 | Braced Frane] Steel 8 | Braced Frame ]| APPVicObIe { Aoplicable
Wall 300%),

Category 3 Concrete B | Shear ¥all B| Concrete 8 Concrete A
80 or or or Masonry? or Masonry?
Steel B Masoary Steel B Stesl A
Concrets DY} Shear ¥ad1 B
None or or Not permitted over 150 feet
Steel € Braced Frame
Concrete 03] Shear ka1t A ] Concrete D] Shear wam A
160 fot ot or or or or
1.00 Applicable | Applicadle | cipg) ¢ | Braced Frame| Steel ¢ | Braced Frame
Shear Concrats 0° Concrete D°| Shear Kall 8 | Concrete 0°] Shear ¥all B
¥alls or ) or Masonry or ‘or or - or

Braced Steel ¢ Steel ¢ tasonry | Steed C Masonry

Frames

{100% of o Wood Wood ¥k Voodk#

Force in 3 Storfes

wan}, Shear ¥all B
Categorfes, Hone or Not permitted over 160 feet
4, 5. ad 6 Braced Frame

/] Shear Wall:A / Shear Wall A
1.3 160 Not or or
Applicable Braced Frame Sraced Frame -
o Shear Wall B Shear Wall B
80 Hasonry or or
Masonry Masonry
2 Storfes Stud Wans* Stud Walls* Stud Walls®

1Categortes as defined in Tadle 3-3.
2yertical boundary slements {n accordance with Chapter 6, paragraph 6-8.

Jframs required for gravity loads only. See requirement ¢ of Tadle 3-3, category 4.
“ood frame or stud wall construction not fa accordtnce ww\ requirement b of Table 3-3, category 5.

bt 11 (b'o:non on the bottom of Table 3-3 for 1980 SEAOC modifications.
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CHAPTER 4
DESIGN PROCEDURE

4-1. Purpose and scope. This chapter describes
a general procedure for the design of buildings to re-
gist the earthquake lateral forces specified in chap-
ter 8, Design Criteria. Procedures for designing and
detailing of structural elements of buildings are
more fully discussed in chapters 6 through 8. De-
tailed examples for specific types of structures are
included in the appendices of this manual.

4-2. Preliminary design. The preliminary seis-
mic design of the structure requires site investiga-
tions, conceptual planning with the architect and
the mechanical and electrical engineer, selection of a
workable structural system, and selection of trial
member sizes.

a. Site Investigation. Before proceeding with the
design of a building, the engineer must know the
seismic zone, the foundation conditions and haz-
ards, and the tsunami generation characteristics (re-
fer to chap 2, para 2-7). In some cases geotechnical
data may be required to determine T, {refer to para
4-3/).

b. Conceptual Planning. Collaboration of the ar-
chitect and structural, mechanical, and electrical en-
gineers is required to establish a concept for the
overall building system, to select the materials of
construction, and to reconcile the conflicting re-
quirements of architectural, structural, mechanical,
and electrical sytems (refer to chap 2, para 2-8).

¢. Selection of Structural System. Before select-
ing the structural system, a familiarity with the
techniques and application of seismic design is es-

. sential (refer to chap 2, para 2-9). Also the possibil-

ity of future expansion must be considered (chap 2,
para 2-11). The limitations on structural systems
(chap 8, para 8-3 and 8-6) and the special require-
ments for ductility, tall buildings, concrete frames,
braced frames, shear walls, concrete and masonry,
diaphragms, foundations, and exterior elements
(chap 3, paragraph 3-3(J)} must be reviewed.

d. Selection of Trial Structural Member Size.
Some of the structural members of a building are
governed by the gravity load design and are not af-
fected by the seismic loads. For these members the
sizes will have been determined by the usual require-
ments for dead and live loads. For the sizes of mem-
bers that form the seismic lateral force-resisting
system, a trial and error process is required because
of the magnitude of the design forces depends on the

period of the building while the period depends on
the weight and stiffness of the building. First, trial
design lateral forces are obtained from approximate
calculation of period and weight. Next, trial member
gizes are selected using approximate calculations
and judgment. Finally, & preliminary analysis is
made, and the trial sizes are confirmed or revised. If
there are substantial revisions to the initial trial
sizes, the response characteristics of the structure
will change and a reanalysis may be required.

4-3. Minimum eoarthquake forces. Every
building will be designed for lateral seismic forces,
acting nonconcurrently in the direction of each main
axis of the structure (also, see para 4-4c). As a mini-
mum, the total forces (V = ZIKCSW) specified in
chap 8, para 8-8(D), will be applied to the structure
as a whole and will be distributed to the various
levels of the structure as prescribed in chapter 3,
paragraph 8-8(E). The coefficients Z, I, K, C, and 8
depend on the seismic zone of the site, occupancy
importance, type of lateral resisting system (e.g.,
shear wall or space frame), the period of the struc-
ture, and the site characteristics, respectively. W is
the effective weight of the structure. These, as well
as other symbols, are defined in chapter 8, para-
graph 8-3(C), and methods for determining their
values are discussed below. Some basic terminology
is defined in chapter 8, paragraph 8-3(B). A graphic
representation of seismic forces is shown in figure
4-1, The product of ZIKCS can result in an upper
limit of 0.28 for buildings in zones of the highest
seismicity. The lower limit for ZIKCS in any of the
four seismic zones is 0.016.

a. Z-Factor. The factor Z, which represents the
seismicity of the site, is equal to or less than 1.0. It
is obtained from chapter 3, table 8-1, and is depend-
ent on the seismic zone maps of chapter 3, para-
graph 8-4. For California and Nevada use the map
in figure 8-4; the other Contiguous States, Alaska,
and Hawaii use the maps in figures 3-1, 8-2, and
8-3, respectively. Seismic zones for specific areas
within the United States are tabulated in table 8-6.
For localities outaide the United States refer to the
tabulation in figure 3-6. The boundary lines are ap-
proximate. If there is some uncertainty about the lo-
cation or the seismicity of the site, the larger num-

b. I-Factor. The value of the factor I is deter-

mined from the occupancy classifications of chapter

4-1
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8, table 3-2. The values range from 1.0 to 1.6. Exam-
ples of various occupancy classifications are given
in chapter 8, paragraph 8-5. When there is some
doubt regarding the proper value of the I-factor, the
decision will be made by the Design Agent.

¢. K-Factor. The factor K represents the type of
structural system and the nature of the structure
itself. The value of K, which is obtained from chap-
ter 8, table 3-8, varies from 0.67 to 1.83 for build-
ings and from 2.0 to 2.6 for structures other than
buildings. Buildings that are considered to possess
considerable inelastic deformation ability and/or
have inherent 1cy are assigned the lower K
values. Buildings that tend to be more brittle and
Damping, to a certain extent, is also considered in
the K-value. Whereas buildings generally have a
multiplicity of nonstructural end noncomputed
resisting elements that effectively increase the re-
sistance of the structure, structures other than

buildings generally do not have such elements or .

have low damping characteristics and are assigned
larger K-values. A summary of approved structural
systems for each of the seismic zones is provided in
table 8-7 of chapter 8. Although the selection of the
Kfactor is generally a simple process, for some
bufldings it may be complicated by unusual com-
binations of materials, height limitations, ductility
requirements, and other special requirements. In
tha(ﬂwlngpuagnphamemloftheparame’wu
that influence the K-factor are discussed as a guide
to selecting the proper value.

(1) Seismic zone. The requirements for the K-
values vary slightly for the different seismic zones.
In Zone 1, there are fewer restrictions on buildings
over 160 feet in height. In Zones 1 and 2 there are
fewer requirements on ductility for frames. '

(2) Height of building. Some approved struc-
tural are restricted by height limitations.
Buildings over 160 feet in height must be ductile
moment-resisting space frames (K = 0.67) or dual
systems (K = 0.80); however, some exceptions are
allowed for Zone 1. Some space frames that do not
satisfy special ductility requirements are limited to
80 feet; reinforced walls are limited to 80
feet in height; and wood buildings are limited to
three stories or 40 feet in height.

(8) Combinations of K-values. If K = 1.83 is
used in one direction of a building, it must be used in
both directions. For other values of K, it need not be
the same in both directions. Generally the K-vatue is
constant throughout the height of the building.
When a change of structural system does occur (e.g.,
steel frame on concrete shear walls, wood box sys-
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tem on a concrete box system), the K-value at the
lower level cannot be less than the K-value of the
system above, and special consideration must be
given to the transition from one system to the other
to assure sufficient load transfer capacity and in-
elastic deformation capability.

(4) Vertical load-carrying system. If the build-
ing does not have a complete vertical load-carrying
space frame, it is considered to be a box system and
has K = 1.83. In other words, if shear walls are
used to support the vertical floor loads, K = 1.88.
In order to use a value of K less than 1.83, the build-
ing must have a vertical load-carrying space frame
that is designed to carry essentially all vertical
loads. However, some exceptions are acceptable
such as a minor load-bearing wall that does not sig-
nificantly influence the lateral force characteristics
of the building. Also, basement walls below the level
considered as the base of the building may be bear-
ing for loads originating at such level. The tést for
qualifying as a vertical load-carrying space frame is
to determine whether or not the building can sup-
port the vertical loads if the shear walls are seri-
ously damaged during an earthquake.

(6) Lateral force-resisting system. The lateral
force-resisting system for a building is either (a} a8
box (table 8-8, Categories § and 6, shear

or frames without a complete vertical
load-carrying space frame), (b) a shear wall (or
braced frame) system with a nonseismic-resisting,
vertical load-carrying space frame (table 8-3, Cate-
gory 4), (c) a dual system consisting of both shear
“u“o:ablem&g“) andalater;)l force-resisting
‘frame ( 8-8, Category 3}, or (d) a space frame
system—ductile moment-resisting or moment-re-
gisting types (table 3-8, Categories 1 and 2). These
lateral force-resisting systems are reclassified in
table 8-7 to account for the various requirements in
the different seismic zones.

(6) Buildings not classified above. Any building
designed within the scope of this manual must qual-
ify under one of the classifications defined in chap-
ter 8, table 3-8, or table 8-7, or discussed above. If
there is doubt as to which of two classifications gov-
ern, the cne with the larger value of K should be
used. If the building does not appear to be covered
by any of the classifications, the structural system
must be modified to conform to one of the classifica-
tions or justification must be made that the struc-
tural system will satisfy the intent of the seiamic de-
gignprovidons.

#iyd. T, Building Period. The period of vibration, T,
“is the time required for one complete cycle of oscilla-
tion of an elastic structure in a particular mode of vi-
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bration. The building period referred to in the seis-
mic provisions of this manual is the fundamental
period of vibration for each of the two translational
directions of the building (e.g., transverse and longi-
tudinal directions). In the fundamental mode the
building acts as a cantilever essentially fixed at the
base, swaying first to one side and then to the other
side. The calculation of the period, in accordance
with formula 3-3, requires a knowledge of the lat-
eral stiffness characteristics of building (i.e., force
versus displacement relationship). The fundamental
period of vibration, T, in each direction of the pro-
posed structure, is required in order to determine
the C-factor, the S-factor, and in some cases to deter
mine the force distribution, F;, at the top of the
structure. Because the above factors must be known
during the initial design stage when the sizes and
details of all the structural elements may not have
been established (thus the stiffness characteristics
are not know), an estimated initial value of T must
be used. The estimated value need only be accurate
enough to establish reasonable values for C, S, and
Ft. The product of CS will be underestimated if the
assumed building period is too long, therefors, the
estimated period should be on the short side in order
to be conservative. At the final design stage, the
period must be checked so that C and S values used
in the design are either conservative or consistent
with the final penod The sensztxvxty of these factors
is discussed in more detail in paragrapha 4-3e, §
and g and 4-4a.

(1) Period for low-rise buildings. For most low-
rise buildings (e.g., up to 5 stories with periods
shorter than 0.5 second) the calculation of T is not
necessary because C and CS are at their maximum
values and F is equal to zero. Refer torpatagraph
4-3g for additional discussion.

(2) Initial period estimation. As an initial step
to estimate the building period in the fundamental
mode, the use of Formulas 3-3A and 3-3B, as speci-
fied in chapter 3, paragraph 3-3(D), is acceptable.
These empirical formulas rely only on basic building
dimensions and the number of stories so that they
are easy to apply at the initial stage of the design.
The resulting period is generally shorter than the ac-

tual period; thus it can be safely used for the final .

design. However, if feasible, a more accurate esti-
mate of the period should be made after the member
sizes of the lateral-resisting system have been deter-
mined.

(3) Alternate method for initial period estima-
tion. For some structures, member sizes are con-
trolled by limits on lateral drift {e.g., chap 3, para
3-3(H)N) rather than by stress limitations. This con-

4-4

dition generally applies to structural steel mome
resisting space frames systems with non
pating walls and partitions. If the drift limitations
are used as a basis for determining a predesign ini-
tial period estimation, precautions must be ob-
served in order not to underestimate the total lateral
force by estimating a period that is longer than the
actual period. After member sizes have been deter-
mined, the period must be recalculated as described
in paragraph (4). The limiting values of paragraph
(5) will be applicable (refer to Design Example A-3).
(4) Period calculation. When formula 3-3 is em-
ployed {see fig 4-2), the most difficult part involves
the determination of the story displacements (4;).
The story weights (w;) are relatively simple to esti-
mate, and almost any set of story forces (f;) can be
used {e.g., the inverted triangular distribution such -
as obtained from formula 3-7 usually gives good re-
sults), but the corresponding lateral story displace-
ments must be calculated. The basic objective must
be a realistic approach to calculating the actual
period—rather than the manipulation of the struc-
ture model so as to obtain a “‘calculated’” but non-
valid long period and low base shear. For simple
structures, the lateral displacements required for
Formula 3-3 can be obtained by hand calculation
methods. For complex structures, the calculatic
for lateral displacements become lengthy so that
aid of a computer program is normally used. Somn/

- programs that calculate member forces and frame

deflections include a calculation of periods and mode
shapes. Calculations must take into account all ele-
ments which stiffen the structure even if they are
not part of the seismic-resisting system. (Note: The
assumption for the stiffer structure is used to calcu-
late the period for determination of lateral force
coefficients, but it is unconservative to use this as-
sumed stiffness to satisfy drift requirements as dis-
cussed in para 4-~5c¢.)

(5) Maximum value for period Using an un-
realistically long period for calculating the coeffi-
cients C and S can result in an unconservative de-
sign. Because of the many parameters involved, it is
difficult to establish a hard and fast rule for what
the maximum value of the period T should be. The
SEAOC Commentary advises a thorough examina-
tion if the calculated T exceeds 0.5N%3, where N is
the number of stories above the base to level n. This
formula results in periods ranging from 0.8 second

for a two-story building to 3.0 seconds for a l5-story
;bmldmg Even these periods are felt by some engi-
- meers to be too long. The Applied Technology Cr

cil (ATC), in publication ATC 3-06, ‘“Tentative
visions for the Development of Seismic Regulati ’bn¥
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for Buildings,’'* recommends that the minimum de-
sign lateral force be based on a maximum value of T
equal to 1.4 Crhy¥4, where hy, is the height of the
building in feet and Cr = 0.025 for concrete frames
and Crp = 0.035 for steel frames.* For steel frame
buildings, the formula results in periods ranging
from 0.5 second for a two-story (24 feet) building to
2.4 seconds for a 15-story (180 feet) building. In this
manual the ATC formula is suggested as a limiting
value for the period T for use in calculating the C
and S coefficients, in lieu of more current data. How-
ever, the designer must not use the above formulas
for estimating the period used in design. The for-
mulas are only to be used to check against the value

of T calculated from the actual building properties.

e. C-Factor. The factor C is dependent on the
period T of the structure as shown in formula 3-2,
chapter 3. The maximum value of C is 0.12, which
occurs for all values of T less than 0.31 second. At
the other extreme range of the scale, where T is 5.0
seconds (say a 50-story building), the value of C is

0.03 or about one-fourth of the maximum value.
Table 4-1 below gives some values for C as a func--

tion of T. This table may be used in lieu of formula
3-2. The factor S is also dependent on the period T.
Refer to paragraph 4-3g for combined CS factors.

{. S-Factor and T, The factor S is dependent on
the ratio of building period (T) to characteristic site
period (T,) as shown in formulas 3-4 and 3-4A,
chapter 3. The value of S may vary from 1.0 to 1.5.
The maximum value occurs when T = T,. To use
less than the maximum S, values for both T and T,
must be substantiated. For guidelines for determin-

ing T, refer to paragraph 4-3d above. In order to de-

termine a value for Ty, a geotechnical investigation
may be necessary (for guidelines for determining

*Published as National Bureau of Standards Special Publi-
. cation 510, U.S. Government Printing Office, Washington,
D.C. 20402. {Stock No. 003-003-01939-9, Price $6.75)

Ts, refer to “SEAOC Standard No. 1, Determine
of the Characteristic Site Period, Ty’ Ap .
B of the SEAOC Recommendations). However,

for most low-rise buildings (e.g., T < 0.3 second),

where the difference between the minimum and
maximum effective S value is only 5 percent, the
maximum value is used and T, need not be deter-
mined (refer to para 4-3g). For taller buildings,
where T, can affect the base shear coefficient by as

- much as 50 percent, it may be worthwhile to have a

geotechnical investigation made. On some sites the
values of Ty may be obvious without a detailed in-
vestigation. For example, if the building is to be

.located on a firm site, Ty will be 0.5 second. A firm

site is defined as a site where bedrock is within 10
feet or where there is very dense granular soils. At
the other end of the scale, where there may be over
500 feet of dense sand or over 300 feet of consoli-
dated clay, Ty may be about 2.5 seconds. When a
geotechnical investigation is made, T; might not
always be presented as a simple value, but might be
represented by a reasonable range of values. When
this occurs, the building period must be compared
with the range of T; values to obtain the highest
value for S. A

(1) Example for T, given as a range of values. If
T, is given to be in the range of 1.0 second to ' &
seconds, then:

(a) For a building with a period shorter v._<
1.0 second, use a T, value of 1.0 second.

' {b) For a building with a period longer than
1.5 seconds, use a Ty value of 1.5 seconds.

{c) For a building with a period within the
range of 1.0 to 1.5 seconds, T/T; will be taken to
equal 1.0 and S will equal 1.5.

(2) Table for S-factor. Table 4-2 below gives

* some values of S as a function of T/T,. This table can

be used in lieu of formulas 3-4 and 3-4A. Refer to
paragraph 4-3g, below, for CS factors combined.

Tabled-1. C = VIS/T (3-2)
T <0.31 . 0.40 0.50 0.75 1.25 1.50 2.00 3.00 5.00
c 0.120 0.105 0.094 0.077 0.067 0.060 0.054 0.047 0.038 0.030

*Ia the ATC publication, the 1.4 coelficlent is applicable to the modal analysis procedure (ATC Sec. 5.8) and a coefficient of 1.21s
recommended for the equivalent lateral force procedure (ATC Sec. 4.2.2).

Table 4-2. S as a Functionof T/T,

TIT, 0.12 0.20 0.30 0.40 0.60

10.80

1.00

1.20

1.60

2.00

->2.29

8 111 1.18 1.26 1.32 1.42

F7148

1.50

1.49

1.40

1.20

17
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{8) Tand T, limitations for the calculation of S.
(a) If the period of the building is shorter than
0.3 second, use T = 0.3 second.
() T, will range from 0.5 second to 2.6
seconds.
(c) If T islonger than 2.5 seconds and T is un-
known,use T, = 2.5 seconds.

g. Combined CS Factors. The product of Cand S
factors describes the general relationship of base
shear coefficients to building period of vibration (Z,
I, and K are independent of T). CS ranges from a
maximum of 0.140 for short period buildings to a
value of 0.027 for a building with a period of 6 sec-
onds (such as for a 60-story building). Table 4-3
gives some values of CS as a function of building pe-
riod (T) and site characteristic period (T,). Figure
4-3 illustrates the relationship of CS to T graphi-
cally, showing the maximum and minimum CS
values. Note that for some building periods, CS is
not very sensitive to a variation in T,

h. Weight. W, the total dead load and applicable
portions of other loads, represents the total mass of
the building. It includes the weight of the structural
slabs, beams, columns, and walls as well as non-
structural components such as partitions, ceilings,

floor topping, roofing, fireproofing material, and

fixed electrical and mechanical equipment. When
partition locations are subject to change, a uniform
distributed dead load of 20 pounds per square foot
of floor space is used. Miscellaneous items such as
ducts, typical piping, and conduits can be covered
by an additional 1 or 2 pounds per square foot. In
storage areas, 25 percent of the design live load shall
be included in the seismic weight W. In areas of
heavy snow loads, some or all of the design snow
load must be included (refer to chap 8, para
8-3(Dj)5c). At the initial stage of design, the esti-
mated weights of the structural members will be
used. After the final sizes of structural members are
selected, the actual weights must be compared with
the estimated weights. In addition to determining
the overall weight W, the designer must determine
tributary weights at each floor for both vertical and
horizontal distribution. Therefore, the calculations
for W must be done in an orderly manner so that
tributary weights as well as the overall weights can
be accounted for.

(1) Vertical distribution. For vertical distribu-

tion, the weight *“‘w,’’ that contributes to story level -

“x" is calculated separately for each floor (refer to
chap 8, para 3-3(E)). This generally includes the
weight of the complete floor system, plus one-half
the weight of the story walls and columns above the
floor level and one-half of the weight of the story

i
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walls and columns below the floor level. If partitions
are laterally supported top and bottom, their weight
is divided between the two floor levels; however, if
the partitions are free standing, the total weight is
included with the supporting floor level.

(2) Horizontal distribution. The horizontal dis-
tribution of weight at each floor level is required in
order to calculate the center of mass (chap 8, para
8-3(E)5) and the diaphragm forces (chap 8, para
8-8(J)2d). The weight of the diaphragm and the ele-
ments tributary thereto (designated wp;x in formula
8-9) include the floor system, tributary weights of
walls and partitions, and other elements attached to
the diaphragm. The weights of the shear walls (and
items attached thereto) that act in the same direc-
tion under consideration for the diaphragm, need

" not be included in the weight of the diaphragm un-

less there is vertical discontinuity such that redistri-
bution of the shear wall weight to other shear walls
is required. The horizontal distribution generally
consists of a combination of uniform and concen-
trated weights along the length of the floor plus con-
centrated weights tributary to the shear walls at the
shear walls (sce fig 4-4).

(8) Summation. The sum of the horizontal dis-

~ tribution weight (in each direction of motion) will be

equal to the story weight, and the sum of the story
weights equal the total weight W of the building, ex-
cept that the bottom half of the first story generally
distributes itself directly to the base and is not
necessarily included in the weight W (fig 4-2).

4-4. Distribution of forces. The total lateral
force is distributed throughout the building in a
manner that simulates the behavior of the building
during an earthquake.

a. Story Forces. The distribution of the lateral
force vertically along the height of the building is
determined by formula 8-7 (fig 4-1) except for those
buildings that are considered irregular. A sample
format for determining story forces is shown in
table 4-4. The procedure given is based on the as-
sumption of a uniform building and is aimed at a
reasonable evaluation of the relative maximum
story shear (e.g., column (9) in table 4-4) envelope
that will occur.

(1) Regular buildings with T < 0.7 second.
When the period of the building is less than 0.7 sec-
ond, F; will be equal to zero. Then formula 8-7, the
vertical distribution equation, will reduce to the fol-

Fy= (—'s"ﬁ!—)v (4-1)

47
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Table 4-3. (S as a Function of T and T,

<0.3 1 0.5 0.75 } 1.00 | 1.25 | 1.50 | 2.00 | 3.00 | 4.00 } 5.00 | 6.00

0.5 .140 } .140 | .110 | .080 | .060 | .054 | .047 } .03% | .033 | .030 |} .027
0.75 .140 | .136 | .116 | .098 | .082 | .065 | .047 .03§ .033 | .030 | .027
1.00 | .140 | .130{ .113 | .100 | .089 | .077 | .057 | .03% | .033 | .030 | .027
1.25 .140 | .124 | .109 | .099 | .090 | .080 | .065 | .039 } .033 | .030 | .027
1.50 .140 } .120 | .106 | .096 | .089 ~.081 | .069 | .046 | .033 | .030 | .027
1.7% .140 | .117 | .103 | .094 | .088 | .080 | .070 | .052 | .033 | .030 | .027
2.00 137 | .115] .100 | .092 | .086 | .079 | .071 | .055 | .040 | .030 | .027
2.50 .133 | .111} .097 | .088 | .083 | .077 | .070 | .057 | .046 | .036 | .027
Unknown |- .140 { .140 | .116 | .100 | .090 | .081 | .071 |-.057 | .046 | .036 | .027

FOOTNOTES TO TABLE 4-3

(1) If Tis shorter than 0.3 seconds. This category covers most shear wall buildings up to four stories and frame structures up to two
or three stories. When T is less than 0.3, the product of CS ranges from 0.183 to 0.140. Unless T, is known to be longer than 1.76 seconds,
useCS = 0.14.

{a) At this period range, Cequals 0.12.

{5} The effective value of § ranges from 1.11 to 1.17. There is only & § percent difference between maximum and minimum. The
minimum value of T/T, equals 0.8/2.5 equals 0.12; thus, from table 4-2, the minimum § equals 1.11. The maximum value of CS is 0.14
and C is equal to 0.12; thus, the maximum value of § equals 0.14/0.12 equals 1.17.

{c/ Some low rise moment resistant stee! space frames may have calculated periods greater than 0.3 second. If the longer periods
are substantiated, a smaller value for CS may be justified. Refer to paragraphs £4-3d(4), {5) for period calculations and limiting values.

(2) If Tis about 0.5 second. This category generally covers shear wall buildings in the order of seven stories with a 60-foot base di-
mension or 10 stories with a 100-foot base dimension and frame structures up to five stories. CS ranges from 0.111 t0 0.140. If T, is un-
known or if the building is located on & relatively firm site, use CS equal to 0.14. It if appears that T, may be somewhat greater than 1.0
second, it may be worthwhile to substantiate a value for T, in order to use & value of CS less than 0.14.

(8) If T is between 0.5 second and 1.0 second. In this period range the values of CS are quite sensitive to period variations, ranging
from 0.14 to 0.08 (fig 4-4). The value of S will range from 1.2 to 1.5, depending on the various combinations of T and T,. The value of C
will range from 0.094 to 0.067 {table 4-1).

_ (4} If Tis 1.0 to 1.5 seconds. Unless it can be substantiated that the building is located on & firm site (e.g.. T, less than 0.6T), the CS
value will be within about 10 percent of the maximum values shown in table 4-3.

{5) If Tis 2.0 to €0 seconds. In this building period range, the difference between a firm site and a soft site can affect CS by a factor
of 1.5; therefore, the costs of substantiating the value of T, may be justified.

(6) If Tis greater than § seconds. When the building period is longer than 5.7 seconds, S equals 1.0 and T, has no effect on the value
of CS.

4-9
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Table 4-4 Force distribution
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The story force Fy is distributed horizontally at
level x in proportion to its mass distribution at that
level (refer to para 4-3A(2) and fig 4-4).

(2) Regular building with T>0.7 second. When
the period of the building is greater than 0.7 second,

a lateral force Fy, as determined by formula 3-6, is

applied to the top level of the structure, usually the
roof. Fy will vary from 6 percent (T = 0.7 second)
to 26 percent (T>3.6 seconds) of the lateral force V.
‘The remaining portion of the force (V - Fy) is distrib-
uted throughout the height of the structure in
accordance with formula 3-7. The total applied force
at the top level of the structure will be Fy + Fy,
where Fy, is the value of F obtained from formula
8-7 for the top level “n"” (see fig 4-1).

(8) Additional comments on F, The rationale -
for F¢ is based on the following assumption: For
buildings with periods greater than 0.7 second (e.g.,
tall and/or flexible structures), the fundamental
mode shape may depart from the straight-line as-
sumption (formula 4-1) and the effects of higher
modes of vibration may become more significant. To
account for this, a greater portion of the lateral force
is assigned to the top of the structure by use of Fy
from formula 3-6. This additional force is intended
to increase the shear force and the equivalent story

acceleration at the upper stories; however, in some
cases the strict application of F; may result in exces-
sive forces for roof diaphragms and excessive
overturning moments at foundations. To lessen
these effects for diaphragms, chapter 3, paragraph
8-8(J)2d, places a limit of 0.80ZIwpy on the required
diaphragm force; and for overturning moments at
foundations, the SEAOC Commentary suggests
that F; may be neglected. A better approximation of
the force distribution may be made by using the
principles of dynamics which include the significant
modes of vibration (see para (4) below).

(4) Irregular and setback buildings. For irregu-
lar structures or framing systems (chap 3, para
8-8(E)3) or for setback buildings (chap 8, para
8-3(E)2), the lateral force cannot be distributed in
accordance with the arbitrary rules for uniform
buildings that are contained in formulas 3-6 and
3-7, but must be distributed by a rational procedure
that takes into account the stiffness properties of
the lateral force resisting system, the mass distribu-
tion, and the principles of dynamics. Refer to

BEAOC Recommendations, appendix C, for pro-

#posed provisions on setback buildings. Conditions

of irregularity that require special design proce-
dures include the following:

4-1
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{a) Buildings with irregular configuration in
plan or in the vertical dimension (e.g., L+, U-, and T-
plan and setback buildings).

(b) Buildings with abrupt changes in lateral
resistance within any level or between adjacent lev-
els {e.g., discontinuity of shear walls or columns).

(c) Buildings with abrupt changes in lateral
stiffness within any level or between adjacent levels
{e.g., large change in size of shear walls or column
piers).

(d) Unusual or novel structural features.

b. Overturning. The overturning effects are deter-
‘mined by applying the story forces obtained from
formulas 3-6 and 3-7 as illustrated in table 4-4 and
figure 4-1. The structure must resist these forces in
accordance with chapter 3, paragraph 3-3(F). In
moment-resistant frame structures, the overturning
is resisted by a combination of coupled axial column
forces and bending moments in the column. In shear
wall buildings, the overturning moments are re-
sisted by bending in the shear walls. When shear
walls are linked together by beams, axial forces are
transmitted to the shear walls. The distribution
between the resisting axial overturning forces and
bending moments are dependent on the relative
stiffnesses of horizontal and vertical structural

elements. Accurate determination of the resisting

forces can be complex; therefore, approximate
methods are generally used. One method may be
used for calculating the axial forces and another
method may be used for calculating bending mo-

ments and shears to assure that the structural
elements are not underdesigned. The forces for the

columns and shear walls must be transmitted to the
foundations. In zones of high seismicity, the appli-
cation of the design forces create an apparent over-
turning instability condition that is difficult to rec-
oncile with observations in past earthquakes, The
SEAOC Commentary suggests supplemental crite-
ria for determining overturning to the foundations
{also refer to para 4-4a(3) and 4-8).

¢. Direction of Force

(1) Horizontal forces. In general, the horizontal
design earthquake forces are apphed nonconcur-
rently in the direction of each of the main axes of the
structure (chap 3, para 3-3(D)). 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 princi-

pal axes should be investigated.
{a) Buildings. An independent design about
each of the principal axes will generally provide
adequate resistance for forces applied in any direc-

4-12

tion. Special consideration must be made at outsi

corners and re-entrant corners for the vulnerable.

fects of concurrent motions about both principal
axes. An approved procedure for investigating the
effects of concurrent motion on the vulnerable ele-
ments is to combine the seismic forces acting in the
direction on one axis with 0.3 times the force effects
resulting from the seismic forces acting in the
direction perpendicular to the first axis.

(b) Structures other than buildings. For struc-
tures circular in plan, such as tanks, towers, and
stacks, the design should be equally resistant in all
directions. For four-legged structures substantially
square in plan, seventy percent (70%) of the pre-
scribed forces should be applied concurrently in the
directions of the two principal axes, especially for
purposes of designing for overturning effects on col-
umns and foundations. ,

(2) Vertical forces. Vertical components of
ground motion are not usually calculated but con-
sidered to be accounted for in the difference between
the vertwal load capamty and actual vertical loads
and in special provisions using reduced dead loads.
Such provisions include the 0.9 factor for dead load
in chapter 6, formula 6~2, and chapter.7, formula
7-2, for considering the minimum gravity loads
(chap 3, para 3-3{J)2c). These reduced loads apply *
axial compression due to gravity in concrete ¢

umns and walls when subjected to seismic bending—"

moments and uplift forces and to beam bending
moments due to gravity when combined with
seismic bending moments in the opposite direction
(i.e., bending moment reversal).

(a)} Horizontal elements. In Seismic Zones 3
and 4, special considerations must be given to the ef-
fects of vertical accelerations on horizontal pre-
stressed elements (especially those with draped pre-
stressing) and horizontal cantilevers {chap 3, para
3-3(A)). An approved procedure for investigating
the effects of vertical accelerations for the horizon-
tal prestressed elements is to rely on only fifty per-
cent (50%) of the dead load as a minimum gravity
load when applying the lateral forces. Horizontal
cantilever elements should be checked for the capa--
city of the elements to resist a net upward force of
twenty percent (20%) of the dead load.

{b) Hold-downs. In Seismic Zones 3 and 4, the
design of hold-downs to resist bending moments and
uplift forces will use a maximum of 0.9 of the dead
lqad for gravity resistance.

,3,d. Path of Forces. All of the inertia forces origi-

Mhting from the masses on and off the structv
must be transmitted from their source to the base
the structure (see fig 4-5 and 4-6).

~—
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(1) Forces normal to the plane of a wall must be
transferred either vertically to the floors above and
below or horizontally to frames or shear walls. These
forces will be governed by formula 3-8.

(2) Diaphragms acting as horizontal beams
must transfer inertia forces to the frames and/or
shear walls. These forces will be governed by formu-
las 3-9 and 3-9A. In some cases, the diaphragm
forces are transferred to a collector member (or a
drag strut). This strut load must, in turn, be trans-
ferred to the shear wall.

(8) Frames and shear walls must transfer forces
contributed from the diaphragms as well as their
own inertia forces to the foundations. These forces
are governed by formulas 8-1, 8-6, and 3-7.

(4) Forces applied to the foundations by the
shear walls and frames must be transmitted into the
ground. See paragraph 4-8 for design of founda-
tions.

(5) Connections between all elements must be
capable of transferring the applied forces from one
element to another. Special design requirements for
connections are reviewed in paragraph 4-6.

e. Rigidity Analysis

(1) Horizontal forces. For rigid diaphragms,
the horizontal forces are transferred to the vertical
frames and shear walls in proportion to the relative
rigidities. When all the vertical elements (frames or
shear walls) are of equal size in a symmetrical build-
ing, the diaphragm forces are distributed equally.
When there are large differences or a lack of symme-
try, a rigidity analysis must be performed. When
the diaphragms are flexible, the horizontal forces
are transferred in proportion to tributary area. (See
chap 8, para 8-3(E)M4, and chap 5, para 6-2d.)

(2) Horizontal torsional moments. For rigid
diaphragms, where the center of rigidity of the verti-
cal lateral force-resisting elements (frames or shear
walls) is not coincident with the center of mass, pro-
visions must be made for this eccentricity. For a
symmetrical building, 2 minimum eccentricity of
§ percent of the maximum building dimension is re-
qu;rded (See chap 8, para 8-3(E)5, and chap 6, para
6-2d.)

(8) Distribution between shear walls and frames
{dual systems). When a dual bracing system is used
(table 8-8, Category 3, K = 0.80), a rigidity analysis
must be made to determine the interaction between
the walls and the frames. Generally for tall
buildings, shear walls deflect as vertical cantilevers
in a concave shape and frames deflect in a straight
line or convex shape (see fig 4-7). In a dual system
with rigid diaphragms, the shear walls and frames
are forced to deflect the same amount at each story:
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therefore, some force transfer must occur between
shear walls and frames. Shear walls tend to support
the frame at the lower stories and the frame tends to
support the shear wall at the upper stories (see fig
4-7). (Also, see chap 6, para 6-2d(3).)

f. Elements Not Part of the Lateral Force-Resist-
ing System. The elements designated as the lateral
force resisting-system must be designed to resist
the total applied lateral force. In addition, all load-
carrying elements not designed to be part of the lat-
eral force-resisting system must be analyzed to de-
termine if they are compatible with the lateral
force-resisting system (see chap 8, para 8-3(J)1d and
€). Any element that is not strong enough to resist
the forces that it attracts or the interstory drifts
that occur will be damaged unless it is isolated from
the lateral force-resisting system.

& Dynamic Approach. Alternative methods to
the static distribution of aeismic forces are permit-
ted by chapter 8, paragraph 3-3(I). Some basic
concepts are discussed in chapter 2, paragraphs 2-4
and 2-10.

4-5. Design of the structural elements. De-
sign of diaphragms, walls, and frames are covered
by chapters b5, 6, and 7, respectively. These struc-
tural.elements must be designed for various com-
binations of loads and must satisfy certain deforma-
tion requirements.

a. Load combinations will be in accordance with
chapter 8, paragraph 3-3(J)2c.

b. Structural elements will be designed to resist
the combined axial, shear, and bending forces.

¢. Deformations will be governed by the provi-
sions for interstory drift (chap 8, para 3-3(H)1),
building separations (chap 8, paru 8-8(H)2, and para
4-7), deformation compatibility (chap 8, para
8-8(J)1d), diaphragm deformation (chap 3, para
8-8(J)2d, and chap 6, para 6-2b), and exterior ele-
ments (chap 8, para 3-8{J)3d).

(1) For determining compliance with the defor-
mation provisions, only structural elements should
be considered in the stiffness calculations. It is un-
conservative to include the stiffness participation of
nonstructural elements without substantiated data.
This is in contrast with the assumptions used in the
period calculation for obtaining values for C and S
(para 4-3d{4)). Thus, it is not uncommon to have one
set of stiffness assumptions for calculating the total
ddsign lateral forces and another set of stiffness

iassumptions for calculating the design lateral
displacements. It is acceptable to calculate the
lateral deformations based on lateral forces corre-
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sponding to a building period Tp longer than the
period T used for the design lateral forces and with-
out the limit specified in paragraph 4-3d(5). An
example is given below.

(2) In the seven-story building example in table
4-4, C and S are based on a building period T of 0.8
second. The design lateral forces include an addi-
tional top story force F of 44 kips and a total lateral
force V of 791 kips. The calculated period based on
- the bare structural frame is 1.2 seconds. This period

is not valid for use in calculating the lateral forces
because it ignores some elements that will stiffen
the structure (para 4-8d(4)) and it exceeds the rec-
ommended maximum limit in paragraph 4-3d(5).
However, the period of 1.2 seconds may be used as
Tp to calculate the lateral forces used to determine
the lateral displacement. The resulting (F¢)p is 54

kips and Vp is 644 kips. Therefore, to calculate the

lateral displacement, the values of 64 kips and 644
kips may be used in lieu of 44 kips and 791 kips, re-
spectively. This reduces the calculated displacement
from 2.7 inches to 2.2 inches. This displacement will
be multiplied by 1.0/K to determine drift compliance
or by 3.0/K to determine deformation compliance
- with provisions in chapter 8.

d. The secondary effects of lateral deformation
(P-A effect), when significant, must be investigated
to assure lateral stability.

4-6. Connections between elements. Fore-
. most among requirements vital to earthquake-re-
sistant design of all types of buildings is the neces-
sity of tying the various structural elements to-
gether so that they act as a unit. Possibly the most
important aspect of lateral force design is the con-
nections (seams and joints) between the structural
elements. In designing and detailing, it is well to
keep in mind that the lateral forces are not static, as
assumed for convenience, but dynamic and to a
great extent unpredictable. Since prevention of col-
lapse during a severe earthquake depends upon the
energy absorbing capacity of the structural ele-
ments, the ultimate strength of the structure should
be governed by the strength of the structural ele-
ments rather than by the strength of their connec-
tions; thus, connectors should not be the weak link
of the structure. Obviously, a structural element
cannot transmit shears, moments, and torsions in
excess of the ultimate strength of the connection
used to join elements. As a general rule these con-
nections should be sufficient to develop the useful
strength of the structural elements connected, re-
gardless of calculated stress.
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a. Design Criteria. Special design requirements
for connections are included in the following para-
graphs of this manual.

(1) Chapter 8, paragraph 3-3(J)lg, Braced
Frames. Connections of braced frames must be de-
signed to develop the full tension and compression
capacity of the members or they must be designed
for 1.25 times the design lateral force without the
usually permitted one-third increase.

(2) Chapter 8 paragraphs 38-3(J)2d, Dia-
phragms; 8-8(J)3a, Anchorage of Concrete or Ma-
sonry Walls; and 3-3(J)3b, Wood Diaphragms Used
to Support Concrete or Masonry Walls. These provi-
sions specify the minimum requirements for con-
necting floors and roofs to concrete and masonry
(3) Chapter 8 paragraph 3-3(J)3d, Exterior
Elements. Connections of precast or prefabricated
‘non-bearing, non-shear wall panels or similar ele-

ments must be designed in accordance with special
provisions for story drift, seismic design forces, and
ductility.

(4) Chapter 6, Diaphragms; chapter 6, Walls;
chapter 7, Space Frames; and chapter 8, Reinforced
Masonry, provide additional minimum connection
requirements for lateral force-resisting structural
systems.

b. Forces. Forces to be considered in design of
connections between structural elements, in addi-
tion to lateral force shears, are axial loads, flexural
and torsions (twisting), as well as secondary or pry-
ing forces within connections—separately or com-
bined as applicable to the specific case. These forces,
at juncture seam along the intersection of the struc-
tural elements, may be the resultant of gravity
loads, overturning, differential foundation settle-
ments, lateral forces both normal and parallel to
vertical elements, and shrinkage and thermal forces.
Positive means will be provided for transferring
shears from the plane of the diaphragm into the ver-
tical resisting elements, and also for transferring
wind or seismic forces from the vertical elements
into the diaphragm. In designing connections or
ties, it is necessary to make each and every connec-
tion consistent with the basic assumptions and dis-
tribution of forces. Provisions will be made in the
design of connections to lateral force movements in
walls arising from creep, temperature, and shrink-
age movements in decks, including steel beams or
girders when decking is fastened thereto. All signi-
ficant loadings must be considered, and the joints
/and connections designed for forces consistent with

“" all reasonable combinations of loadings.
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¢ Details. Details of connections shall admit to a
rational analysis in accordance with well-established
principles of mechanics. Joints and connections may
be made by welding, bolting, by bond and anchorage

of reinforcement, by dowels, and by mechanical de- -

vices such as embedded shapes and welded studs.
The transfer of shear may be accomplished by using
reinforcing steel extended as dowels coupled with
cast-in-place concrete placed between roughened
concrete interfaces. The entire shear should be
considered as transferred through one type of de-
vice, even though a combination of devices may be
available at the joint or support being considered
unless one is sure that the combination of devices
will act in unison. Because joints and connections di-
rectly affect the integrity of the structure, their
design and fabrication must be adequate for the
functions intended. Rotational forces resulting from
eccentric connections must be considered. In gen-

eral, elements and members should be detailed -

that torsion and moments are held to a minimum “_

the connections.

d. Allowable Shear and Tension on Bolts in Con-
crete. Table 4-56 shows the maximum allowable
forces on steel bolts (A307 or better) embedded in
regular weight concrete (3,000 psi minimum
strength). Values are based on a bolt spacing of at
least 12 diameters with a minimum edge distance of
6 diameters. The bolts will have a standard bolt
head or an equal deformity in the embedded portion.
In Seismic Zone Nos. 2, 3, and 4, an additional 2
inches of embedment will be provided for anchor
bolts located in the top of columns. When combining
tension and shear forces on a bolt, the following in-
teraction formula is applicable:

De Shear Force Tension Force
mvnﬁo Shear Forcs T ﬁ%wagﬁ Tenslon Force <10 4-2

Table 4-8. Allowable Shear and Tension on Bolts in Concrete!

Minimum
Diameter embedment3 Shear Tension®
{inches) (inches) (pounds) {pounds)
1/2 4 2,000 950
5/8 4 3,000 1,600
34 [ 3,600 2,250
8 8 4,100 3,200
1 7 4,100 . 3,200
1-1/8 8 4,500 3,200
1-1/4 9 5,300 3,200 -
IMinimum concrete strength is 3,000 psi.
3An additional 2 inches of embedment will be provided for anchor bolts at tops of columna foe buildings
located in Zones 2, 3, and 4.
3Where special inspection is provided tension values may be doubled.
Note. Sglopted from Uniform Building Code, 1979 edition, by International Conference of Building
O
Jult
s
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4-7. Special selsmic detalling. Some of the
general requirements and details for satisfactory
performance under earthquake conditions are enu-
merated and discussed in the following paragraphs.
Also, refer to chapter 2, paragraph 2-9k.

a. Separation of Structures (chap 8, para 3-S(H)2).
In past earthquakes the mutual hammering re-
ceived by buildings in close proximity to one
another has caused significant damage. The sim-
plest way to prevent damage is to provide sufficient
clearance 8o that free motion of the two structures

will result. The motion to be provided for is pro-

duced partly by the deflections of the structures
themselves and partly by the rocking or settling of
foundations. The gap must equal the sum of the to-
tal deflections from the base of the two buildings to
the top of the lower building.

(1) Inthe case of a normal building, less than 80
feet in height using concrete or masonry shear walls,
the gap shall be not less than the arbitrary rule of 1
inch for the first 20 feet of height above the ground
plus 1/2 inch for each 10 feet of additional height.

(2) For higher or more flexible buildings, the
gap or seismic joint between the structures should
be based on 8/K times the deflections determined
from the required (prescribed) lateral forces. If the
design of the foundation is such that rotation is ex-

pected to occur at the base due to rocking or due to .

settlement of foundations, this additional deflection
(as determined by rational methods) mll be in-
cluded.

b. Seismic Joints. Junctures between distinct
parts of buildings, such as the intersection of & wing
of a building with the main portion, are often de-
signed with flexible joints that allow relative
movement. When this is done, each part of the build-
ing must be considered as a separate structure that
has its own independent bracmg system. The crite-
ria for separatxon of buildings in paragraph a above
will apply to seismic joints for parts of buildmgs
Seismic joint coverages will be made flexible, wat.er-
proof, and architecturally acceptable. .

(1) An example that is frequently found in large
one-story industrial buildings with a relatively flexi-
ble frame follows:

At one end of the industrial building it is desired to
provide a small office section with stiff exterior or
interior walls. The office unit is relatively much stif-
fer than the rest of the building. If these two units
are tied together, the horizontal force of the entire
structure will be delivered to the small stiff unit
which may be incapable of resisting such large
forces (or excessive torsion may be developed in the
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larger structure). Extensive damage has beeh ob-
served from past earthquakes which can be attrib-
uted to the omission of such separation. A separa-
tion between the two units will be required in such
cases.

(2) Asan alternative to integral construction or
full separation, a properly substantiated separation
by a mechanical acting joint designed to take appro-
priate forces and displacements is permitted.

¢. Bridges Between Buildings. Certain types of
structures commonly found in industrial installa-
tions are tied together at or near their tops by
connecting parts such as piping, conveyors, ducts,
etc. For instance, it may be necessary to connect
two buildings by a covered bridge or passageway. In
most cases it would not be economically feasible to
meake such a bridge sufficiently rigid to force both
buildings to vibrate together. A sliding joint at one
or both ends of the bridge can usually be installed.
In general, it is preferable to avoid bridges between
buildings in Seismic Zone Nos. 8 and 4.

d. Stairways. Stairways may be considered as in-
clined extensions of horizontal diaphragms. Since
the stairway has a vertical component it must be
considered as a vertical shear wall and designed as
such or be cut loose 8o as not to act in the case of
earthquake shock. If the stiffness of the stairway
acting as an inclined vertical shear wall is relatively
small when compared to other vertical resisting ele-
ments in the building, the problem becomes less
important. Thus, in general, the use of concrete
stairs in a stiff building with masonry or concrete
walls may be satisfactory. However, more flexible
steel stairs should generally be used in buildings
having a flexible moment-resisting frame. Interior
stairs usually create a hole in the diaphragm which
should be treated as an opening in the webofaplate
girder.

e. “Short-Column" Effects. Whenever the lateral
deflection of any column is restrained, when full-
height deflections were assumed in the analyasis, it
will carry a larger portion of the lateral forces than
assumed. In past earthquakes, column failures have
frequently been inadvertently caused by the stiffen-
ing (shortening) effect of deep spandrels, stairways,
partial-height filler walls, or intermediate bracing
members. Unless considered in the analysis, such
stiffening effect shall be eliminated by proper detail-
ing for adequate isolation at the juncture of the
gblumn and the resisting elements.

8. Design of foundations. The foundations

must be designed for the seismic forces transmitted
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by the shear walls and frames of the lateral force-
resisting system.. The media used for the transmis-
sion of horizontal forces may be friction between
floor slab and ground; friction between bottom of
footing and ground; and/or passive resistance of
earth against vertical surfaces of footings, grade
beams, or basement walls. The overturning effects,
which require a careful analysis of permissible over-

. loads for combined effect of vertical and lateral

loads, will be made as part of the foundation design
(refer to para 4-4b and to the SEAOC Commentary
on overturning for additional discussion of over-
turning effects). Resulting tensile forces must be
resisted by anchorage into the foundation. Stability
against overturning must be provided for the short-
time loading during an earthquake (or wind) without
imposing such restrictions as to create wide dispar-
ity in foundation settlements under normal loading.
This disparity could create more damagse to the
structure than that which might occur in an earth-

quake under highly increased soil pressures. The soil.

pressure resisting combined static and prescribed
seismic loads can generally exceed the normal
allowable pressure for static loads by 1/3. However,
the various types of soils react differently to short-
- time seismic loading and any increase over normal

allowable static loading will be confirmed by a soils

analysis. In no case will the footing size be less than
that required for static loads alone. Earthquake vi-
brations may cause consolidation or liquefaction of
loose soils, and the resultant settlement of building
foundations usually will not be uniform. In the case
of rigid structures supportet'l on individual spread
footings bearing on such material, excessive differ-
ential settlements can result in damage to the
superstructure. Stabilization of the soil ptior to con-
struction or the use of piles, caissons, or deep piers
bearing on a firm stratum may be the solution to
.this problem.

a. Foundation Ties. This paragraph supplements
the design criteria of chapter 3, paragraph 3-3(J)3c.
Individual pile, caisson, and deep pier footings of
every building or structure in Seismic Zones 2, 3,
and 4 will be interconnected by ties. For Seismic
Zone 1, provide ties only when surrounding soil has
low passive resistance values. Each’tie will be
designed to carry an axial tension and compression
horizontal force equal to 1/10 the larger pile cap
loading. Isolated spread footings on soil with a low
passive resistance will also be tied together in a way
to prevent relative movement of the various parts of
the foundation with respect to each other. Passive
resistance values vary greatly with type of soil and
depth. Adequacy of passive resistance should be de-
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termined by the soils specialist. Passive resiste

or lateral bearing values are permitted only w
concrete is deposited directly against natur
ground or the backfill is well compacted. Passive re-
sistance should not be used where the lateral bear-
ing surface is close to an excavation unless such ex-
cavation is carefully backfilled with well-compacted
material. The shear in the earth between such bear-
ing surface and open or poorly compacted excava-
tion or a similar may be a critical item.
Where a building is supported by piles, caissons, or
deep piers, it is frequently necessary to develop
horizontal shear through lateral bearing against the
side of the pile, pier, or caisson. The upper soils may
not have sufficient lateral bearing value to resist the
lateral forces. This creates bending in the piles
which must be provided for in the design. Where a
building is supported on piles driven through very
poor material it is frequently economical to drive
batter piles to take care of horizontal shear transfer
to the ground. In instances where footings are sub-
jected to lateral thrusts due to applied vertical
loads, such horizontal thrust will be added to the
lateral seismic force indicated above. An example of
this case could be the outward thrusts on footings of
a rigid gable bent due to applied vertical loads. The
ties can be formed by an interconnecting grid »-"
work of reinforced concrete struts or structural s )
shapes encased in concrete. As an alternate, a ren—"
forced concrete floor slab, doweled to walls and
footings to provide restraint in all horizontal direc-
tions, may be used in lieu of the grid network of ties.
Slabs-on-grade will not be used as ties when signifi-
cant differential settlement is expected between
footings and slab. In such cases, slabs-on-grade will
be cut loose from footings and made free floating
(note that the effective unsupported height of the
wall is increased for this condition). Strut ties placed
below such slabs shall be cushioned or separated
from the slab sufficiently so that slab settlement
will not damage the strut ties. Alternatively, it may
be more economical to overexcavate the soil under
the footings and recompact to control differential
settlements and to increase passive resistance so as
to eliminate need for footing ties.

b. Pile Foundations. For pile-supported struc-
tures subjected to horizontal loads, it must be
decided whether the lateral load-carrying capacity
of the vertical piles is adequate or whether batter
gxles should be used. The lateral load-carrying ca-
pacity of vertical pxles is dependent on the proper-

;tdes of the soil; the size, length, and material of +*
“ pile; and the pile grouping and spacing. These

tors should be taken into consideration in estimunv—"
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ing the ability of vertical piles to withstand the hor-
izontal loads.

4-9. Parts and elements of bulldings. Parts

and elements of buildings and their anchorages will

be designed for forces in accordance with chapter 3,
paragraph 8-3(G), formula 3-8, and table 8-4.

a. Structural elements include walls and parapets
with lateral loads normal to the flat surface, dia-
phragms as horizontal beams (chap 8, para 3-8
(7)2d), and penthouses (chimneys and smokestacks
are covered in para ¢ below). These elements will be
designed to resist the specified lateral forces as well
as to transfer these forces to the structural system
of the building through proper connections.

b. Architectural elements include partitions, or-
namentation, suspended ceilings, exterior panels

. (chap 8, para 3-3(J)3d), and storage racks. Architec-

tural elements are covered in chapter 9.

¢. Mechanical and electrical elements, which are
covered by chapter 10, include chimneys and smoke-
gtacks, as well as equipment and machinery. For
rigid and rigidly attached equipment and machin-
ery, the force factors of table 8-4 will be used; but
for flexible and flexibly mounted equipment and ma-
chinery, the special provisions of chapter 10 are
required. When the mechanical and electrical ele-
ments are part of the life safety system, an “I”
factor of 1.5 will be used.

4-10. Structures other than bulldings. This
manual is primarily concerned with the design of
buildings; however, provisions are also included for
some structures other than buildings. When these
structures are designed in accordance with formula
8-1 in chapter 8, paragraph 3-3(D}, a K-value of 2.0
or 2.5 is used as specified in table 8-8. This higher
value is justified by the assumption that these
structures will generally have lower damping char-
acteristics, less inelastic deformation capacity, and
less redundancy than typical buildings. Procedures
and guidelines for structures other than buildings
are included in chapter 11.

- 4=11. Final design considerations. After the
structural elements have been selected and anal-
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yzed, e final design check must be made to verify
that the initial assumptions are correct, and
whether or not the resulting structure satisfies the
intent of the seismic provisions.

a. Compare Final Sizes With Initial Estimates

(1) Weights. Compare the final weights of the
building with the weight used to determine the seis-
mic forces. If the weight has increased significantly
(say over 6%), redesign will be necessary.

(2) Stiffness. If the final member sizes are sub-
stantially different than the initial estimates, a re-
evaluation of the design will be necessary (see para
(3) and (4) below). If the relative stiffnesses of the
varying elements have changed significantly, the
distribution of lateral forces must be re-evaluated.

(8} Period. If the initial period was determined
by a method using structural properties and defor-
mation characteristics, such as in formula 8-8, the
initial stiffness and weight properties must be com-
pared to the final properties of the structure. If the
final period is shorter than the initial period that
was used to calculate the lateral forces, a new set of
forces must be calculated and applied to the struc-
ture. :

(4) Displacements. If the final stiffness, period,
or forces have changed substantially, displacements
will have to be recalculated to check for compliance
with the various provisions for drift and deforma-
tion.

b. Path of Forces. Upon completion of the design,
a final check will be made to determine that all the
inertia forces can be transmitted without instability
from their source to the base of the structure. (See
para 4-4d.)

¢. Details. Check the structural details to assure
that the intent of the design calculations and the
seismic design detailing are properly provided for on
the construction drawings.

d Specifications. Check the specifications to as-
sure that the intent of the design calculations,
material strength assumptions, and the seismic de-
sign detailing are properly provided for in the job
specifications.

I
N
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CHAPTER §
DIAPHRAGMS

§-1. Purpose and scope. This chapter pre-
scribes the criteria for the design of horizontal di-
aphragms and horizontal bracing of buildings in
seismic areas, indicates principles and factors gov-
erning the horizontal distribution of lateral forces
and resistance to lateral forces, gives certain design
data, and illustrates typical details of construction.
Refer to chapter 8, paragraph 8-8(J)2d, for design
forces.

6-2. General. Buildings are composed of vertical
and horizontal structural elements which resist lat-
eral forces. Horizontal forces on a structure pro-
duced by seismic ground motion originate at the
centroid of the mass of the building elements and
are proportional to the masses of these elements.
The forces originating at masses tributary to the
horizontal elements are distributed by such horizon-
tal elements to vertical elements which in turn
transmit such forces to the ground. Forces may also
be transmitted from vertical elements to horizontal
elements and then be redistributed to other vertical
elements. Refer to chapter 4, figures 4-4 and 4-5,
for tributary weights and path of forces, respec-
tively. _

a. Function. Horizontal forces at any floor or roof

level are distributed to the vertical resisting ele-
ments by using the strength and rigidity of the floor

or roof deck to act as a diaphragm. Horizontal brac- -

ing may be used to act as a diaphragm to transfer
the horizontal forces to the vertical resisting
elements.

(1) Diaphragms. A diaphragm may be consid-
ered analogous to a plate girder laid in a horizontal
{or inclined in the case of a roof) plane where the
floor or roof deck performs the function of the plate
girder web, the joists or beams function as web stiff-

NS = North-South direction

EW = East-West direction

e = Distance between center of gravity (CG) of forces
and center of rigidity (cr} of the vertical resisting
elements

RR = Relativerigidity

V = Shear (or reaction)

A, =Deflection of vertical element

84 =Deflection of diaphragm

eners, and the peripheral beams or integral rein-
forcement function as flanges (fig 6-1, 5-2, and §-3).
A diaphragm may be constructed of materials such
as concrete, wood, or metal in various forms. Combi-
nations of materials are possible. Strength criteria
for such materials a3 cast-in-place reinforced con-
crete and structural steel are well established and
present no problem to the designer once the loading
and reaction system is known. Other materials fre-
quently used to support vertical loads in floors or
roofs have well-established vertical load characteris-
tics but have required tests to demonstrate their
ability to resist lateral forces. Various types of wood
sheathing and steel decks fall in this category.
Where a diaphragm is made up of units such as ply-
wood, precast concrete floor units or steel deck
units, its characteristics are, to a large degree, de-
pendent upon the attachments of one unit to an-
other and to the supporting members.

(2) Horizontal bracing system. A horizontal
bracing system may be of any approved material,
such as reinforced concrete, structural steel or wood.
The bracing system will be fully developed in both
directions so that the bracing diagonals and chord
members form complete horizontal trusses between
vertical resisting elements (fig 5-4). Deflections and

~ web flexibility due to the required static forces will

be determined using normal design principles. The
stiffness category and span/depth limitations that
apply to diaphragms (see para d, ¢, and f below) also
apply to horizontal bracing systems. The general
layout of a bracing system and sizing of members
must be determined for each individual case.

b. Symbols and Notations. Additional terminol-
ogy which relates to diaphragms and which will be
used in this chapter is shown below:

?c X ll er - _;__
_._453.9“ ]l X

§-1



TM 5-809-10
NAVFAC P-355
AFM 88-3, Chap. 13

-

\Floor S1ab (Web)

b Ca - —— " VT
e . e T T rom e 2 — L ry

' j\"Spmdrel Bean (FlangeSJ

. ©or Wall (Flange) 41~
Depth

Figure 5-1. Floor Slab Diaphragm

Figure 5-2. Roof Deck Diaphragm

(Flange)

(Flange) [ Horizontal truss in plane of lower
chord used as a diaphragm,

Upper chord shown

as truss diaphragm.
The truss diaphragm
may also be in lower
chord as shown in
Figure 5-3.

Pigure 5-4. Bracing an Industrial Butlding
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c. Seismic Loadings. Floors and roofs used as
diaphragms will be designed for lateral forces speci-
fied in chapter 3, paragraph 3-3(J)2d, acting in any
horizontal direction. These forces include inertia
forces originating from the weight of the diaphragm
and the elements attached thereto, as well as forces
that are required to be transferred to vertical resist-
ing elements because of offsets or changes of stiff-
ness in vertical resisting elements above and below
the diaphragm (chap 4, fig 4-5 and 4-6).

d. Distribution of Seismic Forces. The total shear,
which includes the forces contributed through the
diaphragm as well as the forces contributed from
the vertical resisting elements above the dia-
phragm, at any level will be distributed to the var-
jious vertical elements of the lateral force resisting
system (shear walls or moment resisting frames} in
proportion to their rigidities considering the rigidity
of the diaphragm. The effect of diaphragm stiffness
on the distribution of lateral forces is discussed and
schematically illustrated below (fig 5-5). For this
purpose, diaphragms are classified into five groups
of flexibilities relative to the flexibilities of the

walls. These are rigid, semi-rigid, semi-flexible, flex-

ible, and very flexible diaphragms. No diaphragm is
actually infinitely rigid and no diaphragm capable of
carrying a load is infinitely flexible.

(1) A rigid diaphragm is assumed to distribute
horizontal forces to the vertical resisting elements
in proportion to their relative rigidities. In other
words, under symmetrical loading & rigid dia-
phragm will cause each vertical element to deflect
an equal amount with the result that a vertical ele-
ment with a high relative rigidity will resist a
greater proportion of the lateral force than an ele-
ment with a lower rigidity factor (fig 6-5(b)).

(2) A flexible diaphragm and a very flexible
diaphragm are analogous to & shear deflecting con-
tinuous beam or series of beams spanning between
supports. The supports are considered non-yielding,
- as the relative stiffness of the vertical resisting
elements compared to that of the diaphragm is
great. Thus a flexible diaphragm will be considered
to distribute the lateral forces to the vertical resist-
ing elements on a tributary load basis. A flexible
diaphragm will not be considered capable of dis-
tributing torsional stresses resulting from concrete
or masonry masses (fig 5-5(dj).

(3) Semi-rigid and semi-flexible diaphragms are
those which have significant deflection under load

but which also have sufficient stiffness to distribute.

a portion of their load to vertical elements in pro-
portion to the rigidities of the vertical resisting
elements. The action is analogous to a continuous
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concrete beam system of appreciable stiffness on
yielding supports. The support reactions are de-
pendent on the relative stiffnesses of both dia-
phragm and vertical elements. A rigorous analysis
is sometimes very time consuming and frequently
unjustified by the results; at best, the results are no
better than the assumptions that must be made. In
such cases a design based on reasonable limits may
be used; however, the calculations must reasonably
bracket the likely range of reactions and deflections
(fig 5-6(c)).

(4) Torsional moment is generated whenever
the center of gravity (cg) of the lateral forces fails to
coincide with the center of rigidity (cr) of the vertical
resisting elements, providing the diaphragm is suf-
ficiently rigid to transfer torsion. The magnitude of
the torsional moment that is required to be distrib-
uted to the vertical resisting elements by a dia-
phragm is determined by the larger of the following:
(a) the sum of the moments created by the physical
eccentricity of the translational forces at the level of
the diaphragm from the center of rigidity of the
resisting elements (Mt = Fpe, where e = distance
between cg and cr) or (b) the sum of the moments
created by an “accidental” torsion of 5%. The “ac-
cidental” torsion is an arbitrary code requirement
equivalent to the story shear acting with an eccen-
tricity of not less than 6% of the maximum building
dimension at that level (chap 38, para 3-3(E)5). The
torsional moments will be distributed through rigid
diaphragms to the vertical resisting elements in a
method analogous to the torsion formula *=Tc/J
(fig 5-6). Thus the torsional shear forces can be ex-
pressed by the formula Fr=Mrtkd/Zkd?, where k is
the stiffness of the vertical resisting elements, d is
the distance from the center of rigidity, and Tkd*
represents the polar moment of inertia (Note:
My=3XF1d). The torsional shears will be combined -
with the direct (translational) shears (fig 5-6{b)).
However, when the torsional shears are opposite in
direction to the direct shears, the lateral forces shall
not be decreased. A properly evaluated and rational
elternative (e.g., computer techniques) to this ap-
proach can be used (refer to SEAOC Commentary
on horizontal torsional moments). When dia-
phragms are flexible, relative to the vertical resist-
ing elements (e.g., wood floor diaphragms and con-
crete or masonry shear walls), it will be assumed
that the diaphragms cannot transmit torsional mo-
ments, thus there will be no torsional distribution.
Qantilever diaphragms on the other hand will dis-

Aribute translational forces to vertical resisting ele-
ments, even if the diaphragm is flexible. In this
case, the diaphragm and its chord act as a flexural
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beam supported by the vertical resisting elements
(fig 6-6(c)).

e. Diaphragm Deflections. A diaphragm will be
designed to provide such stiffness and strength so
that walls and other vertical elements laterally sup-
ported by the diaphragm can safely sustain the
stresses induced by the response to seismic motion.
The total computed deflection (A4) of diaphragms
under the prescribed static seismic forces consists of
the sum of two components. The first component is
the flexural deflection (A) of the diaphragm which is
determined in the same manner as the deflection of
beams. The assumption that flexural stresses on the
diaphragm web are neglected will be used except for
reinforced concrete slabs. For such slabs the propor-
tional flexural stresses also may be assumed to be
carried by the web. The second component is the
web (shear) deflection (Ay) of the diaphragm. The
specific nature of the web deflection will vary de-
pending on the type of diaphragm. The total deflec-
tion of the diaphragm under the prescribed static
forces will be used as the criteria for the adequacy of
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the stiffness of a diaphragm. The limitation on de-
flection is the allowable amount prescribed for the
relative deflection (drift) of the walls between the
level of the diaphragm and the floor below. Refer to
chap 6, fig 6-2 and para 6-2b. The limitation im-
posed on diaphragms supporting flexible walls is a
maximum span-to-depth ratio, see table 5-1.

[. Flexibility Limitations. The determination and
limitations of the deflections of a diaphragm is a de-
sign function. The deflections of some diaphragms
can be computed with reasonable accuracy. How-
ever, other diaphragms have characteristic and fab-
rication variables making an accurate solution of de-
flection characteristics meaningless. Thus the
methods of determination of the deflection char-
acteristics for diaphragms of all materials given
herein will be used to keep the range of diaphragm
deflections within reasonable limits.

(1) F-factor. In order to provide a means of
properly classifying and identifying the stiffness of
a diaphragm web, the factor “F’’ will be introduced.
The factor F is equal to the average deflection in

TABLE 5-1. Flexibility Limitation on Diaphragms

Span/Depth Limitations
Maximum
Flexibility Span No torsion considered Torsion considered
category F {feet) indiaphragm? in diaphragm?
Brittle Flexible Brittle Flexible
walls! : walls walls? walls
Not Not
Very Over tobe tobe
flexiblet 150 50 used 2:1 used 1-1/2:1
Not
tobe
Flexible 70-150 100 2:1 8:1 used 2:1
Not
Semi- tobe
flexible 10-70 200 2-1/2:1 4:1 used 2-1/2:1
Semi-rigid 1-10 800 s:1 5:1 21 31
Less Deflection Deflection
than reqm’t No reqm’t
Rigid 1 400 only limitation only . s-1/2:1
Notes:

1Walls in concrete and unit-masonry are classified as brittle; in all cas_égs';’ check allowable drift before selecting type of diaphragm.

2When applying these limitations to cantilever diaphragms, the span/dppth ratio shall be limited to one-half that shown.
$No torsion in diaphragm other than the §% “accidental” torsion reqhired by chapter 3, paragraph 3-3(E)5.
4For Zones 1 and 2, diagonally sheathed and plywood diaphragms in the “Very Flexible” category may be used to support laterally

masonry and concrete walls in one-story buildings where the diaphragm is not required to act in rotation.
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micro inches (millionths of an inch) of the diaphragm
web per foot of span stressed with a shear of one
pound per foot. Expressed as a formula this be-
comes:

a,x108

F =_X where 5-1
QGvla ®-1)

L; = Distance in feet between vertical resisting element
{such as shear wall) and the point to which the
deflection is to be determined

Qave = Average shear in diaphragm in pounds per foot
overlength L,

Ay = Webcomponentofiq

Using the factor F, the flexibility categories of dia-
phragm webs have designated values as prescribed
in table 5~1. The span-depth limitations do not di-
rectly reflect deflections. The web deflection will be

t_ietermined by the equation
AL = QvelaF
v 108 (5-2)

(2) Determination of F-factors. The equations
for use in determining the strength and stiffness ca-

pabilities of various diaphragm materials have in

most cases only been published in the literature of
the companies supplying these materials. These
have been based usually on a limited number of
tests and have been derived empirically to fit the
test data available to them. As more and more tests
were run, these equations were altered to incorpo-
rate the new data. This led to many somewhat sim-
ilar equations for identical diaphragm components
supplied by different manufacturers. The equations
used in this manual have been developed using as a
basis all of the test data made available to the
Triservice Seismic Design Committee at the time of
the last edition of this manual (April 1973) and may
be subject to some revision in the future asnew data
are obtained.

5-3. Diaphragm selection. In most buildings it
is economical to use the roof and floor systems as
diaphragms; therefore, the overall structural sys-
tem, including the vertical load resisting elements,
affects the selection of the diaphragm (or horizontal
bracing) system. The selected system must be com-
patible with the criteria governing the vertical load-
carrying capacities and the fire resistant qualities.
Relative costs of various types of suitable dia-
phragms should be investigated to achieve the
greatest economy. Some of the most common items
that affect the selection of the diaphragm system
are summarized below.

a. Transverse Frames and Longitudinal Walls or
5-6

l‘y{'- N
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-~

Braced Frames. For buildings such as large v
houses with long span vertical moment resis
frames in the transverse direction, the diaphragm
connecting these frames need be only nominal sway
bracing with little or no computed stresses, since
each bent would be designed to carry its tributary
lateral force. However, in the longitudinal direction
where only the exterior walls resist seismic forces,
the diaphragm must span from side wall to side
wall. If the frames are of structural steel, considera-
tion should be given to the selection of a horizontal
steel bracing system as a diaphragm. If the frames
are of reinforced concrete, a concrete deck will nor-
mally be used. When applicable, torsion will be con-
sidered (para 5-2d(4)).

b. Multi-Story Frame Structures. For tall, multi-
story buildings with moment resisting frames, dia-
phragms will be rigid enough to distribute horizon-
tal forces and torsion in proportion to the relative
rigidities of the frames. A more flexible diaphragm
on such structures must be avoided because it will
permit portions of a building to vibrate out-of- phase
with the rest of the structure, creating reverse warp-
ing strains.

¢. Deep Beam Analogy. Diaphragms are designed
as deep beams so that the web (deckins
sheathing) will carry shear and the flanges (spas
beams or other members) at the edges will resist the
bending moments. Webs of precast concrete units or
metal deck units will require details for joining the
units to each other and to their supports so as to dis-
tribute shear forces. Boundary members at edges of
diaphragms must be designed to resist direct tensile
or compressive {chord) stresses, including adequate
splices at points of discontinuity. For instance, in a
steel frame building the spandrel beams acting as a
diaphragm flange component require a splice design
at the columns for ‘the tensile and compressive
stresses induced by diaphragm action.

(1) Openings. Diaphragms with openings, such
as cut-out areas for stairs or elevators, will be ana-
lyzed similarly to a plate ‘girder with a hole in the
web, and require complete detailing to show that all
the stresses around the opening will be developed.

(2) L- and T-shaped buildings. The L- and T-
shaped buildings will have the flange (chord)
stresses developed through or into the heel of the L
or T. This is analogous to a girder with a deep

', haunch.

d. Braced Frame Systems. When plannir- a
bracing system of a building, consider the stn )
as a whole. Visualize the ways in which the sv.«c-
ture might fail and provide bracing with adequate



strength and rigidity to keep the structure upright.
Before deciding upon the position of bracing, the
structural engineer must be certain just where every
obstruction and other controlling features will be
located (see para 5-8). (Refer to chap 6, para 6-2d,
for vertical bracing.)

e. Connections. Connections and anchorages be-
tween the diaphragms and the vertical resisting
elements will be designed to conform to chapter 8,
paragraphs 38-3(J)1g, 2d, 8, and chapter 4,
paragraphs 4-4d(5) and 4-6. '

§-4. Concrete diaphragms. a. General Design
Criteria. The criteria used to design concrete dia-
phragms will be ACI 318-77 (except appendix A) as
modified by this paragraph. Concrete diaphragm
webs will be designed as concrete slabs which may
be designed to support vertical loads between the
framing members or rest on other vertical load-car-
rying elements such as precast concrete elements or
steel decks. If shear is transferred from the dia-
phragmwebtotheframingmemberathroughsteel
deck fastenings, the design will conform to the re-
quirements in paragraph 6-6, Steel Deck Dia-
phragms. ,

b. Span and Anchorage Requirements. The fol-
lowing provisions are intended to prevent dia-
phragm buckling.

(1) General. Where reinforced concrete slabs are
used as diaphragms to transfer lateral forces, the
clear distance (L) between framing members or me-
chanical anchors shall not exceed 38 times the total
thickness of the slab (t).

(2) Cast-in-place concrete slabs not monolithic
with supporting framing. When concrete slabs are
not monolithic with the supporting framing mem-
bers (e.g., slabs on steel beams) the slab will be
anchored by mechanical means at intervals not ex-
ceeding four feet on center along the length of the
supporting member. This anchorage is not a com-
puted item and should be similar to that shown on
figure 6-7. For composite beams, anchorages pro-
vided in accordance with AISC provisions for com-
posite construction will meet the requirements of
this paragraph.

(8) Cast-in-place concrete diaphragms yertically
supported by precast concrete slab units. If the slab
is not supporting vertical loads but is supported by
other vertical load-carrying elements, mechanical
anchorages will be provided at intervals not exceed-
ing 88;. Thus, the provisions of (1) above will be sat-
isfied by defining L, as the distance between the
mechanical anchorages between the diaphragm slab

and the vertical load-carrying members. This me-
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chanical anchorage can be provided by steel inserts
or reinforcement, by bonded cast-in-place concrete
lugs, or by bonded roughened surface, as shown on
figure 5-8. Positive anchorage between cast-in-place
concrete and the precast deck must be provided to
transmit the lateral forces generated from the
weights of the precast units to the cast-in-place
concrete diaphragm and then to the main lateral
force resisting system.

(4) Precast concrete slab units. If precast units
are continuously bonded together as shown on fig-
ure 6-9, they may be considered concrete dia-
phragms and designed accordingly as described
hereinbefore. Intermittently bonded precast units
or precast units with grouted shear keys will not be
used as a diaphragm.

EXCEPTION: In Seismic Zone 1 (fig 5-9a),
the use of hollow core planks with grouted
shear keys is permitted. Also the use of con-
nectors, in lieu of continuous bonding, for
precast concrete members is permitted if the
following considerations and requirements
are satisfied:

(a) Conformance with Prestressed Concrete
Institute (PCI)—Design Handbook seismic
design requirements. )

(b) Shear forces for diaphragm action can be
effectively transmitted through the connect-
ors. The shear will be uniformly distributed
throughout the depth or length of the dia-
phragm with reasonably spaced connectors
rather than with a few which will have local-
ized concentration of shear stresses.

(c) Connectors will be designed for at least
two times the actual shear force.

(d) Detail structural calculations be made
including the localized effects in concrete
slabs attributed from these connectors.

(e) Sufficient details of connectors and em-
bedded anchorage be provided to preclude
construction deficiency.

(5) Metal formed deck. Concrete slabs that are
cast by use of metal formed deck shall be governed
by either the requirements of paragraphs (2) above,

-or the requirements of paragraph 6-6d, Deck with

Concrete Fill, depending on the characteristics of
the metal formed deck. :
" ¢. Special Reinforcement. Special diagonal rein-
forcement will be placed in corners of diaphragms as
ig‘dicated in figure 5-10. Typical chord reinforce-
ment and connection details are shown in figure
$-11.

d. Flexibility Factor. The web stiffness factor F
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{see para 5-2/) will be determined by the following
formula:

F 1 {5-3)
8.5tw T, -
where: _ ‘

t = Thickness of the slab in inches

w = The weight of the concrete in pounds per cubic foot.
Minimum value of w will be 90 pounds per cubic
foot.

f, = The compressive strength of the concrete at 28
days in pounds per square inch.

Diaphragms of this type are in the ngid category of
stiffness and are usually limited only by the appro-
priate deflection limitations. The deflections of this
type of diaphragm will be determined using the
unfactored loads specified in chapter 3, paragraph
3-3, when controlled by the limits indicated in
paragraphs 5-2e and f.

e. Electrical Raceways. The placement of electri-
cal raceways in concrete topping slabs may result in
the slab being ineffective as a diaphragm. The effect
of the loss of concrete section will be considered.
Coordination of structural diaphragm slab with elec-
trical plans will be provided.

5-5. Gypsum diaphragms, - cast-in-place.
a. General Design Criteria. The following criteria
will be used to design cast-m-place gypsum dia-
phragms.
b. Shear Capacity
(1) The allowable diaphragm shear on poured
gypsum concrete diaphragms will be as shown in

tables 5-2 through 5-4 for roof systems using &
purlins and electrically welded wire mesh.

(2) In lieu of tables 5-2 through 5-4, the foF—
lowing formula will be used to determine the
allowable shear of the diaphragm.

Qp = [.le,tC; + 1,000 (d; + kgdg)]C,
where

gp = Allowable maximum shear per foot on diaphragm in
pounds per linear foot. The one- third increase usu-
ally permitted to working stresses in seismic design
is not applicable.
Oven-dry compressive strength of gypsum in p.s.i.
as determined by tests conforming to ASTM
C472-73.
1.0 for Class A gypsum concrete; 1.5 for Class B
gypsum concrete. ’
1.4 for Class A gypsum concrete; 1.0 for Class B
gypsum concrete.
Thickness of gypsum between subpurlins in inches.
Number of mesh wires per foot passing over
subpurlins.
Diameter of mesh wires passing over subpurlins in
inches.
Number of mesh wires per foot parallel to
subpurlins.
Diameter in inches of mesh wires parallel to
subpurlins.

¢. Flexibility Factor. The factor F (para 5-2¢ and
/) for determination of diaphragm stiffness and de-
flections will be determined by the formula
140
vip

(5-4)

f;=

Cl =
Cga

t=
k]’

dl‘
kg'

d3='

F= (4

where

qp = The allowable shear specified in tables 5-2 through
5-4 or Formula 5-4 in pounds per foot

Table 5-2. Shear Values of Poured Gypswn Diaphragms
Poured *ALLOWABLE SHEAR VALUES (qp)
Compressive | Gypsum
Class Strength Thickness Mesh Bulb Tees , Trussed Tees
" Sx8
A 500 2% 1% Not Allowed 890
6 x 6 !
_ x i
A 509 25" 10 - 10 Not Allowed 1,040
P 4 x 8
B 1,000 2%" 1L 1,040 : 1,040
B 1,000 231 23 1,160  : 1,140
NOTE: *1/3 increase usually pemitted:.:bn working stresses in seismic
design not applicable. '

b
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Table §-3. Shear on Anchor Bolts and Dowels -

~ Reinforced Gypeum Concrete*
Bolt or Dowel Size Embedment Shears
(Inches) (Inches) . (Pounds)
3/8 Bolt 5 250
1/2 Bolt . 5 350
5/8 Bolt 5 500
3/8 Deformed Dowel 6 250
1/2 Deformed Dowel 6 350
ROTES: *1/3 increase usually permitted on working stresses in seismic
' design is not applicable.
See Details Al and A3 in Figure 5-12.

Table §-4. Maximum Shear on Trussed Tees*

!
i‘ Class A 840 pounds per foot

Class B 1,140 pounds per foot

NOTES: *1/3 increase usually permitted on working stresses in seismi.c
design is not applicable.

See Details A2, A4, and A5 in Figure 5-12.
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This indicates that the diaphragm will be in the
semi-rigid category, however the span-depth and
span limitations of the semi-flexible diaphragm
should be used for this type of diaphragm.

d. Typical Details. Refer to figures §-12, 5-13,
and 5-14.

§-6. Steel Deck Diaphragms (Single and Mul-
tiple Sheet Decks). a. General Design Criteria.
The following criteria will be used to design steel
deck diaphragms. Three general categories of steel
deck diaphragms are Type A (para 6-6b), Type B
(para 5-6¢c), and Decks with Concrete Fill (para
5-6d).

- (1) Typical deck units and fastenings. The deck
unitswzllbeeomposedofaamgleﬂutedaheetora
combination “of two or more sheets fastened to-
gether with resistance welds. The special attach-
ments used for field attachments of steel decks are
shown in figure 5-16. In addition to those shown,
standard fillet (1/8 inch X 1 inch) and butt welds are
also used. Thedepthofdeckumtsshallnotbeless
than 1-1/2 inches.

(2) Definitions of special symbols. Deﬁnitlons
of the special symbols used in the determination of
the working shears and flexibility of steel deck dia-

phragms are as follows:

a = Number of scam attachments in span L, along a
seam.

= Average spacing of profile channel closures, in
feet.

= Center to center spacing of seam welds in foet.
Usually L /a.

= Spacing of marginal welds in feet.

= Width of deck unit in feet.

=1

= 1 for button-punched seams; 40t,121,, for welded
seams.

= 1 for button-punched seams; 150t,1;, for welded
seams.

£ gave »r 2

6

C¢ =1 for buttonpunched seams; L, for welded
seams.

Cs = 12 for continuous angle closure; 1 for

l 44"

continuous zee closure; &, for profile channel
closure.

d = Distance in feet between cutermost puddle
welds attaching a deck unit to the supporting

. framing member.
F).Fs... = Components contributing to the flexibility

factor F (F = IF,). See paragraph 5-2f.

f = Compressive strength of fill concrete at 28 dayo
in pounds per square inch.

h = Height of fluted elements in inches {1-1/2 inch
minimum).

TM 5-809-10
NAVFAC P-355
AFM 88-3, Chap. 13

Ip = Gross moment of inertia of deck unit about
vertical centerline axis through unit in inches to
the fourth power.

Ix = Gross moment of inertia of deck unit about the
horizontal neutral axis of the deck cross-section
per foot of width in inches to the fourth power.

Ly = Distance in feet between vertical

element (such as shear wall} and the point to
which the deflection is to be determined.

= Average length of each deck unit in feet.

= Length of edge lip on deck pane! in inches (see

Detafl G in fig 5-15).

g = Distance in feet between shear transfer

elements.

= Vertical load span of deck units in feet.

= Minimum length in inches of seam weld.

=Effectivelengthhinchesofuamweld The

ntloof forthevariouatypesofleamweldsh
L

given in figure 5-16.
=" Average number of vertical deck elements per
foot which are laterally restrained at the bottom
by puddile welds.
qp = Working shear in pounds per foot. The one-third
increase usually permitted on working stresses

l"J"S"

Sy

is not applicable to this value.
Q1492-. . =iComponents or limiting values of worhngcbear

in pounds per foot.

Qe = Average shear in diaphragm over length L, in
pounds per foot.
Ly

==
Roer

5 = Section modulus in feet of puddle weld group at
supports. (Each weld assumed as unit area.)

t = Thickness of flat sheet elements in inches (22
gage minimum).

ty = Thickness of fluted element in inches (22 gage
minimum).

t: = Effective thickness of ﬂut.ed elements in inches.

Seeﬁguros-lsforntioofg

t = Thickness of closure element in inches.

t = Thickness of fill over top of deck in inches.

¢ = Thickness in inches of deck sheet at seams.

w = Unit weight of fill concrete in pounds per cubic

foot.

(8) Connections at ends and at supporting
beams. Refer to Type A and Type B details, para-
graphs 5-6b and 6-6¢.

(4) Connections at marginal supports. Marginal
welds for all types of steel deck diaphragms will be

spaced as follows:

.‘_85;009_%1_%“ puddle welds. {5-6)
-.-"22" L for fillet welds and seam welds. 6-7

In no case will the spacing be greater than 3 feet.
See figures 5-16 and 5-26.

&° (5) Non-welded fasteners. Fastening methods
bther than welds, such as self-drilling fasteners, may
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be used provided that equivalence to the welded
method can be shown by approved test data. The re-

sults of such test data will be presented by means of -

equations or tables for qp and F in a manner similar

to that used in paragraphs 5-65, 5-6¢, and 5-6d
EXCEPTION: The option to fasten steel deck
by powder actuated or pneumatically driven
fasteners will be limited to Seismic Zone No. 1
and to areas with a wind ve]oatyoflesathan
100 mph.

(6) Maximum effective thicknesses and weld
lengths. Even though greater thicknesses and weld
lengths may be installed, the maximum values.for
use in determining the working shears in each type
of diaphragm will be as follows:

t, =t = t, = .060Inch
te = .075inch
1, = 2inches

(1) Thickness of steel. The thickness of steel be-
fore coating with paint or galvanizing shall be in ac-
cordance with following table. The thickness of the
uncoated steel shall not at any location be less than

95% of the design thickness.
Design Minimum
Gage Thickness Thickness
22 0.0295 0.028
20 0.0358 0.034
18 0.0474 0.045
18 0.0698 0.057

b. Type A Diaphragms—Decks Having Shear
Transfer Elements Directly Attached to Framing.
Multiple plate steel decks with the flat element ad-
jacent to framing members and single plate steel
decks fall into this category of diaphragms when
each deck unit is attached to the framing by at least
2 puddle welds as described on figure 5-15. ty, t2, ts
will not be less than 22 U.S. Standard gage. Seam
attachments will be made at least at midspan of Ly
but the spacing of attachments between supports
will not exceed 3 feet on center. Typical details of
Type A diaphragms and attachments are shown in
figures 5-186, 5-17, and 5-18.

EXCEPTION to 22 gage limitation: 22 gage is
the minimum thickness unless cross bracing is
used to take lateral loads. However, an excep-
tion in Seismic Zone No. 1, for pre-engineered
metal bmldings with diaphragms less than 22
gage, requires that load tests be submitted for
evaluation and approval.

(1) Shear capacity. The working shear will be

§-20

limited to that detcrmined by the following
mulas:

S—
qD-(ql-H‘k)— wm“'s Cbutqpisnotto (5-8)
]
exceed -121‘—‘3- (5-9)
10 {Applies only when
nor Fily, L<%inchreferto  (5-10)
15 \/ (F,+r,+ 3 )Dem‘lGinﬂcb-w)
e~ RSUIGIK (5-11)
Where K=
°°° = (5~12)
ttn+tz)t: +100u“t,
")
e <00 N
. ;.ML‘:'_C'_ (5-14)

{2) Flexibility factor. The flexibility factor, F,
will be determined by the following formulas:

FuF +F+F, (

Where '~

1 5-186
F‘ = 2(t|+a ( ' .

bL,2C QU 5-17

Fy= Tt [1- Im"]m (617
Fa= (5-18)

3 o (W 12.602C1 %" )

“The flexibility of these diaphragms will vary within
a wide range. Arrangements can be used which fall
into the semi-rigid, semi-flexible, and flexible cate-
gories.

{3) Sample calculations and tables. A summary
of allowable shear {qq) and flexibility factors (F) for
some of the more common cross-sections is shown in
ﬁgure 5-19 and figure 5-20. Sample calculations
usmg the formulas for these cross-sections are given
in figures 5-21 through 5-25.

¢. Type B Diaphragms—Decks Having an Ele-
vated Plan¢ of Shear Transfer. Multiples steel decks
with fluted elements adjacent to framing members
- and single plate steel decks with fluted elements in-

& capable of being welded to framing with at least two
.7+ puddle welds per unit fall into this category o’

phragm. This type of diaphragm has only w.
seam attachments. The units will be composeh"b’f
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oy shee 3%
. 4 - &»
» , 7
2% 2. 44x,048 xB845 . R78 978
9= 222 2A£X.048 2835 o sos | 24
9g = 22:.028%[s05[500 , P Yo1. 96 !
2 57 * 9% 7. 92 x £.54(045)%) ~
=87. 9 ' ‘ be 2’ h=15"
o 3600 x.048 x 4.5 P n86.5 Ly=9’ Ins.34
% 5 186.8 g;—; 2,985 ne8/2s4 asly/2
- A Zo+97 J=L92:240
%=(505+87.9). 985 ~524 C;3Cp» CseCqal!

I! x /0 * 4 la‘ .
3i. e 2T of = 2099584 0K,
W 2580 (FIGURE 5-19:Ly3 7', 18 ga)
—t
rr* reno48 ="

= 2192 (15.8) 505
P 5929 8.7

R
(/a,:. /4(0452 2 on.047 " IR

P2l 74 +18.7¢% 2.5'518 wiS k73R
($€& FIGURE 5-19:Ly39',1849a.)

Figure §-22. Steel Deck Diaphragm Type A - Sampls Caleulation No. 2
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N SAMPLE _CALCS. 1J0.3 FOR TVYPE 35 2 2% |
A DIAPHEAGH N Al
=

y ‘ o. d

16 ~18 GAQE JMULTIFPLE
PLATE DECK, BUTTOM
PUIICH SEAIS @ 2¢".c.)
8 EXJD WELDS.

¢ =0.048 tgt%x 048032

? 106 - I .608
L=F=>! b2’ hel s

Lv 80" a:zly/2

(MOTE: g COMPUTED BELOW) ed 2 oer92:2y,

o '7
C:=C.e=¢3 =Cyn/
000 i
K= :
I+1.92 [{Le’o_uagz,c_oggmaax.ex(wa)*\/ﬁ ( 25 ]2 )
= 048) ' o
JEI'%?. =9/0 ~
o ¢ = 28x1. ;e :;oj&x 90 _ 920
' .__x”'
= 8x.060 200 o .
L2 ¥ {920 [[55 8x /192 x I. $2(.0 92)2]r 726

%= 920+ 79.6 = 999.G
(]
Lk /0 - .€08x10% o 47y13999.6 O.K.

2L, ¢ 2x 8T
%= /000 (FIGURE §-19: Lyv &', 1G-18 gun.)
- a__L.__ =
5% 55 x708 =077
i 2 XC<
= LS7R

F"o.77+15'-33 + ,-6742 ‘Go,"' ’o?ﬂ

o Figure 5-23, Steel Deck
(FIGURE §-19: Ly= 8',16-18 ga.)

Diaphragm Type 4 -
Sample Caleulation No. 3

£t
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SAMPLE CALCS. 1)0.4 FOR TYPE

A DIAPHRAGM

{00

K3
{’ +3.5 [/oo,cz( 045)*7'_"'] ]

= 92x3.5x. O4S8x794.0
2 P On T ?284.2

2 z,a.ssx 2,5%.028% 5.26
R

0o,
[9 84200 B 075 ]} S35

3600 x.048 x 3,33 x#.32 =-42972
S

9 _ 4972 _
%= 535 =93

w=(984. 2+ 535). 981413
. & 70% :
Ll = BN w240) 1018 Q1.

=2
52 725048 = 17+

19279

933

’ %1 Sk

f:r:r:u?mfe’

2-6"

16 GAGE .S'WGLe PLATG'
DECK, 172”7 WéLO&"D )
SEAMS @ 18 “o.a.
6 &L WELDS

é[ =0

Eps by s s e.048

g, 5u8 2025020 750 201,258
g. Io 2

s8.8
2',.'. 2/2.
b 2.5
Ly=S' :
7% %%‘l’ 4
tp 2/89
c,ar
Cas €0 1o s 40x.088.5:52
Cy 315085 £33 150%.048%.6:4.32
Ce*ave G/}, 2

h=l.5"
as%)s 53,99
d=2.532y, )
Lo3 ALy ¥xl 5.0

Fpz2:5%5% 02 [500,
2 760 189 5,.2 5:3 5:: o-r-a

3= 5( 12..5':. 1gx .04517 =15.GR

(FIroURE 5:19: Ly=25',1890.)

=
1.5‘/ Z?:a JX N
- K55x2)
% 2890 (FIGURE §-19: Ly =

Pigure 5-24.

| 3855
984.2+535

Pl 74+8.84+18.6R%5.58+19.6R

3.84

=889.0 (6QuA rzou.s'- &6-5)K 1413

""" ‘A '.gq;)':

Steel Deck Diaphragm Type A - Sample Calculation No. 4
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N SAMPLE CALCS. XO.5. FOR TYPE " o*
A DIAPHRAGM ' T ]
'J "
,i 90 € 2“ i
16 -18 GAGE: MULTIPLE-
PLATE DECK., BUTTON
PUCH SEALLS @ 2-¢"0.c.
3 ELID WELDS.
¢, =ts £ 080
~ ¢s8.0428 ¢} e % x.0£85.0/8
= 2600 x.060x5 . - LSy 2x.95%
s 76 708 S e = 2542 =1.92
r k- 2.35
? 108 . x
| w=8ze-2"° b=2" heg
. . Ly clO asly/2
(LOTE : @y COMPUTED BELOYY) eyt den92e 2y,
Yo=lGO
C;=CeeCg=Cyg =l
Ylelels] _ =100 1000 _.
k= 1¢1.92 { _ 12V Vé/+’.==z=zo =07 79+
2.81+(.8RG'x 3,7ax;aaagj -
92x /.92 (.O72) 90+
_ %= 2= 70 — =TS

_ Jox.060% 1500 b = "
% =3 [ﬁ = (75'5‘-" 0x7.952 x 7.92 (.078)‘)] one

wE(S75+¢84.6)1.0=c59%9.6

%L,L‘ = 29550° - /17505 59.¢ Q.K:
%=660 (FIGURE 5-20: Lyt10', 1618 ga.)

y -
Fi=t5ite5 2077

=2xlo¥ TS o
F'g 7&-——(8»3&)! g@zo—. 9.70

= . A — = L
£3= Btoco v i2.5x4(048) = T0%.0G18
Fu 77+ 9./0+.C2R & 9.87+L.G2R
(FIGURE 5-20:Ly €10, 1618 ga.)

=/L.G2R

Figure. §-25. Steel Deck Diaphragm Type A - Sample Calculation No. §
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sheets not less than 20 U.S. Standard gage. Seam
attachment spacing will not exceed 3 feet on center.
Typical details of Type B diaphragms and attach-
ments are shown in figures 5~26 through 5-28.

(1) Skear capacity. The working shear will be
limited to that determined by the following for-
mulas:

Qp = Qi. qq. Or s, whichever is the lesser, but

not to exceed 1,050 pounds per foot. (5-19)

21
Q= (ﬁt&» (5-20)

Q= Tb’( ) x10° (5-21)
Cst 2 X108

{2) Flexibility factor. The flexibility factor, F,
will be determined by the following formulas;

F=F|+F4+F5 (5‘23,
Where _
1 .
F 1= lm ‘5-24’
F = 3:500 (5-25)
= 20,000 (5-26)
Tras

The flexibility of these dmphragms will fall into the

semi-rigid and semi-flexible categories.

d. Steel Decks with Concrete Fill This type of
diaphragm is composed of a galvanized steel deck
with a superimposed fill of concrete having a mini-
mum f; of 2,500 p.s.i. at 28 days and a minimum w
of 90 pounds per cubic foot. Minimum concrete fill
over the deck will be 2-1/2 inches. Temperature rein-
forcement will be used in the fill with the minimum
area of 6X6/#10-#10. Steel decks less than 1-1/2
inches in depth do not qualify as diaphragms, thus
only the concrete is considered as the diaphragm per
paragraph (1) below. To satisfy anchorage require-
ments required in paragraph 5-4b, positive inter-
locking between the steel deck and the concrete can

_be achieved by either deck embossments or indenta-

tions, transverse wires attached to the deck corru-
gations, holes placed in the corrugations, or deck
profile in which the fluted elements are placed up so
that the fill is keyed with the deck. If interlocking
between the deck and the concrete is not achieved,
then mechanical anchorages will be required to an-
chor the fill to the supporting member as prescribed
in paragraph 5-45(2).

(1, Concrete as a diaphragm. If the diaphragm

isloaded and reacted without shear stresses passing

through the deck or its attachments, the diaphragm

s a concrete diaphragm as described in paragraph

5-32

5-4. Typical attachment details are shown in fig
5-29, Details A and B.
(2) Steeldeck as a diaphragm
{a) Shkear capacity. 1f the diaphragm shears
pass through the deck and its attachments, the
working shear will be determined by the following
formulas:

p=q,+q¢ 5-27
Where
= _S'f:m K nwhichK=1,000  (5-28)
w=q+qs (5-29)
Where A
q= L (6-30)
~ And
q',':-z'/ -d% {5-31)

{b) Flexibility factor. The flexibility factor, F,
will be determined by using the formula:

. pa= 2095

i!q-; (5-32)
The flexibility of these diaphragms usually falls i B
therigid category.

(¢) Sample calculation and table. 'l‘ypxcal at-
tachment details are shown in figure 5-29, Details C
and D. A summary of allowable shears (qq4) and flex-
ibilities (F) for a typical cross-section is shown in
figure 5-30. A solution to the formulas for a typical
cross-section of this type of diaphragm is given in
figure 5-31.

5-7. Wood Diophragms. a. General Design Cri-
teria. The following criteria will be used to design
wood diaphragms. (Also, refer to chap 3, para
3-3{J)3b.) :

(1) Straight sheathing. Straight sheathing dia-
phragms will be constructed of one- or two-inch
nominal boards, six or eight inches nominal in width
with boards laid at right angles to the rafters or
joists. Boards will be nailed .to each rafter or joist
and peripheral blocking using two 8d common nails
for 1-inchX6-inch and 1-inchX8-inch sheathing.
For 2-inch sheathing, nails will be three 16d. End
joints of adjacent boards will be separated by at
least two joist or rafter spaces with at least two
bdards between joints on same support. The dia-
/phragm shear value will be as indicated in table 5: °
" Diaphragms of this category will have a value o
(see para 5-2f and table 5-1) in the order of 1,500~

S—
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$XI"MIN.FILLET WELD
ONE EACH UNIT
DETAIL A
END CONNECTION TO SJUPPORTING AEAMS

s

MARGIKL. FRLET WELDS
& x 1" mnnaim Lonvg &
3G “o.c. MRXIVI .

SPACE AS REQUIRED BY

FORMULA §5-7.
o B ‘ Figure 5-26., Steel Deck '
/ [l -
CONMECTION  TO MIARGINAL SERMS Diaphragme - Typical

Attackments to Frame for
' Type B Diaphragms

<y

~1
-
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h + GAGE OF ANGLE

SEAM ATTACHMENT G
I"LONG@IZ" a.c.
SEE FIGURE 5-18

CONTINUOUS ANGLE
SHEAR TRANSFER
ELEMENT cack s

REQUIRED

S¥1"FILLET WELD 812°¢ec.

DETANL A
CONTINUOUS A

SHEAR TRANSFE, MENT

SPLICE PLATE SAME GAGE AS
SHEAR TRANSFER ELEMENT

SEAM ATTACHMENT G
1°LONG @/2%.c.

- ARG MENBER
NOT CARRYING SEISMGC
TORCES

DETAL 8
CONTINYOUS_SPLICE PLATE
(SEE FIGURE 5-28 FOR CROSS SECTION)

Pigure 5-27. Steel Deck Diaphragma - Typical Attachment
of Shear Transfer Elements for Type B Diaphragms

e
s
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SPLICE PLATE SAME GAGE AS

SHERR TRANSFER ELEMENT

: SEAM ATTACHMENT

. SEE FIGURE 5-27
S

" S

NDRETAIL c
SPLICE AT SUPPORT

Figure §-28. Steel Deck Diaphragms - Typical Details Type B Diaphragms

e
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DOWELS~-
SIZE AND SPACING TO

) GXG
smru LN -5 00 WESH YINIVIUY?

— SEE NOTES
] z! AT DETAIL A
CHORD 20N | 2 DN
BARS - N
TYPICAL AL N 1 4
Ry I 1)
M (sre'e-z. pDEcK ,
+ + FOR DECK. TO BEAM
CONNECTION SEE
\ . " FIGURE 5-18 \
P 8 ¢ /XL COWECTIOV —- S7TEEL DECK
/couc. OR MASOMNRY WALL-TYPICAL
NOTE: FOR 4y S€€ ACT 318-77, PARA.12.2
DETAIL A _DETAILB
| FLOOR UNTH DIRECT DIRPHRAG? FLOOR UHTH DIRECT DIRPHRAGN
COVNEC TION TO WRLL : COMVECT/ION TO WLt
SEE NOTES AT ) SEE NOTES
DETRIL R . DETRIL A '
g: STEEL DECK 5(. peck

T~STEEL PLA ,
STEEL re FOR DECK TO SUPPORT
CONNECTION SEE

FIGURE 5-16
Cconic. or masorney
—gl Wt
4 DETRIL C DETRIL._ D
ROOF UNTH DIRCHRAGH! COMVECTION ROOF UNTH DRICHRAGH)
THROUGH DECK TO WitL

CONNECTION THROUGH

DECK TO ARG
NOTE:

WHEN DECKS ARE ATTACHED AT ALL SHEAR TRANSFER POINTS
SIMILAR TO DETAILS A AND B, THE DIAPHRAGMS WILL BE
DESIGNED IN ACCORDANCE WITH PARAGRAPH 5-h, CONCRETE
DIAPHRAGMS, WHEN SHEAR TRANSFER 1S THROUGH THE
WELDS BETWEEN THE STEEL DECK AND FRAMING, THE
DIAPHRAGM WILL BE DESIGNED IN ACCORDANCE WITH
PARAGRAPH 5-6¢c(2), FORMULAS 5-27 and 5-32.

Figure 5-29, Steel Deck Diaphmgma - Typical
Attachment of Deck with Conecrete Fill

i

i

>
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TABLE OF ALLOWABLE SHEAR (3p) ALD
FLEXIBILTY FACTOR (F)

SEAL (Lyv)
4:.0' J-‘O“ 60_00 7_1000 8"0.' 90.010 10"0"
20-20 %12780(25(0 | 2340|221 0|2/120|2040|1980

COUCRETE FLLED | #2| 3 | Ze |39 | 2T rzal
fc = 3,000 RS.1. k|37 70 2830 | 2606|2430 (2300 |2 20 {230
F

Ws 145 RC.F~ 18-18
ol £33]
L |8600| 3160|2670 2860{2500 1238012280

28] |(52] | (3¢)! (38] | 7] | [£3]| (%]

I3
k| 3440|s030|21c0]2560|2420]23/0 {2220
F [35] 4| | [Fe)| 48]

-r

Se-CTrior GAGE

lo-le

%-18

MNOTES

1l BSUTTON PULUCH ® B&'o.c.

2. THE GAGES FOR IMULTIPLE SHEECT DECKS ARE NDESIGI-
ATED WITH THE GAGE OF THE FLAT SHEGT FIRST
AND FLUTED SHEEY S&COPD.

8. PECK. SG-CTIONS ARC MANE FROIM GALVAINZED SHEETS

&, CGUD WELRS COAISIST OF 8 PUNPLE WELNS AT GACH SUFRPPORT,

PO W b v Bt By Ry e B Ay Y

Figure 5-30. Steel Deck Diaphragms with Concrete Fill -
Allowable Shears and Flexibility Factors
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1 SAMPLG CALCS X0, & FO0R I'YRG
A DIAPHR.AGIM WITH COXVC. &Ll

DU+ W

Q,S 921(::;*2]’( K"’ooo

%= W+ o

‘Z:r,‘ ‘!W"sv F’c’. |
200

W2 Kb
© VGt s tn)

Q.?- 92&’;5 (6064' 0822"0 ‘,354.

.i‘ 2.5 x ,45 "5\/3.0 ’,95
200

* IO0O0x 2 '
s 2\/1 92(.0%+.032)" 2i2.8.—

C QpRI854.2+ 198 +212.822762

F. 2092 , 20x212.8
P 2% 2760
Say 38

22096

16~18 GAGE: MUL.TIPLG-
PLATE DGCK. WITts 272"
COLC. FiLL. 3CLUR WELNRS

tpe2.5"

| ¢ 2000 tis%x.048:.032"

e
s LY ='-—ti——2‘.‘%‘" 1192

1.1.603

bx2' halS"

L.--a‘-o" s l.92% 2%
neZtl

Welds PCP  #2+3000 P31

(Ww=2760 IN FIGURE 5-30 FOR Ly ® o' AND G4GE * 16 -18)
5:385(566 PIGURE 5-30)

Pigure 5-31. Steel Deck Diaphragms - Sample Calculation
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Flexibility and Allowable Shears

ALLOWABLE SHEAR

HORIZONTAL DIAPHRAGMS - F Lbs. /Lin.Ft.(qp)
1" Straight Sheathing 1,500 S0
2" Straight Sheathing 1,500 40
Conventional 1" Diagonal
Sheathing - 1"x6" & 1"x8" 250 300
Conventional 2" Diagonal
Sheathing I 250 - 400
Special Construction 75 600
NOTE: THE ALLOWABLE SHEARS SHOWN IN TABLE ARE BASIC VALUES TO WHICH THE

FACTORS FOR SPECIES SHOWN IN FIGURE 6-13 WILL BE APPLIED.

S
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and will be considered a very flexible diaphragm.
They will not be used for laterally supporting ma-
sonry, concrete, or other walls which would be
seriously affected by high floor to floor deflection.
(2) Diagonal sheathing. The one-third increase
usually permitted on working stresses in seismic de-
sign is not applicable to the working shears given in
this subparagraph. _
(a) Conventional construction. These dia-
phragms will be made up of 1-inch nominal sheath-
ing boards laid at an angle of approximately 45

degrees to supports. Sheathing boards will be di-

rectly nailed to each intermediate bearing member
with not less than two 8d nails for one-inch by six-
inch (1"X6“) boards and three 8d nails for boards
eight inches (8") or wider, and in addition three 8d
nails and four 8d nails will be used for six-inch (6")
and eight-inch (8") boards, respectively, at the dia-
phragm boundaries. End joints in adjacent boards
will be separated by at least two joist or stud
spaces, and there will be at least two boards be-
tween joints on the same support. Boundary mem-
bers at edges of diaphragms will be designed to re-
sist direct tensile or compressive chord stresses and
will be adequately tied together at corners.

1. Conventional wood diaphragms may be.

used to resist shears not exceeding 300 pounds per
lineal foot of width. Two-inch (2*) nominal diago-
nally sheathed diaphragms may be used with a
maximum design shear of 400 pounds per lineal foot
if 16d common nails are used in lieu of the 8d nails
specified for 1 inch nominal sheathing.

2. This category of diaphragms has a value
of F of approximately 250 and will be considered as
very flexible diaphragms and will not be used to lat-
erally support masonry or concrete walls.

(b) Special construction

1. Special diagonally sheathed diaphragms
will include two adjoining layers of 1 inch nominal
sheathing boards laid diagonally and at 90 degrees
to each other.

2. Special diagonally sheathed diaphragms
also include single-layered diaphragms, conforming
to conventional construction and which, in addition,
will have all elements designed in conformance with
the follawing provision: Each chord or portion
thereof may be considered as a beam loaded with a
uniform load per foot equal to 50 percent of the unit
shear due to diaphragm action. The load will be as-
sumed as acting normal to the chord in the plane of
the diaphragm and either toward or away from the
diaphragm. The span of the chord, or portion

thereof, will be the distance between structural *

members of the diaphragm, such as joists or

5-40

blocking, which serve to transfer the assumed = *
to the sheathing.

3. Special diagonally sheathed diaphrw
may be used to resist shears, due to seismic forces,
provided such shears do not stress the nails beyond
their allowable safe lateral strength and do not ex-
ceed 600 pounds per lineal foot of width. For
approximating deflections, a value of F of 75 will be
used. Thus they fit into the category of flexible dia-
phragms. :

{3) Plywood sheathing

" fa) All boundary members will be propor-
tioned and spliced where necessary to transmit
direct stresses. Framing members will be at least a
2-inch nominal width. In general, panel edges will
bear on the framing members and butt along their
center lines. Nails will be placed not less than three-
eighths inch (3/8") in from the panel edge, not more
than twelve inches (127) apart along intermediate
supports and six inches (6") along panel edge-
bearings, and will be firmly driven into the framing
members. No unblocked panels less than twelve -
inches (12*) wide will be used.

(b) The stiffness of plywood diaphragm webs
varies with the thickness of plywood, nailing, and
the joint blocking. These variables also occur in the
determination of the working shear values of the
diaphragm. An F value for determining the sti’ 1
category and for estimating deflections w. &
determined using the following formula.

33,000, ave

Fa ——yiiue (5-33)
D
Where

qp = Allowable shear specified in table 5-6 in pounds per
foot.

{c) For plywood diaphragms the tabular
values of qp vary between 110 pounds per foot to
820 pounds per foot. From this, the value of F can be
determined as varying between 300 and 20. Thus,
plywood diaphragms can be very flexible, flexible,
or semi-flexible diaphragms depending on the selec-
tion of the type of diaphragm to be used.

(d) Nailing. Pneumatically or mechanically
driven steel wire staples with a minimum crown
width of 7/16 inch is an acceptable alternate method
of attaching diaphragms. The crown of the staple
will be installed parallel to the framing member.

Commion Minimum staple penetration
, wirenail Staple in framing member
6d No. 14 gage linch
8d No. 13 gage linch
10d No. 12 gage 1-1/8inch N
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Table 5-6.
Recommended Shear in Pounds per Foot for Horizontal Plywood Diaphragms with Framing of Donglas Fir, Larch or Southern Pine (a)
for Wind or Seismic Loading
Blocked Diaphragms Unblocked Diaphragms
Nail Spacing (in.) at diaphragm -
boundaries (all cases), at con- Nails Spaced 67 Max. at
tinuous panel edges paraliel to Supported Edges (b)
Common Min. Nail Minimum Min, Width m m?&:&?g :'):b") Casel
Grade Nail Penetration Plywood of Framing - (No Unblocked All Other
Size in Framing Thickness Member 6 I 4 I 2% ] 2 Edgesor Configurations
tinches) tinch) Nail spacing (in.) at other plywood Continvous { 3.3
panel edges, (Cases 1,2,34& 4) Joints Paraltel 4586
to Load) 4
6 6 « | 3
2 185 250 375 420 165 125
6 1-114 516 20 | 2 4 475 1 14
STR RALI 3 80 20 85 0
C-D INT-APA or ad 12 - 2 270 360 530 600 240 180
STRUCTURAL | - 3 300 400 600 675 265 200
C-C EXT-APA
2 320 | 425 | e40(0) | 73010 285 215
1od 1518 12 3 360 | 480 | 720 | 820 320 240
5116 2 170 25 | 335 380 150 10
3 190 250 380 430 170 125
&d 1-1/4 - 2 185 | 250 | 375 | 420 16% 125
3 210 280 | 420 | 475 185 140
g:T-RD INT-APA, .
UCTURAL I 2 240 320 | 480 | 545 215 160
C-D INT-APA, 38
T od " 3 270 360 540 | 610 240 180
C-C EXT-APA, "2 2 270 360 530 600 240 180
and other APA grades 3 300 400 600 675 265 200
except Species Group 5
- 2 290 385 | 575t | 65510 255 190
3 325 430 | 650 735 290 215
10d 1-5/8 :
58 2 320 425 | 64010 | 73010 285 215
3 360 480 720 820 320 240

wy 8/61 @ 3019 NOILINYLSNOD GOOMATd U} 2€

21qe] wouy ‘uolssjuuad YjpM *pajutadad s 9-G Ijqel

-

uedLud

1r-s

(a) For framing other species: (1) Find species group of lumber in Table 8.1 A, NFPA
1977 Nat'l Design Spec. (2} Find shear value from table for nail size, and for
Structural plywood (regardless of actual grade). (3) Multiply value by 0.82 for
Lumber Group Il or 0.65 for Lumber Group IV,

{b) Space nails 12 in. on center along intermediate framing members for roofs, and
10 inches on center for floors..

(c) Reduce tabulated allowable shears 10 percent when boundary members provide
less than 3-inch nominal nailing surface.
Notes: Design for diaphragm stresses depends on direction of continuous panel joints
with reference 1o load, not on direction of long dimensions of plywood sheet
Continuous framing may be in either direction for blocked diaphragms.

Load,, ., Case)  Framing . . , , Case 2'Blocking, of used 44y Caseld Load, ., Cased C;nes‘ 4 Blocking, if used Case Framing
T V| LT NS HH% = = | (1|8

TIrIrITLI‘ jIRRERI E gty —,_"‘t' — :: \ X '
T T T T JTT]I!]IIW 1 - - L= -

Diaphragm boundary ~ Continuous panel joints ~= Continuous panel joints

g1 *doyd 'g-g8 WAV
§S8-d DVIAVN
01-608-S W1
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b. Typical Details. Refer to figures 5-32 through
5-35.

5-8. Horizontal bracing (wood or steel).
a. General Design Criteria. The criteria used to de-
siqn horizontal steel bracing will be the *“Specifica-
tion for the Design, Fabrication, and Erection of
Structural Steel for Buildings,” AISC. The criteria
for wood bracing will be “National Design Speci-
fication for Wood Construction.” Reference should
be made to chapter 3, paragraphs 3-3(J)lg and
3-3(J)2d; paragraphs 5-2a(2) and 5-3d; and chapter
6. paragraph 6-7, where applicable.

. b. General Discussion
(1) General system. The entife system must be
as simple, direct, positive, and effective as practica-
ble. Although it is ordinarily preferable in nonseis-
mic design to have one definite, predetermined, and

5-42

2.
&

adequate means of resisting any given load
oeismicpurpoaea.whenthedamagetoasp\\_/-
truss, column, or other member could cause com-
plete failure, multiple systems are generally used.
For example, if one truss is damaged, these braces
would pick up its load sufficiently to prevent com-
plete collapse.

(2) Functions of roof and floor bracing. The
basic functions of roof or floor bracing are to: (a)
keep the top {compression) chords of trusses (or
frames) from buckling laterally, {b) prevent trusses
from tipping over, (c) steady the columns, and (d)
tranamit the lateral forces to the vertical bracing
system.

(3) Connections. In lieu of developing the full
capacity of the member or part concerned, the con-
nections will be designed for 1.25 times the design
force without the one-third increase usually permit-
ted.
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CHAPTER 6
WALLS AND BRACED FRAMES

6-1. Purpose and scope. This chapter pre-
scribes the criteria for the design of walls and
vertical bracing of buildings for seismic resistance;
indicates the principles and factors governing the
application of horizontal forces normal to the plane
of walls, parallel to the plane of walls (shear walls),
and parallel to the plane of braced frames; gives cer-
tain design data; and illustrates typical details of
construction.

6-2. General. Buildings are composed of vertical
and horizontal structural elements which resist lat-

- eral forces. The forces originating from the mass of

vertical elements may be transferred either directly
to the ground, as in the case of vertical cantilevers,
or to horizontal resisting elements other than the
ground through vertical beam action of the vertical
elements. The forces originating from the mass
tributary to horizontal elements are distributed by
such horizontal elements to vertical elements which
in turn transmit such forces to the ground. Vertical
elements used to transfer lateral forces to the
ground are: (1) shear walls, (2) braced frames, and (8)
moment resisting frames. This paragraph covers
basic functions, essential characteristics, and seis-
mic loads for walls (loaded normal and parallel to
their plane) and braced frames. Specific factors, cri-
teria, and typical details of design of walls and
braced frames using various materials of construc-
tion are described in paragraphs 6-3 through 6-8.
Moment resisting frames are covered in chapter 7.

a. Types of Walls and Loading Conditions. Walls
may be subjected to both vertical (gravity) and hori-
zontal {wind or earthquake) forces. A wall carrying a
vertical load other than its own weight is called a
bearing wall. The horizontal forces acting on a wall
may be either normal to the wall or paralle! to the
wall. A shear wall resists horizontal forces parallel
to the wall. Any wall or partition which carries a ver-
tical load other than its own weight, and/or which
resists a horizontal force parallel to the wall, is
classified as a structural wall. The combined effects
of horizontal forces and vertical load on a wall must
be considered. Walls and partitions must be de-
signed to withstand all vertical loads and horizontal
forces, both parallel to and normal to the flat
surface, with due allowance for the effect of any ec-
centric loading or overturning forces generated.
Any wall which is isolated on 8 sides (both ends and
top) so as not to resist external loads or forces paral-

lel to the wall is classified as nonstructural. A
nonstructural wall shall be able to resist horizontal
wind or seismic forces normal to the wall. Noniso-
lated walls will obviously participate in shear
resistance to horizontal forces parallel to the wall,
since they tend to deflect and be stressed when the
framework or horizontal diaphragms deform under
lateral forces.

b. Loads Normal to Walls. Wells and partitions
must safely resist horizontal seismic forces normal
to their flat surface (figs 6-1 and 6-38 and fig 4-5);
and moments and shears induced by relative
deflections of the diaphragms above and below (fig
6-2). For diaphragm deflections refer to chapter 5.
When a wall resists horizontal forces perpendicular
to it, it usually distributes such loads vertically to
the horizontal resisting elements above or below. It
may also distribute horizontally to shear walls or
frames (chap 4, para 4-4d and fig 4-5). A wall may
be either continuous or discontinuous across its sup-

‘ports. The horizontal seismic force normal to a wall

is a function of its weight. The formula given in
chapter 8, paragraph 38-3(G), for the magnitude of
this force is F, = ZIC,W, with C;, = 0.80. (For
cantilevered walls, see paragraph ¢ below.) This
seismic force will be applied to the wall in both in-
ward and outward directions. However, wind forces,
other forces, or interstory drift will frequently gov-
ern the design.

¢. Cantilevered Walls. Where walls, such as para-
pets, are cantilevered, the anchorage for reaction
and cantilever moment is required to be fully devel-
oped (fig 6-3). C, for this condition is 0.80 per
chapter 3, paragraph 3-3(G) and table 3-4. Where a
parapet wall is anchored to a concrete roof slab and
is not a continuation of & wall below, the roof slab
will be designed for the cantilever moment. Where
the parapet is a continuation of a wall below, the
cantilever moment will be divided between the con-
crete slab and the wall below in proportion to their
relative stiffnesses. Where the parapet is an exten-
sion of a wall below and is anchored to a roof or flcor
of wood, metal deck, or other similar materials, the
moment at the base of the parapet will be developed
into the wall below. In this case the anchorage force
to the roof will be determined by the usual methods
p"rf analysis, assuming & pinned condition for the con-
nection of the roof to the wall.

d. Shear Walls—Loads Parallel to Wall
&1
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Horizontal forces at any floor or roof level are gener-
ally transferred to the ground (foundation) by using
the strength and rigidity of shear walls (and parti-
tions). A shear wall may be considered analogous to
a cantilever plate girder standing on end in a verti-
cal plane where the wall performs the function of a
plate girder web, the pilasters or floor diaphragms
function as web stiffeners, and the integral rein-
forcement of the vertical boundaries function as
flanges. Axial, flexural, and shear forces must be
considered in the design of shear walls. The tensile
forces on shear wall elements resulting from the
combination of seismic uplift forces and seismic
overturning moments must be resisted by anchor-
age into the foundation medium unless they can be
overcome by gravity loads (e.g., 0.9 of dead load)
mobilized from neighboring elements (this is dis-
cussed more fully in chap 4, para 4-4b, 4-4c(2), and
4-8). A shear wall may be constructed of materials
such as concrete, wood, unit masonry, or metal in
various forms. Working stresses of such materials
as cast-in-place reinforced concrete and reinforced
unit-masonry are well known and present no prob-
lem to the designer once the loading and reaction
system is determined. Other materials frequently
used to support vertical loads from floors and roofs
have well-established vertical load-carrying charac-
teristics but have required tests to demonstrate
their ability to resist lateral forces. Various types of
wood sheathing and metal siding fall into this cate-
gory. Where a shear wall is made up of units such as
plywood, gypsum wallboard, tilt-up concrete units,
or metal panel units, its characteristics are, to a
large degree, dependent upon the attachments of
one unit to another and to the supporting members.

(1) Rigidity. The magnitude of the total lateral
forces at any story or level depends upon the struc-
tural system as a whole. The proportion of that total
horizontal load carried by a particular shear wall is
based on its relative rigidity considering the rigidity
of the other walls and the diaphragms. The rigidity
of a shear wall is inversely proportional to its deflec-
tion under a unit horizontal force. Where shear walls
are tied together by a rigid diaphragm or bracing so
that all must deflect equally, the total translational
lateral force is shared in direct proportion to their
relative rigidities {torsional moments must also be
considered, chap 4, para 4-4¢(2)). Wall deflection is
the sum of the deformations due to shear and
flexure (fig 6-4) plus any additional displacement
that may occur due to rotation at the base.

(z) The rotation at the foundation can greatly
influence the overall rigidity of a shear wall because
of the very rigid nature of the shear wall itself; how-
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ever, the rotational influence on relative rigidities of
walls for purposes of horizontal force distribution
may not be as significant. Considering the complex-

_ ities of soil behavior, a quantitative evaluation of

the foundation rotation is generally not practical,
but a qualitative evaluation, recognizing the limita-
tions and using good judgment, will be provided.

(b) The relative rigidity of concrete or unit
masonry wealls with normal openings is usually
much greater than that of any building framework.
Thus, the walls tend to resist essentially all or a ma-
jor part of the lateral force.

(2) Shear wall with openings. The impact on the
size and number of openings in shear walls to resist
lateral forces must be considered. If openings are
very small, their effect on the overall state of stress
in a shear wall is minor. Large openings have a more
pronounced effect and, if large enough, result in a
system in which typical frame action predominates.
Openings normally occur in regularly spaced verti-
cal rows throughout the height of the wall and the
connection between the wall sections is provided by
either connecting beams (or spandrels) which form a
part of the wall, or floor slabs, or a combination of
both. If the openings do not line up vertically and/or
horizontally, the complexity of the analysis is
greatly increased. In most cases, a rigorous analysis
of a wall with openings is not required. When de-
signing a wall with openings, the deformations must
be visualized in order to establish some approximate
method to analyze the stress distribution to the
wall. Figures 6-4 and 6-5 give some visual descrip-
tions of such deformations. The major points that
need to be considered are: (1) the lengthening and
shortening of the extreme sides (boundaries) due to
deep beam action, (2) the stress concentration at the
corner junctions of the horizontal and vertical com-
ponents between openings, and (3) the shear and di-
agonal tension in the horizontal and vertical compo-
nents.

(a) Relative rigidities of piers and spandrels.

The ease of methods of analysis for walls with

openings is greatly dependent on the relative rigidi-

ties of the piers and the spandrels, as well as the

general geometry of the building. Figure 6-6 shows

two extreme examples of relative rigidities of exte-

rior walls of a building. In figure 6-6a the piers are

very rigid and the spandrels are very flexible.

Assuming a rigid base, the shear walls act as verti-

cal cantilevers. When a lateral force is applied, the

§‘pandrels act as struts which flexurally deform to be
;thmpatible with the deformation of the cantilever

*'piers. It is relatively simple to determine the forces

on the cantilever piers by ignoring the deformation
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Figure 6-4. .Shear Wall Deformation
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characteristics of the spandrels. The spandrels are
then designed to be compatible with the pier defor-
mations. In figure 6-6b, the piers are relatively
flexible compared to the spandrels. The spandrels
are assumed to be infinitely rigid and the piers are
analyzed as fixed ended columns. The spandrels are
then designed for the forces induced by the columns.
The overall wall system is also analyzed for over-
turning forces that induce axial forces into the
columns. The calculations of relative rigidities for
both cases shown in figure 6-6 can be aided by the
charts in figure 6-11, paragraph 6-35(3). For cases
of relative spandrel and pier rigidities other than
those shown, the analysis and design becomes more
complex.

(b) Methods of analysis. Approximate meth-
ods for analyzing walls with openings are generally
acceptable. (See app C, example C-4.) For the simple
cases shown in figure 6-6 the procedurs is straight-
forward. For more complex cases, a variation of as-
sumptions may be used to determine the most crit-
ical loads on various elements, thus resulting in a
conservative design. (Note: In some cases a few ad-
ditional reinforcing bars, at little additional cost,
can greatly increase the strength of shear walls with
openings.) However, when the reinforcement re-
quirements or the resulting stresses of this ap-
proach appear excessively large, a rigorous analysis
may be justified.

(3) Dual systems. Buildings may utilize both
shear walls and moment resisting space frames to
resist lateral forces. The total lateral load is
assumed to be resisted by the shear walls and the
frame is assigned to resist nominally 25 percent of
the total lateral load. It is assumed that the contri-
bution of the frame for lateral resistance will
provide redundancy and will provide a reserve
strength against complete collapse if the shear walls
should fail. However, the difference in behavior be-
tween walls and frames results in non-uniform
interacting forces between these elements when
they are connected together by floor slabs (see chap
4, para 4-4e(3) and fig 4-7). Therefore, the distribu-
tion of forces in accordance with the relative
rigidities and the interaction of walls and frames
must also be considered (table 3-3).

(4) Special loading and detail requirements. All
portions of a shear wall will be designed to resist the
combined effects of axial loads (if any) and other
boundary forces as determined from a rational dis-
tribution of the total prescribed lateral forces on the

and in chapter 3, paragraph 3-3(J)1h, respectiv-

A modified load factor for shear and diagonal .

sion is used for buildings without a 100 perce\n(
ductile moment resisting space frame. Vertical
boundary elements (e.g., structural steel or confined
reinforcement) are to be provided at the edges of
shear walls (and similar confinement adjacent to
wall openings) under certain prescribed conditions
(para 6-3a(1){d) and 6-8).

e. Braced Frames. The use of braced frames is an
acceptable alternative method to resist lateral
forces in place of shear walls. The material may be
reinforced concrete, structural steel, or wood. Verti-
cal bracing systems are used to transfer the
horizontal forces at the floor or roof levels to the
foundations. The function of the bracing is to resist
forces that tend to deform the building in the direc-
tion parallel to the plane of that bracing, and to
transmit these lateral loads to the foundation. As
with other systems, the deformations to be expected
in a major earthquake can be much greater than
those found using the prescribed forces. As the duc-
tility of conventional braced systems has not been
adequately demonstrated, multiple braces (see fig
6-7) should be used whenever possible to increase
the redundancy. See paragraph 8-7 for vertically
braced frames.

(1) Layout. When planning a bracing systex ,
a building, consider the structure as a whole (see hyo"
5-4 and 6-7; also, refer to chap 5, para 5-2a(2), for
horizontal bracing systems). Visualize the ways in
which a structure might fail, and provide bracing to
keep the structure from collapsing. The designers
must be certain just where every door, window,
passageway, obstruction, and other controlling fea-
tures will be located before placing the bracing. The
architect must be certain just where the bracing is
to be placed before deciding the type of fenestration.

(2) Lateral force resistance. The braced framing
must be designed to carry the lateral force reactions
from the roof and floors. The entire system must be
as simple, direct, positive, and effective as practica-
ble. However, multiple systems will generally be
used for seismic purposes when the damage to a
specific member could cause complete failure. For
example, if one braced frame should be damaged,
the other braced frames would pick up its load suffi-
ciently to prevent complete collapse. Locate vertical
braced frames so as to limit torsion.

£6-3. Cast-in-place concrete shear walls and

structure as a whole. Special criteria to control

brittle beh d " s sxconcrete braced frames. a General Desirm
rittle behavior and to provide greater elastic re- *

*" Criteria. The criteria used to design reinforced

sponse capacity of shear walls in concrete and unit-
masonry are required as stipulated in paragraph 6-3

&6

crete shear walls will be ACI 318-77 except Ap,
dix A, and as modified by the SEAOC Section 3 (re-
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Diaphragms, (essumed)

(NOTE: See Figure 5-4 for system with horizontal bracing
system.)

Figure 6~7. Bracing for A Tier Building
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printed below) and in this manual. For tilt-up and
other precast concrete shear walls, refer to para-

graph 6-4.

(A) General.

Design and construction of reinforced concrete shear walls and reinforced
concrete braced frames used to resist seismic forces shall conform to the re-
quirements of the A.C.1. Building Code, A.C.1. 318, and all the requirements of
SEAOC Section 3 as modified herein.

Shear walls and braced frames shall be designed by the strength design
method except that the alternate design method may be used provided that

the factor of safety in shear and diagonal tension is equivalent to that achieved
with the strength design method.

A.C.1. 318, for earthquake loading, shall be modified to:
U = 14(D+L) + 14E (6-1)®
U = 09D + 14E - (6-2)
provided further than 2.0 E shall be used in both equations in calculating shear
and diagonal tension in buildings other than those complying with require-
ments for buildings with K = 0.67.
(B) Braced Frames.

Reinforced concrete members of braced frames subjected primarily to
axial stresses shall have special transverse reinforcing as set forth in Section
2(E)4° throughout the full length of the member. Tension members shall addi-
tionally meet the requirement for compression members.

EXCEPTION: In Zone 1 and for Zone 2 buildings under 160 feet, the pro-
visions of chapter 7, paragraphs 7-4a(15) and (16) will satisfy this requirement.

(C) Shear and Diagonal Tension Strength Design.

1. Shear Stress. The nominal ultimate shear stress vy, resulting from
forces acting parallel to shear walls shall be computed by

V,
Vo= A (6-3)
where
Va= Ultimate shear computed according to Section 1 and including
the effect of gravity loads.

Ac.= Area of concrete sections resisting V.

2. Shear Stress Limits. The ultimate shear stress v, thus computed shall
not exceed that given by

va=2V{+pi;, (6-4)
where “p” ia the ratio of the area of reinforcement to the area of concrete

*From the publication *Recommended Lateral Force Requiements and Commenury” by the
Seismology Committee, Structural Engineers Associstion of California. Copyright 1976,
Structural Engineers Association of California, and nbrodnced with permission.

$Formulas have been renumbered such that SEAOC Formula 3-11s designated as 8-11n this
manual,

¢SEAQC Section 2, Concrete Ductile Moment Redstlng Space Frames, is reprinted, as modi-
fled in this manual, as chapter 7, paragraph 7-3a(1)e.g., Section 2{EM is paragraph 7-3a{1¥E)).

(1) SEAOC Section 3, Concrete Shear Wal-
and Braced Framess (Modifications are in italics).
~—
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section resisting the shear V,. At least an equal percentage of reinforce-
ment “p” shall be provided perpendicular to that required to satisfy
Formula (6-4).

The average horizontal shear v, for all wall piers sharing a common lateral
force component shall not exceed

svi (6-5)
and the vy in any of the individual wall piers shall be not more than

10VE: (6-6)
The value of the vertical shear v, shall not exceed

10V 6-7)

for horizontal wall elements.

8. Minimum Reinforcement. The minimum reinforcing ratio “‘p" for
all walls designed to resist seismic forces acting parallel to the wall shall be
0.0025 each way. The maximum spacing of reinforcement each way shall not
exceed d/38 or eighteen inches (18°), whichever is smaller, where “‘d” is the di-
mension of the wall element parallel to the shear force. That portion of the wall
reinforcement required to resist design shears shall be uniformly distributed.
See figure 6-8.

4. Anchorage of Reinforcement. Wall reinforcement required to re-
sist wall shear shall be terminated with not less than a 90 degree bend plus a 6
bar diameter extension beyond the boundary reinforcing at vertical and hori-
zontal end faces of wall sections. Wall reinforcement terminating in boundary
columns or beams shall be fully anchored into the boundary elements.

(D) Verﬂcal Boundary Members for Shear Walls. (See figure 6-9)

Special vertical boundary elements shall be provided at the edges of con-
crete shear walls designated as Shear Wall Type A in chapter 8, table 3-7.9
These elements shall be composed of concrete encased structural steel ele-
ments of ASTM, A86, A441, A500 (Grades B and C), A501, A572 (Grades 42,
45, 50 and 55) or A588 or shall be concrete reinforced as required for columns in
Section 2(E) with special transverse reinforcement as described in Section
2(EM for the full length of the element. The longitudinal reinforcing in these
concrete boundary elements shall conform to the requirements of Section
2(C)2.¢ fi.e., chap 7, para 7-3a(1)C)2).¢

The boundary vertical elements and such other similar vertical elements
as may be required shall be designed to carry all the vertical stresses resulting
from the wall loads in addition to tributary dead and live loads and from the
horizontal forces as prescribed in chapter 3. Horizontal reinforcing in the walls
shall be fully anchored to the vertical elements.

Similar confinement of horizontal and vertical boundaries at wall openings
shall also be provided'unless it can be demonstrated that the unit compressive
stresses at the opening are less than the prescribed limits when using For-
mulas (6-1) and (6-2) modified with 2.0E instead of 1.4E.

¥In Zones 2, 3, and 4 this includes K » 1.0 bufldings over 80 feet in height and all K = 0.8
buildings. In Zone 1, this includes K = 0.8 buildings over 80 feet in height.
#1880 SEAOC Revisions.

o
.
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(2) Classification of concrete shear walls and
concrete braced frames. Concrete shear walls and
braced frames are classified under three categories
for use in table 3-7 in section 3-6.

{a) Shear Wall Type A. Reinforced concrete
shear walls with vertical boundary members, de-
signed in accordance with the provisions, of para-
graph 6-3a(1), are classified as Shear Wall Type A.

(b) Shear Wall Type B. Reinforced concrete
shear walls designed similar to Shear Wall Type A,
with the exception of paragraph 6-3a(1XD) (i.e., spe-
cial vertical boundary elements are not required),
are classified as Shear Wall Type B.

(c) Braced frames. Reinforced concrete braced
frames will be designed in accordance with the pro-
visions of paragraph 6-3a(1)(B).

5. Discussion of Wall Deflections,-Shear Distribu-
tion, and Assumptions
(1) Wall deflections. The deflection of a concrete
shear wall is the sum of the shear and flexural deflec-
tions. In the case of a solid wall with no openings the
computations of deflection are quite simple. How-
ever, where the shear wall has openings in it, as for

doors and windows, the computations for deflection -

and rigidity are much more complex. An exact anal-
ysis, considering angular rotation of elements, rib
shortening, etc., is very time consuming. For this
reason, several short-cut approximate methods in-
volving more or less valid assumptions have been
developed. These do not always give consistent or
satisfactory results. Therefore, conservative ap-
proach and judgment must be used. Refer to para-
graph 6-2d(2) for additional discussion.

(2) Shear distribution. It is necessary to make a
logical and consistent distribution of story shears to
each wall. Rigidity analysxs is discussed in chapter
4, paragraph 4-4e, and in paragraph 6-2d of this
chapter. An exact determination of the story shear
distribution is very difficult and is not necessary.
Approximate methods in which the deflections of
portions of walls are combined usually are adequate.
Examples illustrating various methods of rigidity
computations are shown in appendix C.

(3) Deflection charts. Deflection charts for
fixed-ended corner and rectangular piers are shown
in figure 6-11. Curves 5 and 6 are for cantilever cor-
ner and rectangular piers. The corner pier curves are
for the special case where the I (moment of inertia)
of the corner pier is 1.5 times the I of a rectangular
pier. For other I values the bending portion of the
deflection would be proportional. The deflections
shown on the charts are for a horizontal load P of
1,000,000 pounds. The deflections shown on the
charts are reasonably accurate. The formulas writ-

614

ten on the curves can be used to check the resul*
However, the charts will give no better results tk.
the assumptions made in the shear wall analysis:
For instance, the point of contraflexure of a vertical
pier may not be in the center of the pier height. In
some cases the point of contraflexure may be
selected by judgment and an interpolation made be-
tween the cantilever and fixed conditions.

(4) Assumptions

(a) The foundation is unyielding or that soil
pressures will vary as a straight line under a wall
when subjected to overturning. These may not al-
ways be realistic assumptions, but are generally
adequate for design purposes.

(b) Where the openings in a shear wall are so
large that the resulting wall approaches an assem-
bly similar to a rigid frame (h/d values off the chart),
the wall will be analyzed as a rigid frame.

¢. Construction Joints and Dowels. The contact
faces of shear wall construction joints have exhib-
ited slippage and related drift damage in past
earthquakes. Consideration must be given to loca-
tion and details of construction joints. They must be
clean and roughened. It is highly desirable to pro-
vide intermittent shear keys in Seismic Zone Nos. 3
and 4. Shear friction reinforcement may be provided
in accordance with ACI (318-77) Section 11.7. A ¢
efficient of friction of 0.6 is suggested to account
seismic effects.

6-4, Tilt-up and other precast concrete shear
walls. a. Analysis. Where tilt-up or precast con-
crete walls are used as shear walls, the basic
analysis is the same as that for walls of cast-in-place
concrete. In this case the boundary conditions be-
come critical and the shears between precast and
cast-in-place elements must be analyzed. Shears be-
tween two precast elements or between a precast
element and a cast-in-place element may be devel-
oped by shear keys, dowels, or welded inserts. The
contact joint itself is a cold joint and will be given no
shear or tension value.

b. Joints. Weakened plane joints are frequently
provided in poured-in-place concrete to route cracks
caused by shrinkage or temperature change. These
joints normally do not affect the analysis of shear
walls. However, in precast concreta elements, joints
are frequently provided which structurally separate
one element from another. In the case of precast
wall construction, for instance, one might have a se-
nes of concrete elements tied together at top and

;bptbom but structurally separated from each othe~
“by vertical joints. Since all elements in aline are t

together at the top they must have equal horizoni./
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deflections and therefore a horizontal force parallel
with the line of units will be resisted by the individ-
ual elements in proportion to relative rigidities.
Such elements may not have equal rigidities since
some may contein large openings or may be of dif-
ferent height-width ratios. Some elements may
deflect primarily in shear and others primarily in
flexure. Where significant dissimilar deflections are
found, the building elements tying the individual
units together must be analyzed to determine their
ability to resist or accept such deformations in-
cluding angular rotation without losing their ability
to function as ties or diaphragm chords or footings.
The use of mechanical keys or sleeved dowels may
be used to assist in eliminating differential move-
ment of adjacent precast panels separated by
control joints where appearance and weather-tight-
ness are otherwise satisfactorily provided.

¢. Connectors for Shear Walls. Past experience in-
dicates that the performance of weld plates or other
nonductile connectors has been poor and in many
cases they have resulted in failures during earth-
quakes. These connectors have been weak links in
the shear wall connection. It is important that the
load bearing shear walls be more stringently or con-
servatively designed since any connector failure
during an earthquake may result in progressive fail-
ure to collapse. Therefore, all connectors for load
and nonload bearing walls will be designed for three
times the actual seismic shear forces. The shear
force will be uniformly distributed throughout the
height or length of the shear wall with reasonably
spaced connectors (maximum spacing 4-0") rather
than with a few which will have localized concentra-
tion of stresses. Detailed calculations will be made
including the localized effects in concrete walls
attributed from these connectors. Sufficient details
of connectors and embedded anchorage will be pro-
vided to preclude construction deficiency.

d. Typical Details. Refer to figure 6-12 for typical
details of attachments.

6-5. Wood stud shear walls. o Working
Shears Except Plywood. Figure 6-13 gives in tabu-
lar form the maximum height-width ratios and
allowable shear per lineal foot for wood stud shear
walls with various types of sheathing or plaster ex-
cept for plywood sheathed walls. The usual 33-1/3
percent increase for short-time seismic loads is rot
applicable to these allowable shear values. The
strength of any wood stud shear wall may be made
up of a combination of the materials listed. In no
case shall the allowable shears for combinations of
materials exceed 600 pounds per lineal foot.

TM 5-809-10
NAVFAC P-355
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b. Working Shears for Plywood. Details of ply-
wood sheathed walls are shown on figure 6-14 and
the allowable working shears are shown in figure
6-15. When a combination of plywood and other ma-
terials is used, the shear strength of the walls will be
determined by the values permitted for plywood
alone {fig 6-15).

¢. Deflections. The deflection of wood frame shear
walls at the present time is not readily computable.
The maximum height-width limitations given herein
are presumed to satisfactorily control deflections.
Relative stiffnesses of wood stud shear walls will be
measured by the effective lineal width of walls or
piers between openings.

d. Let-In Brace. Except when used in combina-
tion with diagonal sheathing or plywood, a one-inch
by four-inch brace let into the studs may be used to
resist an additional horizontal force not exceeding
1,000 pounds, provided the total value of the shear
wall does not exceed 600 pounds per foot. Each such
brace shall be nailed to each stud and to the top and
bottom plates with two 8d nails.

e. Wall Tie-Down. The end studs of any plywood
sheathed shear wall and/or shear wall pier will be
tied down in such a manner as to resist the overturn-
ing forces produced by seismic forces parallel to the
shear wall. This overturning force is sometimes of
sufficient magnitude to require special steel attach-
ment details. A commonly used detail is shown on
figure 6-16. Tie-downs will be computed using the
required stresses for wood and its fastenings in-
creased 33-1/3 percent for seismic forces.

6-6. Steel stud walls. Some small structures
may be constructed using steel stud structural
walls. In order for this type of wall to be capable of
acting as a shear wall, some form of bracing is re-
quired. When the design forces permit, the detail
shown on figure 6-17a may be used to resist a total
of 1,000 pounds. In larger buildings where the de-
sign forces become greater, this method is impracti-
cal and other shear wall systems may be required.
Figure 6-17b shows typical details at top of walls.

6-7. Vertically braced frames. a. General De-
sign Criteria. The criteria governing the design of
vertical braced frames will be chapter 3, paragraph
8-3(J)1g, paragraph 6-2 of this chapter, and as pre-
scribed in this paragraph.

(1) Structural steel braced frames. Members of
braced frames will be composed of ASTM A36,
5441 A500 (Grades B and C), A501, A572 (Grades
43, 45, 50, and 55), or A588 structural steel and will
conform to the AISC “Specification for Design,
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Recommended Shear in Pounds Per Foot for Plywood Shear Walls with Framing of Douglas Fir, Larch, or Southern Pine (a)

For Wind or Seismic Loading (b) :
Plywood Applied Plywood Applied Over
Directto Framing 177 Gypsum Sheathing
Minimum Mini .
Nominal Nail
Plywood Grade Plywood Penetration Nail Size Nail Spacing at Plywood Nail Size Nail Spacing at Plywood
Thickness in Framing [{< or Panel Edges (in.) (common or Panel Edges (in.}
{in.) (in.} galvanized ralvanized
box) 6 4 ri.) 2 box) 6 4 2% 2
) 5/16 1.4 6d 200 | 300 | 4501 510 8d 200 | 300] 450 | 510
STRUCTURAL | C-D INT-APA, or 38 1-172 8d 230(d) | 360(dh| 530(dh} 610(d) tod 280 | 430 | 640ie}| 7306e)
STRUCTURAL 1 C-C EXT-APA
2 1-5/8 10d 340 | 510 | 770(e}| 870¢e) - - - -— —_
C-geN;-A:A S/t6or 1/4 () 1-1/4 6d 180 | 270 | 400 | 450 8d 180 | 270 ( 400 | 450
C-CEXT-APA
STRUCTURAL I1 C-D INT-APA 38 1-1/2 8d 220(d)| 320t} 470(d) |} 530(d) 10d 260 | 380 | 570(e)| 640te)
STRUCTURAL 1 C-C EXT-APA .
APA panel siding () and other
APA grades except species 12 1-5/8 10d 310 | 460 ]690¢e)| 770(e) - - - — _
Group 5.
N'ailSiz:d ( Nlail Si::d
. (galvaniz galvaniz
A D Hair (0 i s16(0 114 cifp | 140 | 210 [ 320 | 360 | _csirm 1140 | 200 320 | 360
Group 5: 6d &
3/8 1-172 8d 130t | 2000 | 300td) | 340(d) tod 160 | 240{ 360 | 410

{a) For framing of other species: (1) Find species group of lumber in the NFPA Nat’l
Design Spec. (2) (a) For common or galvanized box nails, find shear value from table
for nail size, and for STRUCTURAL | plywood (regardless of actual grade). (b) For
galvanized casing nails, take shear value directly from table, (3) Multiply this value by
0.82 for Lumber Group It or 0.65 for Lumber Group IV.

{b) Al pane! edges backed with 2-inch nominal or wider framing. Plywood installed
either horizontally or vertically. Space nails 6 inches 0.c. along intermediate mem-
bers for 3/8-inch plywood with face grain parallel to studs spaced 24 inches o.c, For
other conditions and plywood thicknesses, space nails 12 inch 0.c. on intermediate
supports.

(c) 3/8-inch or 303-160.c. is

d

exterior sidi

ng.
Shears may be increased 20 percent

ded when applied directto framing as
ided (1) studs are spaced a maximum of 16

inches o.c., or (2) plywood is applkg'\:'vth face grain across studs, or (3) plywood is
1/2-inch or greater in thickness.
{e) Reduce tabulated shears 10 percent when boundary members provide less than 3-inch
nominal nailing surface.
(1) 303-16 o.c. plywood may be 5/16-inch, 3/8-inch or thicker. Thickness at point of

nailing on panel edges governs shear values.

Framing
Load f

—— —
N ‘\{

f
ibounday.
Shear wall boundary

Blocking

-—
-
2z

Framing

ent——

fromnced

411

p—

Foundation resistance

Reprinted with permission from Table 22 and Figure 19 in PLYWOOD CONSTRUCTION GUIDE,
© 1978 American Plywood Association.
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Angle, bolts, plates, posts, footings, etc., to be designed

for uplift.

Figure 6-16.

Wood Stud Walls - Typical Tie-Dowm Details
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Fabrication, and Erection of Structural Steel
Buildings.”

{2) Reinforced concrete braced frames. Will con-
form to the requirements of paragraph 6-3a{1)XB).

{8) Wood braced frames. Wood braced frames
will be designed using normal procedures illustrated
in many easily obtainable texts and are not covered
in this manual. “National Design Specifications for
Wood Construction” (1977 Edition and 1980 Sup-
plement), NFPA, applies.

b. General Discussion.

(1) Definition of braced frame. In chapter 3,
paragraph 3-3(B), a braced frame is defined as a
truss system or its equivalent which is provided to
resist lateral forces and in which the members are
subjected to axial stresses. The determination of
whether a bracing system, such as one utilizing deep
knee braces, is a braced frame or a moment resisting
frame is explained in the 1960 SEAOC Commentary
(p. 32) as follows: “If the deflection of a braced bent
is predominantly due to bending and rotation of in-
dividual members rather than the direct stress
distortion of shear carrying bracing members, it
may be considered a frame; if it deflects primarily
due to the distortion of the shear carrying member it
is a shear wall.” Braced frames may be made of any
approved structural material (para 6-2¢). Braced
frames may be of various forms. The X-braced pan-
els, consisting of diagonal tension members and
vertical compression members, are most frequently
used (fig 6-18). Trussed portal bracing or K-bracing
is frequently used to permit unobstructed openings
(fig 6-20). Braced frames with single diagonal mem-
bers capable of taking compression as well as
tension are used to permit flexibility in the location
of opemngs {fig 6-19). The deflection of braced
frames is readily computed using recognized
methods.

(2) Function of braced frame. The function of
the bracing is that of resisting forces that tend to
deform the building in a direction paralle! to the
plane of that bracing, and to transmit these lateral
loads to the foundation. As with other systems, the
deformations to be expected in a major earthquake

TM 5-809-10
NAVFAC P-355
AFM 88-3, Chap. 13

can be much greater than those found using the pre-
scribed forces. As the ductility of the usual braced:
systems has not been adequately demonstrated,
multiple braces should be used whenever possible
(see para 6-2¢).

(8) Connections. Obviously, a member will not
support loads in excess of what its connections and
other details can hold. As a general principle, these
details should be sufficient to develop the useful
strength of the member or part concerned, regard-
less of calculated stress. In lieu of developing the
full capacity of the member or part concerned, the
connections will be designed for 1.25 times the de-
sign force without the one-third increase usually
permitted.

¢. Special Requirements for Braced Frames. Refer
to chapter 3, paragraph 3-3(J)1g, for special load
factor and connection requirements for braced
frames. Reference should also be made to the

- SEAOC Commentary, pages 47-C and 48-C.

6-8. Masonry shear walls. Distribution of
shears to masonry walls will be in a similar manner
as described for cast-in-place concrete walls. For
typical masonry shear wall details, see chapter 8,
Reinforced Masonry. When masonry shear walls are
used as part of a dual system (i.e., K=0.8 per cat-
egory 3 in table 3-3) in Seismic Zones 2, 8, or 4
special vertical boundary elements are required.
These elements will be composed of structural steel
or reinforced concrete in accordance with paragraph
6-3a(1)XD) or will be composed of masonry columns
or pilasters in accordance with chapter 8, paragraph
8-14.

6-9. Metal wall systems. Metal wall panels or

sidings less than 22 gage are not permitted for use

as shear walls. Metal decking and attachments com-

plying with chapter §, paragraph 5-6 will be

permitted for use as shear wall diaphragms.
EXCEPTION: In Seismic Zone 1, a pre-
engineered metal building with panels less than
22 gage requires that load tests be submitted
for evaluation and approval.

..
Ny
- ly(. Y
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CHAPTER 7
SPACE FRAMES

7-1. Purpose and scope. This chapter pre-
scribes the criteria for design of moment resisting
space frames of buildings in seismic areas; indicates
principles, factors, and concepts involved in seismic
design of moment resisting frames; gives design
data; and illustrates typical details of construction.
For braced frames which act as shear walls, refer to
chapter 6.

7-2. General. A space frame, as defined in chap-
ter 8, paragraph 3-3(B), is a three-dimensional

“structural system, without bearing walls, composed
of interconnected members laterally supported so as
to function as a complete self-contained unit with or
without the aid of horizontal diaphragms or floor
bracing systems.

a. Seismic Space Frames. Horizontal forces at
any floor or roof level are transmitted to the founda-
tion (ground) by using the strength, rigidity, and
ductility of a moment resisting space frame. A seis-
mic space frame will be based on the assumption
that the frame depends on its own bending stiffness
for the lateral stability of the structure (fig 7-1). It
is important to remember that deformations result-
ing from the dynamic response of a major
earthquake are much greater than those determined
from the application of the prescribed forces. This
means that a space frame that conforms to the mini-
mum requirements of this manual will survive a
major earthquake only if it can yield without essen-
tial loss of lateral resistance or vertical load
capacity. Since normal building materials have very
limited energy-absorbing capacity in the elastic
range of action, it follows that what is needed is a
large energy capacity in the inelastic range. The
term “ductility” is used to denote this property.
Providing a ductile seismic frame may well prove to
be the difference between sustaining tolerable and,
in many cases, repairable damage, instead of cata-
strophic failure. The energy dissipation, ductility,
and structural response {(deformation) of space
frames depend upon the type of members, connec-
tions (joints), and materials of construction used.
The behavior of joints is a critical factor in the effi-
ciency of building frames during high intensity cy-
clic loading. A seismic space frame will be a moment
resisting space frame or a ductile moment resisting
space frame.

b. Moment Resisting Space Frames. A moment
space frame is a vertical load-carrying space frame

in which the members and joints are capable of re-
sisting design lateral forces by bending moments.
Although a moment resisting space frame need not

comply with all the special requirements of a ductile

moment resisting space frame, it will comply with
the applicable requirements set forth in this chapter
to qualify as a seismic space frame.

¢. Ductile Moment Resisting Space Frames. To
qualify for a K-factor of 0.67, the structural system
for resisting lateral forces must be a ductile moment
resisting space frame. A ductile moment resisting
space frame will be required for any building of any
height where a K-factor of less than 1 is used (some
exceptions are permitted for dual systems as pro-
vided for in table 3-7). A ductile moment resisting
space frame will be based on the assumption that
the frame depends on its own bending stiffness for
the lateral stability of the structure. Beams (or gird-
ers) shall be connected to columns by rigid joints
which are capable of developing in the beams the full
plastic capacity of the beams, under moment rever-
sals. To take advantage of the energy absorbing
capacity of the structural members, connections
shall be designed to be at least as strong as the
members connected. A ductile moment resisting
space frame will be constructed of structural steel or
reinforced concrete and will comply with the re-
quirements of Concrete Frame Type A (para 7-8) or
Steel Frame Type A (para 7-5). In Seismic Zone No.
1, Concrete Frame Type B (para 7-4a) qualifies as a
ductile moment-resisting space frame.

d. Classification of Moment Resisting Space
Frames. Space frames are classified under several
categories in chapter 3, paragraph 3-6a, for use in
table 3-7. The design criteria for Types A, B,and C
of both concrete and steel moment resisting space
frames are covered in paragraphs 7-3 through 7-6.
Concrete Frame Type D, which is not classified as a
moment resisting seismic space frame (although
such a frame will naturally have some moment re-
sistant capacity), is a vertical load-carrying space
frame designed in accordance with ACI 318-77.

7-3. Concrete Ductile Moment Resisting
Space Frame—Concrete Frame Type A.

a. General Design Criteria. The criteria used to de-
sign ductile moment resisting space frames will be
ACI 318-77 except appendix A, and as modified by
SEAOC Section 2 (reprinted below) and by this
manual.

7-1
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. ‘\_/ (1) SEAOC Section 2, Concrete Ductile
Moment Resisting Space Frames:® (Modifications
areinitalics)

(A) General.

Design and construction of cast-in-place, monolithic reinforeed concrete
framing members and their connections in ductile moment space
frames shall conform to the requirements of ACI Building Code, ACI 818, and
all the requirements of SEAOC Section 2 as modified herein.

EXCEPTION: Precast concrete frame members may be used, if the
resulting construction complies with all the provisions of this Sec-
tion.

All lateral load resisting frame members shall be designed by the strength
design method except that the alternate design method may be used provided
that it is shown that the factor of safety is equivalent to that achieved with the

strength design method.
ACI 318, for earthquake loading shall be modified to:
U=1.4{D+L)+1.4E (7-1p
U=0.9D+14E (7-2)

Members of space frames which are designed to resist seismic forces shall
be designed, in accordance with the provisions of this Section, so that shear
failures will not occur if the frame is subjected to lateral displacements in ex-

_ cess of yield displacements.
(B) Definitions.

N CONFINED CONCRETE is concrete which is confined by closely spaced
special transverse reinforcement restraining the concrete in directions perpen-
dicular to the applied stresses.

SPECIAL TRANSVERSE REINFORCEMENT is composed of spirals,
stirrup-ties, or hoops and supplementary cross-ties provided to restrain the
concrete to make it qualify as confined concrete.

STIRRUP-TIES OR HOOPS are continuous reinforcing steel of not less
than a No. 8 bar bent to form a closed hoop which encloses the longitudinal re-
inforcing and the ends of which have & standard 185 degree bend with a 10 bar
diameter extension or equivalent.

(C) Physical Requirements for Concrete and Relnforcing Steel.

1. Concrete. The minimum specified 28-day strength of the concrete,
f:. shall be 3000 pounds per square inch. :
The maximum specified strength for lightweight concrete shall be
limited to 4000 psi.

2. Reinforcoment. All longitudinal reinforcing steel in columns and
beams shall comply with- ASTM A-615, grade 40 or 60. The actual yield
stress, based on mill tests, shall not exceed the minimum specified yield stress,
fy, by more than 18,000 psi. Retests shall not exceed this value by more than
an additional 8000 psi. In addition the ultimate tensile stress shall be not less
than 1.38 times the actual yield stress, based on mill tests. Grades other than
theseapeciﬁedfordesignshallnotbeused’
A% “From the publication “Recommended Lateral Force Re- ’S:rnctuul Engineers Association of California, and reproduced

quirements and Commentary” by the Seismology Committee, with permission.
Structural Engineers Association of California. Copyright 1976,
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7-4

Where reinforcing steel is to be welded, a chemical analysis of the steel
shall be provided.? Welding shall conform to “Structural Welding Code— Re-
inforcing Steel,” AWS D1.4-79.

(D) Flexural Members.

1. General. Flexural members shall not have a width-depth ratio of less
than 0.3, nor shall the width be less than ten inches (10”) nor more than the
supporting column width plus a distance on each side of the column of three-
fourths the depth of the flexural member. Flexural members framing into col-
umns shall be subject to a rational joint analysis. (figure 7-2)

2. Reinforcement. All flexural members shall have a minimum rein-
forcement ratio, for top and for bottom reinforcement, of 200/f, throughout
their length. The reinforcement ratio “‘p’’ shall not exceed 0.025.

The positive moment capacity at the face of columns shall be not less
than 50 percent of the negative moment capacity provided. A minimum of one-
fourth of the larget amount of the negative reinforcement required at either
end shall continue throughout the length of the beam. At least two bars shall
be provided both top and bottom. (figure 7-3)

-3, Splices. Tensile steel shall not be spliced by lapping in a region of
tension or reversing stress unless the region is confined by stirrup-ties. Splices
shall not be located within the column or within a distance of twice the mem-
ber depth from the face of the column. At least two stirrup-ties shall be pro-
vided at all splices. (figure 7-4)

4. Anchorage. Flexural members terminating at a column, in any ver-
tical place, shall have top and bottom reinforcement extending, without hori-
zontal offsets, to the far face of a confined concrete region, terminating in a
standard 90 degree hook. Length of required anchorage shall be computed be-
ginning at the near face of the column. Length of anchorage in confined re-
gions shall be not less than 56 percent of the development length. but not less
than twenty- four inches (24°). (figure 7-3)

EXCEPTION: Where the column resists less than 25 percent of the
story-bent shear, at least 50 percent of such top and bottom rein-
forcement shall be ar.chored within such column cores and the re-
mainder shall be zunchored in regions outside the column core
confined as specified herein for columns.

5. Web Reinforcement. Vertical web reinforcement of not less than
No. 3 bars shall be provided in accordance with the requirements of ACI 318,
except that:

a. Stirrups shall be spaced to resist the ultimate design shear V, in

which A B _
Vu>iM— .54';1.4VD+L
LAB ' (7‘3)

where M2 and M2 are ultimate moment capacities of opposite sense {double
curvature) at each hinge location of the member and Vp.1, i3 the simple span
shear. Lap is the distance between M2 and M2, Ultimate moment capacities
shall be computed without the ¢ factor reduction and assuming the maximum
reinforcing yield strength based on 25 percent over specified yield. Ultimate
shear capacities shall be computed with the ¢ factor reduction.

—————— (‘ l‘
}Formulas have been renumbered such that sonc Formula 2-1 is designated as Formula
7-11n this manual.
ASTM A706 conforms to these provisions.
“Chemical analysis is not required for ASTM A706.
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b. Stirrups shall be spaced at no more than d/2 throughout the length of
the member.

c. Stirrup-ties, at a maximum spacing of not over d/4, 8 bar diameters,
24 stirrup-tie diameters, or twelve inches (12"), whichever is least, shall be
provided in the following locations:

At each end of all flexural members, the first stirrup-tie shall be lo-
cated not more than two inches (2”) from the face of the column and
the last, a distance of at least twice the member depth from the face
of the columns.

Wherever ultimate moment capacities may be developed in the flex-
ural members under inelastic lateral displacement of the frame.

Wherever required compression reinforcement occurs in the flexural
members.

d. In regions where stirrup-ties are required, longitudinal bars shall
have lateral support conforming to the provisions of ties for tied columns.
Single or overlapping stirrup-ties and supplementary cross-ties may be used.

Section 2(E)
(E) Columns Subject to Direct Stress and Bending.

1. Dimensional Limitations. The ratio of minimum to maximum col-
umn thickness shall not be less than 0.4 nor shall any dimension be less than
twelve inches (12*). (figure 7-2}

2. Vertical Reinforcement. The reinforcement ration “‘p” in tied col-
umns shall not be less than 0.01 nor greater than 0.06. (figure 7-3)

3. Splices. Lap splices shall be made within the center half of column
height, and the splice length shall not be less than 380 bar diameters. Continu-
ity may also be effected by welding or by approved mechanical devices pro-
vided not more than alternate bars are welded or mechanically spliced at any
level and the vertical distances between these welds or splices of adjacent bars
is not less than twenty-four inches (24 ). {figure 7-4)

4. Special Transverse Reinforcement. The cores of columns shall be
confined by special transverse reinforcement as specified herein or as required
to meet shear requirements. (figure 7-5)

a. The volumetric ratio of spiral reinforcement shall not be less than
that required in ACI-318 nor

pr=012 % | (7-4)
whichever is greater. b .
b. The total cross-sectional area {A“gh) of rectangular hoop reinforce-
ment shall not be less than

.= L4 __fi'_. _A_L -_— (-
A"g,=0.830ah f;l. A 1}, (7-5)
nor
A*3=0.12ah" —éu (7-6)
A
whichever is greater, where 3
a = center to center spacing of hoops in inches with 2 maximum of

four inches (4*).
A; = areaof column core.

7-8
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Ag = grossareaof column.

A"sp= total cross-sectional area in square inches of hoop reinforcement
including supplementary crossties having a spacing of (a) inches
and crossing a section having a core dimension of h*.

h*" = coredimension of tied column in inches.

f*yn = yield strength of hoop or spiral reinforcement.

Single or overlapping hoops may be provided to meet this require-
ment. Supplementary crossties of the same size and spacing as hoops using
135 degree minimum hooks engaging the periphery hoop and secured to a lon-
gitudinal bar may be used. Supplementary crossties or legs of overlapping
hoops shall not be spaced more than fourteen inches (14”) on center trans-
versely.

EXCEPTION: Formula (7-5) need not be complied with if the column
design is based on the column core only.

¢. Special transverse reinforcement shall be provided in that portion of
the column over a length equal to the maximum column dimension or one-sixth
of the clear height of the column. but not less than eighteen inches (18°) from
either face of the joint.

d. At any section where the ultimate capacity of the column is less than
the sum of the shears (£Vy) computed by Formula (7-3) for all the beams fram-
ing into the column above the level under consideration, special transverse
reinforcement shall be provided. For beams framing into opposite sides of the
column, the moment components of Formula (7-3) may be assumed to be of
opposite sign. For the purpose of this determination, the factor of 1.4 in For-
maula (7-3) may be changed to 1.1. For determination of the uitimate capacity
of the column, the moments resulting from Formula (7-3) may be assumed to
result from deformation of the frame in any one principal axis.

e. Columns which support discontinuous members, such as shear walls,
braced frames, or other rigid elements shall have special transverse reinforce-
ment for the full height of the supporting columns.

5. Column Shear. The transverse reinforcement in columns subjected
to bending and axial compression shall satisfy the formula

Ay & =PV, (7-7)
where V, shall be computed by using the ultimate moment capacity in the
ends of either the beams or columns framing into the connection. Ultimate
moment capacities shall be computed without $ or other reduction factors and
under all possible vertical loading conditions and assuming the maximum re-
inforcing yield strength based on 25 percent over specified yield.

Ve=vVcAc, Where v, shall be in accordance with ACI 318, except that V. shall

be considered zero where %—'— <0.12f.
g8

8 = spacing, € 1/2 minimum column dimension.

d;. = dimension of column core in direction of load.

Ay = total cross sectional area of special transverse reinforcement in
tension within a distance, s, except that two-thirds of such area
shall be used in the case of circular spirals.

Ac = Areaof column core. y'

A
i}

s

(F) Beam-Column Connection.
1. Analysis. The transverse reinforcement through the connection shall
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be proportioned according to the requirements of paragraph 7-SofINEM. The
transverse reinforcement thus selected shall be checked according to the pro-
visions set forth in paragraph 7-3a(INE)5, with the exception that Vy, acting
on the connection shall be equal to the maximum shears in the connection
computed by rational analysis taking into account the column shear and the
concentrated shears developed from the forces in the beam reinforcement at a
stress assumed at fy.

Within the depth of the shallowest framing member, special transverse
column reinforcement of one-half the amount in the preceding paragraph shall
be required where members frame into all four sides of a column and whose
width is at least three-fourths the column width. When a corner of a tied col-
umn, unconfined by flexural members, exceeds four inches (4°), the full special
transverse reinforcement shall be provided through the connection and around
bars outside of the connection.

Special transverse beam reinforcing shall be provided through the beam-
column connection to provide confinement for longitudinal reinforcement out-
side the column core where such confinement is not provided by another beam
framing into the connection. P

o

2. Design Limitations. At any beam-column connection where A, >

0.12f,, the total ultimate moment capacity of the column, at the design earth-
quake axial load, shall be greater than the total ultimate moment capacity of
the beams, along the principal planes at that connection.

EXCEPTION: Where certain beam-column connections at any level
do not comply with the above limitations, the remaining columns
and connected flexural members shall comply and further shall be
capable of resisting the entire shear at that level accounting for the
altered relative rigidities and torsion resulting from the omission of
elastic action of the non-conforming beam-column connections.

(G) Inspection. _

For buildings designed under this Section, & specially qualified inspector
shall provide continuous inspection of the placement of the reinforcement and
concrete and report to the registered professional engineer responsible for the
structural design. The inspector shall submit to the appropriate authority a
certificate indicating compliance with the plans and specifications.

(2) Summary of Major SEAOC Modifications (g) The provisions of paragraph 7-3a(l) are

illustrated in figures 7-2 through 7-9.

to ACI 318-77:
Limitati f precast (3) Special modifications
(para'l(f’aa(l)(A)). one ot p concrete members (a) Prestressed, post-tensioned, and flat-slab

() Modification to design load factors (para
(A), formula 7-1).

{¢) Limitations on grades of reinforcing steel
(para 7-8a(1}(C)2).

{d) Limitations are placed on dimensions and
maximum percentage of reinforcing that can be
used (para 7-8a(1)(D}1,2).

(e) Special requirements for splices, anchor-
ages, beam stirrups, column ties and hoops, and
joint reinforcement (para 7-8a(14D)3, 4, (E), (F)).

(f? Special requirements to provide the forma-
tion of inelastic hinges in beams rather than in col-
umns (para 7-3a(1XE}Md).

systems are not to be used as part of the lateral
force resisting space frame (see para 7-8b for
general discussion). '

(b) Column ties will be at least No. 4 bars for
vertical bars No. 11 or larger and for bundled bars
and at least No. 8 bars for vertical bars less than No.
1L

b. General Discussion. Ductility of reinforced
concrete frames is accomphshed by: (1) using the
nethod of design outlined in ACI 318-77 with a
;modxﬁed load factor, (2) limiting the percentage of
“'steel reinforcement so that the steel will yield before
the concrete fails in compression, (3) confinement of

7-7
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the concrete with special transverse reinforcement
so as to prevent failure of joints under moment re-
versals {refer to ACI-352),% (4) proportioning mem-
bers so that any yielding will be confined to the
flexural members (girders) rather than to the col-
umns, and (5) avoidance of shear failure. The
standard acceptable method of construction for the
framing members and their connection is cast-in-
place monolithic reinforced concrete. It is some-
times feasible to precast beam-column elements and
join them at points of minimum moment with a cast-
in-place splice, so an exception is permitted (para
T7-3a(1}A)). However, the use of prestressing to
develop ductile moment capacity is a subject for
further study and is not presently permitted. The
use of flat slabs to develop ductile moment capacity
is also doubtful, thus does net qualify without spe-
cial design provisions to provide an equivalent duc-
tile frame within the depth of the slab. Other mem-
bers within the building, not part of the concrete
ductile moment resisting space frame, may be pre-
cast, prestressed, composite, or any other appropri-
ate system if adequate diaphragms and connections
are developed so the building will respond to seismic
input as a unit. These members shall comply with
the design requirements of the ACI Building Code,
ACI 318.

7-4. Concrete Moment
Frames—Concrete Frame Types Band C

a. Concrete Frame Type B. The criteria used to
design Type B concrete moment resisting space
frames will be ACI 318-77 except appendix A, and
as modified below and illustrated in figure 7-10
through figure 7-15. Refer to chapter 3, paragraph
3-6 and table 3-7, for the limitations on the use of
this type of concrete space frame.

(1) The provisions of paragraphs 7-3a(1NA),
(B), and (D) 1 will apply (see fig 7-2).

(2) Prestressed, post-tensioned, and flat slab
systems are not to be used as part of the lateral
force resisting space frame (see para 7-3b).

(3) The specified yield strength of reinforcing
steel will not exceed 60,000 p.s.i.

(4) Members of the moment resisting space
frame will be designed for the shear that results
from the formation of inelastic joint rotations, in the
same direction, at each end of the member (see fig
T-14).

*Committee 352, “Recommendations for Design of Beam-
Column Joints in Monolithic Reinforced Concrete Structures,”
ACI Journal, Proceedings V. 73, No. 28, July 1976. This reference
provides a state-of-the-art summary of current Information.

7-8

Resisting Space |

(5) All frame flexural members will havea
mum reinforcement ratio, p, for top and bot
reinforcement of 200/fy throughout their length ex-
cept where a greater minimum is required by ACI
318. At least two bars will be provided, both top and
bottom, throughout their length.

(6) At locations where the ultimate capacity of
a member will be developed under inelastic lateral
displacement of the frame, the maximum p will not
exceed 0.025.

(7) The positive moment capacity of flexural
members at columns will be at least 40 percent of
the negative moment capacity.

(8) Splices in required reinforcing of flexural
members framing into columns will not be located
within the column nor within a distance of twice the
member depth from the face of the column. At least
two closed stirrup ties will be provided at all splices.

{9) Flexural member framing into a column
where there is no flexural member on the opposite
side will have top and bottom reinforcement extend-
ing to the far face of the confined region and
terminated with a standard hook.

(10) The length of anchorage in confined re-
gions may be 0.56 14. In other regions, anchorage
length will be 14. In no case will the anchorage
length be less than 24 inches (14 is developm -
length per ACI).

(11) Stirrup ties of not less than No. 3 bars va/
be provided at a spacing of not over d/4 nor 12* for a
distance of at least the member depth at the end of
each flexural member and wherever ultimate capaci-
ties may be reached under lateral displacement of
the frame. The first stirrup tie will be placed 2* from -
the faceof the column.

(12) Standard stirrups will be provided at a
maximum spacing of 3/4d throughout the length of
the flexible member, or minimum required by ACI
318, whichever governs.

(13) The reinforcement ratio, p, in tied columns
will not be less than 0.01 nor greater than 0.06.

(14) Lap splices shall be made within the center
half of column height, and the splice length shall not
be less than 30 bar diameters. Continuity may also
be effected by welding or by approved mechanical
devices provided not more than alternate bars are
welded or mechanically spliced at any level and the
vertical distance between these welds or splices of
adjacent bars is not less than twenty-four inches

~(24").

W ?

(15) Special transverse reinforcement for col-

" 7 sumns will be continuous reinforcement enclosing ~* ~

longitudinal reinforcement and ending with &
degree bend with a 10 bar diameter extension. Sugt’
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N 6
W [e] cooms: b5y
§§ e a-e| W = 12", Min, il ©
PRI w/c = 0.4 ;-'_L-.‘_-.:'.-%.
c 2ol w lon
Fégo’ eA'
SIDE SIDE
LR (P AN it S it i R AR PR
' 0 Q el = Be
:’) D H * 'o' d ‘.
o iR A
Qls T
x S
§ R E b
'4°:J| FLEXURAL MEMRERS: Xi* W+ |I%D
b = 10"’ “lu. *
b b = COIQ + 1¥'D: Max,
W D = 3,33b Max, .

N ' -y ' ..4--

DEEP BEAM SHALLOW BEAM

REAM/COLUMN HINGE:
(May Also Control)

1f P/Ag® 0,12 £',

o9 e ] of Columns including effects
"t: R SERNAR RERPOAPRN. BRI & of P, must be = M, of flexural
iy e Jd___L__1 members., (Frame Type A or
Type B only.) See paragraph
*Thie provisjon tends to prohibit the use 7-3a(1)(F)2.
of a flat slab (plate) floor being

Dimensional limitations apply
also to Frame Type B and Frame

Type C.

considered g§s a mompnt resisting
frame membeg.

THIN MEMBERS (Not permitted)
Figure 7-2. Concrete Frame Type A - Limitations on Dimensions
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\ .
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P If ?IABA 0012 f'c
of Columns {ncluding effects

See footnote
a, paragraph

7-3b, and ] of P, must be 2 of flexural
Example A-2, memb:rl. o
sheet 24 of

~~Min. top reinforcing:

e 2 continuous bars

e p = 200/f

® 257 of top steel at
column |

25 T~

(Top steel

at column

T I A A0 e e MM Rl 3 T

| 1
S70. HOO(& (-Bottom steel C Min. bottom reinforcing:
P /YA
at column ® 2 continuous bars

CONFIL/ER — equal to a e p = 200/f
JOWT AREA minimum of y

(See Girder- 50% of top

Column Joint| . Steel at

Analysis) column

ELEVATION OF GIRDER AND COLUMN

FLEXURAL MEMEER?
£'c = 3,000 p.s.i, min. at 28 days

f’ = 40 ksi (ASTM A615) or 60 ksi (ASTM A615 or ASTM A706)

Reinforcement-ratio, p = As/bd or p' = A;/bd: P = 0.025 max.
fls is not a code requirement. It is a recommendation of
ACI Committee 352, ACI Journal, July 1976.

L (Anchorage) = 0.56 1;‘. OR Min. 24"

® ,

L = 14 for Top Member (without column above)

NOTE: For 14,development length of deformed bars
COLUMN3 fn tension,see ACI 318-77, Sect. 12.2.}
£'. = 3,000 p.s.i, at 28 days Min,

f’ = 40 ksi (ASTM A615) or 60 ksi (ASTM A615 or ASTM A706)

Reinforcement ratio, p (for tied columns)

30,01 and % 0,06, Reference:
- paragraph 7-3

Pigure 7-3. Concrete Frame Type A - Longitudinal Reinforcement

Tl
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o i i
K & of Spuce7 .Nt
_ i g% g __-_:}L
) g N

=t
22
T
‘é o J L
] E WELDED OR
&% MECHANICAL SPLICE
5 S
ord Gd
a (-1

i
t

N SRLICE
! ‘__é_D__’. L
N : Provide at least
’ O SPLICS two stirrup-ties.
s e— Symetrical about
of column
COLUMN: \

1g is the tension development length, See ACI 318-77, Sect. 12.2.

At any level, not more than alternate bars

will be welded or mechanical spliced.

Minimum distance between two adjacent bar

eplices = 24",

For ¢14S & #18S bars, welded splices are

recommended, Lap splices will not be

used,

Reference:
paragraph 7-3
Figure 7~4. Concrete Frame Type A - Splices in Reinforcement

: . 7:
N
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"&d or 20 AU, '
A
§
L
R.
§ STIRRUPS STIRRUP —TIES.
g USED U BEAIMS
B L A" o Min. hoop and tie size
. : 1s #3 for longitudinal
[ bars #10 or smaller, #4
X for logitudinal bars #11
x| or larger.
X
. 3
fCROSS -T/8 .
] T
3
3 o
A
- o 1
HOOP OR COLUIMY TI/E. SPIRAL
SPIRAL RATIO: USeD U COLUMLS.
' /A £! P_REQUI - PA:
P5'0-45£f—°-(35-1 o °-12-£11;—ha HOOP REQU Rr.mzmsf' w;::.rm AREA
y c " n c -11
whichever {s greater, = Aan = 0.30 b f'yh(Ac ) >
’ N - ) \Fomula 7-5
|- 7-
FUNCTIONS -4 é_ 2] ° ;/fl:'ormula 6
v
g s _E §- g A, = 0.12 f—ﬁ—, whichever 1s greater.
ala|3(|2|& yh
Shear Reinforcement clolole]e Provide hoops or spirals in columns
And "Caging" where special transverse reinforce-
Restrain Longitudinal ole!e ment is required. See paragraph
Steel Prom Buckling ® | 7-3a(1) (B)4.
- Confine Concrete ole Reference: paragraph 7-3

Pigure ?-5. Concrete Frame Typa A - Transverse Reinforcement

2.
ila
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p—

\
| _FACE OF
CoLULLS o
S MAX.= S5 8 BAR IA; 24 STIRRUP
TIC PIA.; OR 12" WHICHGVGR
0% cax ;IS LEAST ™
] ' (] ‘ l— s MAX=~g-
] |

il

4.—-_ = —_— = - = {3

ih

Il: vl Q

Ll\____ _ - — — — —_dJd
N —— = — — —_— — ] !

; T -

STIRRUP - TIES - I STIRRUPS L1
1% 2.0, ALIL.

A ¥ STIRRUP = TIES REQUIRED (T3 MILL)EACH
b GUD; WHERE My MAY RE PNEVELOPED;
1< (D+L) WHERE RGQUIREN COMFPRESSION STEEL
\_/ ; I I I l | I I I I I I E OCCURS } AR AT ALL SFPLICES.
_ LOADING DESIGN: Vertical web reinforcement in accor-
A dance with Chapter 11 of ACI 318, and the min{-

mum requirements {n paragraph 7-3a(1)(D) as
/ /d\ indicated herein.
Mu‘ »uue

].j NOTE : HG & Hﬂ = Ultimate moment capacity

of opposite sense, at each end of the

ULT. My CARACITY member, computed without the § factor re-
duction and assuming the maximum rein-
Sy forcing yield

N A 8 strength based on
+ .
g ] —V&&* "(l_‘:'r“_“' + 14 %H. 25% over specified
—
yield,
COMAIVER SHEAR
(-ve) = Acfy.
Ref :
% ‘e‘/?:- Yo =¢'¥ eference

paragraph 7-3
Ve MAX. = IOV £

Figure 7-6. Concrete Frame Type.A - Girder Web Reinforcement

EN
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n am

. i

s | y

23| % 4

IR T

22 33,'\ g 4

FEY L |
w4 |\ 2

E“ Q| w % =t

3 r ] =

A T L T

SR N R AL

o P Vy = h

'i
I

NOTE: "3 and Mg = smaller ultimate

moment capacity of beam or column at
top and bottom of column computed with-
out § factor reduction and assuming the
maximum reinforcing yfeld strength
based on 25% over specified yield,

I

Obtain spacing from the following

SHEAR REIUIFORCEIMENT
I S l

§
1]
; formula:*
THET Ac Ay
"g) u vy = V) e —5-&
|

3 #4 Ve= 2ft'. . Usev, =0
% i ] no v - ivﬁ‘ if P’As < 0.12 £}

3 g,b,of .H-_—_-% S Max, -c1/2 Min, Col, dimension,
g W ". Use 2/3 A, for spirals.
§ ‘ilz g +|=H A, = area of column core.
A 99 g H=—H d. = depth of column core.
Y 3§ 5§ 1=
g & 3 | {
Q g
N Q 4
QO! :‘"3 #‘JI':'IJ# *Based upon Formula 7-7, paragra#h
Q Hg ﬁJT=1J+ 7-3a(1)(E)5. See also 7-3a(l)(F)2.

8 %==H>
‘[ ! W u Reference:
1 = 10 q:" - . paragraph 7-3

Figure ?-7. Concrete Frame Type A -;?:Z’olwm Transverse Reinforcement
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N
1
H ! - S MAX. = <"
- d
A 1
& ! H — USE AAXIMUL OF
‘0 L) | 1] MAX.COL. DWEA’S/OA/;
q&t é L OR 18"
S T | R
8 K — #?f!‘
) W .l 1l
B[ §m l 1
- ¥ Ky S%QI | : :: -
2 N N |
3 : ﬁ-—__—_=# USE MAXIMUAL OF:
38 JLAX. COL. DIALEISION;
3l = %< CLEAR HEIGHT]
& e OR 18
N ' | 4,,—1——=ﬁ ‘
- h._l—_—=r'lll} — - —
‘ " li

T ALY SC-CTION WHERE THE ULTIMATE CAFRACITY OF THE
oo COLUMII (Fy) 1S LESS THAL THE SUM OF THEG SHEARS (S Vi)
COMPUTECH PY Vus MuBy 11 Vae L FOR ALL THE PEAMS.

AROVG THE LECVEL VDGR COIMSIRERATION, COMEIIIIG
REIIFORCEMEGMNT SHALL BG PROVIDGD. SEE FIG. 7-5.

SEE ALSO THE FROVISIONS OF SECT. 7-3a. (1)(E)4e.

Reference:
paragraph 7-3

Pigure 7-8. Concrete Frame Type A - Special Transverse Reinforcement

N =

-

£
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4————‘ \ 4
TN 1
|| Il
0l |I
1 II
I |
.
. VA
y S | N Ay ——
= X reask
I & 1] { \
Q3% ;é[ H 1 N Mu
R § i \L : /
1.::-;',.:.:::-_:..::.:—;—.-_: _
l' ‘I ‘ ,
h ': POIMT OF INFLECTION
! I coLures |
1 L
I i Q
- X y [ Mu =V (a+b)
d] V= 4
-V
POIIT OF U/FLECTION
Vis7-V=sass -2 w-;-’gg-
S =(;‘f.:,’%,__ s;zgzqz 1€ - 02\/ 75 excePrT WiHew Thy < 0.12 3
= :
S« 4 MAX. -
Only 1/2 the special transverse reinforcement
is required for columns where girders frame
into all four sides.
NOTE: Column Confining Reinforcemsnt i{s a minimum and
may govern. See Pigure 7-5.
The amount of reinforcement a; thi‘n
intersections frequently results .
congestion of bars. A careful study Rei::e:?l'l 9-3
of the bar layouts should be made paragrap
during design.
Figure 7-9. C(Concrete Frame Type A - Girder-Column Joint Analysis

7*.
:ir I

7-16



plementary cross ties, if needed, will have standard
hooks at the ends. Single leg cross ties may be lap
spliced if a minimum of 20 diameter lap is provided.
Refer to figure 7-18.

(16) At the ends of columns, special transverse
reinforcement will be provided over a length equal
to the maximum column dimension or one-sixth the
clear height of the column, but not less than 18"
from either face of the joint. This transverse rein-
forcement will be spaced at not over 4" on center
and have a total cross-sectional area of not less than

v = « 1 (seepara7-3a(l)(EM for
A’=0.08ah Tj definition of terms)

(17) A minimum special transverse reinforce-
ment of No. 4 at a maximum spacing of 4" on center,
or equivalent, will be provided throughout the
beam-column joint. The requirement for cross ties
(fig 7-18) may be omitted within the joint if the lon-
gitudinal column bars are confined by adjoining
beams,

b. Concrete Frame Type C. The criteria used to
design Type C concrete moment resisting space
frames will be ACI 818-77 except appendix A, and
as modified below. This type of space frame is lim-
ited in use to Seismic Zone 1, for K not less than 1.0,
and for buildings not taller than 80 feet, when de-
signed to resist earthquake forces (see chap 8, para
8-6 and table 3-7).

(1) For earthquake loading ACI 318 load fac-
tors will be modified to formulas 7-1 and 7-2 in
paragraph 7-8a(1)A), and the dimensional limits of
paragraph 7-8a(1{D)1 will apply (see fig 7-2).

(2) Fléxural members are required to have web
reinforcement throughout the length of the member.
It will be designed in accordance with ACI-818 ex-

(A) General.
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cept that such web reinforcement shall not be less
than 0.0016 times the product of the width of the
web and the spacing of the web reinforcement along
the longitudinal axis of the member. The first stir-
rup will be located at 2 inches from the column face.
The next six stirrups will be placed not over d/4.

(3) Positive moment reinforcement at the sup-
ports of flexural members subject to reversal of
moments will be anchored by bond, hooks, or me-
chanical anchors in or through the supporting
member to develop the yield strength of the bar. The
positive moment capacity of flexural members at
columns will be at least 30 percent of the negative
capacity.

(4) Lapped splices in flexural members, located
in a region of tension or reversing stress, will be con-
fined by at least two stirrups at each splice.

(5) The spacing of ties at the ends of tied col-
umns will not exceed 4 inches for a distance equal to
the maximum column dimension but not less than
one-sixth of the clear height of the column from the
face of the joint. The first such tie will be located 2
inches from the face of the joint. Joints of exterior
and corner columns will be confined by lateral rein-
forcement through the joint. Such lateral reinforce-
ment will consist of spirals or ties as required at the
ends of columns.

7-5. Steel ductile moment resisting space
frames—Steel Frame Type A.

a. General Design Criteria. The criteria used to
design steel ductile moment resisting space frames
will be the latest edition of AISC Specification as
modified by SEAOC Section 4 (reprinted below).

(1) SEAOC Section 4, Steel Ductile Moment-
Resisting Space Frames:*

Design and construction of steel framing in ductile moment resisting
space frames shall conform to the latest edition of the American Institute of
Steel Construction *“Specifications for the Design, Fabrication and Erection of

Structural Steel for Buildings

" and the American Welding Society’s ‘‘Struc-

tural Welding Code” AWS D1.1 latest edition and to all the requirements of

this Section. -
(8) Definitions.

CONNECTION consists of only those elements that connect the member

to the joint.

JOINT is the entire assemblage at the intersections of the members.

:i"rom the publication “Recommended Lateral Force Require-
Juents and Commentary” by the Seismology Committee, Struc-

i taral Engineers Assoclation of California. Copyright 1976,

Structural Engineers Association of Californis, and reproduced
with permission.
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- -If P 2 0,12 £
See footnote IAg 0.12 £i¢
a, paragraph M, of Columns including effects
7-3b, and 4/ of P, must be = M, of flexural
Example A-2, members,
;;eet 24 of Min. top reinforcing:
e 2 continuous bars
— ' e 25% of top steel at
L — } colunn
. L - ) ‘
, HOOR. — o |
i};ﬁ” . Leott'.om steel at Llﬁn. bottom reinforecing:
: column equal to e 2 continuous bars
COMFAED — a minimum of 40% e p = 200/f
JOMT AREA of top steel at y
(See para- column
graph 7-4a(17) -

ELEVATION OF GIRDER AND COLUMN

FLEXURAL MEMBER:
£'c = 3,000 p.s.i. wmin. at 28 days

® 40 ksi (ASTM A615) or 60 ksi (ASTM A615 or AT06).
Reinforcement ratio p = A‘/bd or p' = Ac/bd: p = 0.025 max.
‘l’l,s is not a code requirement. It is a recommendation of ACI
Committee 352, ACI Journal, July 1976,

* *NOTE: 14, development length
. OR Min, 24" NOTE: For 14, developmen ng
L (nchorage) = 0.36 14 R . of deformed bars in ten-
L = 14 for Top Member (without column above) sion, see ACI 318-77,
Sect. 12.2.
COLUMN:

£'c = 3,000 p.s.i., at 28 days Min,

fy = 40 ksi (ASTM AE1S) or 60 ksi (ASTM A615 or ASTM A706)
Reinforcement ratfo, p (for tied columns)
x 0,01 and € 0,06,
Reference:

paragraph 7-4
Figure 7-11. Concrete Frame Type B - Longitudinal Reinforcement

-
x
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&, of Splice N
§ ) \
0 N1 s
N
[ "7 .
R
g n - -
N| @
NEY WELDED OR
.5'3‘ MECHANICAL SPLICE
5
4 G4
R a o
< ]  FLEXURAL MEMBER
I L34y _
SPLlcE
2D -~ L
Provide at least
O SPLICES tvwo stirrup-ties,
Symetrical about
of column
COLUMN:
13 1is the tension development length, See ACI 318-77, Sect. 12.2.
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(C) Materials.

Structural steel shall conform to one of the following ASTM Specifica-

tions, latest edition: A36, A441, A500 (Grades B and C), A501, A572 (Grades
42, 45, 50 and 55), or A588. Exceptions: Structural Steel ASTM A283 Grade D
may be used for base plates and anchor bolts.

(D) Connections.

Each beam or girder moment connection to a column shall be capable of
developing in the beam the full plastic capacity of the beam or girder.
EXCEPTION: The connection need not develop the full plastic capa-
city of the beam or girder if it can be shown that adequately ductile
joint displacement capacity is provided with a lesser connection.

For steel whose specified ultimate strength is less than 1.5 of the specified
yield strength, plastic hinges in beams formed during inelastic deformations of
the frame shall not occur at locations in which the beam flange area has been

reduced such as by holes foxj bolts.
(E) Local Buckling.

Members in which hinges will form during inelastic displacement of the
frames shall comply with the requirements for ““plastic design sections.”

(F) Non-Destructive Weld Testing.

Tension groove welded connections between primary members of the duc-
tile moment resisting space frame shall be tested by non-destructive methods
for compliance with AWS D1.1 and job specifications. A program for this
testing shall be established by the engineer.

b. General Discussion.

(1) The beams {(or girders) will be connected to
columns by rigid joints which are capable of devel-
oping in the beams the full plastic capacity of the
members framing into the joint, under moment re-
versals. Members in which hinges will form during
inelastic displacement of the frames shall comply
with the requirements of the AISC plastic design
method. ’

(2) Additional discussion is included in the
SEAOC Commentary on Section 4.

_ (3) Fortypical details refer to figure 7-16.

7-6. Steel moment resisting space frames—
Steel Frame Types B and C. a. General Design
Criteria. The criteria used in the design of steel
moment resisting space frames will be the Iatest edi-
tion of the specifications of the American Institute
of Steel Construction, AISC.

b. Limitations as Seismic Space Frames. Steel
moment resisting space frames, not satisfying the
requirements of steel ductile moment resisting
space frames (Steel Frame Type A, para 7-5), are
limited in their use as seismic space frames by the
provisions of chapter 3, paragraph 3-6 and table
3-7. The seismic coefficient K will not be less than
1.0.

7-24

¢. Steel Frame Type B. This type of frame may ,
used to resist seismic lateral forces for buildings
to 160 feet in height in Seismic Zones 1 and 2 and up
to 80 feet in Seismic Zones 3 and 4. To qualify as a
Steel Frame Type B, a moment resisting space
frame (para 7-2b) will conform to the requirements
of paragraph g, above, and the following: Each beam
or girder moment connection to a column will be de-
signed for forces resulting from the gravity loads
combined with twice the design seismic moment if
the connection is not designed for the full beam or
girder moment capacity.

d. Steel Frame Type C. To qualify as a Steel
Frame Type C, a moment resisting space frame
(para 7-2b) will conform to the requirements of para-
graph a above. It is permitted as a seismic space
frame in Seismic Zone 1 for buildings up to 80 feet in
height.

7-7. Wood frames. Wood frames will be de-

signed using normal procedures illustrated in many

easily obtainable texts and are not covered in this

manual. “National Design Specification for Wood
Construction” (1977 Edition and supplement),
ZNFPA, applies.

~—
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CHAPTER 8
REINFORCED MASONRY

8-1. Purpose and scope. This chapter pre-
scribes the criteria for design of masonry construc-
tion for buildings in seismic areas.

8-2. General. Unit-masonry shall be reinforced
with deformed bars for axial, flexural, shear, and di-
agonal tension stresses as determined by design cal-
culations. In addition, there are several prescribed
arbitrary limitations on dimensions and reinforce-
ment requirements; for example: (1) the minimum
thickness of a wall (or partition) is governed by the
type (structural role) or wall and the height between
supporting diaphragms, and (2} the maximum
spacing and minimum area of reinforcing bars de-
pend upon the type of wall and the seismic zone.
Additional reinforcing bars are prescribed for use
around openings, at corners, anchored intersections,
in wall piers, and at end of wall-panels such as at
control joints. The minimum reinforcement pre-
scribed in the manual is to provide empirical require-
ments relative to damage control (ductility and
boundary conditions). No attempt is made to go into
great detail regarding seismic load assumptions and
stress distribution. These are covered elsewhere in
the manual.

8-3. Definitions. Unless otherwise expressly
stated, the following terms shall, for the purpose of
this chapter, have the meaning indicated herein.
Wkhere terms are not defined they shall have their
ordinarily accepted meanings, or such as the context
may imply.

a. Reinforced Masonry. Masonry units, reinforce-
ment, grout, and mortar combined in such a manner
that the component materials act together in resist-
ing forces, and with at least the minimum reinforce-
ment as prescribed by this chapter:

(1) Grouted masonry. Multi-wythe masonry
construction in which the space between wythes is
solidly filled with grout.

(2) Hollow masonry. Single-wythe masonry
construction composed of hollow units in which cells
and voids containing reinforcing bars or embedded
items are filled with grout as the work progresses.

{8) Filled cell masonry. Single-wythe masonry
construction composed of hollow-units in which all
voids are filled with grout after the wall is laid.

b. Reinforcement. Deformed reinforcing bars or
joint reinforcement embedded or incased in unit-
masonry in such a manner that it works with the

masonry in resisting forces. Joint reinforcement is
an assemblage of steel reinforcing wires designed
for use in masonry bed joints, serving to distribute
stresses and to tie separate wythes together.

¢. Masonry Wall A vertical, platelike element
{whose horizontal dimension exceeds five times its
thickness) constructed of stone, brick, concrete ma-
sonry units, glazed structural units, or other suit-
able masonry materials:

(1) Load bearing wall Any wall which in addi-
tion to supporting its own weight supports other
loads (floors, roofs, walls, etc.). -

(2) Non-load bearing wall. Any wall which does
not intentionally support the building above it.

(3) Shear wall. Any wall which resists a horizon-
tal force applied in the plane of the wall (i.e., any
wall unless isolated along 3 edges).

(4) Structural wall Any wall which serves in
providing resistance to loads or forces other than
those induced by the weight of the wall itself.

(5) Exterior wall Any outer wall serving as a
vertical enclosure of a building.

(6) Partition. Any interior well {or vice versa).

(7) Filler wall A non-bearing wall in skeleton
frame construction, built between steel or concrete
vertical load-carrying space frame and wholly sup-
ported at each story.

(8) Composite wall A two-wythe wall in which
the wythes are of different material. The wythes are
80 bonded as to exert a common reaction under load.
GSU faced masonry and Brick/CMU grouted ma-
sonry are composite walls.

(9) Cavity wall A wall built of masonry units o
arranged as to provide a continuous air space within
the wall (with or without insulating material) and in
which both the inner and outer wythes of the wall
are reinforced so as to separately resist seismic
forces in proportion to their rigidities.

(10) Veneered wall A masonry faced wall in
which the veneer is attached to the back-up wall. It
will not be considered as part of the wall in comput-
ing strength nor considered a part of the required
thickness of wall.

d. Structural Members
_. (1) Pilaster. An integral portion of a wall which
projects from either or both wall faces which may
#eérve as either a vertical beam or column or both.
(2) Column. A compression member, vertical or
nearly vertical, the width of which does not exceed

-1
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three times its thickness and the height of which ex-
ceeds four times its least lateral dimension. Any
portion of a bearing wall not bonded at the sides into
associated masonry shall be considered a column
when its horizontal dimension does not exceed three
times its thickness. The least nominal dimension of
every masonry column or wall pilaster shall be not
less than 12 inches. No masonry column will have an
unsupported length greater than eighteen times its
least nominal dimension. Refer to paragraph 8-14.
(3) Wall-panel A wall segment in one plane
which lies between: (1) wall ends, (2) control joints,

.or (3) a control joint and wall end. Each wall-panel is

considered to be a separate vertical structural ele-
ment.

(4) Pier. An upright part of a wall between (or
adjacent to) openings, the width of which does not
exceed five times its thickness. Design as column if
width is less than three times the thickness; design
as a wall if width exceeds five times the thickness.
See paragraph 8-15, table 8-7, and figure 8-6.

(5) Lintel A beam located over any opening in a
wall to carry weight of the construction and super-
imposed loads above the opening.

(6) Bond beam. A horizontal reinforced ma-
sonry beam, serving as an integral part of the wall.
Its principle purpose is to provide structural integ-
rity and in turn crack-control. It may also serve as a
chord (flange) member of a horizontal diaphragm
provided reinforcement steel is made continuous for
full length of the diaphragm.

(7) Lateral support. Members such as cross
walls, columns, pilasters, buttresses, floors, roofs, or
spandrel beams which have sufficient strength and
stability to resist the horizontal forces transmitted
to them may be considered as lateral supports.

e. Terminology

(1) Control joint. A continuous vertical joint in
a wall designed to accommodate movements result-
ing from temperature and moisture changes.

(2) Wythe. Each continuous vertical sectionof a
wall, one masonry unit in thickness.

(3) Collar joint. The continuous vertical, longi-
tudinal joint between two wythes of masonry.

(4) Grout. A mixture of portland cement, aggre-
gates, and water which is proportioned to produce
pouring or pumping consistency without segrega-
tion of the constituents, serving to fill cells, voids, or
collar joints in masonry walls so as to encase rein-
forcing and bond units together for composite
action.

(5) Mortar. A plastic mixture of portland
cement and lime (or masonry cement), fine aggre-
gate, and water used to bond masonry.

8-2

(6) Low-lift grouting method contemplates -
grout will be poured in small increments not excew
ing 4 feet as the masonry work progresses.

(7) High-lift grouting method contemplates
that grout will be pumped into all wall voids after
the masonry units, reinforcing steel, and embedded
items are built to full story height. High-lift grout is
placed in one continuous pour by lifts which allow
time for consolidation and loss of water, but placed
at such a rate as not to form intermediate construc-
tion joints or blowouts.

f. Letter symbols are defined or illustrated where
first used and arranged alphabetically in figure 8-1.

8-4. Basis of design. Previous chapters of this
manual establish the basis for determining seismic
forces. This chapter prescribes the criteria for the
structural design of unit-masonry construction. Ex-
terior walls, partitions, and all masonry elements

. .will be reinforced with steel. Layout and details of

construction shall be compatible with the applica-
tion of the rules for modular measure. Masonry shall
conform to one of the following basic types: (1) rein-
forced grouted masonry, (2) reinforced hollow
masonry, or (3) reinforced filled-cell masonry. For
any specific facility, the adoption of the type of con-
struction, use of bases and wainscots, and selec’

of materials, including contractor’s options, wi.
governed by manuals and guide specifications of a
plicable agency. For Zone 1 structures, the excep-
tion for wall reinforcement under paragraph 8-13,
table 8-5, applies. Where the exception applies,
masonry construction shall conform to TM
5-809-3/AFM-88-3, chapter 3 and NAVFAC
DM2.8.

8-5. Design criterla. The design assumptions for
reinforced unit-masonry, as regards the theory of
stress distribution and analysis, will be based on the
principles governing the design of reinforced con-
crete, except as modified hereinafter. Reinforced
masonry will not be used in rigid frames. Where
only intermittent cells are filled with grout, the ef-
fective area for structural sections will be governed
by table 8-1 and figures 8-2 and 8-3. Several
arbitrary limitations on dimensions and reinforcing
are prescribed. The masonry construction must not
only meet these arbitrary prescribed limits and re-
quirements, but must also be structurally safe for
t.he loads and forces that will be applied.

*8—6 Working stresses. All reinforced masonry
“‘will be so designed and detailed that the -
stresses do not exceed those required by tables
and 8-3. The shear and diagonal tension stresses re-
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N~ Ag = gross area of masonry section.

Em = modulus of elasticity of masonry.

fa = computed axial unit stress, determined from total axial load
and effective area.

Fa = axial unit stress permitted by paragraph 8-6 at the point
under consideration, if member were carrying axial load only,
including any increase in stress allowed.

fb = computed flexural unit stress.

Fb = flexural unit stress permitted by paragraph 8-6, if member

R were carrying bending only, including any increase in stress
” allowed.

fﬁ = ultimate compressive stress as specified in Table 8-2.

fs = pominal working stress in vertical column reinforcement.

h = clear height in inches (paragraph 8-6, Formulas 8-1 and 8-2).

H = clear height in feet.

\\-//- P = maximum concentric column axial load.
et T e e e Laone e o reinforcenert

t = ;egit thickness of column in inches (paragraph 8-6, Formula

t = goT;nal thickness of wall in inches (paragraph 8-6, Formula

4 = deflection in inches.

Figure 8-1. Symbols and Nomenclature - Reinforced Masonry
o £
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Table 8-la. Assumed Dimensions (Inches) for Effective Area

of Concrete Block (Figures 8-~2 and 8-3)

orima | esten | e w‘i’é?;h o | & | o | «
s
6 5-5/8 | 1 1 2.81 -- - 7-1/2
8 7-578 | 1.8 | 1 3.81 { 5.31 { 3 7-1/2
10 9-5/8 | 1-3/8 | 1-1/8 | 4.81 | 7.06 | 4-1/2 | 7-1/2
12 11-5/8 | 1-1/2 | 1-1/8 } 5.81 | 8.81 | 6 7-1/2
Table 8-1b. Equivalent Thickness of Hollow Masonry.

for Computing Shear Parallel to Pace (Figure 8-3(a))

Nominal Spacing of Reinforcement (inches)

Width 8 16 | 28 | 32 | 20 | 48
6 5.62 3.92 3.36 2.96 2.81 2.64
8 7.62 5.20 4.42 |1 3.86 3.65 3.40
12 11.62 7.58 6.23 5.29 4,94 4,53

-y
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EFFECTIVE AREA OF HOLLOW MASONRY (CMU): The working stresses to be used in
the design of reinforced concrete block apply to the net section of the
walls effective for resisting stress. In hollow masonry construction, the
effective net section will vary and generally will be dependent upon the
thickness of the face shells and cross-webs, the size of concrete-studs,
and on the type of mortar bedding employed in the construction. Since con-
tractors have the option to use standard (with plain or concave ends) or
open-end two-hole concrete-masonry-units, and since exact configuration may
vary between manufacturers, the precise net section will be unknown at the
time of design. As a general rule, the dimensions for concrete block units
may be assumed as shown in Table 8-1, and these values used in design cal-
culations, except that the effective area shall be adjuysted to reflect loss
of area resulting from the use of, if any, reglets, flashing. slip-joints,
and raked mortar joints.

Double-Bar Single-Bar
Stud Stud

Refer to Figure 8-3 for assumed effective area.

Pigure 8-2. Assumed Dimensions for Concrete Block

”~
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Table 8-2. Basic Working Stresses for Reinforced Masonry!
TYPE OF STRESS SOLID UNITS HOLLOY UNTTS 2 SOLID & HOLLOV UNITS
r:;.c G:;:::..Qf Materials | f°, = 1,500 pe1d | £%, = 1,350 pst? '
MIdi.nngrlckc Concrete Masonry | For materials where
ASTK €62, Unitss ASTH C90, |ultimate compressive
Crade ¥V or SV Crade K-1 stresas (::a) is
Fac Brick s estabtlis -4
. AS‘EFCZ!G. ' m,;:ﬁs ;m‘:nl approved prism tests,
Grade MV or 8Y ASTH C126 Type I §"§03°;.§° exceed
Concrete Bullding [ Hollow Brick Unies| ’
Bricks ASTM €35, | ASTM C652 Grade
ASTH C145 Type N-J MW or SW
COMPRESSION: "
Axisl, Valls, F, Formula 8-1 Formula 8-) Formule 8-1
Axial, Col:nal. F, Formula as-go Formula u;z Formula 8-2
BM| * *p C’”‘. m
Xo Shear Steels S 40 35 1.0T7 50
Full Shear Steels® =
Flexural Mesbers 115 110 3.oﬁ 120
Shear Valls 60 55 1.5/ 7%
MODULUS s -
Elasties: 1,500,000 1,350,000 100023 3,000,000
Big;.gty 600,000 sho, 40023 1,200,000
On Full Area 375 ) o252, 900
On 1/3 or Less of Avea’ 450 &oo -”‘i 1,050

3411 allowable stresses will be increased one-third when wind or seismic
forces are included, provided the required ‘section or area computed on
this basis is not less than that required »ithout wind or seismic forces.

25¢resses will be based on net section. Figure 8-3 spplies.

3ihere prism tests sre not performed these values of £ may be assumed vhen
the units comply with the applicable ASTM standards.

“Minimum compressive strength € 28 days for grout and mortar will be as )
follows: Grout = 2000 psi, Type § mortar = 1800 psi, end Type M mortar =

2500 pei.

Swed reinforcement will be provided to carry the entire shear in excess of
20 ps{ wvhenever there is required negative reinforcement and for a dis-
tance of cne-sixteenth the clear span beyond the peint of inflection.

SRefnforcement must be capable of taking the entire shear.

7This fncrease will be pernitted only when the edges of the loaded and un-
loaded area is a minimum of one-fourth of the parallel side dimensfon of

the locaded area.

The allowable bearing stress on a reasonably concentric

srea greater than one-third but less than the full ares will be interpo-
lated between the values given.

-

Jtreny
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sulting from the prescribed earthquake forces shall
be increased by 50 percent (see chap 3, para
3-3(J)1h). In walls or other structural members com-
posed of different kinds or grades of units,
materials, or mortars, the maximum stress will not
eceed the allowable stress for the weakest of the
combinations of units, materials, and mortars of

which the member is composed.
Table 8-3. Allowable Stresses fochinfomi;tg Bars
Type of Stress PSI
Tensile : 20,000
Compression, Columns 16,000%
Bond—Plain Bara 60
Bond—Deformed Bars ‘140

1For deformed bara with a yield strength of 60,000 psi or more
and in sizes No. 11 and smaller, use 24,000 psi.
20r 40 percent of yield strength, but not to exceed 24,000 psi.

a. Allowable axial unit stresses in walls are de-
termined by the following formula:

F,=0.201,[1— (%t)’] (8-1)

5. Allowable axial forces in columns are deter-
mined by the following formula:

{8-2)

F.ai—‘ =(0.188;, +0.65 Pyt~ ()]

¢. Combinations of axial and flexural stresses will
satisfy the following formula:

f f, {or € 1.33 when in combin-
T = F <19 4tion with seismic or wind)

d. See Figure 8-1 for symbols and nomenclature.

8-7. General design. In calculating well
stresses, concentrated loads may be distributed
over a length of wall not exceeding the center to cen-
ter distance between loads. Where the concentrated
loads are not distributed through a structural ele-
ment, the length of wall considered shall not exceed
the width of bearing plus four times the wall
thickness. Concentrated loads shall not be distrib-
uted across continuous vertical joints. Due allow-
ance will be made for the effect of eccentric loads,
including additional moments caused by any end
rotation of floor or roof elements framing into walls.
Effective width in computing flexural stresses per
reinforcing bar shall not be greater than six times
the wall thickness or 48 inches for running bond or
three times the wall thickness or 24 inches for
stacked bond (fig 8-3(b)).

8-8. Height above grade limitation. Unit-
masonry construction will not be used for shear

(8-3)

sonry partitions may be used with skeleton con-
&8

Vys \

struction in structural steel or reinforced concr
above the 80 feet, provided isolation compat
with three times (or 3/K where K < 1.0) the floor-
floor drift is assured by the detailing.

8-9. Vertical support. Members (girder, beams,
ledgers, etc.) which provide vertical load support
will be limited to non-combustible construction. The
vertical support will be such that the maximum de-
flection of the support under all design dead and live
loads will not exceed L/600 where L is the clear span
of the support. To limit settlement cracking, it is es-
sential that temporary shores be removed before
erecting masonry.

8-10. Lateral support. Exterior shear walls and
shear partitions shall be anchored to the structural
frame or diaphragm (horizontal resisting element)
by dowels, anchor bolts, or other approved methods
to withstand applicable horizontal forces, normal to
face, but in no case less than 200 pounds per lineal
foot. Dovetail anchors are inadequate for this pur-
pose. Nonstructural partitions should be isolated
from exterior walls and shear partitions so as to pre-
vent buttress action which would restrict shear
walls from deflecting with the diaphragms. Isolated
masonry partitions shall be braced to overhead con-
struction or anchored to other isolated cross-wal!-
assure lateral stability (refer to chap 9, para /
and fig 9-1). Wedges will not be used between top-vt”
partition and framing.

8-11. Lintel beams. Lintels are formed by
placing beam units over openings and reinforcing
with a minimum of two #4 bars embedded in
concrete corefill. Reinforcement shall extend 40~bar
diameters or 24 inches, whichever is greater, beyond
each face of opening; reinforcement shall be sup-
ported by wire chairs to insure proper coverage of
steel. Steel stirrups will be provided as required.
Bond beams serving as lintels shall be provided with
supplemental steel as required.

8-12. Bond beams. Reinforcement bars in bond
beams will be lapped 40 diameters or 24 inches,
whichever is greater, at splices, at intersections, and
at corners. Bar splices will be staggered. Bond
beams will be provided at top of masonry founda-
tion wall stems, below and at top of openings or
immediately above lintels, at floor and roof levels,
and at top of parapet walls. Intermediate bond
beams will be provided as required to conform to the

“‘maximum spacing of horizontal bars (para 8-13b,
walls where the structure exceeds 80 feet in height -,
above the adjacent ground level. Nonstructural ma- -

table 8-5). However, whenever the height is p~* a
multiple of this normal spacing, the spacing m
increased up to a maximum of 24 inches prov..d
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the bond beams are supplemented with joint rein-
forcement. One line of joint reinforcement will be
provided for each 8-inch increase in the spacing. No
additional bond beam will be required between win-
dow openings which do not exceed 6 feet in height,
provided the prescribed supplemental joint rein-
forcement is installed. To facilitate placement of
steel or concrete corefill, the top bond beam for filler
walls or partitions may be placed in next to top

‘course. The area of bond beam reinforcement shall

be included as part of the minimum horizontal steel.
See figure 8-4.

8-13. Walls and partitions. Masonry walls and
partitions shall be designed for applicable vertical
loads and horizontal forces, both parallel and normal
to face, with due allowance for the effect of any ec-
centric loadings. Since distribution of lateral forces

‘to any wall-panel depends upon the relative stiffness

of the various vertical resisting elements at the par-
ticular level, the location of control-joints must be
established before distribution of the lateral forces
is made. For more complete discussion of lateral
force distribution refer to chapter 4, paragraph 4-4,
and chapter 6, paragraph 6-2. The resulting stresses
will comply with the requirements of paragraph 8-6.
In addition, there are certain prescribed arbitrary
limitations on wall dimensions, minimum reinforce-
ment, and maximum bar spacings.

a. Height and Thickness Limitations. The mini-
mum nominal thickness of a wall is controlled by the
type (structural role} of the wall and the height and
width between supports. Table 8-4 applies.

b. Minimum Reinforcement. Unit-masonry aneeds
to be reinforced not only for structural strength but
to provide ductile properties and to hold it together
in the event of severe seismic disturbance. All walls
and partitions will be reinforced as required by

,structural calculations, but in no case, less than the

minimum area of steel and the maximum spacing of
bars prescribed below. The minimum reinforcement
and the maximum spacing of bars is controlled by
the type of wall and the seismic zone. Table 8-5 ap-
plies. Only reinforcement which is continuous in any
wall-panel will be considered in computing the
minimum area of reinforcement. Joint-reinforce-
ment used for crack-control or mechanical bonding
may be considered as part of the total minimum hor-
izontal reinforcement, but will not be used to resist
computed stresses. Further, additional bars will be
provided around openings, at corners, anchored in-

tersections, in wall piers, and at ends of wall-panels ;

as prescribed elsewhere in this chapter. Vertical
bars in walls will be lapped spliced 40 diameters or

s-10

."?J ..
wirey

24 inches minimum,

Table 8-4. Maximum Unsupported Wall Height or Lenge._ _/

Max. height
Nominal or length
wall between
Type of wall thickness diaphragms
{inches) or supports
{feet)
Structural 8 12
(load-bearing 8 18
1 or shear) 10 20
12 24
14 28
18 32
Nonstructural 4 10*
8 18
8 24
10 30
12 38
14 36
16 36

®4-inch walls in Zone 1 only in buildings not
exceeding three stories.

8-14. Columns and pilasters. Masonry

umns and pilasters (fig 8-5) will be construct
reinforced masonry as prescribed by this chaFEe{
and will be designed to withstand all horizontal and .
vertical loads. Masonry columns or pilasters will not
be used to qualify a structure for a complete vertical
load-carrying space frame so as to reduce the factor
“K" below 1.33 of a box system. Masonry columns
will not be used in rigid frame construction.

a. Limiting Dimensions. The least nominal di-
mension of every masonry column or wall pilaster
will be not less than 12 inches. No masonry column
or pilaster will have an unsupported length greater
than 18 times its least nominal dimension. Table
8-6 applies (also, see para 8-3d and table 8-7).

b. Allowable Loads. The maximum allowable ax-
ial load on columns and pilasters will be governed by
paragraph 8-6 (formula 8-2).

¢. Vertical Reinforcement. Vertical reinforcement
will be neither less than 0.005A; nor more than

0.04A;, where Ag is gross area of column. Not less
than four #4 bars will be used. Bars will be lapped 30

*» diameters.

d. Lateral Ties. Hoop ties of not less than #2 hars
for #7 or smaller vertical reinforcement and { )
for larger reinforcement will be spaced apa.___ot
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Table 8-5. Minimum Wall Reinforcement
N
Total Minimum Mazximum spacing of bars {inches)
reinforcement
{percent)!? Vertical bars Horizontal bars
Seismic Zone Seismic Zone Seismic Zone
4&3 2 1 443 2 1| 483 2 13
Structural 0.20 0.20 0.16 24 36 60 48 60 72
Noastructural | 0.18 0.15 0.16 48 60 72 84 84 96

NOTES

1The total minimum reinforcement is the sum of the vertical and horizontal reinforcement; not
less than 1/3 of the prescribed total minimum reinforcement will be used in either direction.

2The percentage of area reinforcement is based on gross area of wall (nominal dimensions).
3Exception: In Seismic Zone 1, one story structures with eave heights not exceeding 14 feet; and
two and three story structures with story heights not exceeding 12 feet may be reinforced or par-
tially reinforced masonry. These structures must be capable of resisting seismic zone 1 loads but
will be designed by the usua! non-seismic criteria. (Partially reinforced masonry shall be designed
as unreinforced masonry except that reinforcement is provided in some areas to reaist flexural
tension stresses. The maximum spacing of vertical reinforcement shall be § feet. Vertical rein-

forcement shall be provided at each side of each opening and each corner of all walls. Horizontal
reinforcement shall be provided at top of footings, at bottom and top of openings, at roof and

floor levels, and at top of parapet walls.) .

over 16 bar diameters, 48 tie diameters, or the least
nominal dimension of the column. Lateral ties will
be in contact with the vertical steel and not in the
horizontal bed joints. Lateral ties shall be placed not
less than 1-1/2 inches nor more than 3 inches from
the top of column. Additional ties of three #3 bars
shall be placed within the top 5 inches of column.

8-15. Wall plers. Masonry wall piers will be de-
signed to withstand all horizontal and vertical
loads. Every pier or wall section whose height ex-
ceeds four times its thickness and whose width is
less than three times its thickness will be designed
and constructed as required for columns. Every pier
or wall section whose width is between three and
five times its thickness will have all horizontal steel
in the form of ties. Table 8-7 and figure 8-6 apply.

8-16. Wall openings. Since the area ground wall
openings is vulnerable to failure, supplemental
reinforcement around the perimeter of openings is
prescribed herein. For purpose of this paragraph,
the term ‘‘jamb bars’ shall mean bars of the same
size, number, extent, and anchorage as the typical
vertical stud reinforcement in that wall, and in no
case less than one bar, #4 or larger. Refer to figure
8-17.

a. Case 1. Provide jamb bars on each side of
opening and at least one bar, #4 or larger, at top and

bottom of opening. The linte! bars above the open-
ing may serve as the top horizontal bar and a bond
beam bar at the bottom of the opening may serve as
the bottom horizontal bar. Case I applies to: (1) all
openings in nonstructural partitions over 100
square inches, and (2) any opening in structural par-
titions or exterior walls which is 2 feet or less both
ways but over 100 square inches.

b. Case II. The perimeter reinforcement will be
the same as in Case I plus additional reinforcement
as follows: provide at least one bar, #4 or larger, on
all four sides of the opening in addition to required -
bars in Case I and shall extend not less than 40 bar
diameters or 24 inches, whichever is larger, beyond
corners of the opening. Case II applies to exterior
walls and structural partitions for any opening
which exceeds 2 feet but not over 4 feet in any direc-
tion.

c. Case [I1. The perimeter reinforcement will be
the same as in Case II, except that vertical jamb
bars will be provided in lieu of the shorter vertical
bars. Case I1I applies to any opening which exceeds
4 feet in either direction in exterior walls or struc-
tgral partitions.

8-17. Stacked bond. Since a running bond pat-
‘tern is the strongest and most economical, the
criteria in this manual are based upon each wythe of

-n
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Table 8-6. Colum or Pilaster Height Limitation
Least Dimension (inches) 12| 14| 16| 20| 24
hMaximum Height (feet) 18| 21| 24| 30| 36

6" x 16" Pilaster

Bll x 8" x 16“
Concrete Masonry Unit

FPigure 8-5. Hollow Unit Masonry Pilaster

Re)
i
T

?

I
i

s-12



TM 5-809-10

NAVFAC P-355
AFM 88-3, Chap, 13
Table 8-7. Dimensions of Wall Piers (Inches)
AN
Design as a
Ngr:“la'l Column If: Design as a Design as a
Thickness |7 R HPéer {f ""E" I;
ess greater quals xceeds
(inches) than than
6 24* 24 , 24 - 32 32
8 24* 32 24 - 40 40
10 32* 40 32 - 48 48
12 40 48 40 - 64 64
16 48 61 48 - 80 80
Paragraph 8-14 Paragraph 8-15 Paragraph 8-13
Design
Criteria For additional reinforcement around
openings, see paragraph 8-16

*Requires pilaster

PIER ELEVATION

N

Figure 8-6. Dimensional Limitatiphs for Masonry Piers and Wallse

s-13
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Case I Case 11 Case III
e ]

..................

Refer to paragraph 8-16 for application of Cases I, II, and III.

Figure 8-7. Reinforcement Around Wall Openings
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masonry walls being constructed in a running bond
pattern. Use of stacked bond pattern will be re-
stricted to reinforced walls essential to the
architectural treatment. Filled cell masonry or
grouted masonry shall be used. For filled cell ma-
sonry, open end blocks shall be used and so arranged
that closed ends are not abutting.

8-18. Cavity walls. This form of construction is
commonly used where resistance to rain penetration
is desired and where thermal insulation may be pro-
vided. The two wythes of the wall forming the
cavity must be separately reinforced and thus de-
signed as independent structural walls, There is no
limitation on the width of the cavity. The wall thick-
ness and heights must comply with table 8-4. If the
exterior wythe is tied to the reinforced inner wythe
but is nonbearing and isolated on three sides, the ex-
terior wythe may be unreinforced, in which case this
construction may be considered as an anchored
veneer and must comply with requirement for an-
~ chored veneer.

EXCEPTION: Seismic Zone 1, see table 8-5 exceptions, cav-
ity walls may be designed in accordance with TM-5-809-38,
AFM 88-3, chapter 8 and NAVFAC DM-2.6.

8-19. Veneered wall. There are two methods for
attaching veneer to a backup structural wall (see fig
8-8).

a. Anchored veneer is 8 masonry facing secured
by joint reinforcement or equivalent mechanical tie
attached to the backup. All required load carrying
capacity (both vertical and lateral) shall be provided
by the structural backup wall. The veneer shall be
nonbearing and isolated on three edges to preclude
it from resisting any load other than its own weight
and in no case shall it be considered part of the wall
in computing required thickness of a masonry wall.
The veneer shall be not less than 1-1/2 inches nor
more than § inches thick. The veneer will be tied to
the structural wall with 8/16 inch round corrosion
resisting metal ties or joint reinforcement capable of
resisting in tension or compression, the wind load or
two times the weight of veneer, whichever governs.
Meximum spacing of ties is 16 inches and a tie must
be provided for each two square feet of wall area.
Adjustable ties are not permitted. The maximum
space between the veneer and the backing shall not
exceed 2 inches unless spot mortar bedding is
provided to stiffen the ties. A noncombustible, non-
corrosive horizontal structural framing shall be
provided for vertical support of the veneer. The
maximum vertical distance between horizontal sup-
ports shall not exceed 25 feet above the adjacent
ground and 12 feet maximum spacing above the 25

TM 5-809-10
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feet height. The deflection of & supporting lintel will
be limited to L/600.

b. Adhered veneer is masonry veneer attached to
the backing with minimum 8/8 inch to maximum 8/4
inch mortar or with approved thin set latex Port-
land cement mortar. The bond of the mortar to the
supporting element shall be capable of withstanding
a shear stress of 60 p.s.i. Maximum thickness of the
veneer shall be limited to 1 inch. Since adhered ve-
neer is supported through adhesion to the mortar
applied over a backup, consideration shall be given
for differential movement of supports including that
caused by temperature, shrinkage, creep, and deflec-
tion. A horizontal expansion joint in the veneer is
recommended at each floor level to prevent spalling.
Vertical control joints should be provided in the ve-
neer at each control joint in the backup.

8-20. Three basic types of reinforced ma-
sonry walls. & Reinforced grouted masonry is
that type of construction made with two wythes of
masonry units in which the collar joint between is
reinforced and filled solidly with concrete grout. The
grout may be placed as the work progresses or efter
the masonry units are laid. Collar joints will be rein-
forced with deformed bars, both vertical and hori-
zontal. Reinforcement and embedded items such as
structural connections and electrical conduit shall
be positioned so as to allow proper placement of
grout. All units will be laid in running bond with full
shoved head and bed mortar joints. Masonry head-
ers will not project into grout spaces. Clipped-brick
headers will be used where the appearance of ma-
sonryheaders is required. See figure 8-9.

(1) Highift grouting procedures contemplate
that: first, both vertic