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Preface

Preface

This document is the second volume of the three-volume SEAOC Seismic Design Manual.
The first volume, “Code Application Examples,” was published in April 1999. These
documents have been developed by the Structural Engineers Association of California
(SEAOC) with funding provided by SEAOC. Their purpose is to provide guidance on the
interpretation and use of the seismic requirements in the 1997 Uniform Building Code
(UBC), published by the International Conference of Building Officials (ICBO), and
SEAOC’ s 1999 Recommended Lateral Force Requirements and Commentary (also called the
Blue Book).

The Seismic Design Manual was developed to fill avoid that exists between the Commentary
of the Blue Book, which explains the basis for the UBC seismic provisions, and everyday
structural engineering design practice. While the Manual illustrates how the provisions of the
code are used, the examples shown do not necessarily illustrate the only appropriate methods
of seismic design, and the document is not intended to establish a minimum standard of care.
Engineering judgment needs to be exercised when applying these examplesto real projects.

Volume |: Code Application Examples, provides step-by-step examples of how to use
individual code provisions, such as how to compute base shear or building period. Volumes 1|
and I11: Design Examples, furnish examples of the seismic design of common types of
buildings. In Volumes |1 and I11, important aspects of whole buildings are designed to show,
calculation-by-cal culation, how the various seismic requirements of the code are
implemented in arealistic design.

Volume Il contains six examples. Theseillustrate the seismic design of the following
structures: (1) atwo-story wood light frame residence, (2) athree-story wood light frame
building, (3) athree-story cold formed light frame building, (4) a one-story masonry building
with panelized wood roof, (5) a one-story tilt-up building with panelized wood roof, and (6)
the design of atilt-up wall panel with large openings.

Work on the final volume, Building Design Examples, Volume I11—Steel, Concrete and
Cladding, is nearing completion and is scheduled for release in late Spring 2000.

It is SEAOC' s present intention to update the Seismic Design Manual with each edition of
the building code used in California. Work is currently underway on a 2000 International
Building Code version.

Ronald P. Gallagher
Project Manager

SEAOQOC Seismic Design Manual, Vol. Il (1997 UBC) \"
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Suggestions for Improvement

Suggestions for Improvement

In keeping with two of its Mission Statements: (1) “to advance the structural
engineering profession” and (2) “to provide structural engineers with the most
current information and tools to improve their practice”, SEAOC plans to update
this document as seismic requirements change and new research and better
understanding of building performance in earthquakes becomes available.

Comments and suggestions for improvements are welcome and should be sent to
the following:

Structural Engineers Association of California (SEAOC)
Attention: Executive Director

1730 | Street, Suite 240

Sacramento, California 95814-3017

Telephone: (916) 447-1198

Fax: (916) 443-8065

E-mail: |nfo@seaoc.org|

Web address: http://www.seaoc.orq|

Errata Notification

SEAOC has made a substantial effort to ensure that the information in this
document is accurate. In the event that corrections or clarifications are needed,
these will be posted on the SEAOC web site at |http://www.seaoc.ord or on the
ICBO website at http://ww.icbo.org. SEAOC, at its sole discretion, may or may not
issue written errata.
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Introduction

Introduction

Seismic design of new light frame, masonry and tilt-up buildings for the
requirements of the 1997 Uniform Building Code (UBC) isillustrated in this
document. Six examples are shown: (1) atwo-story wood frame residence, (2)
alarge three-story wood frame building, (3) athree-story cold formed steel
light frame building, (4) a one-story masonry (concrete block) building with
panelized wood roof, (5) aone-story tilt-up building with panelized wood roof,
and (6) the design of atilt-up wall panel with large openings.

The buildings selected are for the most part representative of construction types
found in Zones 3 and 4, particularly California and the Western States. Designs
have been largely taken from real world buildings, although some
simplifications were necessary for purposes of illustrating significant points and
not presenting repetive or unnecessarily complicated aspects of adesign.

The examples are not complete building designs, or even complete seismic
designs, but rather they are examples of the significant seismic design aspects
of aparticular type of building.

In devel oping these examples, SEAOC has endeavored to illustrate correct use
of the minimum provisions of the code. The document is intended to help the
reader understand and correctly use the design provisions of UBC Chapters 16
(Design Requirements), 19 (Concrete), 21 (Masonry), 22 (Steel) and 23
(Wood). Design practices of an individual structural engineer or office, which
may result in a more seismic-resistant design than required by the minimum
requirements of UBC, are not given. When appropriate, however, these
considerations are discussed as alternatives.

In some examples, the performance characteristics of the structural system are
discussed. Thistypically includes a brief review of the past earthquake
behavior and mention of design improvements added to recent codes. SEAOC
believesit is essential that structural engineers not only know how to correctly
interpret and apply the provisions of the code, but that they also understand
their basis. For this reason, many examples have commentary included on past
earthquake performance.

While the Seismic Design Manual is based on the 1997 UBC, references are
made to the provisions of SEAOC’s 1999 Recommended Lateral Force
Provisions and Commentary (Blue Book). When differences between the UBC
and Blue Book are significant, these are brought to the attention of the reader.

SEAOQOC Seismic Design Manual, Vol. Il (1997 UBC) 1



How to Use This Document

How to Use This Document

Generally, each design example is presented in the following format. First,
thereisan “Overview” of the example. Thisis adescription of the building to
be designed. Thisisfollowed by an “Outline” indicating the tasks or stepsto
beillustrated in each example. Next, “Given Information” provides the basic
design information, including plans and sketches given as the starting point for
the design. Thisisfollowed by “Calculations and Discussion”, which provides
the solution to the example. Some examples have a subsequent section
designated “Commentary” The commentary is intended to provide a better
understanding of aspects of the example and/or to offer guidance to the reader
on use of the information generated in the example. Finaly, references and
suggested reading are given under “References.” Some examples also have a
“Forward” and/or section “Factors Influencing Design” that provide remarks on
salient points about the design.

Because the document is based on the UBC, UBC notation is used throughout.
However, notation from other codesis also used. In general, reference to UBC
sections and formulas is abbreviated. For example, “1997 UBC Section
1630.2.2" isgiven as 81630.2.2 with 1997 UBC (Volume 2) being understood.
“Formula (32-2)” is designated Equation (32-2) or just (32-2) in the right-hand
margins of the examples. Similarly, the phrase “ Table 16-O” is understood to
be 1997 UBC Table 16-O. Throughout the document, reference to specific
code provisions, tables, and equations (the UBC calls the latter formulas) is
given in the right-hand margin under the heading Code Reference.

When the document makes reference to other codes and standards, thisis
generally done in abbreviated form. Generaly, reference documents are
identified in the right-hand margin. Some examples of abbreviated references
are shown below.

Right-Hand Margin Notation More Complete Description

23.223,Vol. 3 Section 23.223 of Volume 3, of the 1997 Uniform
Building Code (UBC).

96 AISI E3.3 Section E3.3 of the 1996 Edition of the American Iron

and Steel Institute (A1S]) Specification for the Design
of Cold-Formed Sedl Sructural Members.

91 NDS Table 5A Table 5A of the 1991 National Design Specification
for Wood Construction (NDS).
Table 1-A, AISC-ASD Table 1-A of Ninth Edition, American Institute of

Steel Construction (A1SC) Manual of Steel
Construction, Allowable Stress Design.

2 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



Notation

The following notations are used in this document. These are generally consistent
with that used in the UBC and other codes such as ACI, AISC, AISI and NDS.
Some additional notations have also been added. The reader is cautioned that the
same notation may be used more than once and may carry entirely different
meaning in different situations. For example, E can mean the tabulated elastic
modulus under the NDS definition (wood) or it can mean the earthquake load
under §1630.1 of the UBC (loads). When the same notation is used in two or more
definitions, each definition is prefaced with a brief description in parentheses (e.g.,
wood or loads) before the definition is given.

A

Ase
Ax

ACOI']C

(wood diaphragm) area of chord cross section, in square
inches

(wood shear wall) area of boundary element cross section,
in square inches (vertica member at shear wall boundary)

ground floor area of structure in square feet to include area
covered by all overhangs and projections.

the combined effective area, in square feet, of the shear
wallsin thefirst story of the structure.

the minimum cross-sectional areain any horizontal planein
thefirst story, in square feet of a shear wall.

the effective area (in square inches) of the projection of an
assumed concrete failure surface upon the surface from
which the anchor protrudes.

area of tension reinforcing steel

equivalent area of tension reinforcing steel

the torsional amplification factor at Level x.

net concrete section area

depth of equivalent rectangular stress block

numerical coefficient specified in 81632 and set forth in
Table 16-O of UBC.

SEAOC Seismic Design Manual, Vol. Il (1997 UBC)
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Notation

B = nominal tensile strength of anchor bolt in masonry, in

pounds.

b = (concrete beam) width of compression face of member

b = (wood diaphragm) diaphragm width, in feet

b = (wood shear wall) wall width, in feet

b, = factored tensile force supported by anchor bolt in masonry,
in pounds

Ca = seismic coefficient, as set forth in Table 16-Q of UBC.

Cs, = penetration depth factor

Cb = load duration factor

Cvw = wet service factor

Ci = numerical coefficient givenin 81630.2.2 of UBC.

Cy = seismic coefficient, as set forth in Table 16-R of UBC.

o = distance from neutral axis to extreme fiber

D = (loads) dead load on a structural €l ement.

D = (wood) diameter

De = the length, in feet, of ashear wall in the first story in the
direction paralle to the applied forces.

d = (wood) dimension of wood member (assembly)

d = (concrete or masonry) distance from extreme compression

fiber to centroid of tension reinforcement

d = (loads) distance from lateral resisting element to the center
of rigidity

d = (wood) pennyweight of nail or spike

da = deflection due to anchorage details in wood shear wall

(rotation and dlip at tie-down bolts), ininches

4 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



Notation

E = (wood diaphragm) elastic modulus of chords, in psi

E = (wood shear wall) elastic modulus of boundary element
(vertical member at shear wall boundary), in ps

Ec = modulus of elasticity of concrete, in ps

Em = modulus of elasticity of masonry, in psi

E,E' = (wood) tabulated and allowable modulus of elasticity, in ps

e = diaphragm eccentricity

e = nail deformation ininches (see Table 23-2-K of UBC)

E,En, En, B, = (loads) earthquake loads set forth in 81630.1 of UBC.

F R = tabulated and allowable bending design value, in psi

FoFa' = tabul ated and allowable compression design value perpendicular to
grain, inpsi

F.F,'= tabulated and allowable compression shear design value parallel to

grain (horizontal shear), inpsi

Fx = design seismic force applied to Level i, nor X, respectively.

Fo = design seismic force on a part of the structure.

Fx = design seismic force on a diaphragm.

Ft = (loads) that portion of the base shear, V, considered
concentrated at the top of the structure in addition to F,,.

Fi = torsional shear force

Fv = direct shear force

Fy = specified yield strength of structural steel.

fy = extreme fiber bending stress

fc = (wood) actual compression stress parallel to grain

SEAOQOC Seismic Design Manual, Vol. Il (1997 UBC) 5



Notation

f.' = specified compressive strength of concrete.

foq = (wood) actual compression stress perpendicular to grain
fi = lateral force at Level i for use in Formula (30-10) of UBC.
f,, = specified compressive strength of masonry, in psi

fo = equivalent uniform load.

fr = (masonry) modulus of rupture, in psi

fy = specified tension yield strength of reinforcing steel.

fy = (wood) actual shear stress parallel to grain

G = modulus of rigidity of plywood, in pounds per square inch
(see Table 23-2-J of UBC)

g = acceleration due to gravity.

h = (concrete) height of wall between points of support, in
inches

h = (wood shear wall) wall height, in feet

hi, hy,, hy = height in feet above the base to level i, n or X, respectively
I = importance factor given in Table 16-K of UBC.
ler = moment of inertia of cracked concrete or masonry section

lg = moment of inertia of gross concrete or masonry section
about centroidal axis, neglecting reinforcement

lp = importance factor specified in Table 16-K of UBC.

k = (wood) wall stiffness

L = (loads) live load on a structural element, except roof live
load

L, = (loads) roof live load

6 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



Levd i

Level n=

Level x

IVICI’

M

My

M.C.

Na

Ny

Pc

Py

(wood) span length of bending member
(wood diaphragm) diaphragm length, in feet

(concrete) vertical distance between wall supports, in
inches

level of the structure referred to by the subscripti. “i = 1”
designates the first level above the base.

that level that is uppermost in the main portion of the
structure.

that level that is under design consideration. “x = 1"
designates the first level above the base.

maximum bending moment
nominal cracking moment strength in concrete or masonry
nominal moment strength

the maximum moment in the wall resulting from the
application of the unfactored load combinations

factored moment at section

moi sture content based on oven-dry weight of wood, in
percent

near-source factor used in the determination of C, in
Seismic Zone 4 related to both the proximity of the
building or structure to known faults with magnitudes and
dip rates as set forth in Tables 16-S and 16-U of UBC.

near-source factor used in the determination of C, in
Seismic Zone 4 related to both the proximity of the
building or structure to known faults with magnitudes and
dip rates as set forth in Tables 16-T and 16-U of UBC.
total concentrated load or total axial load

(concrete) design tensile strength of anchors, in pounds

factored axial load

SEAOC Seismic Design Manual, Vol. Il (1997 UBC)
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Notation

R = numerical coefficient representative of the inherent
overstrength and global ductility capacity of lateral-force-
resisting systems, as set forth in Table 16-N or 16-P of
UBC.

r = aratio used in determining p. See §1630.1 of UBC.
SSE S S S = <ol profile types as set forth in Table 16-J of UBC.

T = elastic fundamental period of vibration, in seconds, of the
structure in the direction under consideration.

T = (loads) torsional moment

t = thickness

t = (plywood) effective thickness of plywood for shear, in
inches (see Tables 23-2-H and 23-2-1 of UBC)

tm = thickness of main member

ts = thickness of side member

\ = (wood) shear force.

Vv = (loads) the total design lateral force or shear at the base
given by Formula (30-5), (30-6), (30-7) or (30-11) of UBC.

Vm = nominal shear strength of masonry

Vn = (concrete or masonry) nominal shear strength

Vh = (wood) fastener load, in pounds

Vs = nominal shear strength of shear reinforcement

Vu = (masonry) required shear strength

Vi = the design story shear in Story x.

v = (wood digphragm) maximum shear due to design loadsin

the direction under consideration, plf

v = (wood shear wall) maximum shear due to design loads at
the top of thewall, in plf

8 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



Notation

W = (wood) total uniform load.

w = (loads) the total seismic dead load defined in §1630.1.1 of UBC.

Wi, Wy = that portion of W located at or assigned to Level i or X,
respectively.

W, = the weight of an element or component.

Wpx = the weight of the digphragm and the element tributary

thereto at Level x, including applicable portions of other
loads defined in 81630.1.1 of UBC.

X,y = distance to centroid
Z = seismic zone factor as given in Table 16-1 of UBC.
Z,Z2'" = (wood) nominal and allowable |lateral design value for a

single fastener connection.

A = (wood) the calculated deflection of wood diaphragm or
shear wall, in inches.

A = maximum inelastic response displacement, which isthe
total drift or total story drift that occurs when the structure
is subjected to the design basis ground motion, including
estimated elastic and inelastic contributions to the total
deformation defined in §1630.9 of UBC.

As = design level response displacement, which is the total drift
or total story drift that occurs when the structureis
subjected to the design seismic forces.

A, = deflectionat M,

A, = deflectionat M,

A, = (concrete) deflectionat M

AN = deflection due to factored loads, in inches.

y = load/slip modulus for a connection, in pounds per inch.

O = horizontal displacement at Level i relative to the base due
tL(J) ;?:?”ed lateral forces, f, for use in Formula (30-10) of

SEAOQOC Seismic Design Manual, Vol. Il (1997 UBC) 9



Notation

@ = strength-reduction factor

p = (loads) redundancy/reliability factor given by Formula (30-3) of
UBC.

p = (concrete and masonry) ratio of area of flexural tensile

reinforcement, As, to area bd.

Pb = reinforcement ratio producing balanced strain conditions.

Qo = seismic force amplification factor, which is required to
account for structural overstrength and set forth in Table
16-N of UBC.

Z(Ac X ) = sum of individual chord-splice dlip values on both sides of

wood diaphragm, each multiplied by its distance to the
nearest support.

References

The following codes and standards are referenced in this document. Other
reference documents are indicated at the end of each Design Example.

ACI-318, 1995, American Concrete Institute, Building Code Regulations for
Reinforced Concrete, Farmington Hills, Michigan

AISC, American Institute of Steel Construction, Manual of Seel Construction,
Allowable Stress Design-ASD, Chicago, Illinois

AlSI, 1996, American Iron and Steel Institute, Specification for the Design of
Cold-Formed Steel Structural Members, Washington, D.C

NDS, 1991, American Forest & Paper Association, National Design Specification
for Wood Construction, Washington, D.C.

UBC 1997, International Conference of Building Officials, Uniform Building
Code. Whittier, California.

SEAOC Blue Book, 1999, Recommended Lateral Force Requirements and

Commentary. Structural Engineers Association of California, Sacramento,
California
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Design Example 1
Wood Light Frame Residence
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Figure 1-1. Wood light frame residence

Foreword

Small wood frame residences, such as the one in this example, have traditionally
been designed using simplified design assumptions and procedures based largely
on judgment and precedent. This example illustrates the strict, literal application of
the 1997 UBC provisions. Two of the requirements shown, while required by the
code, are considerably different than current California practice:

1. The use of wood diaphragms as part of the lateral force resisting system.

Traditionaly, light frame dwellings have been designed assuming that such
diaphragms behave asinfinitely flexible elements. This assumption simplifies

the analysis and allows lateral forcesto be distributed to the vertical elements of
the lateral force resisting system by tributary area methods. The code has had a
definition of a flexible diaphragm since the 1988 UBC (81630.6 of the 1997

SEAOC Seismic Design Manual, Vol. Il (1997 UBC)
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Design Example 1 m Wood Light Frame Residence

UBC). UBC 81630.6 permits diaphragms to be treated as flexible, only if the
maximum deflection of the diaphragm under the lateral loading is equal to or
greater than twice the deflection of the vertical elements supporting the
diaphragm in the story below. In this example, the diaphragm has been
determined not to meet these criteria, and the design is based on the rigid
diaphragm assumption. However, recognizing that the diaphragms in this
structure likely behave as semi-rigid elements, neither fully flexible nor fully
rigid, in this example an envelope approach has been used in which two
analyses are performed. The first analysis uses the traditional flexible
diaphragm assumptions and the second analysis is based on rigid diaphragm
assumptions. The lateral resisting elements have been designed for the most
severe forces produced by either assumption. Refer to the overview portion of
this design example for further discussion about using the envelope approach.

Although these examples are a literal application of the 1997 UBC, the SEAOC
Code and Seismology committees are of the joint opinion that the use of the
more traditional design approach can provide acceptable lift-safety performance
for most one- and two-family dwellings. The commentary below provides more
discussion of these issues:

2. The use of a system with limited ductility specifically cantilevered columns.

In this example, the cantilevered columns are used to provide lateral resistance
at the garage door openings. In conventional practice, these would be designed
for forces calculated using tievalue associated with that systeRs (2.2),

with the balance of the structure designed witliRaalue with light framed

shear wallsR=5.5). UBC 81630.4.4 requires that Realue used in each

direction, may not be greater than the least value for any of the systems used in
that same direction. Therefore, in this design example, becauRevéhee for

the cantilevered columns at the garage haR aalue of 2.2, the entire structure

in this direction has been designed using Rnalue.

Rigid versus flexible diaphragm assumptions.

Small, light frame detached one- and two-family dwellings have traditionally been
designed using flexible diaphragm assumptions, or by a “hybrid” approach of
treating closely spaced walls as a unit (i.e., as rigidly connected) and treating the
remaining diaphragm as flexible. Also, light frame detached one- and two-family
dwellings have been built with the conventional construction provisions of the code
without an engineering design. These light frame structures have historically
performed satisfactorily from a life-safety standpoint when subjected to strong
seismic shaking. Two exceptions to light frame structures performing
satisfactorily—both of which were addressed in the 1997 UBC by more stringent
requirements—have been related to problems with the height-to-length ratio of
shear wall panels and the use of plaster and drywall materials to resist seismic
forces.

12 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



Design Example 1 m Wood Light Frame Residence

In the Commentary of the 1999 SEAOC Blue Book (8C805.3.1), it is recognized
that lateral forces for many structures with wood diaphragms, mostly large
buildings, may be better represented as rigid, as opposed to flexible, diaphragms.
Relative to the small structure used in this example, the use of the rigid diaphragm
assumptions generally will not significantly improve the seismic behavior.

While the building response remains elastic, the rigid diaphragm assumptions will
better reflect the initial stiffness of the building system. However, it is not
practically possible to accurately calculate the stiffness of all the various elements,
including the stiffness contributed by finishes and nonstructural elements and
taking into account the fact that stiffness of these elements will degrade as the
ground shaking intensifies. As a result, the use of the rigid diaphragm assumptions
may not be significantly better than the traditional flexible diaphragm assumption
for structures of this type.

At the time of this publication, both the SEAOC Code and Seismology Committees
agree that many one- and two-family residential structures can be safely designed
using the traditional flexible diaphragm assumptions. Consequently, SEAOC
recommends modification of the 1997 UBC provisions to allow use of the flexible
diaphragm assumption for the design of one- and two-family dwellings. The
engineer is cautioned, however, to discuss this with the building official prior to
performing substantive design work.

Cantilever column elements in light frame construction.

The UBC requirement that buildings be designed using the leastR/&ue
combinations along the same axis was developed with two considerations in mind.
The first is that in most structures, the building’s ability to resist seismic forces can
be limited to the weakest element in the structure. The second is purely a method of
discouraging the more nonductile systems. The potential¥andRability of

cantilevered column systems limits the column’s capacity to carry large gravity
loads when subjected to large building drifts. Therefore, the code has assigned a
low R value to this system.

However, cantilever columns used in one- and two-family dwellings are typically
lightly loaded, and can not develop this istability. Further, the literal

application of 81630.44 would discourage the use of ordinary moment frames and
cantilever column systems in favor for the use of slender shear walls that have been
known to perform poorly. Consequently, the 1999 SEAOC Blue Book §8105.4.4
(page 12) recommends the following alternative approach:

Exception: For light frame buildings in occupancy groups 4 and 5 and of two
stories or less in height, the lateral force resisting elements are permitted to be
designed using the least valuerofor the different structural systems found

on each independent line of resistance. The valteuskd for design of
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diaphragms for a given direction of loading in such structures shall not be
greater than the least value used for any of the systemsin that same direction.

Therefore, SEAOC recommends this alternative approach. The cantilever columns
(together with any shear walls along that line of force, if present) would be
designed using an R = 2.2, with the shear walls |ocated along other lines of force
designed using R=5.5. In other words, the lateral load is factored up for the line
with the cantilever column elements, but the conventional R valueis used on the
remainder of the structure. Consult with your local building official, however,
before using this recommendation.

Overview

14

This design example illustrates the seismic design of a 2,800-square-foot single
family residence. The structure, shown in Figures 1-1, 1-2, 1-3, 1-4 and 1-5, is of
wood light frame construction with wood structural panel shear walls, roof, and
floor diaphragms. Roofing is clay tile. Due to the high h/w (height/width) ratios of
the walls next to the garage doors, cantilevered column elements are used to
provide lateral support. As shown in Figure 1-3, there is an out-of plane offset from
the cantilevered column elements on Line E to the glulam beams (GLBS)
supporting the shear walls above Line D. The wood structural panel shear walls
over the GLBs in the garage do not meet the required h/w ratios without the
addition of straps and blocking above and below the window.

The residence cannot be built using conventional construction methods for reasons
shown in Part 8 of this design example. The following stepsillustrate a detailed
analysis for some of the important seismic requirements of the 1997 UBC that
pertain to design of wood light frame buildings. As stated in the introduction of this
manual, these design examples, including this one, are not complete building
designs. Many aspects of building design are not included, and only selected parts

of the seismic design are illustrated. Asis common for Type V construction (see
UBC 8606), a complete wind design is also necessary, but is not given in this
design example.

Although the code criteria only recognize two diaphragm categories, flexible and
rigid, the diaphragms in this design example are judged to be semi-rigid.
Consequently, the analysis in this design example will use the envelope method,
which considers the worst loading condition from both the flexible and rigid
diaphragm analyses for vertical resisting elements. It should be noted that the
envelope method, although not explicitly required by the code, will produce a more
predictable performance than will use of only flexible or rigid diaphragm
assumptions.
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This design example will first determine the shear wall nailing and tiedown
reguirements obtained using the flexible diaphragm assumption to determine shear
wall rigidities for the rigid diaphragm analysis.

The method of determining shear wall rigidities used in this design example is by
far more rigorous than normal practice, but is not the only method available to

determine shear wall rigidities. The Commentary at the end of this design example
illustrates two other smplified approaches that would aso be appropriate.

Outline

This example will illustrate the following parts of the design process:

Design base shear and vertical distributions of seismic forces.

Lateral forces on shear walls and shear wall nailing assuming flexible
diaphragms.

Rigidities of shear walls and cantilever columns at garage.

Centers of mass and rigidity of diaphragms.

Distribution of lateral forces to the shear walls with rigid diaphragms.
Reliability/redundancy factor p.

Diaphragm deflections and whether diaphragms are flexible or rigid.

Does residence meet requirements for conventional construction
provisions?

Design shear wall frame over garage on line D.
Diaphragm shears at the low roof over garage.

Detail the wall frame over the GLB on line D.

Detail the anchorage of wall frame to the GLB on line D.

Detail the continuous load path at the low roof above the garage doors.

Bl 3] B 3] [ [ [ (=) [e] [2) [] [ [2]
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Given Information

16

Roof weights (slope 5:12): Floor weights:
Tileroofing 10.0 psf Flooring 1.0 psf
Y5-in. sheathing 15 5/8" sheathing 1.8
Roof framing 4.0 Floor framing 4.0
Insulation 1.0 Miscellaneous 0.4
Miscellaneous 0.2 Gypceiling _ 2.8
Gyp ceiling 2.8 10.0 psf
D (along slope) = 19.5 psf

D = dead load

D = (horiz. proj.) = 19.5 (13/12) = 21.1 psf (the roof and ceilings are assumed to be
on a 5:12 slope, vaulted)

Weights of respective diaphragm levels, including exterior and interior walls:

W, oof = 64,0001b(roof and tributary walls)
Wiioor = 39,0001b (floor and tributary walls above and below)

W  =103,0001b

Weights of diaphragms are typically determined by adding the tributary weights of
the walls to the diaphragm, e.g., add one-half the height of walls at the second floor
to the roof and one-half the height of second floor walls plus one-half the height of
first floor walls to second floor diaphragm. It is acceptable practice to ignore the
weight of shear walls parallel to the direction of seismic forces to the upper level
and add 100 percent of the parallel shear wall weight to the level below, instead of
splitting the weight between floor levels. Weights of bearing partitions (not shear
walls) should still be split between floors. Unlike commercial construction, the

code minimum of 20 psf (vertical load) and 10 psf (lateral load) is often exceeded

in residential construction.

Framing lumber is Douglas Fir-Larch grade stamped No. 1S-Dry.

APA-rated wood structural panels for shear walls will be 15/32-inch thick
Structural I, 32/16 span rating, 5-ply with Exposure | glue, however, 4-ply is also
acceptable. Three-ply 15/32-inch sheathing has lower allowable shears and the

inner ply voids can cause nailing problems.

The roof is 15/32-inch thick APA-rated sheathing (equivalent to C-D sheathing in
Table 23-11-4), 32/16 span rating with Exposure | glue.

The floor is 19/32-inch thick APA-rated Sturd-I-floor 16 inches o.c. rating (or
APA-rated sheathing, 42/20 span rating) with Exposure | glue.
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Boundary members for the shear walls are 4x posts.

Common wire nails are to be used for diaphragms, shear walls, and straps.
Sinker nails are to be used for design of the shear wall sill plate nailing at the
second floor. (Note: many nailing guns use the smaller diameter box and sinker
nails instead of common nails. Closer nail spacing may be required for smaller
diameter nails).

Seismic and site data:

Z=0.4(Zone4) Table 16-I
| =1.0 (standard occupancy) Table 16-K
Seismic sourcetype = B
Distance to seismic source = 12 km
Soil profiletype = S
Sc has been determined by geotechnical investigation. Without a geotechnical
investigation, S, can be used as a default value.
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Figure 1-4. Roof framing plan
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Figures 1-2 through 1-4 depict the shear walls as dark solid lines. This has been
done for clarity in this example. Actua drawings commonly use other graphic
depictions. Practice varies on how framing plans are actually shown and on which
level the shear walls areindicated.

Actual drawings commonly do not call out shear wall lengths. However, building
designers should be aware that some building departments now require shear wall
lengths to be called out on plans.

Factors That Influence Design

Prior to starting the seismic design of the residence, three important related aspects
of the design bear discussion. These are the effect of moisture content on lumber,
the level of engineering design required to meet code requirements in present-day
California practice, and effects of box nails on wood structural panel shear walls.

Moisture content in lumber connections. 91 NDS Table 7.3.3

This design example is based on dry lumber. Project specifications typically call
for lumber to be grade stamped S-Dry (Surfaced Dry). Dry lumber has a moisture
content (MC) less than or equal to 19 percent. Partially Seasoned or Green lumber
grade-stamped S-GRN (surfaced green) has a MC between 19 percent and 30
percent. Wet lumber has a MC greater than 30 percent. Construction of structures
using lumber with moisture contents greater than 19 percent can produce shrinkage
problemsin the structures. Also, many engineers and building officials are not
aware of the reduction requirements, or wet service factors, related to installation
of nails, screws, and bolts (fasteners) into lumber with moisture contents greater
than 19 percent at time of installation. For fastenersin lumber with moisture
contents greater than 19 percent at the time of installation, the wet service factor,
Cy =0.75 for nailsand C,, = 0.67 for bolts, lags and screws (91 NDS Table
7.3.3). In other words, in lumber whose moisture content exceeds 19 percent, there
isa 25 percent to 33 percent reduction in the strength of connections, diaphragms,
and shear wallsthat is permanent. Drying of the lumber after installation of the
connectors does not improve the connector capacity. The engineer should exercise
good engineering judgment in determining whether it is prudent to base the
structural design on dry or green lumber. Other areas of concern are geographical
area and time of year the structure will be built. It is possible for green lumber (or
dry lumber that has been exposed to rain) to dry out to a moisture content below 19
percent. For 2x framing, this generally takes about two to 3 weeks of exposure to
dry air. Thicker lumber takes even longer. Moisture contents can easily be verified
by a hand-held “moisture meter.”
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Level and type of engineering design required for California residences.

The residence structure in this design example was chosen because it contains
many of the structural problem areas that are commonly present in residential
construction. These include:

1. Thediscontinuous shear wall at the north end of the line 5. (Although thisis
not a code violation per se, selection of a shear wall location that is
continuous to the foundation would improve performance).

2. Lack of alatera resisting element along line 4. (Although thisis not a code
violation per se, the addition of a shear wall at thislocation would improve
performance).

3. Thereduced scope of many structural engineering service contracts, such as
“calculation and sketch” projects where the structural engineer provides a set
of calculations and sketches of important structural details and the architect
produces the actual plans and specifications. This often leads to poorly
coordinated drawings and missing structural information. This method also
makes structural observation requirements of the building code less effective
when the engineer responsible for the design is not performing the site
observation. Refer to the Commentary at the end of this design example for
further discussion on this subject.

An important factor in the design of California residences, and residences in other
high seismic zones, is the level of sophistication and rigor required by the designer.
In this design example, a complete, rigorous analysis has been performed. In some
jurisdictions, this may not be required by the building official or may not be
warranted given the specifics of the design and the overall strength of the lateral
force resisting system. The designer must chose between use of the more rigorous
approach of considering a rigid diaphragm with torsional resistance characteristics
with the more common approach of considering flexible diaphragms with tributary
mass. The former may not be necessary in some situations, while at the same time
recognizing that the laws of physics must be obeyed. In all cases, the completed
structure must have a continuous lateral load path to resist lateral forces. Complete
detailing is necessary, even for simple structures.

Effects of box nails on wood structural panel shear walls.

This design example uses common nails for fastening wood structural panels.
Based on cyclic testing of shear walls and performance in past earthquakes, the use
of common nails is preferred. UBC Table 23-11-I-1 lists allowable shears for wood
structural panel shear walls for “common or galvanized box nails.” Footnote

number five of Table 23-1I-I-1, states that the galvanized nails shall be “hot-dipped
or tumbled” (these nails are not gun nails). Most contractors use gun nails for
diaphragm and shear wall installations. The UBC does not have a table for
allowable shears for wood structural panel shear walls or diaphragms using box
nails.
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Box nails have a smaller diameter shank and a smaller head size. Using 10d box
nails would result in a 19 percent reduction in allowable load for diaphragms and
shear walls as compared to 10d common nails. Using 8d box nails would result in a
22 percent reduction in allowable load for diaphragms and shear walls as compared
to 8d common nails. Thisis based on comparing allowable shear valueslisted in
Tables 12.3A and 12.3B in the 1997 NDS for one-half-inch side member thickness
(t;) and Douglas Fir-Larch framing. In addition to the reduction of the shear wall

and diaphragm capacities, when box nails are used, the walls will aso drift more
than when common nails are used.

A contributor to the problem isthat when contractors buy large quantities of nails

(for nail guns), the word “box” or “common” does not appear on the carton label.
Nail length and diameters are the most common listing on the labels. This is why it
is extremely important to list the required nail lengths and diameters on the
structural drawings for all diaphragms and shear walls. Another problem is that
contractors prefer box nails because their use reduces splitting, eases driving, and
they cost less.

Just to illustrate a point, if an engineer designs for “dry” lumber (as discussed
above) and “common” nails, and subsequently “green” lumber and “box” nails are
used in the construction, the result is a compounding of the reductions. For
example, for 10d nails installed into green lumber, the reduction would be 0.81
times 0.75 or a 40 percent reduction in capacity.

Calculations and Discussion Code Reference

1.

1a.

Design base shear and vertical distribution of seismic forces. §1630.2.2

This example uses the total building weight W applied to each respective direction.
The results shown will be slightly conservative since W includes the wall weights
for the direction of load, which can be subtracted out. This approach is simpler than
using a separated building weight W for each axis under consideration.

Design base shear.
Period using Method A (see Figure 1-5 for section through structure):

T =Ci(h,)¥* = 020(23)* 4 = 21sec. (30-8)
where:

h,, isthe center of gravity (average height) of diaphragm above the first floor.
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22

With seismic source type B and distance to source = 12 km

N, =10 Table 16-S

a

N, =10 Table 16-T

v

For soil profiletype S and Z= 04

C, = 040N, =040(10) = 040 Table 16-Q

a

C, =056N, =056(1.0) = 056 Table 16-R

North-south direction:

For light framed walls with wood structural panels that are both shear walls and
bearing walls:

R =55 Table 16-N

Design base shear is:

veSly - 0.56(1.0)W 0485 (30-4)
RT 55(.21)
(Note that design base shear in the 1997 UBC is now on a strength design basis)
but need not exceed:
V= 2523' W= 25('205)(1'0)W - 0182W (30-5)

A check of Equations 30-6 and 30-7 indicates these do not control:

0Vy_g = 0182W

Comparison of the above result with the simplified static method permitted under
81630.2.3 shows that it is more advantageous to use the standard method of
determining the design base shear.

V- 3.0Fc{:a w = 30(40)

W =0.218W > 0.182W (30-11)

All of the tables in the UBC for wood diaphragms and shear walls are based on
allowable loads.
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It is desirable to keep the strength level forces throughout the design of the
structure for two reasons:

1. Errorsin calculations can occur and confusion on which load is being used—
strength or allowable stress design. This design example will use the
following format:

Viaseshear = strength
Fox = strength
F, = force to wall (strength)
v = wall shear at element level (ASD)
V= P ASD
14b

2.  This design example will not be applicable in the future, when the code will
be all strength design.

E =pE,, +E, = 10E,, +0=10E, (30-1)
where:

E, is allowed to be assumed as zero for allowable stress desigp, israssumed

to be 1.0. This is the case for most of Type V residential construction structures.
Since the maximum element story shear is not yet known, the valpevidf

have to be verified. This is done later in Part 6.

The basic load combination for allowable stress design is:

D+ E-p+E_E (12-9)
14 14 14

Vy_s =0.182W

0V,_s = 0.182(103,0001b) =18,7501b §1612.3.1

East-west direction:

Since there are different types of lateral resisting elements in this direction,
determine the controllinB value.

For light framed walls with wood structural panels that are both shear walls and
bearing walls:

R=55
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24

For cantilevered column elements:

R=22 Table 16-N

For combinations along the same axis, the UBC requires the use of |east value for
any of the systems utilized in that same direction, therefore the value for the
cantilevered column elements must be used for the entire east-west direction. This
provision for combinations along the same axis first appeared in the 1994 UBC.

R=22 §1630.4.4

Design base shear is:

veSly = 0.56(1.0)W _ 10w (30-4)
RT 2.2(.21)

but need not exceed:

_25C,1,, o 25(.40)(1.0)

W = 0.454W (30-5)
R 22

\Y

A check of Equations 30-6 and 30-7 indicates that these do not control:
OVey = 0.454W
This is less than that obtained with the simplified static method:

30C 30(.40)

vV = Z2ayy = SV = 0545W > 0.454W (30-11)
R 22

Ve = 0.454W

Ve = 0.454(103,0001b) = 46,7501b §1612.3.1

Discussion of R factors.

The UBC places a severe penalty on the use of cantilevered column elements. The
design base shear for the east-west direction is two and a half times that for the
north-south direction. Some engineers use the gredsator for light framed

walls (e.g., R=5.5), determine the design base shear, and then factor up the force
for the respective frame element by using the ratio oRtfue the shear walls over

theR for the frame elemer{e.g.,5.5/2.2 = 2.5). However, under a strict

interpretation of the UBC, the factoring up approach does not appear to meet the
intent of the UBC requirements. Another approach could be to design the residence
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using arigid diaphragm assumption with the wood shear walls taking 100 percent
of the lateral forceusing R =5.5. Then design the cantilever columns using

R = 2.2 and aflexible diaphragm. Usually in residential construction, cantilevered
column elements are preferred over moment frames by engineers and builders
because of the elimination of field welding.

The 1999 Blue Book has added an exception for light frame buildingsin
Occupancy Groups 4 and 5 and of two stories or fewer in height. The local building
department should be consulted on whether or not they will accept this exception.
A higher force level could be counter productive in terms of splitting caused by
added close nailing.

An ordinary moment-resisting frame could be used with an R value equal to 4.5.
Thiswould produce design base shear values only 22 percent higher than in the
north-south direction. Additionally, the architecture could be modified to provide
shear wall lengths that meet the h/w ratio limit of 2:1. With the plate height at 9'-0",
the minimum wall length needed would be 4-6". Another solution would beto
increase the concrete curb height at the base of the wall such that the h/w ratio limit
of 2:1 isnot exceeded. For illustrative purposes, this design example uses the
cantilevered column elements with the higher design base shear for the entire
east-west direction. This conforms to the 1997 UBC. Pre-manufactured proprietary
trussed wall systems and factory-built wood shear wall systems are al'so available.
Special design considerations should be given when using these systems as
outlined below:

1. Building system R values are to be based on officially adopted evaluation
reports, such as ICBO reports.

2. Pre-manufactured systems should not be used in the same line as field-built
shear walls because of deformation compatibility uncertainties.

3. Pre-manufactured systems should be limited to the first floor level only (of
multi-story wood frame buildings) until testing is completed for these systems
that sit on wood framing and are not rigidly attached to a concrete foundation.

4.  Many of the these “systems” exceed not only the new aspect ratio limit of 2:1,
but also exceed the old aspect ratio limit of 3%: 1. Some are as narrow as 16
inches wide, leaving unanswered the question of whether this is a shear wall
or a cantilever column (by comparison, if the “system” were a steel channel
with the same width, it would be considered a cantilever column).

5. Many building officials are requesting that the same aspect ( 2:1) ratio limit
for wood structural panel shear walls be adhered to for the pre-manufactured
systems.
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1b.

Vertical distribution of seismic forces.

The vertica distribution of seismic forces is determined from Equation 30-15.

V —F Jw,h
FpX:( t)XX

n (30-15)
> wih

i=1

where:

h, isthe average height at level i of the sheathed diaphragm in feet above the
base.

Since T =0.21 seconds< 0.7 seconds, F, =0

Determination of F,, isshownin Table 1-1.

F Roof

13.0°
9.0’

F Floor

15.25'

10.0°

| L L

Figure 1-5. Cross-section through residence
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Table 1-1. Vertical distribution of seismic forces

Level Wy hx wyhy ZWX—W% Foxn-s Fpxn-s Foxe-w Foxe-w
(Ib) (ft) (Ib-ft) ") (Ib) Wy (Ib) Wy
Roof 64,000 23.0 1,472,000 79 14,800 0.231 36,950 0.577
Floor 39,000 10.0 390,000 21 3,950 0.101 9,800 0.251
z 103,000 — 1,862,000 100 18,750 0.182 46,750 0.454
2. Lateral forces on shear walls and shear wall nailing assuming flexible
diaphragms.

Determine the forces on shear walls. As has been customary practice in the past,
this portion of the example assumes flexible diaphragms. The UBC does not
require torsional effects to be considered for flexible diaphragms. The effects of
torsion and wall rigidities will be considered later in Part 5 of this design example.

The selected method of determining loads to shear wallsis based on tributary areas
with simple spans between supports. Another method of determining loads to shear
walls can assume a continuous beam. A continuous beam approach may not be
accurate because of shear deformationsin the diaphragm. The tributary area
approach works with reasonable accuracy for a continuous beam with 100 percent
shear deflection and zero bending deflection. This design example uses the exact
tributary areato the shear walls, an approach that is fairly comprehensive. An
easier and more common method would be to use a uniform load equa to the
widest portion of the diaphragm, which results in conservative loads to the shear
walls.

2a. Forces on east-west shear walls.

Roof diaphragm:
Roof area= 2,164 sq ft

36,9501b

f =
p roof 2,164Sf

= 17.07 psf

w, = (17.07psf) (430ft) = 734 plf
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w, = (17.07 psf)(37.0ft) = 632plf

(17.07 psf ) (32.0t) = 546 pif

&
1

16.0' 6.0' 34.0'
| Wy |
Wy

Ws

NIRRREREN
N N N N

_L.o' 15.0' 14,0’ 22.0' 2.0’L
1092¢ | 41064 42564 | 47884 50804 | 8074# 80744 1_ 14684

® © ® ®

Figure 1-6. Roof diaphragm loading for east-west forces

Check sum of forces:
1092 + 4,106 + 4,256 + 4,788 + 5,080 + 8,074 + 8,074 + 1,468 = 36,9381b

Voot = 36,9381b = 369501b ok.

Note that Figures 1-6, 1-7, 1-8 and 1-9 are depicted as a continuous beam. From a

technical standpoint, “nodes” should be shown at the interior supports. In actuality,
with the tributary area approach, these are considered as separate simple span
beams between the shear wall “supports” (Figure 1-6 has three separate single span
beams).

Floor diaphragm:

Second floor area = 1,542 sf

f 9.8001b
p floor = 6.36psf

1542 P
w, = (636psf)(160ft) = 102plf
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ws = (636psf)(200ft) = 127plf
v = (636psf)(330ft) = 210pif
w, = (636psf)(280ft) = 178plf
wg = (636psf)(320ft) = 204plf
P, = (1092Ib+4106lb) = 5198Ib
P
®
2.0 7.0 15.0° 14.0° 5.0' 17.0'
|| g We
W W
7 5 W,
EEEEENN
4084 | 56554 90 36404 | 14704 140 14704 12334 990 11364
® © ® ®

Figure 1-7. Second floor diaphragm loading for east-west forces

Check sum of forces:

408 + 5,655 + 3,640 + 1,470 + 1,470 + 1,233 + 1,136= 15,012 Ib
Subtract P, from the sum of forces:

15,012 -5198 = 9,8141b

Vo = 98141b=9800Ib ok.
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Table 1-2. East-west shear walls at roof level (second floor to roof)

2b. Required edge nailing for east-west shear walls using 10d common nails. Table 23-II-1-1

1,2,3,4,56,7,89

Wall z Fabove z Fx Frot b V= Sheathing® !
(grid line) (Ib) (Ib) (Ib) (ft) (b)1.4 Shear Spgcmg

Frot Allowable | Edge Nail

(of 1 or 2 sides (olf) (in)

6

9,542 9,542 10.0 681 One 870 2

6

(o2}

6

9,044 9,044 8.5 760 Two 1330 3

(6) (
13,154 13,154 14.0 716) Two 1330 3
(6) (
(6) (

5,198 5,198 6.0 6196 Two®) 1740 2

O0|wm|>
o|lo|lo|o|o

2 36,938 36,938 38.5

Notes:

1.

No o

30

Minimum framing thickness. The 1994 and earlier editions of the UBC required 3x nominal thickness

stud framing and blocking at abutting panel edges when 10d common nails were spaced 2 inches on

center or when sheathing is installed on both sides of the studs without staggered panel joints. The

1997 UBC (Table 23-11-1-1 footnotes) requires 3x nominal thickness stud framing at abutting panel

edges and at foundation sill plates when the allowabl e stress design shear val ues exceed 350 pounds

per foot or if the sheathing isinstalled on both sides of the studs without staggered panel joints.

Sill bolt washers. Section 1806.6.1 requires a minimum of 2-inch-square by 3/16-inch-thick plate

washers to be used for each foundation sill bolt (regardless of allowable shear values in the wall).

These changes were aresult of the splitting of framing studs and sill plates observed in the Northridge
earthquake and in cyclic testing of shear walls. The plate washers are intended to help resist uplift

forces on shear walls. Because of vertical displacements of holdowns, these plate washers are

required even if the wall has holdowns designed to take uplift forces at the wall boundaries. The

washer edges shall be parallel/perpendicular to the sill plate.

Erratato the First Printing of the 1997 UBC (Table 23-11-1-1 footnotes) added an exception to the 3x
foundation sill plates by allowing 2x foundation sill plates when the allowable shear values are less

than 600 pounds per foot, provided that sill bolts are designed for 50 percent of allowable values.

Refer to Design Example 2 for discussions about fasteners for pressure—preservative treated wood
and the gap at bottom of sheathing.

APA Structural | rated wood structural panels may be either plywood or oriented strand board (OSB).
Note forces are strength level and shear in wall is divided by 1.4 to convert to allowable stress design.
It should be noted that having to use a nail spacing of 2 inches is an indication that more shear wall
length should be considered. However, in this example, the close nail spacing is a directResult of
2.2 for the cantilever column elements. Some jurisdictions, and many engineers, as a matter of
judgment, put a limit of 1,500 plf on wood shear walls.

A minimum of 3-inch nail spacing with sheathing on only one side is required to satisfy shear
requirements. In this design example, sheathing has been provided on both sides with closer nalil
spacing in order to increase the stiffness of this short wall.

The 1999 Blue Book recommends special inspection when the nail spacing is closer than 4-inch on
center.
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Table 1-3. East-west shear walls at floor level (first floor to second floor)

F , Edge Nail
wall z Fabove z Fy Fiot b v = Sheathing | Allowable .
o (b)L.4 : Spacing
(grid line) (Ib) (Ib) (Ib) (ft) o lor2sides | Shear (plf) (in)
A 9,542 1,136 10,678 10.0 763@ One 870 2
B 13,154 2,703 15,857 14.0 809@ Two 1330 3
C 9,044 5110 14,154 19.0 5320 Two®) 1330 3
D 5,198 0 0 0 0
E 0 6,063 6,063 Frame Frame
2 36,938 15,012 46,752 43.0
Notes: Seenotesfor Table 1-2.
2c. Forces on north-south shear walls.
Roof diaphragm:
148001b
f p roof = B— = 6.84 pSf
2164 ft
W, = (684psf)(550ft) = 376plf
A = (684psf)(400ft) = 274plf
W - (684psf)(340ft) = 233pIf
- 60 _ 50 _ 32.0 -
Wy
Wo
W |
N N N N\
60 |50 _|_ 28.0° _ 2.0
466
# | 7134 2674 726#848# 52644 52644 | 7524
O ® ® ®
Figure 1-8. Roof diaphragm loading for north-south forces
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Check sum of forces:

466 + 713+ 767 + 726 + 848 + 5,264 + 5,264 + 752 = 14,8001b

Voot =14,8001b =14,800Ib ok

roof

Floor diaphragm:

fofoor = % = 2.56psf
w, = (256psf)(90ft) = 23.0plf
W = (256psf)(600ft) = 154plf
W = (256psf)(430ft) = 110plf
W, = (256psf)(380ft) = 97.2plf
Wy = (256psf)(230ft) = 58.9plf
Wy = (256psf)(140ft) = 35.8plf
3.0 20 8.0° 4.0 16.0° 2.0’
Wg
Wg W W,

W W ]
Hﬂ 01 .

o !
% 1 é%}# 20284 | 464
© ©

Figure 1-9. Second floor diaphragm loading for north-south forces

Check sum of forces:

99 +126 +1,653 + 2,028 + 46 = 39521b

Vi =3952Ib=3950Ib ok
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2d. Required edge nailing for north-south shear walls using
10d common nails. Table 23-II-1-1
Table 1-4. North-south shear walls at roof level (second floor to roof)
F
Wall S Favove| Y Fx Fiot b V= 15% Sheathing | Allowable | Edge Nail
(Ib) (ft) ’ lor2sides | Shear (plf) | Spacing (in.)
(Ib) (Ib) (ol
1 0 1,179 1,179 18.0 47 One 510 4
2 0 1,493 1,493 10.0 107 One 510 4
3 0 6,112 6,112 15.0 291 One 510 4
5 0 6,016 6,016 26.0 165 One 510 4
> 0 14,800 14,800 69.0
Tablel-5. North-south shear walls at floor level (first floor to second floor)
F
wall | 2 Fabove | D Fx Fiot b V= 15% Sheathing | Allowable | Edge Nail
(Ib) (ft) : lor2sides | Shear (plf) | Spacing (in)
(Ib) (Ib) (ol
2 1,493 99 1,592 10.0 114 One 510 4
3 6,112 1,779 7,891 22.0 256 One 510 4
5 6,016 2,074 8,090 14.0 413 One 510 4
2 13,621 3,952 17,573 46.0
3. Rigidities of shear walls and cantilever columns at garage.
3a. Estimation of wood shear wall rigidities.

Determination of the rigidities of wood shear wallsis often difficult and inexact,
even for design loads. In addition, when walls are loaded substantially beyond their
design limits, as occur under strong earthquake motions, rigidity determination
becomes even more difficult. It is complicated by a number of factors that make
any exact determination, in ageneral sense, virtually impossible short of full-scale
testing.

There is the well-known expression for shear wall deflection found in UBC
Standard 23-2. This expression, shown below, is used to estimate deflections of
shear walls with fixed bases and free tops for design level forces.

_ 8vh® vh h

A +—+075he, +—d 8§23.223, Vol. 3
b Gt & Tyl
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The expression above was developed from static tests of solid wood shear walls,
many typically 8-foot x 8-foot in size. Until recently, there was very little cyclic
testing of wood shear walls (to simulate actual earthquake behavior) or testing of
walls with narrow aspect ratios.

In modern wood frame building construction, shear walls take many forms and
sizes, and these are often penetrated by ducts, windows, and door openings. Also,
many wallsin residences are not designed as shear walls, yet have stiffness from
their finish materials (gypsum board, stucco, etc.). In multi-story structures, walls
are stacked on the walls of lower floors, producing indeterminate structural
systems. In general, it is difficult to calculate wall rigidities with the UBC equation
alone. Aswill be shown in subsequent paragraphs, things like shrinkage can
significantly effect deflection and subsequent stiffness calculations. Further, in
strong earthquake motions, shear walls may see forces and displacements several
times larger than those used in design, and cyclic degradation effects can occur that
significantly change the relative stiffness of shear walls at the same level.

It can be argued that wall rotation of the supporting wall below needs to be
considered when considering shear wall rigidities. However, considering rotation
of the supporting wall below would be similar to measuring the shear wall as the
cumulative height, as opposed to the accepted floor-to-floor clear height. Not
considering rotation of the supporting wall below is appropriate for determining
relative wall rigidities.

At the present time, there are number of ways to estimate shear wall rigidities,
particularly when only relative rigidities are desired (see Blue Book 8C805.3).
These include:

1. Rigidity based on estimated nail slip.

2. Rigidity calculated from UBC Standard 23-2 (the four term equation given
above).

Rigidity incorporating both UBC Standard 23-2 and shrinkage.

Several other procedures.

Only one of these approaches is given in this design example. By using this one
approach, SEAOC does not intend to establish a standard procedure or indicate a
standard of care for calculation of wood shear wall rigidities. It is merely one of the
present-day methods.

At present, CUREe (California Universities for Research in Earthquake
Engineering) is conducting a large testing program to study earthquake effects on
wood structures, including research on shear walls and diaphragms. It is expected
that in the years ahead, new approaches will be developed and/or existing
approaches reaffirmed or refined. Until then, the practicing structural engineer
must use judgment in the method selected to determine wood shear wall rigidities.
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It is recommended that the local building official be contacted for determination of
what is acceptable in a particular jurisdiction.

Discussion of rigidity calculation using the UBC deflection equation.

Sincetherigidity, k, of ashear wall or cantilever column is based on its
displacement, A, the displacements will first be computed using the F,; forces

aready determined above in Tables 1-2 and 1-3.
Compute valuesfor k:

F=kA

or k=F/A

The basic equation to determine the deflection of a shear wall is the four-term
equation shown below.

3
A=B0"  W o75he, +Nd, §23.223, Vol. 3
b Gt b

The above equation is based on a uniformly nailed, cantilever shear wall with a
horizontal point load at the top, panel edges blocked, and reflects tests conducted
by the American Plywood Association. The deflection is estimated from the
contributions of four distinct parts. The first part of the equation accounts for
cantilever beam action using the moment of inertia of the boundary elements. The
second term accounts for shear deformation of the sheathing. The third term
accounts for nail slippage/bending, and the fourth term accounts for tiedown
assembly displacement (this also should include bolt/nail slip and shrinkage). End
stud elongation due to compression or tension is not considered, nor the end
rotations of the base support. The UBC references this in §2315.1.

Testing on wood shear walls has indicated that the above formula is reasonably
accurate for aspect raticﬁb/w) lower than or equal to 2:1. For higher aspect ratios,

the wall drift increases significantly, and testing showed that displacements were
not adequately predicted. Use of the new aspect ratio requirement of 2:1 (1997
UBC) makes this formula more accurate for determining shear wall deflection/
stiffness than it was in previous editions of the UBC, subject to the limitations
mentioned above.

Recent testing on wood shear walls has shown that sill plate crushing under the
boundary element can increase the deflection of the shear wall by as much as 20
percent to 30 percent. For a calculation of this crushing effect, see the deflection of
wall frame at line D later in Part 3c.
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Fastener slip/nail deformation values (e,).

Volume 3 of the UBC has Table 23-2-K for obtaining values for e,. However, its
use is somewhat time-consuming, since interpolation and adjustments are
necessary. Footnote 1 to Table 23-2-K requires the values for e, to be decreased
50 percent for seasoned lumber. This means that the table is based on nails being
driven into green lumber and the engineer must use one-half of these values for
nailsdriven in dry lumber. The valuesin Table 23-2-K are based on tests
conducted by the APA. The 50 percent reduction for dry lumber is a conservative
factor. The actual tested dlip values with dry lumber were less than 50 percent of
the green lumber values.

It is recommended that values for e, be computed based on fastener dlip equations

from Table B-4 of APA Research Report 138. Note that this Research Report is the
basis for the formulas and tables in the UBC. Both the Research Report and the
UBC will produce the same values. Using the fastener dlip equations from Table
B-4 of Research Report 138 will save time, and also enable computations to be
made by a computer. For 10d common nails there are two basic equations:

When the nails are driven into green lumber:

e, = (v,/977)" APA Table B-4
When the nails are driven into dry lumber:

e, = (v, /769)*4" APA Table B-4

where:

V,, isthe fastener load in pounds per fastener.

These values are based on Structural | sheathing and must be increased by 20

percent when the sheathing is not Structural |. The language in footnote ain UBC
Table B-4 states “Fabricated green/tested dry (seasoned)...” is very misleading.
The values in the table are actuaigen values, since the lumber is fabricated
when green. Don’t be misled by the word “seasoned.”

It is uncertain whether or not treg, factor is intended to include wood shrinkage

and crushing due to shear wall rotation, because the code is not specific. This
design example includes both shrinkage and crushing thesedr taetor.

Many engineers have a concern that if the contractor installs the nails at a different
spacing (too many or too few), then the rigidities will be different than those
calculated. However, nominal changing of the nail spacing in a given wall does not
significantly change the stiffness.
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Determination of the design level displacement A.. §1630.9.1

For both strength and allowable stress design, the 1997 UBC requires building

drifts to be determined by the load combinations of §1612.2, which covers load
combinations using strength design or load and resistance factor design. Errata for
the second and third printing of the UBC unexplainably referenced §1612.3 for
allowable stress design. The reference to 816%2rorrect and will be changed

back to reference §1612.2 in the fourth and later printings.

Wood design using the 1997 UBC now means that the engineer must use both
strength-level forces and allowable stress forces. This can create some confusion,
since the code requires drift checks to be strength-level forces. However, all of the
design equations and tables in Chapter 23 are based on allowable stress design.
Drift and shear wall forces will be based on strength-level forces. Remember that
the structural system factd® is based on using strength-level forces.

Estimation of roof level rigidities.

Roof design level displacements.

To determine roof level wall rigidities, roof level displacements must first be
determined. Given below are a series of calculations, done in table form, to
estimate the roof level displacemeatsn each shear wall connecting to the roof
(Table 1-7). Because there is a wall with openings supported by a GLB on line D,
the s for this wall must also be determined. Finally, roof level wall rigidities are
summarized in Table 1-8 and a drift check is given in Table 1-9.

Table 1-6. Determine tiedown assembly displacements for roof level shear walls’

ASD Strength Design
Wall | uplift/1.4@ Tiedown® Uplift Tiedown® Tiedown Assembly Displacement da®
(Ib) Device (Ib) Elongation (in.) | Shrink® Crush® | Slip® (in)
Al 5,915 Bolted 8,280 0.13 0.19 0.02 0.04 0.38
A2 5,915 Bolted 8,280 0.13 0.19 0.02 0.04 0.38
B 5,975 Bolted 8,365 0.13 0.19 0.02 0.04 0.38
C 7,430 Bolted 10,400 0.17 0.19 0.04 0.05 0.45
1 0 Not required 0 0 0.02 0.02 0 0.04
2 0 Not required 0 0 0.19 0.02 0 0.21
3 830 Strap 1,160 0.004 0.19 0.02 0.002 | 0.21
5a 0 Not required 0 0 0.19 0.02 0 0.21
5b 0 Not required | 0 0 0.19 0.02 0 0.21

Notes:

1.  Tiedown assembly displacement is calculated at the second floor level.

2. Uplift force is determined by using the net overturning force (M or — M OR) divided by
the distance between the centroid of the tiedown to the end of the shear wall. With 4x
members at the ends of the wall, this equates to the length of the wall minus 1% inches
for straps, or the length of wall minus 5%z inches when using a bolted holdown with
2-inch offset from post to anchor bolt. Using allowable stress design, tiedown devices
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need only be sized by using the ASD uplift force. The strength design uplift forceis used

to determine tiedown assembly displacement in order to determine strength-level
displacements.

Continuous tie rod holdown systems can a so be used. See Design Example 2 for method

of calculating tiedown assembly displacement.

Tiedown elongation is based on actual uplift force divided by tiedown capacity times
tiedown elongation at capacity (from manufacturer’s catalog). Example for tiedown
elongation at Al: tiedown selected has a 15,000 Ib allowable load for a 5%-inch-thick
(net) member. From the manufacturer’s ICBO Evaluation Report, the tiedown deflection
at the highest allowable design load (15,000 Ib) is 0.12 inches. Since there are two
tiedown devices (one above and one below the floor), the total elongation is twice the
tiedown deflection of one device. Therefore the total tiedown elongation is

(8,280/15,000)0.12% 2 = 0.13 inches.

Wood shrinkage based on a change from 19 percent moisture content (MC) to 13 percent
MC with 19 percent MC being assumed for S-Dry lumber per project specifications. The
MC of 13 percent is the assumed final MC at equilibrium with ambient humidity for the
project location. The final equilibrium value can be higher in coastal areas and lower in
inland or desert areas. This equateéOtOOZ) (d) (19-13), wheral is the dimension of

the lumber (see Figure 1-10).

Shrinkage:
2x DBL Top Plate +2x sillplate = (0.002) (3x15in.) (19-13) = 0.05
2x12 Floor Joist = (0002)(11.25) (19 -13) = 0.4

= 0.19in.

The use of pre-manufactured, dimensionally stable, wood | joists are considered not to
shrink, and would thereby reduce the shrinkage to 0.05 inches.

Per 91 NDS 4.2.6, when compression perpendicular to ﬁl’f@qﬁl) is less than
0.73F’ . crushing will be approximately 0.02 inches. Whés = F’ .5 crushing is

approximately 0.04 inches. The effect of sill plate crushing is the downward effect with
uplift force at the opposite end of the wall and has the same rotational effect as the
tiedown displacement. Short walls that have no uplift forces will still have a wood
crushing effect and contribute to rotation of the wall.

Per 91 NDS 7.3.8= (270,000)(1}° = 270,000 Ib/in. plus 1/16" oversized hole for bolts.
For nails, values fog,, can be used. Example for slip at tiedown at Al (tiedown has five

1-inch diameter bolts to post):

Load/bolt = 8,280/5 = 1,656!b/bolt

= (270,000) (1)° = 270,0001Vin.
slip = (1,656/270,000) = 0.006in.

Since there are two tiedown devices (one above and one below the floor), the total slip is
twice the bolt slip. Good detailing practice should specify the tiedown bolts to be
re-tightened just prior to closing in. This can accomplish two things: it takes the slack out
of the oversized bolt hole and compensates for some wood shrinkage. This design
example will assume that about one-half of the bolt hole slack is taken out.

Therefore, total slip equa(:ﬁ).006>< 2) + El%% =0.04 inches.

d, is the total tiedown assembly displacement. This also could include mis-cuts
(short-studs) and lack of square cut ends.
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Figure 1-10. Second floor diaphragm connection to shear wall

Table 1-7. Deflections of the shear walls at the roof level*°*°

7
Wal A(Sp%v S”?Sl%th V| hty | A9sqin) | E(s) | bt | 6@ (s) | tin) ?ﬁ)ﬂ) e, ®(n) (ia) % r?)( ’
Al 681 953 9.0 19.25 1.7E6 5.0 90,000 0.535 159 0.0057 0.38 0.93
A2 681 953 9.0 19.25 1.7E6 5.0 90,000 0.535 159 0.0057 0.38 0.93
B® 336 470 10.0 19.25 1.7E6 14.0 90,000 0.535 118 0.0022 0.38 0.39
c® 380 532 10.0 19.25 1.7E6 8.5 90,000 0.535 133 0.0032 0.45 0.68
1 47 66 15.25 19.25 1.7E6 18.0 90,000 0.535 22 8.8E-6 0.04 0.06
2 107 150 9.0 12.25 1.7E6 10.0 90,000 0.535 50 0.0001 0.21 0.22
3 291 407 9.0 12.25 1.7E6 15.0 90,000 0.535 136 0.0034 0.21 0.23
5a) 194 271 9.0 12.25 1.7E6 16.0 90,000 0.535 90 0.0009 0.21 0.18
5b©) 120 168 9.0 12.25 1.7E6 10.0 90,000 0.535 56 0.0002 0.21 0.23
Notes
1. Ag= 8vh’ + Y0 078he, + Nd, §23.223, Vol. 3
EAb | Gt b

2. h values are from the bottom of the sill plate to the bottom of the framing at diaphragm level (top plates).

3. A values are fod x 6 posts for walls A1, A2, B, C, and wall 1A values are fod X 4 posts for walls 2,
3, 5a, and 5b.

4. G values are for Structural | sheathing. Testing of shear walls has indicated tahlees are slightly
higher for oriented strand board (OSB) than plywood, but not enough to warrant the use of different
values.

5. &, values for Structural | sheathing with dry lumbe{v,, /769

6. The use of a computer spreadsheet is recommended. This will not only save time, but also eliminate
possible arithmetic errors with these repetitive calculations.
7. Deflection of walls(Ag) is based on strength level forces. The shear wall deflections must be determined

using the strength design forces. The calculated deflection of a shear wall is linear up to about two times

)3.276
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the allowable stress design values. Since there are tiedown assembly displacements, and dead |oads that
resist overturning, the factoring up approach of ASD forcesis not appropriate.
8. When sheathing is applied to both sides of the wall, the deflection of the shear wall is determined by using
one-half the values from Table 1-2.
9. In-plane shearsto walls 5a and 5b are proportioned based on relative lengths (not per §23.223, Volume 3).
Example for wall at line 5aR = 162/&62 +102): 72 percent, which is appropriate for two walls in a line,

but not necessarily for three or more walls in line. Attempting to equate deflections is desirable. However,
the calculations are iterative and indeterminate, and the results are very similar.
10. For deflection of shear wall at line D, see the following Part 3c.

Determine deflection of wall frame at line D (with force transfer around openings).

The deflection for the shear wall can be approximated by using an analysis similar
to computing the stiffness for a concrete wall with an opening in it. The deflection
for the solid wall is computed, then a deflection for a horizontal window strip is
subtracted, and the deflection for the wall piers added back in.

Engineering judgment may be used to simplify this approximation. However, the
method shown below is one way to approximate the deflection.

2.67’L 4.0’ Eu’
9.0’

w v e

3.0 | 40 30
/

10.0°

Figure 1-11. Elevation of wall frame on line D
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First, determine deflection of the entire wall, without an opening:

Deflection of solid wall:

_ svh® vh h

A -+ HO75he, +od, §23.223 Vol. 3

Sheathing is on both sides of wall with 10d common nails @ 2 inches o. c. Wall
has2x6 studs with4x 6 at ends.

V =5198Ib
V= _5198lb =260 plf
(2)10.0ft

With edge nailing at 2 inches on center:

V, = load per nail =260(2/12) = 43Ib/nail
e, = (43/769)3-276 =0.0001inch

With a tiedown elongation of 0.05 in., wood shrinkage of 0.13 in., and wood
crushing of .02, it gives a tiedown assembly displacement of 0.20 in.

For crushing: from Part 9e, the strength level overturning moment
Mqor = 52,452 ft-Ib. Dividing by the distancé. = 9.7ft computes the seismic

downward component of théx 6 post:
P =52,452/9.7=5,407 Ib
f.=P/A
f. =5407/(3.5x5.5) = 281psi <0.73(625) = 456 ps
[0 crush =0.02in

For shrinkage of GLB fabricated to AITC specifications at 17 percent MC:
0.002(17-13) 16.5=0.13 in.
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For strap: PL +strap nail dlip=0.05in.
AE
d, =0.05+0.13+0.02 = 0.20in.

8(260)9.0° . 260(9.0)

_ 9.0(0.20)
1.7E6(19.25)10.0 ~ (90,000) 0.535

+0.75(9.0) 0.0001 + =0.23in.

Second, deter mine deflection of window strip:

V =5198lb (strength)
With sheathing on both sides:

v= 2280 o6 plf
(2)10.0ft

V. =load per nail = 260(2/12) = 43Ib/nail

e, = (43/769)*2"° = 0.0001in

Since the boundary elements are connected to continuous posts that extend above
and below the opening, the value of d, equals the sheathing nail deformation

value calculated above (boundary element “chord” elongation is neglected):

d, =0.0001in.

8(260)4.0° 260(4.0)

_ 4.0(0.0001)
1.766(19.25)10.0  (90,000) 0.535

+0.75(4.0)0.0001 + =0.02in.

Note that this deflection is negative because it is subtracted from the sum of the
deflections, as shown later.
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Third, determine deflection of wall piers:

v =2198b 5 5001
y =299 433plf
(2)30ft

V,, =load per nail = 433(2/12) = 72Ib/nail

e, = (72/769)**"® =0.0004in.

Since the boundary elements are connected to continuous posts that extend above
and below the opening, the value of d, equals the sheathing nail deformation

value calculated for the wall piers.

d, =0.0004in.

8(433)4.0° .\ 433(4.0)

_ 4.0(0.0004)
1.7E(19.25)3.0 ~ (90,000)0.535

+0.75(4.0)0.0004 + =0.04in.

Last, determine the sum of the deflections:

A =0.23-0.02+0.04 = 0.25in

Thus the stiffness of the wall is (0.23/0.25), or 92 percent of that of the solid wall.

Determine deflection of wall due to deflection of GLB (see Figure 1-12).

Ah = Shear wall deflection due to deflection of the support beam

tan e_ﬂ:A_h
b h
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_ 51981b(9.0ft)

=4,678lb (strength
10.0ft ( athy)

T

For 5.125x16.5GLB24FV 4:

E =1,800,000psi
| =1,918in.*

2,.2
szm
3EIL

_ 4678(8.0x12)*(10.0x12)?

=0.278in.
3(1.8E6)1,918(18.0x12) 0278in
aAp = hav)
b
AR = (9.0x12)(0.278) _ 0.25in
(10.0x12)

Total deflection of shear wall including GLB rotation and tiedown assembly
displacement:

Ah=0.25+0.25=0.50in.
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Ah
/
I P —— |
T ‘\
0 |
¢ — |
TR
< \\ \\ | \\
\ROT . |
‘ \
C AY y B
A\T\ 559 —_—
a=8.0’ b=10.0"
GLB

Figure 1-12. Wall elevation at line D

Table 1-8. Wall rigidities at roof level* (walls from second floor to roof)

Wall A (in)) Fiot (Ib) k=Ttot (Klin.) K = Frot (K/in.)
AS S
Al 0.93 4,771 5.130 1026
A2 0.93 4,771 5.130
B 0.39 13,154 33.73
C 0.68 9,044 13.30
D 0.50 5,198 10.40
1 0.06 1,179 19.65
2 0.22 1,493 6.79
3 0.23 6,112 26.57
5a 0.18 4,332 24.07
5b 0.23 1,684 7.32 3139

Notes:
1. Deflections and forces are based on strength force levels.

2. AS isthe design level displacement from Table 1-7 and calculations of wall frame.
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Determination of Ay,

Before checking drift, the maximum inelastic response displacement A,, must be
computed. Thisis done as follows:

Ay =0.7RAg

R =5.5 for the north-south direction

R =2.2 for the east-west direction

Ay =0.7(5.5)A¢ = 3.85A¢ for the north-south direction

Ay =0.7(2.2)A¢ =1.54A for the east-west direction

Determination of maximum drift.

The calculated story drift using A, shall not exceed the maximumA,, whichis

0.025 times the story height for structures that have a fundamental period less than
0.7 seconds. The building period for this design example was calculated to be 0.21
seconds, which isless than 0.7 seconds, therefore the 0.025 drift limitation applies.

Table 1-9. Drift check at roof level

Wall As (in) h (f) Du (in) Ma’(‘i'nA)M “| staws
Al 0.93 9.0 1.43 2.70 ok
3 A2 0.93 9.0 1.43 2.70 ok
*;;', B 0.39 10.0 0.60 3.00 ok
i C 0.68 100 1.05 3.00 ok
D 0.50 9.0 0.7 2.70 ok
1 0.06 15.25 0.23 457 ok
5 2 0.22 9.0 0.85 2.70 ok
e 3 0.23 9.0 0.88 2.70 ok
5 5a 0.8 9.0 0.69 2.70 ok
5h 0.23 9.0 0.88 2.70 ok

§1630.9.2

§1630.10.2
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Estimation of second floor level rigidities.

First floor level design displacements.

First floor level rigidities are determined by first calculating tiedown displacements

(

Table 1-10) and then deflections of shear walls at the second floor level (Table

1-11). The drift check, discussed in Part 3c, isgivenin Table 1-12, and wall

r

igidities calculated in Table 1-13.

Table 1-10. Tiedown assembly displacements for first floor level walls®

ASD LRFD

Wall Uplift/1.4 @ Tiedown Tiedown® Tiedown Assembly Displacement da
(Ib) Device Elongation (in.) Shrink® Crush® | Slip® (in.)

Uplift (Ib)

Al 13,450 Bolted 18,830 0.15 0.01 0.04 0.05 0.25

A2 13,450 Bolted 18,830 0.15 0.01 0.04 0.05 0.25

B 12,675 Bolted 17,745 0.14 0.01 0.04 0.05 0.24

Cl 11,335 Bolted 15,870 0.13 0.01 0.04 0.04 0.22

C2 3,890 Bolted 5,445 0.04 0.01 0.02 0.04 0.11

2 0 Not req'd 0 0 0.01 0.02 0 0.03

3 825 Strap 1,155 0.05 0.01 0.02 0.002 | 0.08

5 400 Strap 560 0.03 0.01 0.02 0.002 | 0.06

Notes:

1
2.

Tiedown assembly displacement is calculated at the foundation.
Uplift force is determined by using the net overturning force (M or —M R) , divided by the

distance to the centroids of the boundary elements assuming 4x members at the ends of the

shear wall. This equates to the length of the wall minus 3%z inches for straps, or the length of
wall minus 7% inches when using a bolted holdown, which includes a 2-inch offset from post
to tiedown bolt.

Tiedown elongation is based on actual uplift force divided by tiedown capacity multiplied by
the tiedown elongation at capacity from manufacturer’s catalog. Example of tiedown
elongation at Al: Tiedown selected has a 15,000 Ib allowable load for a 5%2-inch member.
From the manufacturer's ICBO approval, the tiedown deflection at the highest allowable
design load (15,000 Ib) is 0.12 inches, giving a tiedown elongation of

(18,830/15,0000)0.12 =0.15 inches. Since the tiedown device has an average ultimate strength

of 55,000 Ib, the displacement can be assumed to be linear and therefore extrapolated.

0.002xd x (15-13). Whered is 2.5 inches for 8x sill plate. Pressure-treated lumber has a
moisture content of less than 15 percent at completion of treatment.
Per 91 NDS 4.2.6, when compression perpendicular to @f@'@) is less tharD.73F ' O

crushing will be approximately 0.02 inches, whégy, = F’¢; crushing is approximately 0.04
inches.
Per 91 NDS 7.3.6 =load/slip modulus :(270,000)(D1'5) plus 1/16" oversized hole for bolts.

For nails, values fog, can be used. Example for slip at tiedown at Al (Tiedown has five
1-inch diameter bolts to post).

Load/bolt=18830/5 = 3,766Ib/bolt
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y = (270,000) (1)-° = 270,0001bvin.
Slip = (3,766/270,000) = 0.014in.

Good detailing should specify the tiedown bolts to be re-tightened just prior to closing in.

This can accomplish two things: it takes the slack out of the oversized bolt hole, and

compensates for some wood shrinkage. This design example assumes that about one-half of
the bolt hole slack is taken out.

. 1M .
Th th =(0.014 =0.05in.
erefore the total slip (00 )+ Eﬁ@a 0.05in

Table 1-11. Deflections of the shear walls at the second floor level *%**

(823.222 Vo, 3)

Wal A(Sp%" Sg?gl%th hiy | A(sgin) | E@s) | b | Gs) | tin) XB e, (in) (|O:1a) (?1 S)'
Al 763 1,067 9.0 19.25 1.7E6 5.0 90,000 0.535 178 | 0.0083 0.25 0.74
A2 763 1,067 9.0 19.25 1.7E6 5.0 90,000 0.535 178 | 0.0083 0.25 0.74
B 404 566 9.0 19.25 1.7E6 14.0 90,000 0.535 141 | 0.0039 0.24 0.29
C18 | 279 391 9.0 19.25 1.7E6 10.0 90,000 0.535 98 | 0.0012 0.22 0.29
C26) | 251 351 9.0 19.25 1.7E6 9.0 90,000 0.535 88 | 0.0008 0.11 0.19
2 114 159 9.0 12.25 1.7E6 10.0 90,000 0.535 53 | 0.0002 0.03 0.06
3 256 359 9.0 12.25 1.7E6 22.0 90,000 0.535 120 | 0.0023 0.08 0.12
5 413 578 9.0 12.25 1.7E6 14.0 90,000 0.535 192 | 0.0106 0.06 0.23

Notes:

1. h valuesare from bottom of sill plate to bottom of framing at diaphragm level (top plates).

gvh®  vh h
2. s -%+a+0.75hen +Eda §23.223, Vol. 3

3. G values are for Structural | sheathing. Testing of shear walls has indicated tkat the
values are slightly higher for OSB than plywood, but not enough to warrant different values.

4. e, values for Structural | sheathing with dry Iumbe(\/n/769
5. Shear distributed to walls C1 and C2 are proportioned based on relative lengths. Attempting

)3.276

to equate deflections is desirable, however the calculations are iterative and indeterminate,
and the results are very similar. The averdgéor walls A, B, and C at the second floor

level is 0.42 inches. For deformation compatibility, it has been decided to size the cantilever

column elements at line E for the deflections nearest shear wall at C, where the average is
A =0.24inches. Another approach would be to use a weighted average that includes the
force in the wall. For example, if 99 percent of the load is carried by a stiff wall with
A =0.10 inches and 1 percent is carried by wall witk=1.00 inches, then the weighted
average approach is appropriate.

A=0.10%x0.99+1.0x0.01=0.11linches, this assumes no rotation and a rigid diaphragm. If
the diaphragm is flexible, then deflection compatibility is not an issue. The engineer should

exercise good engineering judgment in determining deformation compatibility.

SEAOC Seismic Design Manual, Vol. Il (1997 UBC)




Design Example 1 m Wood Light Frame Residence

Table 1-12. Drift check at second floor level

wal | As(n) | h D (in) Mag'nA)M 1 status
AL 0.74 9.0 114 270 ok
3 A2 0.74 9.0 114 2.70 ok
o B 0.29 9.0 0.44 2.70 ok
& c1 0.29 9.0 0.44 2.70 ok
c2 0.19 9.0 0.29 2.70 ok
L 0.06 9.0 0.23 270 ok
§ 2 0.12 9.0 0.46 270 ok
5 0.23 9.0 0.88 2.70 ok

Drift for cantilever columns at line E.

The cantilever column is assumed to be fixed at the base. This can be accomplished
by setting the column on a footing and then casting the grade beam around the
column. With this type of connection, the stresses in the flange of the column
caused by concrete bearing at the top of the grade beam should be checked.
Another approach isto provide a specially detailed base plate with anchor bolts
that are bolted to the top of the grade beam. The bolts and base plate will allow for
some rotation, which should be considered in computing the column deflections.
The grade beam should have a stiffness of at |east 10 times greater than that of the
column for the column to be considered fixed at the base. It is common for
columns of thistype to have drift control the size of the column rather than
bending.

3
JAN :i
3El

It should be noted that if the steel columns were not needed to resist lateral forces
(gravity columns only), and all lateral forces were resisted by the wood shear walls,
then only relative rigidities of the wood shear walls would need to be calculated.

From Figure 1-7 at line E, the force to each of the three cantilever columns:

P = (5,655Ib+4081b)/ 3 = 2,0211b/column

_ 2022(9x12)°
9 3(20%10%)0.24

| =122in.*

Use TS10x5x 3/8
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|, =128in.*
22 .
A = H22F24 = 023in.
TS D]-28 0
M =(2,021/1.4) =12 992t - Ib (all owabl estress design)

g,=M 1299212 610506 <066(46,000) ok

Table 1-13. Wall rigidities at second floor level
(walls from first to second floor)™”

F F
Wall Ag @(in.) Fiot (Ib) k=—% @in) | k=—%in)
AS S
Al 74 7.21
0 5,339 5 1443
A2 0.74 5,339 7.215
B 0.29 15,857 54.68
c1 0.29 7,820 26.96 6030
c2 0.19 6,334 33.34 '
E 0.23 6,063 26.36
2 0.06 1,592 2653
3 0.12 7,801 65.76
5 0.23 8,090 35.17

Notes:
1. Deflections and forces are based on strength force levels.
2. Agisthe design level displacement from Table 1-11.

Determine centers of mass and rigidity of diaphragms.

It has been a common practice for practicing engineers to assume flexible
diaphragms and distribute |oads to shear walls based on tributary areas. This has
been done for many years and is a well-established conventional design
assumption. In this design example, the rigid diaphragm assumption will be used.
Thisis not intended to imply that seismic design of residential construction in the
past should have been necessarily performed in this manner. However, recent
earthquakes and testing of wood panel shear walls have indicated that expected
drifts are considerably higher than what was known or assumed in the past. This
knowledge of the increased drifts of short wood panel shear walls has increased the
need for the engineer to consider the relative rigidities of shear walls. This, and the
fact that digphragms tend to be much more rigid than the shear walls, has
necessitated consideration of diaphragm rigidities. In this Part, the diaphragms are
assumed to berigid. See Part 7 for later confirmation of this assumption.
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4a.| Forroof diaphragm.

m%ﬁ, 1 Y .
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Figure 1-13. Roof diaphragm centers of rigidity and mass

Determine center of mass of roof diaphragm from wall loads.

Using diaphragm loading from flexible diaphragm analysis for east-west direction
(Figure 1-6) and summing forces about line D:

734plf (340ft) = 24,956lbx % +6+(15- 2)§ft = 898,416ft-Ib

632plf (60ft) = 3,792Ibx % +(15- 2)Eft = 60,672ft-1b

546pIf(150ft) = 8190Ibx %5 - 2@ - 45045ft-1b
36,938lb 1,004,133ft - Ib
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_ > Wx _1004133ft—Ib _ 27.2ft @roof

Oy = =
Y Sw 36938l ——

Using diaphragm loading from flexible diaphragm analysis for north-south
direction (Figure 1-8) and summing forces about line 1:

376plf (320ft) = 12,032Ibx25.0ft = 300,800ft-Ib
274plf (50ft) = 1370lbx65ft = 8905ft-Ib
233plf (60ft) = 1,398lbx1.0ft = 1,398ft-Ib

10,8001b 311103ft-1b

0 Xm —z— w =21. Oft@roof
Zw 14,8001b

Determine center of rigidity for roof diaphragm.

Using the rigidity values R from Table 1-8 and the distance y from line D to the

shear wall:
Y/:¥ or ka ZKXXy

y(10.40 +13.30 + 33.73+10.26) = 10.40(0) + 13.30(15.0) + 33.73(29.0) + 10.26(51.0)
- _17009
Yr = 6760

Kyy X _
zz(kyy) or kayy :szX

= 25.1ft @ roof

X =

x(19.65+ 6.79 + 26.57 + 31.39) = 19.65(0) + 6.79(6.0) + 26.57(11.0) + 31.39(39.0)
— _ 15572

O x ———185ft roof
" 8440 @
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4b. For second floor diaphragm.
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Figure 1-14. Second floor diaphragm centers of rigidity and mass

Determine center of mass of floor diaphragm from wall loads.

Using diaphragm loading from flexible diaphragm analysis for east-west direction
(Figure 1-7) and summing forces about line E:

102plf (170ft) = 1,734Ibx495ft = 85833ft-Ib
127plf (50ft) = 635lbx385ft =  24,448ft-Ib
210plf (140ft) = 2,940lbx29.0ft = 85260ft-Ib
178plf (150ft) = 2,670lbx145ft = 38715ft-Ib
204plf (90ft) = 1836lbx2.5ft =  4590ft-Ib

9,815Ib 238,846ft - b
Oy, = %ﬁ;lb = 24.3ft @second floor
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Using diaphragm loading from flexible diaphragm analysis for north-south
direction (Figure 1-9) and summing forces about line 2:

23plf (20ft) = 461bx34.0ft = 5564ft-Ib
154plf (160ft) = 2464lbx250ft = 61,600ft-Ib
110plf (40ft) = 440lbx150ft = 6,600ft-Ib
97.2plf (80ft) = 778lbx9.0ft = 7,002ft-1b
58.9plf (20ft) = 118lbx 4.0ft = 471ft-1b
35.8plf (30ft) = 107Ibx1.5ft = 160ft-Ib

3,953lb 77,397ft-1b

0 Xm = 77397t -lb _ 19.6ft @second floor

3,9531b

Determine center of rigidity for floor diaphragm.

Using the rigidity values k from Table 1-13 and the distance y from line E to the
shear wall:

y, (2636 + 6030+ 5468+ 14.43) = 26.36(0) + 6030(22.0) + 54.68(36.0) + 14.43(580)

— 41320
Oy = = 26.5ft @ second floor
Vi 155.77 —— @

Using the rigidity values k from Table 1-13 and the distance x from line 2 to the
shear wall:

xr (26.53+65.76 +35.17) = 26.53(0.0) + 65.76(5.0) + 35.17(33.0)

Ox, = 14894 _ 11.7ft @ second floor

1275 ——
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Distribution of lateral forces to the shear walls with rigid diaphragms. §1630.6

Using the rigid diaphragm assumption, the base shear was distributed to the two
levelsin Part 1. In this Part, the story forces are distributed to the shear walls that
support each level.

The code requires that the story force at the center of mass to be displaced from the
calculated center of mass a distance of 5 percent of the building dimension at that
level perpendicular to the direction of force. Thisisto account for accidental
torsion. The code requires the most severe load combination to be considered and
also permits the negative torsional shear to be subtracted from the direct load shear.
However, lateral forces must be considered to act in each direction of the two
principal axis. This design example does not consider eccentricities between the
center of masses between levels. In this example, these eccentricities are small and
are therefore considered insignificant. The engineer must exercise good
engineering judgment in determining when these effects need to be considered.

For the roof diaphragm (Figure 1-13).

Forcesin the east-west (x) direction:

Distance to the calculated CM :g/m = 27.2ft

Displaced e, = (0.05x 55ft) = 2.7ft

New Y to displace CM = 272ft+27ft = 299ftor 245ft
Distanceto thecalculated CR:y, =  25.1ft

e, =29.9-251=48ftore, = 251-245 = 06

Note that displacing the center of mass by 5 percent can result inthe CM being on
either side of the CR and can produce added torsional shearsto all walls.

T, = Fe, = 36,9501b(4.8ft) =177,360ft - Ib

or

T, = Fe, = 36,9501b(0.6ft) = 22,170ft - Ib
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Forces in the north-south (y) direction:

Distanceto the calculated CM : xm = 21.0ft
Displaced e, = (0.05x 43ft) = 22ft
New X to displace CM = 210ftx22ft = 232ftor 188ft
Distanceto thecalculated CR: x, = 18.5ft
e, =232-185=4.7ftor e, = 188-185 = 03
T, = Fye, =14,8001b(4.71t) = 695601t —Ib
or
T, = F,e, =14,8001b(0.3ft) = 4,440ft-1b
F., = 36950Ib(Tablel-1)
F.. = 14800lb(Tablel-1)
T, =  177,360ft - Ibfor wallsA and B
T, = 22170ft - Ibfor wallsCand D
T, = 69560ft-Ibfor wall5
T, = 4,440ft - Ibfor wallsl, 2,and 3
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5b. For roof wall forces.

The direct shear force F, is determined from:

-g R
a_FZR

and the torsional shear force F; isdetermined from:

Ft :TR_d
J

where:
J=Y Rd;+Y Rd]
R = rigidity of lateral resisting element
d = distance from lateral resisting element to the center of rigidity

T=Fe

Table 1-14. Distribution of forces to shear walls below the roof level

wa | R [ Ry | a | dy | Ra | par |PORT| Tosen | el
A 10.26 259 | 2657 6,883 5601 1247 6,848
z| B 33.73 39 | 1315 513 18,412 617 19,029
i C 13.30 101 | 1343 1,357 7,260 79 7,339
S| D 10.40 251 | 2610 6,552 5,677 151 5,828
s | 6769 15,305 36,950
1 19.65 | -185 -363.5 6,725 3,446 -42 3,404
s | 2 679 | -125 -84.8 1,061 1,101 -10 1,181
CE 26.57 -1.5 -199.3 1,495 4,659 -24 4,635
£| 5 3139 | 205 643.5 13,192 5,504 1,185 6,689
2 [z 84.40 22,473 14,800
b3 37,778
For smplicity, many engineerswill add 5 percent or 10 percent of the direct force
shears to account for torsional effects. The average torsional force added to the
shearswallsin this design exampleis 11 percent of the direct force. Adding only 5
percent of the wall shears can be unconservative.
Torsional forces are subtracted from direct forces for this design example as now
allowed by code. This only occurs when both of the displaced center of massison
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5c.

58

the same side of the center of rigidity for a given direction. When the center of
rigidity occurs between the two displaced centers of mass, then torsional forces can
not be subtracted (which occurs at the roof in the east-west direction). Many
engineers still neglect these negative forces.

For the floor diaphragm (Figure 1-14).

Forcesin the east-west (x) direction:

Distance to the calculated CM :Y/m = 243ft

Displaced e, = (0.05x 60ft) _  3.0ft

New Y to displace CM - 243ft+30ft = 273ftor 213ft
Distance to the calculated CR: g/r =  26.5ft

e, = 27.3-26.5=0.8ft

or

e, = 265-21.3="5.2ft

T, = F.&, =46,7501b(0.8ft) = 37.400ft-Ib

or

T, = F,&, =46,7501b(5.2ft) = 243100ft -1b

Forcesin the north-south (y) direction:

Distance to the calculated CM *Xm = 19.6t

Displaced e, = (0.05x 35ft) = L7ft

New X to displace CM - 196ft+17ft =  213ftor 17.9ft
Distanceto thecalculated CR: x, =  1L.7ft

e, =21.3-11.7=9.6ftore, = 179-117 = 62

T, =F,& =18,750|b(9.6ft) = 180,000ft —Ib

or

T, = Fye, =18,750Ib(6.2ft) = 116,250ft—Ib

Fow = (36,950 + 9,800) = 46,7501b (adding forces from roof and floor from Table 1-1)
Ty = 37,400ft - Ibfor walls A and B

Ty = 243100ft - Ib for wallsC and E

Fos = (14,800 + 3,950) =18,7501b (adding forces from roof and floor from Table 1-1)
T, = 116,250ft - Ib for walls 2 and 3

T = 180,000ft - Ibfor wall 5
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Table 1-15. Distribution of forces to shear walls below the second floor level

Direct Torsional | Total Force
Wall R Ry dy dy Rd Rd® | Force F, |Foce F, | F, +F
A 14.43 315 454.5 14,318 4,331 276 4,607
@ B 54.68 9.5 519.5 4,935 16,410 316 16,726
i C 60.30 45 2713 1,221 18,097 1,072 19,169
i E 26.36 26.5 698.5 18,511 7,910 2,760 10,670
> 155.77 38,985 46,750
2 26.53 | -11.7 -310 3,632 3,903 -585 3,318
% 3 65.76 -6.7 -440 2,952 9,674 -831 8,843
e 5 3517 | 213 749 15,956 5173 2,191 7,364
é 2 127.46 22,540 18,750
2 61,525

Table 1-16.Comparison of loads on shear walls using flexible versus rigid diaphragm
analysis and recheck of nailing in walls

Wal Fiexible Frigid FFlzg;glle b V= % 1Sheath_ing Allowable Edge Nail
(Ib) (Ib) Ratio . or2sides | Shear (plfy | Spacing (in.)
(pif)
Roof Level
A 9,542 6,848 0.72 10.0 682 One 870 2
B 13,154 19,029 1.44 14.0 970 Two 1330 3
C 9,044 7,339 0.81 8.5 760 Two 1330 3
D 5,198 5,828 1.12 6.0 693 Two 1740 2
1 1,179 3,404 2.89 18.0 135 One 510 4
2 1,493 1,181 0.79 10.0 107 One 510 4
3 6,112 4,635 0.76 15.0 292 One 510 4
5 6,016 6,689 111 26.0 184 One 510 4
Floor Level
A 10,678 4,607 0.43 10.0 762 One 870 2
B 15,857 16,726 1.05 14.0 853 Two 1330 3
C 14,154 19,169 1.35 19.0 721 Two 1330 3
E 6,063 10,670 1.76 — — — — —
2 1,592 3,318 2.08 10.0 237 One 510 4
3 7,891 8,843 1.12 22.0 287 One 510 4
5 8,090 7,364 0.91 14.0 413 One 510 4
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Shear walls with shears that exceed 350 pounds per lineal foot will require 3x
framing at abutting panel edges with staggered nails. See also notes at bottom of
Table 1-2.

Where rigid diaphragm analysis shows seismic forces to the shear walls are higher
than from flexible diaphragm analysis, the wall stability and anchorage must be re-
evaluated. Engineering judgment should be used to determine if arigid diaphragm
analysis should be repeated due to changesin wall rigidity.

If rigid diaphragm loads are used, the diaphragm shears should be rechecked for
total load divided by diaphragm length along the individual wall lines.

6. Reliability/redundancy factor p. §1630.1.1

The reliability/redundancy factor penalizes lateral force resisting systems without
adequate redundancy. In this example (in Part 1), the reliability/redundancy factor
was assumed to be p =1.0. Thiswill now be checked.

20
p=2-— 20 (303)
e/ e

where:

Mex = the maximum element-story shear ratio.

For shear walls, the ratio for the wall with the largest shear per foot at or below
two-thirds the height of the building is calculated. Or in the case of athree-story
building, the lower two levels. The value of r,,,,, iScomputed from the total |ateral

load in the wall multiplied by 10/1,, and divided by the story shear.

[, =length of wall in feet

Ag =the ground floor area of the structure in square feet,

o = Ve (10/1,,)
! F
Ag =1542 ft
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For east-west direction:
Using strength-level forces for wall C:

_ 16,726(10/14.0)

r =0.26
mex 46,750

20 .
Pp=2-——F———=0.04<1.0minimum ok
0.26,/1,542

Op=L

o

Therefore, there is no increase in base shear required due to lack of
reliability/redundancy. The SEAOC Seismology Committee added the sentence
“The value of theratio 10/1,, need not be taken as greater than 1.0” in the 1999

SEAOC Blue Book—which will not penalize longer walls, but in this design
example has no effect.

Note that the cantilevered column e ements are not considered to be a moment
frame and are not subject to the r; and p requirements of §1630.1.

For north-south direction:

Using strength-level forces for wall 5:

_ 8090(10/14.0)

=0.31
mex 18,750

20 .
=2-—— =0.36 <1.0minimum o.k.
P 0.31,/1,542

Op=1

o

Therefore, for both directions there is no increase in base shear required due to lack
of reliability/redundancy.

7. Diaphragm deflections and whether diaphragms are flexible or rigid.

This step is shown only as areference for how to calculate horizontal diaphragm
deflections. Since the shear wall forces were determined using both flexible and
rigid diaphragm assumptions, there is no requirement to verify that the diaphragm
isactualy rigid or flexible.
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The design seismic force in the roof and floor diaphragms using Equation 33-1
must first be found. The design seismic force is then divided by the diaphragm area
to determine the horizontal loading in pounds per square foot (refer to Figures 1-13
and 1-14). The design seismic force shall not be less than 0.5C, Iw,, nor greater

than 1.0C, Iw,,, .

The basic equation to determine seismic forces on a diaphragm is shown below.
The following will compute the seismic forces in the north-south direction.

(33-1)

F, =0 inthisexample because T < 0.7 seconds.

Note that the forces in the east-west direction are higher.

_ (36,950 % 64,000)

F =
p roof 64,000

=36,9501b

_ 369501b

=———=17.07psf
p roof 2,1645(] it p

For the uppermost level, the above cal culation will always produce the same force
as computed in Eq. (30-15).

- _(36950x9,800)x39,000
p floor —
(39,000 + 64,000)

=17,7011b (governs)

Fo min =0.5C, Iw,, =0.5(0.40)(L.0)w,, =0.20(39,000)=7,8001b §1633.2.9

F o = L770Ub _ 1, e
1542sq ft

In this example, the roof and floor diaphragms spanning between line A and line B
will be used to illustrate the method. The basic equation to determine the deflection
of adiaphragm is shown below.

3 A X
A= L L ioassLe, + PALRY) §23222 V0. 3
8EAD 4Gt 2b
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The above equation is based on a uniformly loaded, uniformly nailed, simple span
diaphragm with blocked panel edges and is based on monotonic tests conducted by
the American Plywood Association (APA). The equation has four separate parts.
The first part of the equation accounts for beam bending, the second accounts for
shear deformation, the third accounts for nail dlippage/bending, and the last part
accounts for chord slippage. The UBC references thisin §2315.1.

For the purpose of this calculation, assume the diaphragm is a simple span
supported at A and B (refer to Figures 1-13 and 1-14). In reality, with continuity at
B, the actual deflection will be less.

Roof diaphragm.

Check diaphragm shear.

Based onthe F s =17.07psf ascomputed above, find roof shear to line A for
the east-west direction.

Areaof roof including over hangsis 22' x 43'.
2. Wwadll length is 39 ft.
3. Diaphragm shears are converted to allowable stress design by dividing by 1.4.

(17.07)43.0(22.0)
1.4(39.0)2

=148plf <190plf allowable

From Table 23-11-H, the allowable shear of 190 plf is based on 15/32-inch APA-
rated wood structural panels with unblocked edges and 10d nails spaced at 6 inches
on center at boundaries and panel edges. APA-rated wood structural panels may be
either plywood or oriented strand board (OSB).

Check diaphragm deflection.

The UBC specifies that the deflection be calculated on a unit load basis. In other
words, the diaphragm deflection should be based on the same load as the load used
for the lateral resisting elements, not F,, total force at the level considered. Since

the code now requires building drifts to be determined by the load combinations of
81612.2 (see Part 3b for additional comments), determine strength loads on
building diaphragm.

_369501b

=————=17.07psf
p roof 2,1645(] ft p
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(17.07 psf ) 43.0ft (22.0ft)
2(39.0ft)

= 207 pIf

With nails at 6 inches on center, the load per nail is 207(6/12) =104 1b/nail =V,

L =220 ft

b =390ft

G =90,000psi Table 23-2-JVol. 3
E =1,700,000 psi

A 54 chords = 2255qin. x 2 =1050sgin.

Sum of individual chord-splice slip.

Note that the areafor 2 —2x 4 top plates (chord) has been used. All top plates are
connected with metal straps. If ametal strap is not used, then use of the areafor
one top plate is recommended. Also note that the top platesat linelare 2—-2x6.
The deflection calculation will conservatively use the chord area of the 2 2x4s at
line5.

Fastener dlip/nail deformation values (e,).
e, =1.20(104/769)**" = 0.0017
t =0.298in. (for CDX or Standard Grade) Table 23-2-H

The chord-splice of the diaphragm will be spliced with a 12 gauge metal strap
using 10d nails. Assume a chord splice of the diaphragm at mid-span. The slippage
for both the diaphragm chordsis to be included. The nail slip value from APA
Research Report 138 can be used:

e, = (v, /769)**"° = (120/769)*" = 0.002in.
where:

The allowable load is 120 pound per nail (from NDS Table 12.3F for a 10d
nail in a 12-gauge strap).

V, = 120 Ib/nail in the strap. The elongation of the metal strap is assumed to
be 0.03 inches.

Therefore, the chord dlipis:

A, =0.002+0.03

A, =0.032in.
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3 (8.X)=(0.032)11.0ft (2) = 0.70in. - ft

Where the distance to the nearest support is 11'-0" and to get the sum for both

chords you multiply by 2.
3
. Seore0° | 207(220) 0188(22.0)0.0017 + 070 _h06in.
8(1.7E6)1050(39.0)  4(90,000)0.298 2(39.0)

This deflection is based on a blocked diaphragm. The UBC does not have a
formulafor an unblocked diaphragm. The APA is currently working on a
simplified formulafor unblocked diaphragms. Based on diaphragm deflection test
results performed by the APA, an unblocked diaphragm will deflect between 2 to
2%> times more than that of a blocked diaphragm or can be proportioned to
allowable shears. The roof diaphragm is also sloped at 5:12, which is believed to
increase the deflection (but has not been confirmed with tests). This design
example has unblocked panel edges for the floor and roof diaphragms, so a
conversion factor is necessary. It is assumed that the unblocked diaphragm will
deflect:

A =006(25) = 015in.

Note that at gable ended roofs, when the chord isin the plane of the roof (pitched),
the chord connection at the ridge should be carefully detailed to accommodate the
uplift component of the chord.

7b. Floor diaphragm.

Check diaphragm shear.

Based onthe F o, =11.48psf as computed in Part 7 above, find floor shear to
line A for the east-west direction (area of floor is 22x16).

Diaphragm shears are converted to allowabl e stress design by dividing by 1.4
where:

(11.48psf )16.0'(22.0)
(1.4)2(16.0)

=90plf <190plf Table 23-11-H

Allowable shear of 190 plf is based on 15/32-inch APA-rated sheathing with
unblocked edges and 10d nails spaced at 6 inches on center at boundaries and panel
edges supported on framing. APA-rated wood structural panels may be either
plywood or oriented strand board (OSB).
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Check diaphragm deflection:

9,80
fp floor — ﬁ =6.36 pSf

o

(6.36 psf )16.0ft (22.0ft)
2(16.0ft)

=70psf

With nails at 6 inches on center the load per nail is 70(6/12) = 35Ib/nail =V,

L =220ft
b=160ft

G = 90,000 psi Table 23-2-J, Vol. 3
E =1,700000ps

A2><4chords =5259 in.x2 = 1050 q in.
e, =1.2(35/769)**° = 48E-05
t = 0319in Table 23-2-H

Using an assumed single chord-splice slip of 0.032-inch at the mid-span of the
diaphragm:

SA X =(0.032)11.0ft (2) = 0.70in.

3
- 5(0)220° 70(220) 1000000048 - 05+ 070 =ooain
8(L7E6)1050(160) 4(90000)0319 2(160)
Converting to an unblocked diaphragm:
A =004(25)=010in.
7cC. Flexible versus rigid diaphragms. §1630.6

The maximum diaphragm deflection is 0.15 inches, assuming a simple span for the
diaphragm. The average story drift is on the order of 0.62 inches (see Part 4, Tables
1-9 and 1-12 for the computed deflections of the shear walls). For the diaphragms
to be considered flexible, the maximum diaphragm deflection will have to be more
than two times the average story drift, or 1.25 inches. Thiswould be eight times the
computed “simple span” deflections of the diaphragms. As defined by the UBC,
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the diaphragms are considered rigid. Since some amount of diaphragm deformation
will occur, the analysisis highly complex and beyond the scope of what is
normally done for this type of construction.

Diaphragm deflection analysis and testing to date has been performed on level/flat
diaphragms. There has not been any testing of sloped (e.g. roof) and complicated
diaphragms as found in the typical wood-framed single-family residence.
Conseguently, some engineers perform their design based on the roof diaphragm
being flexible and the floor diaphragm being rigid.

In this procedure, the engineer should exercise good engineering judgment in
determining if the higher load of the two methodologiesis actually required. In
other words, if the load to two walls by rigidity analysisis found to be 5 percent to
line A, 95 percent to line B, but by flexible analysisit is found to be 50 percent to
line A and 50 percent to line B, the engineer should probably design for the larger
of the two loads for the individual walls. Note that the same definition of aflexible
diaphragm has been in the UBC since the 1988 edition. However, it generally has
not been enforced by building officials for Type V' construction. The draft of the
IBC 2000 has repeated this same definition in Chapter 23 (wood) definitions. For
further discussion, see the Commentary at end of this example.

8. Does residence meet requirements of conventional construction provisions. §2320

The UBC has had prescriptive provisions for Type V (light frame) construction for
many years. It used to be quite common for building officials to allow developers,
architects, building designers, and homeowners to build structures under these
provisions without any engineering design. The size and style of current single-
family residences now being constructed—uwith vaulted ceilings and large floor
openings, tile roofs, and larger window sizes—require an engineering design be
done. Due to misuse of the conventional construction requirements, more stringent
limitations on the usage of these provisions were placed in the 1994 UBC.
Following is an analysis of the construction of the residence proposed in this
design example compared with conventional construction requirements and an
explanation of why an engineering design is required for both vertical and lateral
loads. As engineered design code changes continue to get more restrictive, the
“gap” between the double standard (i.e. conventional construction vs. engineered
design) continues to widen.

The structure must be checked against the individual requirements of §2320.1.

Additionally, because this structureisin Seismic Zone 4, it must also be checked
against 82320.5. Results of these checks are shown below.

Roof total loads.

Dead load of roof exceeds the 15 psf limit §2320.1
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Unusually shaped buildings.

Exterior braced wall panels at line D over the garage are horizontally offset
from the bracing systems at the floor below and therefore not in one vertical
plane.

Floor opening exceeds 12 feet and 50 percent of the least floor dimension
alineA.

Floor is not lateraly supported by braced wall lineson all edges.

Cantilever column bracing at the garage door does not conform to prescribed
methods.

Stud height exceeds 100" without lateral support at line 1.

Braced wall lines.

Spacing between braced wall lines 3 and 5 exceeds 25 feet maximum.
Minimum individual panel length isless than 4'-0" at second floor at line D.

0  Theresidence cannot be designed using the conventional construction
provisions of the code.

Design shear wall over garage on line D.

V =5,8281b (from Table 1-16)

Converting to alowable stress design for the wall frame:

V =5828/1.4 = 4,1591b (refer to Figures 1-11 and 1-15)
Determine h/w aspect ratios for the shear walls:
h/w=9.0/3.0=3.0
Maximum h/w = 2.0for Seismic Zones 3 and 4

Therefore, the wall piers need to be designed to transfer forces around
opening.

New h/wratio =4.0/3.0=133<20 ok

SEAQOC Seismic Design Manual

§2320.5.4.1

§2320.5.4.4

§2320.5.4.2

§2320.11.3

§2320.11.1

§2320.5.1

§2320.11.3

Table 23-11-G

Figure 23-11-1
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Design of wall frame (perforated shear wall with force transfer around opening).

It is possible to get the misleading impression from Table 23-11-1 that all adesigner
needs to do is add some blocking and straps in order to reduce the 4/w ratio. This
design example has a structure with 9'-0" plate heights, which makes using awall
frame feasible. However, when the plate height is 8'-0", which is a more common
plate height, there are chord development and panel nailing capacity problems.
Most often, the wall shears above and below the opening will be higher than in the
wall piers. This design example analyzes the wall frame and neglects gravity loads,
although from atechnically correct standpoint, some engineers will argue that
vertical loads need to be considered when determining wall shears. The standard
practice of neglecting gravity loads when considering wall shearsis considered
appropriate. Gravity loads are considered for anchorage of the wall in Part 9b.

Using statistics, determine the shears and forces in each free body panel. Thisisa

two-step procedure as follows:

First: Find forces acting on upper left corner of wall frame (Figure 1-15).

Second: Break up wall frame into free-body panel sections and balance forces for
each panel starting with upper left corner forces already determined (Figure 1-16).

ASSUME INFLECTION POINT AT MIDDLE OF WINDOW

)

V=41594

VRN

M
M
~N

V/2

9.0’

o
<

e -

~
«©
(9

3.0 4.0’ 3.0

10.0°

V=37434
FREE BODY UPPER LEFT CORNER
5

]

V=3743 =

4.33'

20804

18014 = 4151%#5%‘33

20804 = —7 =
Psow#

41594#x9.0’
10.0

18014x5.0°

Figure 1-15. Wall frame elevation at line D
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Figure 1-16. Free-body individual panels of wall on line D

70 SEAQC Seismic Design Manual, Vol. Il (1997 UBC)



9b.

Design Example 1 m Wood Light Frame Residence

Many engineerswill arbitrarily add tiedowns at the window jamb members (Figure
1-18). However, with this type of design, the tiedowns at these |ocations are not
necessary, but shear stresses above and below the window may become higher.
Adding tiedowns at the window jambs would increase the wall frame performance
and help prevent sill plate uplift at the window jambs, which occurs (to some
degree) when they are not provided.

Design horizontal tie straps above and below windows (Figure 1-18).

Determine the tie force for the horizontal strap (from Figure 1-16). Tieforceis
maximum at header beam.

F,, =1546lb

Consult ICBO Evaluation Reports for the allowable load capacity of
premanufactured straps.

Check penetration depth factor:
C, : for 10d nail thru-strap and ¥2" sheathing
penetration =3.0-0.060-0.5=2.4"
Required penetration for full value =12D =12x0.148=1.8< 24" o.k.

Allowable load per 10d common nail with 16 ga metal
sideplate=1131b 91 NDS Table 12.3F

1,5461b
113Ib/nail x1.33

=10.3nails

Number of 10d nailsrequired each end =

(nailing does not control)

Use a continuous 16 gauge x 1%zinch strap across the opening head and sill to
blocking.

Allowable strap load is (1.25)0.06(0.6x 33)1.33 =1,975Ib >1546lb  o.k.
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Oc. Load combinations using allowable stress design. §1612.3

The basic load combinations of §1612.3.1 do not permit stress increases. However,
the alternate basic load combinations of §1612.3.2 do permit stress increases.

The Erratato the first printing of the UBC added 0.9D + f—4 to the alternate basic
load combinations as Eq. (12-16-1).

Since this exact same load combination is listed in the basic |oad combinations, the
UBC isin contradiction and is confusing (to say the least). This design example
uses the alternate basic load combinations with the one-third stress increase.

ad. Check shear panel nailing in wall frame.

From Figure 1-16:
Maximum panel shear = 773 plf
2-inch edge nailing with sheathing both sides  o.%. Table 23-11-1-1
v adlowable = 2x870 =1,740plf

Note that sheathing on both sides of this wall does not appear to be required by the
code. To eliminate sheathing on one side, a compl ete design would recheck the
force distribution with the reduced wall rigidity. An inspection of Figure 1-13
would indicate that the center of rigidity would shift to the north and hence add
more torsional force to the wall.

Oe. Determine anchorage of wall to the supporting GLB.

The former UBC provision of using 85 percent of the dead loads for consideration
of uplift effects has now been replaced with the basic load combinationsin UBC
§1612.3.1 or 81612.3.2

From Figure 1-17:

w,, =100plf (triangleloading from hip roof)
P, =700lb
Wall ,, =11001Ib

Eh =V =5,828lb

M . =5828Ib(9.0ft) = 52,452 ft - |b (strength level)
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Figure 1-17. Wall frame elevation at D at second floor

Determine anchorage at A:

M , =100plf (10.0ft/2)(10.0 x 2/3) +1,100(10.0ft/2) + 7001b (10.0ft) = 8,833ft — Ib

3.5in.

With a 4% 6 post at each end wall L =10.0- =9.7ft

The critical loading conditionis: 0.9D + % (12-10)

(52,452/1.4) - (8,833x 0.9)

Upliftat A =
9.7t

=3,0431b

Determine anchorage at B:
M , =100plf (10.0ft/2)(10.0/3) + 1,100(10.0ft/2) + 7001b (10.0ft) =14,167ft — Ib

(52,452/1.4)- (14,167 x0.9)

Upliftat B =
9.7ft

=2,548lb

Elements supporting discontinuous systems §1630.8.2

Since location A does not continue to the foundation, check special seismic load
combination for elements supporting discontinuous systems.

12D+ f,L +10E, (12-17)

0.9D +10E,, (12-18)
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where:

f, = 0.0for roof live loads (non-snow)
f, = 0.5for live loads
E,=Q)E,
Determine the seismic force overstrength factor ©,
Q, =2.8for wood structural panel wall
Q_, =2.0for cantilevered column building systems

For east-west axis of structure R = 2.2 for cantilevered building systems
Therefore, Q, =2.0

Determine anchorage force at A for special seismic load combination:
E, =Q,E, =2.0(5828Ib)=11,6561b
M, =11,6561b(9.0t) =104,904ft - Ib

(104,904/1.4) - (8.833%0.9)
(10.0ft - 0.3ft)

Therefore, uplift = =6,905Ib

Consult ICBO Evaluation Reports for the allowable load capacity of
premanufactured straps.

Allowable load per 10d nail common with 14 ga metal

§1612.4
§1612.4
(30-2)
§1630.3.1
Table 16-N

Table 16-N

sideplate=1151b 91 NDS Table 12.3F

From Part 9b, with 3-inch nails penetration factor C; =1.0.

For allowable stress design, the allowable stress increase factor is 1.7 for stedl.

6,905Ib
115lb/nail (1.7)(1.33)

Number of 10d common nails required = =26.5nails

Use a continuous 14 gauge x 3-inch strap bent around GLB.

§1630.8.2.1
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Note that §1630.8.2.1 allows the combination of allowable stressincrease of 1.7
with the duration of load increase in Chapter 23.

Note that the adequacy of the GLB to resist the overturning of the wall must be
checked using the special seismic load combinations. As permitted in 81612.4 and
§1630.8.2.1, an alowable stress increase of 1.7 can be used in addition to the
duration of load increase of 1.33 for C,.

Also, the boundary post at the wall corner must be checked for orthogonal effects
with shear wall 5 (and on other locations in the structure with common corners). §1633.1

Diaphragm shears at the low roof over garage (Figure 1-20).

From Table 16-M, this has plan irregul arity type 4.

The diaphragm between lateral resisting elements C and E is required to transfer
the design seismic force from shear wall D due to the offset between D and E.
UBC 81633.2.9 requires the diaphragm force used in UBC Equation (33-1) to be
used. UBC 81630.8.2 references specia seismic load combinations of §1612.4 and
does not allow the one-third increase permitted under 81612.3.2

From Part 7 in this design example:

fp floor = 1148pSf

From Table 16-P: Q, for cantilever column type structuresis 2.0.
/,Q, =11.48x 2.0 = 22.96 psf

For simplification of analysis, assume the diaphragm over the garageisasimple
span between lateral resisting elements at lines C and E.

Load from wall D above =5,828 |b

v, =22.96(28.0ft)(22.0/2) + 58281b (15.0ft/22.0ft) = 11,0451b
vy =11,04511b/1.4(28.0) = 281plf > 215plf (for unblocked) n.g. Table 23-11-H

Therefore, panel edges need to be blocked. Since the allowable shear valuesin
Table 23-11-H already include aincrease for short-term loading, (C), ), the duration
of load increase (81612.3.1 and §1612.3.2) cannot be used concurrently with the
1.7 increase, as prohibited in 82316.2, Item 5.
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From Table 23-11-H, the allowable diaphragm shear for 19/32-inch APA sheathing,
with 10d common wire nails spaced at 6-inch centers, with blocked edges, is 320
plf.

320plf>281plf ok

[0 Use 10d @6 inches o.c. with blocked edges on 19/32-inch sheathing.

11. Detail the wall frame over the GLB.

Wall frame details must be shown on the drawings. Depending on the variations,
when multiple wall frames are on a project, it is necessary at times to have
individual details for each condition. While the detail shown in Figure 1-18 is
somewhat generic, it should be noted that a separate anchorage detail (keynote 10)
may be necessary where the end of the GLB is connected to the supporting post.

%

@ _©®
NENEE

N

50 000 o

bl

\ML\

1
@ 4x POST

@ 4x FULL HEIGHT KING STUD w/PLYWOOD EDGE NAILING

(3) 4x BLOCKING

@ 11/4_><16 GA. FULL LENGTH STRAP w/10d NAILS
@ 3" o/c , PLACED OVER PLYWOOD SHEATHING.

2x SILL PLATE w/ SILL ANCHORAGE PER SHEAR WALL
SCHEDULE

(6) 2-2x TOP PLATES

(7) 2x TRIMMER STUD

HEADER BEAM PER PLAN
(Q) 2-2¢ SILL PLATES

@ STRAP TO GLB — SEE FIGURE 1-19

Figure 1-18. Details of wall frame on line D at second floor
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12. Detail the anchorage of wall frame to the GLB.

Cross-grain shrinkage of the GLB may be a problem when using a connection of
the type shown in Figure 1-19. Also, nails above the neutral axis of the GLB

should be left out from the design to avoid cross-grain tension. In other words, only
the nails below the neutral axis are considered effective for uplift forces. To avoid
confusion in thefield, all nail holes are to befilled. It should be noted that a
separate anchorage detail may be necessary where the end of the GLB is connected
to the supporting post (intersection of grids D and 5).

4x6 POST x

T

2x6 SILL

18" MIN.

SLOT PLYWOOD
FOR STRAP

)

3"x14 GA. GALV.
STRAP BENT "U”
AROUND GLB AND

= i NAILS TO POST w/

2 ROWS 10d NAILS
@ 1 3/4" STAGGERED

{3icE i

3/8" PLYWOOD
SHIM AT STRAP 5-1/8" GLU-LAM BEAM

Figure 1-19. Detail of anchorage at point A (see also Figure 1-18)
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13. Detail the continuous load path at the low roof above the garage doors.

The low roof above the garage is an important part of the continuous load path.
Historically, this type of detail has been mis-detailed and mis-constructed. This
detail has two load paths: the loads from the roof can either go through the pitched
roof, or down the wall to the GLB and across the horizontal diaphragm to the
exterior wall.

Figure 1-20 shows one way that the shear transfer can be made. Also note that the

chord/drag tie of the top plates will be interrupted by the GLB-to-post connection
and will require detailing at grids D3 and D5.

| CONNECTOR TIE @ 48" o/c

2x6 @ 16”0 /c BN.

3x6 @ 48"0/c 2x10 SHAPED LEDGER

AT PANEL & w/2—-16d,/STUD

EDGES . @
16d @ 4” o/c

EN. TO 3x4 BLKG.

SILL ANCHORAGE ' 2x8 @ 18" o/c

PER SCHED. § 15/32" SHEATHING
B.N: N 2x SHAPED
E.N: RN BLKG.

"U" HANGERS EN. RN RIP 1x6 T&G

2x6 @ 16”0 /c

2nd FLOOR ! N
3-16d N EN TO
= ' TOP

Java = PLATE

—/V_
2x6 LEDGER w/- 2x4 BLKG.

3 ROWS OF ” "
16d @ 4" o/c ST AR A i i
EN. EN BECAUSE OF
SHRINKAGE—-STOP
SHEATHING AT
TOP OF GLB
EN

Figure 1-20. Detail of load path for low roof over garage
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Commentary

Following are some issues and topics related to the seismic design of wood frame
residences that can be used to improve design practices and/or understanding of
important aspects of design.

“Calc and sketch” philosophy.

In wood frame construction, particularly for single-family residences, it has been a
common design practice to have an engineer provide only calculations and
sketches for the architect to include on the architectural drawings.” Thisis done to
provide a cost savings to the owner. This approach has some significant problems
based on reviews of how residential framing is actually being constructed, the “calc
and sketch only” service is a practice which should be discontinued, with afew
exceptions.

Architects and building officials need to be encouraged to adopt the following
standards:

1.  Any new building (or remodel requiring the existing building to be brought
into conformance with the current building code) that cannot be clearly
shown to conform with building code conventiona construction framing
requirements should require submittal of structural drawings and calculations
signed for by alicensed civil or structural engineer.

2. Structural framing plans and details should be separate from the architectural
drawings.

Most new wood residential building designs are complex and beyond the
scope and intent of the prescriptive conventional construction requirements of
the UBC. Misuse of these conventional requirements has led to structures
with incomplete lateral force systems, resulting in poor performance in
earthquakes. Since the engineer generally is not asked to review the
architect’ sfinal drawings, the use of calculations and sketches lends itself to
poorly coordinated drawings and missing structural information. The
common practice of referring to details on architectural drawings as “similar”
leads to further confusion asto the design intent. The structural observation
reguirements of the code, when enforced (many jurisdiction do not require
structural observation for single-family residences), are even less effective,
since the architect did not design the structural system and often can not
identify what is missing or incorrect.

Rigid versus flexible diaphragm.

This design example illustrates seismic design using both flexible and rigid
diaphragms. It also illustrates that most one- and two-family dwellings have rigid
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80

diaphragms as defined by code. This being the case, a design based on flexible
diaphragm assumption would not be required if the design is based on therigid
diaphragm assumption. Using the common approach of basing wall rigidities on
deflections of shear walls and other vertical elements, the engineer first needsto
know or assume how the shear walls will be constructed (e.g., nail size and
spacing). Without performing a preliminary analysis, the procedure of just doing a
design based on rigid diaphragms may be subject to atrial and error process. One
method (as used in this design example) to avoid this processisto first perform an
analysis based on flexible diaphragms, then use the construction required from the
flexible diaphragms for determining the wall rigidities.

Part 2 of this design example uses flexible diaphragms to determine shear wall
construction. Parts 3, 4, and 5 of this design example use rigid diaphragms per
UBC requirements. The shear wall deflections used in this design example use
UBC equations. This needs to be viewed as one possible approach that is
substantiated by the code. However, other approaches can also be used. Two of
these are given below:

1. Therigidities of the shear walls can be based on the length of the wall times
the allowable shear capacity. This method can be appropriate provided the
tiedown assembly displacements are kept to a minimum. This may involve
using specific types of tiedown devices that limit displacementsto less than
18".

2. Shear wall rigidities can be based on graphs of the four-term shear wall code
deflection equation (see Part 3b). Asshown in Figure 1-21, achart of theseis
included in this section and is also considered appropriate in determining wall
rigidities.

Tiedown location.

When designing shear walls, the engineer needs to consider where the tiedown
posts will actually be located. The tiedown posts occur where shear walls stack
from floor to floor. The lower level wall requires tiedown devices on each side of
the tiedown post. However, the upper shear wall only requires atiedown device on
one side of the tiedown post. Since the posts must align between story levels, the
upper level tiedown post will need to be offset inward in order to line up with the
post below.

Based on actual tiedown post locations, the upper level shear wall design may have
to be rechecked once the lower level shear wall design is complete. The use of
tiedown devices on each side of the post will improve the shear wall performance,
since eccentricity in the connection, as occurs when there is only a single-sided
tiedown, is avoided. Double-sided tiedowns are generally preferred over single-
sided.
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Desigh comments.

This design exampleillustrates a detailed analysis for some of the important
seismic requirements of the 1997 UBC. To complete this design, the engineer will
have to check all the mgjor structural elements along the various lateral load paths
of the residence, including the foundations. The seismic calculations and details for
this example residence are approximately 50 percent complete. Normal engineering
design of this type of structure may omit many of the calculations shown in this
example and rely on good engineering judgment. This design exampleillustrates a
very comprehensive approach to the engineering calculations. This design example
fillsavoid in the available engineering literature on the subject—many engineers
have stated that there simply are not sufficient reference documents available on
this subject.

Inthe so called “big one,” it is expected that actual peak earthquake forces may be
2 to 3 times greater than the equivalent static forces required by the UBC and used
in this example. The use of good detailing practices with ductile elements to absorb
energy, clear construction documents with adequate detailing, structural site
observation, and special inspection are considered every bit asimportant as a
comprehensive set of structural calculations.
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Figure 1-21. Stiffness of one-story ¥-inch Structural-I plywood shear walls
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Design Example 2
Wood Light Frame Three-Story Structure
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Figure 2-1. Wood light frame three-story structure elevation

Foreword

After careful consideration and extensive discussion, SEAOC is recommending
that large wood frame structures, such as the three-story building in this design
example, be designed for seismic forces considering both rigid and flexible
diaphragm assumptions. This method represents a significant change from current
practice. At present, California practice has amost exclusively used the flexible
diaphragm assumption for determining distribution of story shears to shear walls.
There are two principal reasons for considering both rigid and flexible diaphragms.

First, since adoption of the 1988 UBC, there has been a definition of diaphragm
flexibility in the code (81630.6 of the 1997 UBC). Arguably, when introduced in
1988, this definition may not have been intended to apply to wood framed
diaphragms. After considerable discussion and re-evaluation, it is now the joint
opinion of the SEAOC Code and Seismology Committees that this definition
should be considered in wood framed diaphragms. The application of this
definition in wood construction often requires the use of the rigid diaphragm
assumption, and subsequent calculation of shear wall rigidities, for distribution of
story shears to shear walls. In fact, this definition results in many, if not most,
diaphragms in wood frame construction being considered rigid.

Many engineers feel that exclusive use of the flexible diaphragm assumption
results in underestimation of forces on some shear walls. For example, arigid
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diaphragm analysisis judged more appropriate when the shear walls are more
flexible compared to the diaphragm, particularly where one or more lines of shear
walls (or other vertical resisting elements) are more flexible than the others are.

Second, in some instances, the use of flexible diaphragm assumptions can actually
force the engineer to provide a more favorable lateral force resisting system than
would occur by only using rigid diaphragm assumptions. Flexible diaphragm
assumptions encourage the placement of shear walls around the perimeter of the
floor and roof area, therefore minimizing the need to have wood diaphragms to
resist torsional forces.

In this design example, the floor diaphragms are constructed using screw shank
nails, sheathing is glued to the framing members (to reduce floor squeaks), and
lightweight concrete fill is placed over the floor sheathing (for sound insulation).
Additionally, gyp board is applied to the framing underside for ceiling finish.
These materials in combination provide significantly stiffer diaphragms than those
represented by the diaphragm deflection equation of UBC standard 23-2.

For the part of the analysis that assumes arigid diaphragm, the engineer must also
select a method to estimate shear wall rigidities (and rigidities of other vertical
resisting elements). This also requires use of judgment because at the present time
there is no consensus method for estimating rigidities. In the commentary of
Design Example 1, several aternatives are discussed.

Prior to starting design of awood light frame structure, users of this document
should check with the local jurisdiction regarding both the level of analysis
required and acceptable methodol ogies.

Overview

88

This design example illustrates the seismic design of athree-story 30-unit hotel
structure. The light frame structure, shown in Figures 2-1, 2-2, 2-3, and 2-4, has
wood structural panel shear walls, and roof and floor diaphragms. The roofs have
composite shingles and are framed with plated trusses. The floors have a 1¥2-inch
lightweight concrete topping framed with engineered | joists. The primary
tiedowns for the shear walls use a continuous tiedown system.

This structure cannot be built using conventional construction methods for reasons
shown in Part 6 of this design example. The following sectionsillustrate a detailed
analysis for some of the important seismic requirements of the 1997 UBC. This
design exampleis not a complete building design, and many aspects of a complete
design, including wind design (see UBC 8606 ), are not included. Only selected
items of the seismic design are illustrated.

In general, the UBC recognizes only two diaphragm categories: flexible and rigid.
However, the digphragms in this design example are considered to be semi-rigid.
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Hence, the analysis will use the envel ope method, which considers the worst
loading condition from the flexible and rigid diaphragm analyses for each vertical
shear resisting element. It should be noted that the envel ope method, although not
explicitly required by code, is deemed necessary and good engineering practice for
this design example.

Initialy, the shear wall nailing and tiedown requirements are determined using the
flexible diaphragm assumption. Secondly, use these shear wall forces to determine
shear wall rigidities for the rigid diaphragm analysis. Finaly, further iterations may
be required with significant stiffness redistributions.

The method of determining shear wall rigidities used in this design exampleis by
far more rigorous than normal practice but is not the only method available to
determine shear wall rigidities. The commentary following Design Example 1

illustrates two other simplified approaches that would also be appropriate for this
design example.

Outline

This example will illustrate the following parts of the design process:

Design base shear and vertical distributions of seismic forces.

Lateral forces on the shear walls and required nailing assuming flexible
diaphragms.

Rigidities of shear walls.
Distribution of lateral forces to the shear walls.
Reliability/redundancy factor p.

Does structure meet requirements of conventional construction
provisions?

Diaphragm deflections to determine if the diaphragm is flexible or rigid.
Tiedown forces for shear wall on line C.

Tiedown connection at the third floor for the shear wall on line C.

[

B 5] [ = B [ ] B ] [ [
=] [5 _ o] [5] [

Tiedown connection at the second floor for the shear wall on line C.

1 Anchor bolt spacing and tiedown anchor embedment for shear wall on
line C.
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Detail of tiedown connection at the third floor for shear wall on line C
(Figure 2-9).

[
w

Detail of tiedown connection at the second floor for shear wall at line C.
(Figure 2-10).

[

[
N

Detail of wall intersection at exterior shear walls (Figure 2-11).

[
al

Detail of tiedown connection at foundation (Figure 2-12).

Detail of shear transfer at interior shear wall at roof (Figure 2-13).

[
~

Detail of shear transfer at interior shear walls at floors (Figure 2-14).

[
(o0}

Detail of shear transfer at interior shear walls at foundation (Figure 2-15).

19 Detail of sill plate at foundation edge (Figure 2-16).

N
o

Detail of shear transfer at exterior wall at roof (Figure 2-17).

N
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Detail of shear transfer at exterior wall at floor (Figure 2-18).

Given Information

90

Roof weights (slope 6:12): Foor weights:
Roofing 3.5 psf Flooring 1.0 psf
Y2" sheathing 15 Lt. wt. concrete  14.0
Trusses 35 5/8" sheathing 1.8
Insulation 15 Floor framing 5.0
Miscellaneous 0.7 Miscellaneous 04
Gyp ceiling 2.8 Gyp ceiling 2.8
DL (along slope) 13.5 psf 25.0 psf

DL (horiz. proj.) = 13.5 (13.41/12) = 15.1 psf
Stair landings do not have lightweight concrete fill
Areaof floor plan is 5,288 sq ft

Weights of respective diaphragm levels, including tributary exterior and interior
walls:

Wroof = 135,000 Ib
Wiadfioor = 2300,000 Ib
Wondgfioor = 230,000 1b
w = 595,0001b
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Weights of diaphragms are typically determined by taking one-half height of walls
at the third floor to the roof and (with equal story heights) full height of walls for
the third and second floor diaphragms.

Framing lumber is Douglas Fir-Larch (DF-L) grade stamped No. 1 S-Dry.

(Note: The designer must recognize the increased potential for shrinkage problems
when green lumber is used. The shrinkage of lumber can effect the architectural
and mechanical systems aswell as the structural system. The potential for wood
shrinkage problems proportionally increases with the number of storiesin the
structure.)

Foundation sill plates are pressure-treated Hem-Fir.

APA-rated wood structural panels for shear walls will be 15/32-inch-thick
Structural 1, 32/16 panel index span rating, 5-ply with Exposure | glueis specified.
However, 4-ply is aso acceptable. Three-ply 15/32-inch sheathing has lower
allowable shears and the inner ply voids can cause nailing problems.

Theroof is 15/32-inch-thick APA-rated sheathing (equivalent to C-D in Table
23-11-4), 32/16 span rating with Exposure | glue.

Thefloor is 19/32-inch-thick APA-rated Sturd-1-Floor 24" o/c rating (or APA-rated
sheathing, 48/24 span rating) with Exposure | glue.

Common wire nails are used for diaphragms, shear walls, and straps.

Sinker nailswill be used for design of the shear wall sill plate nailing at the second
and third floor. (Note: Many nailing guns use the smaller diameter box and sinker
nailsinstead of common nails. Closer nail spacing may be required if the smaller
diameter nails are used).

Seismic and site data:
(Zone 4) Table 16-I
| =1.0 (standard occupancy) Table 16-K
Seismic source Type= B
Distance to seismic source = 12 km
Soil profile type = S

Sc has been determined by geotechnical investigation. Without a geotechnical
investigation, Sy can be used as a default value.
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Figure 2-2. Foundation plan (ground floor)
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Note: Shear walls on lines 2 and 3 do not extend from the third floor to the roof.
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Factors That Influence Design

Before starting the example, four important related aspects of the design will be
discussed. These are the effect of moisture content on lumber, the use of
pre-manufactured roof trusses, proper detailing of shear walls at building pop-outs,
and effects of box nails on wood structural panel shear walls.

Moisture content in lumber connections.

This design example is based on dry lumber. Project specifications typically call
for lumber to be grade-stamped S-Dry (Surfaced Dry). Dry lumber has a moisture
content (MC) less than or equal to 19 percent. Partially seasoned or green lumber
grade stamped S-GRN (surfaced green) has a MC between 19 percent and 30
percent. Wet lumber has aMC greater than 30 percent. Construction of structures
using lumber with moisture contents greater than 19 percent can produce shrinkage
problems. Note that UBC §2304.7 requires consideration of lumber shrinkage.
Also, many engineers and building officials are not aware of the reduction
requirements or wet service factors related to installation of nails, screws, and bolts
(fasteners) into lumber with moisture content greater than 19 percent. For fasteners
installed in lumber with moisture content greater than 19 percent, the wet service
factor C,, =0.75 for nailsand C,, =0.67 for bolts, lags and screws (91 NDS

Table 7.3.3) are used.

For construction using lumber of MC greater than 19 percent, there is a 25 percent
to 33 percent reduction in the strength of connections, diaphragms, and shear walls
that is permanent. The engineer needs to exercise good engineering judgment in
determining whether it is prudent to base the structural design on dry or green
lumber. Other areas of concern are the geographical area and the time of year the
structure is built. 1t is possible for green lumber (or dry lumber that has been
exposed to rain) to dry out to a moisture content below 19 percent on the
construction site. For 2x framing, this generally takes about 2 to 3 weeks of
exposureto dry air, 4x lumber takes even longer. Drying occurs when the surfaces
are exposed to air on al sides, not while stacked on pallets (unless shimmed with
stickers). Moisture content can easily be verified by a hand held “moisture meter.”

Use of pre-manufactured roof trusses to transfer lateral forces.

The structura design in this design example uses the pre-manufactured wood roof
trusses. Under seismic forces, these must transfer the lateral forces from the roof
diaphragm to the tops of the interior shear walls. To accomplish this, specia
considerations must be made in the design and detailed on the plans. In particular,
any trusses that are to be used as collectors or lateral drag struts should be clearly
indicated on the structural framing plan. The magnitude of the forces, the means by
which the forces are applied to the trusses and transferred from the trusses to the
shear walls must be shown on the plans. In addition, if the roof sheathing at the hip
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ends breaks above the joint between the end jack trusses and the supporting girder
truss, the lateral forces to be resisted by the end jacks should be specified so that an
appropriate connection can be provided to resist these forces. The drawings also
must specify the load combinations and whether or not a stressincrease is
permitted. If ridge vents are being used, special detailing for shear transfers must
be included because normal diaphragm continuity is disrupted.

Proper detailing of shear walls at building pop-outs.

The structure for this design example has doubled-framed walls for party walls and
exterior “planted-on” box columns (pop-outs). The designer should not consider
these walls as shear walls unless special detailing and analysis is provided to
substantiate that there is a viable lateral force path to that wall and the wall is
adequately braced.

Effects of box nails on wood structural panel shear walls.

This design example uses common nails for fastening wood structural panels.
Based on cyclic testing of shear walls and performance in past earthquakes, the use
of common nailsis preferred. UBC Table 23-11-1-1 lists allowable shears for wood
structural panel shear walls for “common or galvanized box nails.” Footnote
number five of Table 23-11-1-1, states that the galvanized nails shall be “hot-dipped
or tumbled” (these nails are not gun nails). Most contractors use gun nails for
diaphragm and shear wall installations. The UBC does not have a table for
allowable shears for wood structural panel shear walls or diaphragms using box
nails.

Box nails have a smaller diameter shank and a smaller head size. Using 10d box
nails would result in a 19 percent reduction in allowable load for diaphragms and
shear walls as compared to 10d common nails. Using 8d box nails would result in a
22 percent reduction in alowable load for diaphragms and shear walls as compared
to 8d common nails. Thisis based on comparing allowable shear values listed in
Tables 12.3A and 12.3B in the 1997 NDS for one-half-inch side member thickness
(ts) and Douglas Fir-Larch framing. In addition to the reduction of the shear wall

and diaphragm capacities, when box nails are used, the walls will also drift more
than when common nails are used.

A contributor to the problem is that when contractors buy large quantities of nails
(for nail guns), the word “box” or “common” does not appear on the carton label.
Nail length and diameters are the most common listing on the labels. Thisiswhy it
is extremely important to list the required nail lengths and diameters on the
structural drawings for all diaphragms and shear walls. Another problem is that
contractors prefer box nails because their use reduces splitting, eases driving, and
they cost less.

Just to illustrate a point, if an engineer designs for “dry” lumber (as discussed

above) and “common” nails, and subsequently “green” lumber and “box” nails are
used in the construction, the result is a compounding of the reductions. For
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example, for 10d nailsinstalled into green lumber, the reduction would be 0.81
times 0.75 or a 40 percent reduction in capacity.

Calculations and Discussion Code Reference

1. Design base shear and vertical distributions of seismic forces. 8§1630.2.2

la.| Design base shear.

Determine period using Method A (see Figure 2-5 for section through structure):

T =C,(h,)¥* = 020(3363)** = 0.28sec (30-8)

PREMANUFACTURED
METAL ROOF TRUSSES
16" o/c

TOP_PLATES + 27.0%

3RD FLOOR +1 8.88"

33.63

2x4o16‘o/c( PREMANUFACTURED "I"
JOISTS @24"0/c

2ND FLOOR +9.44’

4" SLAB-ON-GRADE
1ST FLOOR +0.00' /_

Ly

48'-0"

T
¥ [

Figure 2-5. Typical cross-section through building
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With seismic source type B and distance to source = 12 km

N, =1.0 Table 16-S

a

N, =10 Table 16-T

Vv

For soil profiletype S and Z = 0.4

C, =0.40N, = 0.40(1.0) = 0.40 Table 16-Q
C, =0.56N, = 0.56(1.0) = 0.56 Table 16-R
Because the stud walls are both wood structural panel shear walls
and bearing walls Table 16-N
R=55

Design base shear is:

_Gyl,, - 056 (10)

W =0364W (30-4)
RT 55(0.28)

\Y

Note: design base shear is now on a strength design basis.
but need not exceed:

_25C,! 2.5(0.40)(1.0)

W =0.182W (30-5)
R 55

\Y

V =0.11C, IW = 0.11(0.40) (1.0)W = 0.044W < 0.182W

Check Equation 30-7:

_ 0.8ZN, | W = 0.8x0.4x1.0 ><1.0W
R 55

\Y

V =0.058W < 0.182W

All of the tablesin the UBC for wood diaphragms and shear walls are based on
alowable loads.
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It isdesirable to use the strength level forces throughout the design of the structure
for two reasons:

1. Errorsin calculations can occur and which load is being used—strength
design or allowable stress design—may be confused. This design example
will use the following format:

Viaseshear = Strength
Fox = strength
Fy = force-to-wall (strength)
v = wall shear at element level (ASD)
V= Fx = ASD
1.4b

2. Future editions of the code will use only strength design.
where:

E, ispermitted to be taken as zero for allowable stress design, and p will be

assumed to be 1.0 (under most casesis 1.0 for Type V construction with
interior shear walls). Since the maximum element story shear is not yet
known, the assumed value for p will have to be verified. (Thiswill be shown

inPart 5.)

The basic load combination for allowable stress design for horizontal forcesis:

p+E =0+ E=FE (12-9)
14 14 14

For vertical downward loads:
D+LE orD+ 0.7% +(L, orS)+ =8 (12-10,12-11)
1.4 1.4H
For vertical uplift:
E
09D +— (12-10)
14
V =0.182W §1612.3.1

OV =0.182(595,0001b) = 108,2901b
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Vertical distributions of forces.

The base shear must be distributed to each level. Thisis done as follows:

F = (V _nFt )thx (30-15)

px
> wh
B

Where h, isthe average height at level i of the sheathed diaphragm in feet above
the base.

Since T =0.28 second < 0.7 second, F, =0
Determination of F,, isshownin Table2-1. §1630.5

Note: Although not shown here, designers must also check wind loading. In this
example, wind loading may control the design in the east-west direction.

Table 2-1. Vertical distribution of seismic forces

wyhy o F pr
Level W, (k) hx (ft) thx (k-ft) (%) pX k) Ftot (k)
2 w;h, W,y
Roof 135.0 336 4,536 411 445 0.330 445
3dFloor | 230.0 18.9 4,347 39.4 427 0.186 87.2
2 Floor | 230.0 9.4 2,162 195 21.1 0.092 108.3
s 595.0 11,045 108.3

Lateral forces on the shear walls and required nailing assuming flexible
diaphragms.

In this step, forces on shear walls due seismic forces will be determined. As has
been customary practice in the past, this portion of the example assumes flexible
diaphragms. The UBC does not require torsional effects to be considered for
flexible diaphragms. The effects of torsion and wall rigiditieswill be considered in
Part 4 of this design example.

Under the flexible diaphragm assumptions, loads to shear walls are determined
based on tributary areas with simple spans between supports. Another method of
determining loads to shear walls can assume a continuous beam. This design
example uses the total building weight W applied to each respective direction. The
results shown will be dightly conservative, since the building weight W includes
the wall weights for the direction of load, which can be subtracted out. This
example converts the story forces into seismic forces per square foot of floor or
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roof area. This may result in loosing a certain amount of precision, but in turn
results in much simpler calculations. This approach is generally considered
acceptable unless there is seen to be a concentration of dead load in a particular
area (e.g., amechanical penthouse).

A detailed analysis will include the derivation of these tributary weights, which
includes the tributary exterior and interior wall weights.

Using forces from Table 2-1 and the area of the floor plan = 5,288 sf, calculate
tributary weights.

For roof diaphragm:

Roof area = 5,288 sq ft

44.5x1,000
pr‘OOf = W =8.415 pSf
For third floor diaphragm:

Floor area = 5,288 sq ft

_ 42.7%1,000
p3rd 5,288

=8.075psf
For second floor diaphragm:
Floor area = 5,288 sq ft

_ 21.1x1,000

= = 3.990 psf
p2nd 5’ 288 p
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Table 2-2. Forces to walls and required panel nailing for east-west direction® *3

. Fiot') | Sheathed | Allowable | Edge Nail
Wall (T;lbﬂ/;\rea Z Fapove Y R 0) | Fe (b) | b () V= (]to:‘r)b lor2 Shear® Spgcing
g (Ib) o ' sides (plf) (in.)
Shear Walls at Roof Level ()
A 170 0 1,430 1,430 12.5 85 1 340 6
B 746 0 6,280 6,280 22.0 205 1 340 6
C 1,344 0 11,310 11,310 43.0 190 1 340 6
E 1,344 0 11,310 11,310 43.0 190 1 340 6
F 960 0 8,080 8,080 43.0 135 1 340 6
G 554 0 4,660 4,660 22.0 155 1 340 6
H 170 0 1,430 1,430 125 85 1 340 6
> 5,288 0 44,500 44,500 198
Shear Walls at Third Floor Level
A 170 1,430 1,375 2,805 125 160 1 340 6
B 746 6,280 6,025 12,305 22.0 400 1 510 4
C 1,344 11,310 10,850 22,160 43.0 370 1 510 4
E 1,344 11,310 10,850 22,160 43.0 370 1 510 4
F 960 8,080 7,750 15,830 43.0 265 1 510 4
G 554 4,660 4,475 9,135 22.0 300 1 510 4
H 170 1,430 1,375 2,805 12.5 160 1 340 6
2 5,288 44,500 42,700 87,200 198
Shear Walls at Second Floor Level

A 170 2,805 680 3,485 12.5 200 1 340 6
B 746 12,305 2,975 15,280 22.0 500 1 665 3
C 1,344 22,160 5,365 27,525 43.0 460 1 665 3
E 1,344 22,160 5,365 27,525 43.0 460 1 665 3
F 960 15,830 3,830 19,660 43.0 330 1 665 3
G 554 9,135 2,210 11,345 22.0 370 1 665 3
H 170 2,805 680 3,485 125 200 1 340 6

2 5,288 87,200 21,100 108,300 198

Notes:

1.  Minimum framing thickness: The 1994 and earlier editions of the UBC required 3% nominal thickness
stud framing at abutting panel edges when 10d common nails were spaced 3 inches on center or closer
(2" on center for 8d) or if sheathing isinstalled on both sides of the studs without staggered panel joints.
The 1997 UBC (Table 23-11-1-1 Footnote 2 and 3) requires 3% nominal thickness stud framing at
abutting panels and at foundation sill plates when the allowable shear values exceed 350 pounds per foot
or if the sheathing is installed on both sides of the studs without staggered panel joints.

2. Sill bolt washers. Section 1806.6.1 of the 1997 UBC requires that a minimum of 2-inch-square by
3/16-inch-thick plate washers be used for each foundation sill bolt (regardless of allowable shear values
in the wall). These changes were aresult of splitting of framing studs and sill plates observed in the
Northridge earthquake and in cyclic testing of shear walls. The plate washers are intended to help resist
uplift forces on shear walls. Because of observed vertical displacements of tiedowns, these plate washers
arerequired even if the wall has tiedowns designed to take uplift forces at the wall boundaries. The
washer edges shall be parallel/perpendicular to the sill plate. Erratato the First Printing of the 1997 UBC
(Table 23-11-1-1 Footnote 3) added an exception to the 3% foundation sill plates by allowing 2 X
foundation sill plates when the allowable shear values are less than 600 pounds per foot, provided that
sill bolts are designed for 50 percent of allowable values.

3. The 1999 SEAOC Blue Book recommends special inspection when the nail spacing is closer than 4" on
center.
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Allowable shear from UBC Table 23-11-I-1.
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The shear wall length used for wall shearsisthe “out-to-out” wall length.
Note that forces are strength level and that shear in wall is divided by 1.4 to convert to allowable stress

APA Structural | rated wood structural panels may be either plywood or oriented strand board (OSB).

Shear walls at lines C, E, and F extend to the bottom of the prefabricated wood trusses at the roof level.

Shear transfer is obtained by framing clips from the bottom chord of the trusses to the top plates of the
shear walls. Project plans call for trusses at these linesto be designed for these horizontal forces (see also
comments in Part 8). Roof shear forces are also transferred to lines A, B, G, and H.

Table 2-3. Forces to walls and required panel nailing for north-south direction® % ?

. 4 .
war | TPAEa ] Faove SF ) | Fo ()| bog | v= o (ol Mo | Moo Esdr?aecﬁ'é"
(sqft) (Ib) (L4 sides (ol (in)
Shear Walls at Roof Level (5)

1 2,644 0 22,250 22,250 64.5 250 1 340 6

2 0 0 0 0 0 0

3 0 0 0 0 0 0

4 2,644 0 22,250 22,250 64.5 250 1 340 6
2 5,288 0 44,500 44,500 129.0

Shear Walls at Third Floor Level

1 1,202 22,250 9,705 31,955 64.5 355 1 510 4

2 1,442 0 11,645 11,645 60.0 140 1 340 6

3 1,442 0 11,645 11,645 60.0 140 1 340 6

4 1,202 22,250 9,705 31,955 64.5 355 1 510 4
2 5,288 44,500 42,700 87,200 249.0

Shear Walls at Second Floor Level

1 1,202 31,955 4,795 36,750 64.5 410 1 510 4

2 1,442 11,645 5,755 17,400 60.0 210 1 340 6

3 1,442 11,645 5,755 17,400 60.0 210 1 340 6

4 1,202 31,955 4,795 36,750 64.5 410 1 510 4
2 5,288 87,200 21,100 108,300 249.0

Notes:

1. Minimum framing thickness: The 1994 and earlier editions of the UBC required 3% nominal thickness stud
framing at abutting panel edges when 10d common nails were spaced 3 inches on center or closer (2" on center for

8d) or if sheathing isinstalled on both sides of the studs without staggered panel joints. The 1997 UBC (Table

23-11-1-1 Footnote 2 and 3) requires 3% nominal thickness stud framing at abutting panels and at foundation sill
plates when the allowable shear values exceed 350 pounds per foot or if the sheathing isinstalled on both sides of
the studs without staggered panel joints.
2. Sl bolt washers: Section 1806.6.1 of the 1997 UBC requires that a minimum of 2-inch-square by 3/16-inch-thick
plate washers be used for each foundation sill bolt (regardless of allowable shear valuesin the wall). These

changes were aresult of splitting of framing studs and sill plates observed in the Northridge earthquake and in

cyclic testing of shear walls. The plate washers are intended to help resist uplift forces on shear walls. Because of
observed vertical displacements of tiedowns, these plate washers are required even if the wall has tiedowns
designed to take uplift forces at the wall boundaries. The washer edges shall be parallel/perpendicular to the sill

plate. Erratato the First Printing of the 1997 UBC (Table 23-11-1-1 Footnote 3) added an exception to the 3%
foundation sill plates by allowing 2% foundation sill plates when the allowable shear values are less than 600
pounds per foot, provided that sill bolts are designed for 50 percent of allowable values.
3. The 1999 SEAOC Blue Book recommends special inspection when the nail spacing is closer than 4" on center.
4. Note that forces are strength level and that shear in wall is divided by 1.4 to convert to allowable stress design.
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5. Theinterior shear walls at lines 2 and 3 were not used to brace the roof diaphragm. Thisis because installing wall
sheathing (blocking panels) perpendicular to plated trusses is labor intensive. Ofteniit is not installed correctly,
and occasionally it is not even installed due to contractor error. This approach will increase the third floor
diaphragm transfer (redistribution) forces. With rigid diaphragms, you must carefully follow the load paths.

3a.

104

Rigidities of shear walls.

Rigidity calculation using the UBC deflection equation.

Determination of wood shear wall rigiditiesis not asimple task. In practice,
approximate methods are often used. The method illustrated in this exampleis by
far the most rigorous method used in practice. There are other methods that are
more simplified, and use of these other more simplified methods is often
appropriate. The alternate methods are briefly discussed in the Commentary to
Design Example 1.

It must be emphasized, that at the present time every method is approximate,
particularly for multistory structures such asin this example. Until more definite
general procedures are established through further testing and research, the
designer must exercise judgment in selecting an appropriate method to be used for
agiven structure. When in doubt, consult with the local building official regarding
methods acceptable to the jurisdiction. At the time of this publication, the type of
seismic design required for a project of this type varies greatly from jurisdiction to
jurisdiction.

Wall rigidities are approximate. Theinitial rigidity R of the structure can be
significantly higher due to stucco, drywall, stiffening effects of walls not
considered, and areas over doors and windows. During an earthquake, some
low-stressed walls may maintain their stiffness and others degrade in stiffness.
Some walls and their collectors may attract significantly more lateral load than
anticipated in flexible or rigid diaphragm analysis. It must be understood that the
method of analyzing a structure using rigid diaphragms takes significantly more
engineering effort. However, use of the rigid diaphragm method indicates that
some lateral resisting elements can attract significantly higher seismic demands
than from tributary area (i.e., flexible diaphragm) analysis methods.

In this example, shear wall rigidities (k) are computed using the basic stiffness
equation:

F=ka
or:

k=F
A
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The basic equation to determine the shear wall deflectionsis shown below. This
should be viewed as one possible approach that can be substantiated with code
equations. There are other approaches that can also be used.

3
p=80" W, o 78he, + D, §23.223Vol. 3
EAb | Gt b

where:
v = shear in the wall in pounds per lineal foot

h = height from the bottom of the sill plate to the underside of the framing at
diaphragm level above (top plates)

A = area of the boundary element in square inches

At the third floor, the boundary elements consist of 2-2x4s
(see Figure 2-9)

At the second floor, the boundary elements consist of 3-2x4s
(see Figure 2-10)

At the ground floor, the boundary elements consist of 3-3x4s:
b = isthe shear wall length in feet
G = shear modulus values from Table 23-2-J, in pounds per square inch
t = equivalent thickness values from Table 23-2-1, in inches

V,, = load per fastener (nail) in pounds

— ; ; : ; — 3.276
e, = nail dlip values are for Structural | sheathing with dry lumber = (v, /769)
d, = displacement of the tiedown due to anchorage detailsin inches

The above equation is based on tests conducted by the American Plywood
Association and on a uniformly nailed, cantilever shear wall with fixed base and
free top, a horizontal point load at top, and panel edges blocked, and deflection is
estimated from the contributions of four distinct parts. The first part of the equation
accounts for cantilever beam action using the moment of inertia of the boundary
elements. The second term accounts for shear deformation of the sheathing. The
third term accounts for nail slippage/bending, and the fourth term accounts for
tiedown assembly displacement (this also should include bolt/nail slip and
shrinkage). The UBC references this equation in 82315.1.
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The engineer should be cautioned to use the units as listed in §23.223 (and as listed
above). Do not attempt to change the units.

Testing on wood shear walls has indicated that the above deflection formulais
reasonably accurate for wall aspect ratios (h/w) lower than or equal to 2:1. For

higher aspect ratios, the wall drift increases significantly, and displacements were
not be adequately predicted by the formula. Using the new aspect ratio requirement
of 2:1 (UBC 1997) makes this formula more accurate for determining shear wall
deflection/stiffness than it was in previous editions of the UBC, subject to the
limitations mentioned above.

Recent testing on wood shear walls has shown that sill plate crushing under the
boundary element can increase the shear wall deflection by as much as 20 to 30
percent. For a calculation of this crushing effect, see the deflection of wall frame at
line D later in this same Part 11c.

Faster slip/nail deformation values (e,).

Volume 3 of the UBC has Table 23-2-K for obtaining values for g,. However, its

use is somewhat time-consuming since interpolation and adjustments are
necessary. Footnote 1 to Table 23-2-K requires the values for e, to be decreased
50 percent for seasoned lumber. This means that the table is based on nails being
driven into green lumber and the engineer must use one-half of these values for
nailsdrivenin dry lumber. The valuesin Table 23-2-K are based on tests
conducted by the APA. The 50 percent reduction for dry lumber is a conservative
factor. The actual tested slip values with dry lumber were less than 50 percent of
the green lumber values.

It is recommended that values for e, be computed based on fastener slip equations
from Table B-4 of APA Research Report 138. This research report is the basis for
the formulas and tables in the UBC. Both the research report and the UBC will
produce the same values. However, using the fastener slip equations from Table
B-4 of Research Report 138 will save time and a so enable computations to be
made by a computer.

For 10d common nails used in this example, there are two basic equations.

When nails are driven into green lumber: e, = (v, /977)-%* APA Table B-4
When nails are drive into dry lumber: e, = (\/n / 769)3'276 APA Table B-4
where:

V,, = fastener load in pounds per fastener
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These values from the above formulas are based on Structural | sheathing and must
be increased by 20 percent when the sheathing is not Structural |. The language in
Footnote A in Research Report 138, Table B-4, which states “Fabricated
green/tested dry (seasoned)...” is potentially misleading. The valuesin the table are
actually green values, since the assembly is fabricated when green. Don’t be misled
by the word “ seasoned.”

It is uncertain whether or not the d, factor isintended to include wood shrinkage

and crushing due to shear wall rotation, because the code is not specific. This
design example includes shrinkage and crushing in the d,, factor.

Many engineers are concerned that if the contractor installs the nails at a different
spacing (too many or too few), then the rigidities will be different than those
calculated. However, nominal changing of the nail spacing in agiven wall does not
significantly change the stiffness.

3b. Calculation of shear wall rigidities.

In this example, shear wall rigidities are calculated using the four-term code
deflection equation in §23.223 of Volume 3. These calculations are facilitated by
the use of a spreadsheet program, which eliminates possible arithmetic errors from
the many repetitive computations that must be made.

The first step isto calculate the displacement (i.e., vertical elongation) of the
tiedown assemblies and the crushing effect of the boundary element. Thisisthe
term d, . The force considered to act on the tiedown assembly is the net uplift
force determined from the flexible diaphragm analyses of Part 2. These forces are
summarized in Tables 2-4, 2-9, and 2-13 for the roof at the third floor and second
floor, respectively.

After the tiedown assembly displacements are determined, the four-term deflection
equation is used to determine the deflection Ag of each shear wall. These are
summarized in Tables 2-5 and 2-6 for the roof level, and in Tables 2-10 and 2-11
for the third floor level, and in Table 2-14 and 2-15 for the second floor level.

Finally, therigidities of the shear walls are summarized in Tables 2-7, 2-12, and
2-16 for the roof, third floor, and second floor, respectively.

For both strength and allowable stress design, the 1997 UBC now requires building
drifts to be determined by the load combinations of 81612.2, which covers load
combinations using strength design or load and resistance factor design. Errata for
the second and third printing of the UBC unexplainably referenced §1612.3 for
allowable stress design. The reference to 81612.3 isincorrect and will be changed
back to reference 81612.2 in the fourth and later printings.
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Using strength level forces for wood design using the 1997 UBC now means that
the engineer will use both strength-level forces and allowable stress forces. This
can create some confusion, since the code requires drift checks to be strength-level
forces. However, al of the design equations and tables in Chapter 23 are based on
allowable stress design. Drift and shear wall rigidities should be calculated from
the strength-level forces. Remember that the structural system factor R is based on
using strength-level forces.

Estimation of roof level rigidities.

To determine roof level wall rigidities, roof level displacements must first be
determined. Given below are a series of calculations, donein table form, to
estimate the roof level displacements Ag in each shear wall. First, the shear wall
tiedown assembly displacements are determined (Table 2-4). These, and the
parameters given in Table 2-5, are used to arrive at the displacements As for each
shear wall at the roof level (Table 2-5 and 2-6). Rigidities are estimated in Table
2-7 for walls in both directions. Once the A displacements are known, a drift check
isperformed. Thisis summarized in Table 2-8.

Table 2-4. Determine tiedown assembly displacements at roof level !

ASD Strength Design
Wall | uplift/1.4 @ Tiedown Uplit (b) Tiedown® Tledown Assembly Displacement d,m

(Ib) Device Elongation (in.) Shrink Crush® Slip® (in)
A 0 Not required 0 0 0.05 0.02 0 0.07
Bl 840 Strap 1,175 0.04 0.05 0.02 0.002 | 0.11
B2 840 Strap 1,175 0.04 0.05 0.02 0.002 | 0.11
C1 100 Strap 140 0.02 0.05 0.02 0.002 | 0.09
C2 100 Strap 140 0.02 0.05 0.02 0.002 | 0.09
El 100 Strap 140 0.02 0.05 0.02 0.002 | 0.09
E2 100 Strap 140 0.02 0.05 0.02 0.002 | 0.09
F1 0 Not required 0 0 0.05 0.02 0 0.07
F2 0 Not required 0 0 0.05 0.02 0 0.07
Gl 500 Strap 700 0.02 0.05 0.02 0.002 | 0.09
G2 500 Strap 700 0.02 0.05 0.02 0.002 | 0.09
H 0 Not required 0 0 0.05 0.02 0 0.07
1a, 4a 120 Strap 170 0.02 0.05 0.02 0.002 | 0.09
1b, 4b 0 Not required 0 0 0.05 0.02 0 0.07
1c, 4c 0 Not required 0 0 0.05 0.02 0 0.07
1d, 4d 0 Not required 0 0 0.05 0.02 0 0.07
le, de 0 Not required 0 0 0.05 0.02 0 0.07
1f, 4f 120 Strap 170 0.02 0.05 0.02 0.002 | 0.09

Notes:

1. Tiedown assembly displacements for the roof level are calculated for the tiedowns at the
third floor level.

2. Uplift force is determined by using the net overturning moment (Mot — Mog) divided by
the distance between the centroids of the boundary elements with 4x members at the ends
of the shear wall. This equatesto the length of the wall minus 3%z inches for straps or the
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length of wall minus 74 inches when using a bolted tiedown with 2-inch offset from post to
anchor bolt. Using allowable stress design, tiedown devices need only be sized by using the
ASD uplift force. The strength design uplift force is used to determine tiedown assembly
displacement in order to determine strength-level displacements.

3. The continuous tiedown (rod) system selected for this structure will have a“ shrinkage
compensating” system. Most of these systems have shrinkage compensation by either
pre-tensioning of cables or a*“self-ratcheting” hardware connector and are proprietary. The
device selected in this design example has adjusting grooves at 1/10-inch increments,
meaning the most the “system” will have not compensated for in shrinkage and crushing
will be 1/10-inch. If the selected device does not have a shrinkage compensating device
then, shrinkage of floor framing, sill plates, compression bridges, crushing of bridge
support studs, and collector studs will need to be considered. See Design Example 1, Part
3c for an example calculation for a bolted connection. The tiedown rod at line B will
elongate as follows:

for 5/8' rod: A = % = 6,0001h(4.5)(12)/0.31(29E6) = 0.04in

Note that the rod length is 4.5 feet (Figure 2-12). The elongation for the portion of the rod
at the level below will be considered at the level below.
For level below (Table 2-13) rod length is 9.44 feet (Figure 2-12):

for 5/8' rod: A = % =12,0401b(9.44)(12)/0.31(29E6) = 0.15in.

4. Wood shrinkage is based on a change in moisture content (MC) from 19 percent to 15
percent, with 19 percent MC being assumed for S-Dry lumber per project specifications.
The MC of 15 percent is the assumed final MC at equilibrium with ambient humidity for
the project location. The final equilibrium value can be higher in coastal areas and lower in
inland or desert areas. This equates to (0.00Z)(d )(19 - 15), where d isthe dimension of the
lumber (see Figure 2-11). Pressure-treated lumber has moisture content of less than 16
percent at treatment completion. Shrinkage of 2x DBL Top Plate+ 2x DBL sill plate
=(0.002)(4 x1.5in)(19 - 15) = 0.05in .

5. Per 91 NDS 4.2.6, when compression perpendicular to grain (ch) islessthan 0.73F '
crushing will be approximately 0.02 inches. When f.; = F'. crushing is approximately
0.04 inches. The effect of sill plate crushing is the downward effect at the opposite end of
the wall with uplift force and has the same rotational effect as the tiedown displacement.
Short walls that have no uplift forces will still have a crushing effect and contributes to
rotation of the wall.

6. Per 91 NDS7.3.6 load/slip modulus y = (270,000)(D®), plus an additional 1/16" for the
oversized hole for bolts. For nails, valuesfor €,, can be used.

7. d, isthetotal tiedown assembly displacement. This also could include mis-cuts (short
studs) and lack of square cut ends.
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Table 2-5. Deflections of shear walls at the roof level in east-west direction

ASDv | Strengthv A . G t Nail \Y d A
et LR IR U ILYCR s I A I I B
A 85 119 8.21 10.5 1.7E6 | 125 90,000 | 0.535 6 60 0.0002 | 0.07 0.07
B1 205 287 8.21 10.5 1.7E6 11.0 90,000 | 0.535 6 144 0.0041 | 0.11 0.16
B2 205 287 8.21 10.5 1.7E6 11.0 90,000 | 0.535 6 144 0.0041 | 0.11 0.16
B 22.0
Cl 190 266 8.21 105 1.7E6 | 215 90,000 | 0.535 6 133 0.0032 | 0.09 0.10
C2 190 266 8.21 105 1.7E6 | 215 90,000 | 0.535 6 133 0.0032 | 0.09 0.10
C 43.0
El 190 266 8.21 10.5 1.7E6 | 215 90,000 | 0.535 133 0.0032 | 0.09 0.10
E2 190 266 8.21 10.5 1.7E6 | 215 90,000 | 0.535 133 0.0032 | 0.09 0.10
E 43.0
F1 135 189 8.21 105 1.7E6 | 215 90,000 | 0.535 95 0.0011 | 0.07 0.07
F2 135 189 8.21 105 1.7E6 | 215 90,000 | 0.535 95 0.0011 | 0.07 0.07
F 43.0
Gl 155 217 8.21 105 1.7E6 11.0 90,000 | 0.535 109 0.0017 | 0.09 0.12
G2 155 217 8.21 105 1.7E6 11.0 90,000 | 0.535 109 0.0017 | 0.09 0.12
G 22.0
H 85 119 8.21 10.5 1.7E6 | 125 90,000 | 0.535 6 60 0.0002 | 0.07 0.07

Table 2-6. Deflections of shear walls at the roof level in north-south direction

wal | ASDYV | stengthy | AR g T b | O] tn) Sp’:\ililng Vol & | da | As
(pif) (pif) (in) (psi) (in) (b) | (n) | (n) | (n)
1a, 4a 250 350 8.21 105 1.7E6 | 8.0 90,000 | 0.535 6 175 | 0.0078 | 0.09 0.21
1b, 4b 250 350 8.21 105 1.7E6 | 14.0 90,000 | 0.535 6 175 | 0.0078 | 0.07 0.16
1c, 4c 250 350 8.21 105 1.7E6 | 115 90,000 | 0.535 6 175 | 0.0078 | 0.07 0.17
1d, 4d 250 350 8.21 105 1.7E6 | 115 90,000 | 0.535 6 175 | 0.0078 | 0.07 0.17
le, 4e 250 350 8.21 105 1.7E6 | 115 90,000 | 0.535 6 175 | 0.0078 | 0.07 0.17
1f, 4f 250 350 8.21 105 1.7E6 | 8.0 90,000 | 0.535 6 175 | 0.0078 | 0.09 0.21

1,4 64.5
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Table 2-7. Shear wall rigidities at roof level !

wall As® F (b) G =— (in) k“,’tal
(in.) TAYS (kfin.)
A 0.07 1,430 20.43 20.43
B1 0.16 3,140 19,62
B2 0.16 3,140 19,62
B 6,280 39.24 39.24
C1 0.10 5,655 56.55
C2 0.10 5,655 56.55
C 11,310 1131 1131
E1 0.10 5,655 56.55
E2 0.10 5,655 56.55
E 11,310 113.1 1131
F1 0.07 4,040 57.71
F2 0.07 4,040 57.71
F 8,080 115.4 115.4
Gl 0.12 2,330 19.42
G2 0.12 2,330 19.42
G 4,660 38.84 38.84
H 0.07 1,430 20.42 20.42
la, 4a 0.21 2,760 13.14
1b, 4b 0.16 4,830 30.19
1c, 4c 0.17 3,965 23.32
1d, 4d 0.17 3,970 23.35
le, de 0.17 3,965 23.32
1f, 4 0.21 2,760 13.14
1,4 22,250 1265 126.5
Notes:

1. Deflections and forces are based on strength force levels.

2. Ag arethedesign level displacements from Tables 2-5 and 2-6.
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Drift check at roof level. 81630.10.2

To determine drift, the maximum inelastic response displacement A,, must be
determined. Thisis defined in 81630.9.2 and computed as follows:

Ay =0.7RARg (30-17)
R=55 Table 16-N
Ay =0.7(55)Ag

Under 81630.10.2, the calculated story drift using Ay, shall not exceed 0.025
times the story height for structures having a fundamental period lessthan 0.7
seconds. The building period for this design example was calculated to be 0.28
seconds, which isless than 0.7 seconds, therefore the 0.025 drift limitation applies.
The drift check is summarized in Table 2-8.

Table 2-8. Drift check at roof level

wal | Ag (n) | Height(t) | Ay (n) Mf”((-in?m Status
A 007 821 027 246 ok
B 0.16 821 062 246 ok
7 [c 0.10 821 038 246 ok
AE 0.10 821 038 246 ok
8 [F 007 821 027 246 ok
G 012 821 046 246 ok
H 007 821 027 246 ok
lada | 021 821 081 246 ok
< |14 | 016 821 062 246 ok
Sl | ou 8.21 065 246 ok
£ (14 | ow 821 065 246 ok
Z [1e4e | o017 821 065 246 ok
1, 4f 021 821 081 246 ok
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Estimation of third floor level rigidities.

Design Example 2 @ Wood Light Frame Three-Story Structure

Shear wall rigidities at the third floor are estimated in the same manner as those a

the roof. The calculations are summarized in Tables 2-9, 2-10, 2-11, and 2-12. A

drift check is not shown.

Table 2-9. Tiedown assembly displacements at third floor level !

ASD Strength Design
Wall Uplit/1.42 | Tiedown Uplit Tiedown Tiedown AssemblyDisplacement d, 0
: Elongation ®) . . :

(Ib) Device (Ib) (in) Shrink® |  Crush® Slip® (in.)
A 135 Strap 190 0.02 0.05 0.02 0.002 | 0.09
Bl 4,350 Rod 6,090 0.04 0 0 0.10 0.14
B2 4,350 Rod 6,090 0.04 0 0 0.10 0.14
C1 2,000 Strap 2,800 0.02 0.05 0.02 0.002 | 0.09
C2 2,000 Strap 2,800 0.02 0.05 0.02 0.002 | 0.09
El 2,000 Strap 2,800 0.02 0.05 0.02 0.002 | 0.09
E2 2,000 Strap 2,800 0.02 0.05 0.02 0.002 | 0.09
F1 550 Strap 770 0.02 0.05 0.02 0.002 | 0.09
F2 550 Strap 770 0.02 0.05 0.02 0.002 | 0.09
Gl 2,800 Rod 3,920 0.02 0 0 0.10 0.12
G2 2,800 Rod 3,920 0.02 0 0 0.10 0.12
H 135 Strap 190 0.02 0.05 0.02 0.002 | 0.09
1a, 4a 2,275 Strap 3,185 0.02 0.05 0.02 0.002 | 0.09
1b, 4b 0 Not req'd 0 0 0.05 0.02 0 0.07
1c, 4c 0 Not req'd 0 0 0.05 0.02 0 0.07
1d, 4d 0 Not req'd 0 0 0.05 0.02 0 0.07
le, de 0 Not req'd 0 0 0.05 0.02 0 0.07
1f, 4f 2,275 Strap 3,185 0.02 0.05 0.02 0.002 | 0.09
23, 3a 0 Not req'd 0 0 0.05 0.02 0 0.07
2b, 3b 0 Not req'd 0 0 0.05 0.02 0 0.07
2¢, 3¢ 0 Not req'd 0 0 0.05 0.02 0 0.07

Notes:

1. Tiedown assembly displacements for the third floor level are calculated for the tiedowns at
the second floor level.

2. Footnotes 2-6, see Table 2-4.
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Table 2-10. Deflections of shear walls at third floor level in east-west direction

ASDV | Strengthv | h A E . . Space | V , d A

Wall 1 o (P'Ef]) ) | @3 | s o) | G| T ?i”) (Ibr; & () (in’fl) (ini
A 160 224 943 | 157 1.7E6 | 125 90,000 0.535 6 112 0.0018 0.09 | 0.13
Bl 400 560 943 | 157 1.7E6 | 11.0 90,000 0.535 4 187 0.0097 0.14 | 031
B2 400 560 943 | 157 1.7E6 | 11.0 90,000 0.535 4 187 0.0097 0.14 | 031
B 22.0

C1 370 518 943 | 157 1.7E6 | 215 90,000 0.535 4 173 0.0075 0.09 | 0.20
C2 370 518 943 | 157 1.7E6 | 215 90,000 0.535 4 173 0.0075 0.09 | 0.20
C 43.0

El 370 518 943 | 157 1.7E6 | 215 90,000 0.535 4 173 0.0075 0.09 | 0.20
E2 370 518 943 | 157 1.7E6 | 215 90,000 0.535 4 173 0.0075 0.09 | 0.20
E 43.0

F1 265 371 943 | 157 1.7E6 | 215 90,000 0.535 4 124 0.0025 0.09 | 0.13
F2 265 371 943 | 157 1.7E6 | 215 90,000 0.535 4 124 0.0025 0.09 | 0.13
F 43.0

G1 300 420 943 | 157 1.7E6 | 11.0 90,000 0.535 4 140 0.0038 0.12 | 0.22
G2 300 420 943 | 157 1.7E6 | 11.0 90,000 0.535 4 140 0.0038 0.12 | 0.22
G 22.0

H 160 224 943 | 157 1.7E6 | 125 90,000 0.535 6 112 0.0018 0.09 | 0.13

Table 2-11. Deflections of shear walls at the third floor level in north-south direction

ASDvV | Strength A . . t Space | V , d A

Wal (pif) v) (pgllf) h @ (in.2) Es) | b)) G s) (in.) ?in- (|b? € () (ini (ini
la,4a | 355 497 943 | 157 | 1786 | 80 | 90,000 | 0535 | 4 166 | 0.0066 | 0.09 | 0.27
1b,4b | 355 497 943 | 157 | 17E6 | 140 | 90,000 | 0535 | 4 166 | 0.0066 | 0.07 | 0.20
1c,4c | 355 497 943 | 157 | 17E6 | 115 | 90,000 | 0535 | 4 166 | 0.0066 | 0.07 | 0.21
1d,4d | 355 497 943 | 157 | 1766 | 115 | 90,000 | 0535 | 4 166 | 0.0066 | 0.07 | 0.21
le,4e | 355 497 943 | 157 | 1.7E6 | 115 | 90,000 | 0535 | 4 166 | 0.0066 | 0.07 | 0.21
1f, 4f 355 497 943 | 157 | 176 | 80 | 90,000 | 0535 | 4 166 | 0.0066 | 0.09 | 0.27
1,4 64.5
2a,3a | 140 196 943 | 157 | 1.7E6 | 180 | 90,000 | 0.535 | 6 98 | 00012 |0.07 |0.09
2b,3b | 140 196 943 | 157 | 1.7E6 | 240 | 90,000 | 0535 | 6 98 | 00012 | 007 |0.08
2c,3c | 140 196 943 | 157 | 1.7E6 [ 180 | 90,000 | 0535 | 6 98 | 0.0012 | 0.07 | 0.09
2,3 60.0
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Table 2-12. Shear wall rigidities at third floor !

wall | Ag(in)® F () K; :Ai (kfin.) Kiotar (Kiin.)

S

A 0.13 2,805 21.58 21.58

B1 0.31 6,152 19.84

B2 0.31 6,153 19.84

B 12,305 39.68 39.68

c1 0.20 11,080 55.40

C2 0.20 11,080 55.40

C 22,160 110.80 110.80

El 0.20 11,080 55.40

E2 0.20 11,080 55.40

E 22,160 110.80 110.80

F1 0.13 7,915 60.88

F2 0.13 7,915 60.88

F 15,830 121.70 121.70

Gl 0.22 4,568 20.76

G2 0.22 4,567 20.76

G 9,135 4152 4152

H 0.13 2,805 21.58 21.58

1a, 4a 0.27 3,965 14.68

1b, 4b 0.20 6,936 34.68

1c, 4c 0.21 5,696 27.12

1d, 4d 0.21 5,696 27.12

le, 4e 0.21 5,696 27.12

1f, 4f 0.27 3,966 14.68

1,4 31,955 145.40 145.40

2a, 3a 0.09 3,494 38.82

2b, 3b 0.08 4,657 58.21

2¢, 3¢ 0.09 3,494 38.82

2,3 11,645 135.80 135.80

Notes:

1. Deflections and forces are based on strength levels.
2. /s arethedesign level displacements form Tables 2-10 and 2-11.
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3f. Estimation of second floor level rigidities.

Shear wall rigidities at the second floor level are estimated in the same manner as
those for the roof and third floor. The calculations are summarized in Tables 2-13,
2-14, 2-15, and 2-16. A drift check is not shown.

Table 2-13. Tiedown assembly displacements at second floor level !

ASD Strength Design
Wall Uplit/1.42 | Tiedown _ Tiedown Tiedown Assembly Displacement d,o
(Ib) Device Uplit (1b) Elong_atlon(S) Shrink® Crush® Slip® i

(in) P (in)
A 1,090 Strap 1,525 0.02 0.01 0.02 0.002 0.05
Bl 8,600 Rod 12,040 0.15 0 0 0.10 0.25
B2 8,600 Rod 12,040 0.15 0 0 0.10 0.25
C1 4,380 Rod 6,130 0.08 0 0 0.10 0.18
C2 4,380 Rod 6,130 0.08 0 0 0.10 0.18
El 4,380 Rod 6,130 0.08 0 0 0.10 0.18
E2 4,380 Rod 6,130 0.08 0 0 0.10 0.18
F1 1,565 Rod 2,200 0.03 0 0 0.10 0.13
F2 1,565 Rod 2,200 0.03 0 0 0.10 0.13
Gl 5,700 Rod 7,980 0.10 0 0 0.10 0.20
G2 5,700 Rod 7,980 0.10 0 0 0.10 0.20
H 1,090 Strap 1,525 0.02 0.01 0.02 0.002 0.05
la, 4a 5,240 Rod 7,340 0.10 0 0 0.10 0.20
1b, 4b 0 Not req'd 0 0 0.01 0.02 0 0.03
1c, 4c 1,000 Strap 1,400 0.02 0.01 0.02 0.002 0.05
1d, 4d 1,000 Strap 1,400 0.02 0.01 0.02 0.002 0.05
le, 4e 1,000 Strap 1,400 0.02 0.01 0.02 0.002 0.05
1, 4f 5,240 Rod 7,340 0.10 0 0 0.10 0.20
2a, 3a 0 Not req'd 0 0 0.01 0.02 0 0.03
2h, 3b 0 Not req'd 0 0 0.01 0.02 0 0.03
2¢, 3¢ 0 Not req'd 0 0 0.01 0.02 0 0.03

Notes:

1. Tiedown assembly displacements for the second floor level are calculated for the tiedowns
at thefirst floor level.

2. SeeTable 2-4 for footnotes 2-6.
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Table 2-14. Deflections of shear walls at the second floor level in east-west direction

ASDv | Strengthv A _ G . Space | V . d A
R A R R R N R S
A 200 280 9.43 26.2 1.7E6 | 125 90,000 | 0.535 6 140 0.0038 0.05 0.12
Bl 500 700 9.43 26.2 1.7E6 | 11.0 90,000 | 0.535 3 175 0.0078 0.25 0.42
B2 500 700 9.43 26.2 1.7E6 | 11.0 90,000 | 0.535 3 175 0.0078 0.25 0.42
B 22.0
Cl 460 644 9.43 26.2 1.7E6 | 215 90,000 | 0.535 161 0.0060 0.18 0.25
C2 460 644 9.43 26.2 1.7E6 | 215 90,000 | 0.535 161 0.0060 0.18 0.25
C 43.0
El 460 644 9.43 26.2 1.7E6 | 215 90,000 | 0.535 3 161 0.0060 0.18 0.25
E2 460 644 9.43 26.2 1.7E6 | 215 90,000 | 0.535 3 161 0.0060 0.18 0.25
E 43.0
F1 330 462 9.43 26.2 1.7E6 | 215 90,000 | 0.535 3 115 0.0020 0.13 0.16
F2 330 462 9.43 26.2 1.7E6 | 215 90,000 | 0.535 3 115 0.0020 0.13 0.16
F 43.0
Gl 370 518 9.43 26.2 1.7E6 | 11.0 90,000 | 0.535 3 130 0.0030 0.20 0.30
G2 370 518 9.43 26.2 1.7E6 | 11.0 90,000 | 0.535 3 130 0.0030 0.20 0.30
G 22.0
H 200 280 9.43 26.2 1.7E6 | 125 90,000 | 0.535 6 140 0.0038 0.05 0.12

Table 2-15. Deflections of shear walls at the second floor level in north-south direction
ASDV | Strength A . . , Space | V d A
Vel o V(plgf:]) N | Gz | EE) | D@ Gps)) T (Fi)n.) () (?11.) i) (in.S)
la,4a | 410 574 9.43 26.2 1.7E6 8.0 90,000 0.535 4 191 0.0104 | 0.20 | 0.43
1b, 4b | 410 574 9.43 26.2 1.7E6 14.0 90,000 0.535 4 191 0.0104 | 0.03 | 0.21
1c,4c | 410 574 9.43 26.2 1.7E6 115 90,000 0.535 4 191 0.0104 | 0.05 | 0.23
1d,4d | 410 574 9.43 26.2 1.7E6 115 90,000 0.535 4 191 0.0104 | 0.05 | 0.23
le,4e | 410 574 9.43 26.2 1.7E6 115 90,000 0.535 4 191 0.0104 | 0.05 | 0.23
1f, 4f 410 574 9.43 26.2 1.7E6 8.0 90,000 0.535 4 191 0.0104 | 0.20 | 0.43
1,4 64.5
2a,3a | 210 294 9.43 26.2 1.7E6 18.0 90,000 0.535 6 147 0.0044 | 0.03 | 0.10
2h,3b | 210 294 9.43 26.2 1.7E6 24.0 90,000 0.535 6 147 0.0044 | 0.03 | 0.10
2¢,3c | 210 294 9.43 26.2 1.7E6 18.0 90,000 0.535 147 0.0044 | 0.03 | 0.10
2,3 60.0
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Table 2-16. Wall rigidities at second floor !

Wall 45<2> F (b) i - (Kin) | Kiota (Kin)

(in.) Ag

A 0.12 3,485 29.04 29.04

B1 0.42 7,640 18.19

B2 0.42 7,640 18.19

B 15,280 36.38 36.38

Cl 0.25 13,762 55.05

C2 0.25 13,763 55.05

C 21,525 110.1 110.1

E1 0.25 13,762 55.05

E2 0.25 13,763 55.05

E 21,525 110.1 110.1

F1 0.16 9,830 61.44

F2 0.16 9,830 61.44

F 19,660 122.8 122.8

Gl 0.30 5,672 18.91

G2 0.30 5,673 18.91

G 11,345 37.82 37.82

H 0.12 3,485 29.04 29.04

la,d4a | 043 4,558 10.60

1b,4b | 021 7,978 37.99

1c, 4¢ 0.23 6,552 28.48

1d,4d | 0.23 6,552 28.48

le,de | 023 6,552 28.48

1f, 4f 0.43 4,558 10.60

1,4 36,750 144.6 144.6

23,32 | 0.0 5,221 52.21

2b,3b | 0.10 6,958 69.58

2c, 3¢ 0.10 5,221 52.21

2,3 17,400 174.0 174.0

Notes:

1. Deflections and forces are based on strength force levels.

2. /s arethedesign level displacements from Tables 2-14 and 2-15.

Distribution of lateral forces to the shear walls.

The base shear was distributed to the three levelsin Part 2. In this step, the story
forces are distributed to the shear walls supporting each level using therigid
diaphragm assumption. See Part 7 for alater confirmation of this assumption.

It has been a common engineering practice to assume flexible diaphragms and
distribute loads to shear walls based on tributary areas. This has been done for
many years and is a well-established conventional design assumption. In this
design example, the rigid diaphragm assumption will be used. Thisis not intended
to imply that seismic design of wood light frame construction in the past should

§1630.6
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have been necessarily performed in this manner. However, recent earthquakes and
testing of wood panel shear walls have indicated that drifts can be considerably
higher than what was known or assumed in the past. This knowledge of the
increased drifts of short wood panel shear walls and the fact that the diaphragms
tend to be much more rigid than the shear walls has increased the need for the
engineer to consider the relative rigidities of shear walls.

The code requires that the story force at the center of mass to be displaced from the
calculated center of mass (CM) adistance of 5 percent of the building dimension at
that level perpendicular to the direction of force. Thisisto account for accidental
torsion. The code requires the most severe load combination to be considered and
also permits the negative torsional shear to be subtracted from the direct load shear.
The net effect of thisisto add 5 percent accidental eccentricity to the calculated
eccentricity.

However, lateral forces must be considered to act in each direction of the two
principal axis. This design example does not consider eccentricities between the
centers of mass between levels. In this design example, these eccentricities are
small and are therefore considered insignificant. The engineer must exercise good
engineering judgment in determining when those effects need to be considered.

The direct shear force F, isdetermined from:

and the torsional shear force F, isdetermined from:

Ft :TR_d
J

where:
J=3Rd,” +3Rd,’
R = shear wall rigidity

d = distance from the lateral resisting element (e.g., shear wall) to the center
of rigidity (CR)

T =Fe
F =44,5001Ib (for roof diaphragm)

e = eccentricity
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4a. Determine center of rigidity, center of mass, eccentricities for roof diaphragm.

Forcesin the east-west (x) direction:
- KoV =
yr :_ZL or yrZKXX :XKXXy
2 K

Using the rigidity values k from Table 2-7 and the distance y from line H to the
shear wall:

y, (20.43+39.24 +113.1+113.1+115.4 + 38.84 + 20.42) = 20.43(116) + 39.24(106)

+113.1(82.0) +113.1(50.0) + 115.4(26.0) + 38.84(10.0) + 20.42(0)

Distance to calculated CR 'y, = 248473

= 53.9ft
460.53 ——

The building is symmetrical about the x-axis (Figure 2-6) and the center of massis
determined as:

9m _116.0 8.0f

==

[6)]
—

The minimum 5 percent accidental eccentricity for east-west forces, e, , is
computed from the length of the structure perpendicular to the applied story force.

e, = (0.05x116ft) = +5.8ft

The new §/m to the displaced CM =58.0ft £ 5.8ft = 63.8ft or 52.2ft

The total eccentricity is the distance between the displaced center of mass and the
center of rigidity

y, =53.9ft

Ue, =63.8-53.9=9.9ft or 522-539=-17ft

Note that displacing the center of mass 5 percent can result in the CM being on
either side of the CR and can produce added torsional shearsto all walls.
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Note that the 5 percent may not be conservative. The contents-to-structure weight
ratio can be higher in wood framing than in heavier types of construction. Also, the
location of the calculated center of rigidity islessreliable than in other structural
systems. Use engineering judgment when selecting the eccentricity e.

Forcesin the north-south (y) direction:

The building is symmetrical about the y-axis (Figure 2-6). Therefore, the distance

totheCM and CRis:

Xm = % = 24.0ft

e, = (0.05)(48ft)= £ 2.4t

Because, the CM and CR locations coincide,

Oe, =2.4ft or—2.4ft

SEAOC Seismic Design Manual, Vol. Il (1997 UBC)
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Figure 2-6. Center of rigidity and location of displaced centers of mass for

second and third floor diaphragms
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4b. Determine total shears on walls at roof level.

The total shears on the walls at the roof |level are the direct shears F, and the
shears due to torsion (combined actual torsion and accidental torsion), F;.

Torsion on the roof diaphragm is computed as follows:

T, = Fe, =44,5001b(9.91t) = 440,550t - Ibfor walls A, B, and C

or T, = 44,5001b(1.7ft) = 75,650ft - Ibfor walls E, F, G, and H
T, = Fe, = 44,5001b(2.4ft) =106,800ft - b

Since the building is symmetrical for forces in the north-south direction, the
torsional forces can be subtracted for those walls located on the opposite side from
the displaced center of mass. The critical force will then be used for the design of
these walls. Table 2-17 summarizes the spreadsheet for determining combined
forces on the roof level walls.

4c. Determine the center of rigidity, center of mass, and eccentricities for the third
and second floor diaphragms.

Since the walls stack with uniform nailing, it can be assumed that the center of
rigidity for the third floor and the second floor diaphragms will coincide with the
center of rigidity of the roof diaphragm.

Torsion on the third floor diaphragms
F = (44,500 + 42,700) = 87,2001b
T, = Fe, =87,2001b(9.91t) = 863,280ft - Ibfor walls A, B, and C
or 87,2001b(1.7ft) = 148,240ft - Ibfor walls E, F, G, and H

T, = Fe, =87,2001b(2.4ft) = 209,280t - Ib

Results for the third floor are summarized in Table 2-18.
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Torsion on the second floor diaphragms:

F = (44,500 + 42,700 + 21,100) = 108,3001b

T, =Fe, = 108,3001b(9.9ft) =1,072,170ft - Ib for walls A, B, and C
or  108,3001b(1.7ft) =184,110ft - Ibfor wallsE, F, G, and H

T, = Fe, =108,3001b(2.4ft) = 259,920t - Ib

Results for the second floor are summarized in Table 2-19.

4d. Comparison of flexible vs. rigid diaphragm results.

Table 2-20 summarizes wall forces determined under the separate flexible and rigid
diaphragm analysis. Since nailing requirements were established in the flexible
diaphragm analysis of Part 2, they must be checked for results of therigid
diaphragm analysis and adjusted if necessary (also given in Table 2-20).

Table 2-17. Distribution of forces to shear walls below the roof level

2 Direct Force | Torsional Force | Total Force
Wall RX Ry dX dy Rd Rd Fv Ft FV + Ft

A 20.43 62.1 1,269 78,786 1,970 +865 2,835

B 39.24 52.1 2,044 106,513 3,791 +1394 5,185
= C 113.10 28.1 3,178 89,305 10,932 +2167 13,099
= E 113.10 39 441 1,720 10,932 +52 10,984
2 F 115.40 27.9 3,220 89,829 11,153 +377 11,530
= G 38.84 439 1,705 74,853 3,752 +200 3,952

H 20.42 53.9 1,101 59,324 1,970 +129 2,099

> | 460.53 500,330 44,500
= 1 126.5 24.0 3,036 72,864 22,250 +502 22,752
§ 4 126.5 -24.0 -3,036 72,864 22,250 -502 21,748
£ = 253.0 145728 | 44,500
= Zz 646,058
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Table 2-18. Distribution of forces to shear walls below the third floor level

Direct Torsional Force | Total Force
Wall R, Ry d, d y Rd Rd? Force F, F F, +F

A 21.58 62.1 1,340 83,221 4,024 1,685 5,709

B 39.68 52.1 2,067 107,708 7,399 2,559 9,998
- C 110.8 28.1 3,113 87,489 20,660 3,914 24,574
g E 110.8 39 432 1,685 20,660 93 20,693
@ F 121.7 27.9 3,395 94,732 22,692 733 23,425
w G 4152 439 1,823 80,018 7,741 393 8,134

H 21.58 53.9 1,163 62,694 4,024 251 4,275

2 467.66 517,547 87,200

1 1454 24.0 3,490 83,750 22,544 1,064 23,608
< 2 135.8 25 340 849 21,056 259 21,315
§ 3 135.8 25 -340 849 21,056 -259 20,797
= 4 1454 -24.0 -3,490 83,750 22,544 -1,064 21,480
= 2 562.4 169,198 87,200

2 686,745

Table 2-19. Distribution of forces to shear walls below second floor level

Direct Torsional Force | Total Force
Wall Ry Ry dy dy Rd Rd? | Force F, F, F,+F,

A 29.04 62.1 1,803 111,990 6,617 2,682 9,299

B 36.38 52.1 1,911 98,750 8,290 2,843 11,133
= C 110.1 28.1 3,094 86,936 25,088 4,602 29,690
= E 110.1 39 429 1,675 25,088 109 25,197
2 F 122.8 27.9 3,426 95,589 27,982 875 28,857
= G 37.82 439 1,660 72,887 8,618 424 9,042

H 29.04 53.9 1,565 84,367 6,617 400 7,017

2 475.28 552,194 108,300

1 1446 | 24.0 3470 83,290 24,576 1,251 25,827
= 2 174.0 25 435 1,088 29,574 157 29,731
§ 3 174.0 -2.5 -435 1,088 29,574 -157 29,417
= 4 1446 | -24.0 -3470 83,290 24,576 -1,251 23,325
2 2 637.2 168,756 108,300

2 720,950
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Table 2-20. Comparison of loads on shear walls using flexible versus rigid diaphragm analysis and
recheck of nailing in walls

. _ Frax Plywood | Allowable | Edge Nail
wai | Fiedble Frigia Rigid/ b Ve (b)La Loz | shea Sr?acing
(Ib) (Ib) Flexible ratio | (f) o sdes | (OH@2 | (n)
Roof Level
A 1,430 2,835 +98% 125 165 1 340 6
B 6,280 5,185 17% 22,0 205 1 340 6
C 11,310 13,099 +15% 43.0 220 1 340 6
E 11,310 10,984 -3% 43.0 190 1 340 6
F 8,080 11,530 +43% 43.0 195 1 340 6
G 4,660 3,952 -15% 22,0 155 1 340 6
H 1,430 2,099 +46% 125 120 1 340 6
1 22,250 22,752 +2% 64.5 255 1 340 6
4 22,250 22,7520) +2% 64.5 255 1 340 6
Third Floor
A 2,805 5,709 +103% 125 330 1 340 6
B 12,305 9,998 -18% 22,0 400 1 510 40)
C 22,160 24,574 +11% 43.0 415 1 510 4
E 22,160 20,693 7% 43.0 370 1 510 4
F 15,830 23,425 +48% 43.0 390 1 510 4
G 9,135 8,134 11% 22,0 300 1 510 4
H 2,805 4,275 +52%% 125 245 1 340 6
1 31,955 23,608 -26% 64.5 355 1 510 4
2 11,645 21,315 +83% 60.0 255 1 340 6
3 11,645 21,3150 +83% 60.0 255 1 340 6
4 31,955 23,6089 -26% 64.5 355 1 510 4
Second Floor
A 3,485 9,299 +167% 125 535 1 510 4
B 15,280 11,133 27% 22,0 500 1 665 3
C 27,525 29,690 1% 43.0 495 1 665 3
E 27,525 25,197 -9% 43.0 460 1 665 3
F 19,660 28,857 +47% 43.0 480 1 665 3
G 11,345 9,042 -20% 220 370 1 665 3
H 3,485 7,017 +100% 125 400 1 510 4
1 36,750 25,827 -30% 64.5 410 1 510 4
2 17,400 29,731 +70% 60.0 355 1 340 66)
3 17,400 29,7310 +70% 60.0 355 1 340 69
4 36,750 25,8270) -30% 64.5 410 1 510 4
Notes:

1. Allowable shearsfrom UBC Table 23-11-1-1

2. Shear walls with shears that exceeds 350 pounds per lineal foot will require 3% framing at abutting

panel edges with staggered nails. See also notes at bottom of Table 1-3.

3. Designates the force used was the higher force for the same wall at the opposite side of the structure.

4. The shear of 535 plf exceeds allowable of 510 plf therefore the nail spacing will need to be decreased to
3inch spacing. A redesign will not be necessary.
5. The shear of 355 plf exceeds allowable of 340 plf, therefore the nail spacing will need to be decreased
to 4-inch spacing. A redesign will not be necessary.
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Where forces from rigid diaphragm analysis are higher than those from the flexible
diaphragm analysis, wall stability and anchorage must be re-evaluated. However,
engineering judgment may be used to determine if a complete rigid diaphragm
analysis should be repeated due to changesin wall rigidity.

If rigid diaphragm loads are used, the diaphragm shears should be rechecked for
total load divided by diaphragm length along the individual wall lines.

5. Determine reliability/redundancy factor p. §1630.1.1

The reliability/redundancy factor penalizes lateral force resisting systems that do
not have adequate redundancy. In Part 1 of this example, the reliability/redundancy
factor was previously assumed to be p =1.0. Thiswill now be checked.

20
p=2-— 20 __ (30-3)
ey s

where:

Max = the maximum element-story shear ratio.

For shear walls, the ratio for the wall with the largest shear per foot at or below
two-thirds the height of the building is calculated. Or in the case of athree-story
building, the ground level and the second level are calculated (see the SEAOC Blue
Book Commentary 8C105.1.1.1). Thetotal lateral load in the wall is multiplied by
10/1,, and divided by the story shear.

[, =length of wall in feet

Ag =the ground floor area of the structure in square feet

Vi 01,)
' F
Ag =5,288 ft
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For ground level.

For east-west direction:
Using strength-level forcesfor wall A:

_ (9299)(10/125)

=0.068
e 108,300

=-2.0<1.0minimum o.k.

p= 2 - L
0.068,/5,288

Op=1

o

Therefore, there is no increase in base shear due to lack of reliability/redundancy.

For north-south direction:
Using strength-level forces for walls 1 and 4:
Load to wall:

36,750%11.5/64.5 = 6,5521b

. (6,552)(10/11.5)

, =0.053
108,300

Note that thisis the same as using the whole wall.

_ (36,750)(10/64.5)
frex 108,300

=0.053

=-3.2<1.0minimum o.k.

p= 2— L
0.053,/5,288

Op=L

o

Therefore, for both directions there is no increase in base shear required due to lack
of reliability/redundancy.
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For second level.

For east-west direction:
Using strength-level forces for wall B:

_ (24574x5)(10/215)

=0.065
e 87,200

20 .
=2-—— =-22<1.0minimum o.k.
P 0.065,/5,288

Op=1

o

Therefore, there is no increase in base shear due to lack of reliability/redundancy.

For north-south direction:

Using strength-level forces for walls 1 and 4:

_ (31955)(10/64.5)

=0.057
e 87,200

20 .
=2—-—— =-28<1.0minimum o.k.
P 0.0574/5,288

o

Op=L

Therefore, there is no increase in base shear due to lack of reliability/redundancy.
The SEAOC Seismology Committee added the sentence “The value of the ratio of

10/1,, need not be taken as greater than 1.0” in the 1999 SEAOC Blue Book—
which will not penalize longer walls, but in this design example has no effect.
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6a.

6b.

130

Determine if structure meets requirements of conventional construction
provisions.

While SEAOC is not encouraging the use of conventional construction methods,
this step isincluded because conventional construction is allowed by the UBC
(however, it is often misused) and can lead to poor performing structures.

The structure must be checked against the individua requirements of §2320, and
because it isin Seismic Zone 4, it must also be checked against §2320.5.2. Results
of these checks are shown below.

Floor total loads. 81230.5.2

The dead load weight of the floor exceeds the limit of 20 psf limit, and therefore
the structure requires an engineering design for vertical and lateral forces.

Braced wall lines. §2320.5.2

The spacing of braced wall lines exceeds 25 feet on center, and therefore the entire
lateral system requires an engineering design.

Therefore, the hotel structure requires an engineering design for both vertical and
lateral loads. If all wallswere drywall and the floor weight was less than 20 psf,
then use of conventional construction provisions would be permitted by the UBC.
However, conventional construction is not recommended for this type of structure.

Diaphragm deflections to determine if the diaphragm is flexible or rigid.

This step is shown only as areference for how to calculate horizontal diaphragm
deflections. Since the shear wall forces were determined using both flexible and
rigid diaphragm assumptions, there is no requirement to verify that the diaphragm
isactually rigid or flexible.

The roof diaphragm has been selected to illustrate the methodology. The design
seismic forcein the roof diaphragm using Eq (33-1) must first be determined. The
design seismic force is then divided by the diaphragm area to determine the
horizontal loading in pounds per square foot. These values are used for determining
diaphragm shears (and also collector forces). The design seismic force shall not be
lessthan 0.5C, W, nor greater than 1.0C,IW,, .
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7a.| Roof diaphragm check.

The roof diaphragm will be checked in two steps. First, the shear in the diaphragm
will be determined and compared to allowables. Next, the diaphragm deflection
will be calculated. In Part 7b, the diaphragm deflection is used to determine
whether the diaphragm isflexible or rigid.

Check diaphragm shear:

The roof diaphragm consists of 15/32"-thick sheathing with 10d @ 6" o/c and
panel edges are unblocked. Loading on the segment between C and E, where:

(8.41)48.0'(32.0)
1.4(48.0')2

=96 plf

Diaphragm span = 32.0 ft
Diaphragm depth = 48.0 ft
Diaphragm shears are converted to allowabl e stress design by dividing by 1.4

From Table 23-11-H, the allowable shear of 190 plf is based on 15/32-inch
APA-rated wood structural panels with unblocked edges and 10d nails spaced at 6
inches on center at boundaries and supported panel edges. APA-rated wood
structural panels may be either plywood or oriented strand board (OSB).

Check diaphragm deflection:

The code specifies that the deflection is calculated on a unit load basis. In other
words, the diaphragm deflection should be based on the same load as the load used
for the lateral resisting elements, not F,, total force at the level considered. Since
the UBC now requires building drifts to be determined by the load combinations of
§1612.2 (see Step 4 for additional comments), strength loads on building
diaphragm must be determined.

The basic equation to determine seismic forces on a diaphragm is shown below.

n
Fo+> R
F,=— 2w (33-1)

px n px

2 W

1=X
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where F, =0 in thisexample because T < 0.7 seconds

_ (445x135.0)

f proof — 135.0

=445k

For the uppermost level, the above cal culation will always produce the same force
as computed in Eq (30-15). Then divide by the area of the diaphragm to find the
equivalent uniform force.

_ 44.5%1,000

f proof — 5,288

= 8.41psf

In this example, the roof and floor diaphragms spanning between C and E will be
used to illustrate the method. The basic code equation to determine the deflection
of adiaphragm is shown below.

3 AcX
A= L L io1ssLe, + 3 (AcX) §23.222, Vol. 3
8EAD 4Gt 2

The above equation is based on a uniformly nailed, simple span diaphragm with
panel edges blocked and is based on monotonic tests conducted by the American
Plywood Association (APA). The equation has four parts. The first part accounts
for beam bending, the second accounts for shear deformation, the third accounts for
nail slippage/bending, and the last part accounts for chord slippage. The UBC
references thisin 82315.1.

For the purpose of this design example, the diaphragm is assumed to be asimple
span supported at C and E (refer to Figure 2-4). In reality, with continuity, the
actual deflection will be less.

With nails at 6 inches on center the strength load per nail is
96x1.4(6/12) = 67Ib/nail = V,, . Other termsin the deflection equation are;

L = 32.0ft
b = 48.0ft

G = 50,000psi Table 23-2-JVol. 3
E =1,700,000psi

A2x4ch0rds = 5253:{ |n X 2 = 1050 ﬂ |n
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Fastener slip/nail deformation values (g, ) are obtained as follows:

Volume 3 of the UBC uses Table 23-2-K for obtaining nail slip values e,,

however, its use is somewhat time-consuming, since interpolation and adjustments
are necessary. Footnote 1 in Table 23-2-K requires the nail slip values e, be
decreased 50 percent for seasoned lumber. This means that the table is based on
nails being driven into green lumber and the engineer must use half of these values
for nailsdriven in dry (seasoned) lumber. The valuesin Table 23-2-K are based on
tests conducted by the APA. The 50 percent nail slip reduction for dry lumber isa
conservative factor. The actual tested slips with dry lumber were less than 50
percent of the green lumber dlips.

Valuesfor e, can be computed based on fastener slip equations from Table B-4 of
APA Research Report 138. Thiswill save time, be more accurate, and also enable
computations to be made by a computer. Using the values of e, from Volume 3 of
UBC requires interpolation and is very time-consuming. For 10d common nails,
there are 2 basic equations:

When the nails are driven into green lumber: e, = (Vn / 977)1'894 APA Table B-4
When the nails are driven into dry lumber: e, = (v, /769)>*" APA Table B-4
where:

V,, isthe fastener load in pounds per fastener

These values are based on Structural | sheathing and must be increased by 20
percent when the sheathing is not Structural 1. Footnote ain UBC Table B-4 states
“Fabricated green/tested dry (seasoned)...” isvery misleading. The valuesin the
table are actually green values, since the lumber is fabricated when green. Again,
don’t be misled by the word “ seasoned.”

e, =1.20(67/769)**" = 0.0004
t =0.298in. (for CDX or Standard Grade) Table 23-2-H

Assume chord-splice at the mid-span of the diaphragm that will be nailed. The
allowable loads for fasteners are based on limit state design. In other words, the
deformation is set at alimit rather than the strength of the fastener. The
deformation limit is 0.05 diameters of the fastener. For a 16d nail, a conservative
slippage of 0.01 inch will be used.
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7b.
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Using strength level diaphragm shear:

3 (8¢ X)=(0.01)16.0ft (2)= 0.32in. - ft

5(96x14)32.0°  96x1.4(320) 0.32

- 8(1.7E6)10.50(48.0)  4(50,000)0.298

2(48.0)

This deflection is based on a blocked diaphragm. The UBC does not have a
formulafor an unblocked diaphragm. The APA is currently working on a
simplified formulafor unblocked diaphragms. Based on diaphragm deflection test
results (performed by the APA), an unblocked diaphragm will deflect between 2 to
2% times that of a blocked diaphragm or can be proportioned to the allowable
shears of a blocked diaphragm divided by the unblocked diaphragm. The roof
diaphragm is also sloped at 6:12, which is believed to increase the deflection (but
this has not been confirmed with tests). This design example has unblocked panel
edges for the floor and roof diaphragms, so a conversion factor is necessary. This
conversion isfor the roof diaphragm. The floors will similarly neglect the
stiffening effects of lightweight concrete fill and gluing of sheathing. It is assumed
that the unblocked diaphragm will deflect:

0 A =0.08(2.5)=0.20in.

Flexible versus rigid diaphragms.

In this example, the maximum diaphragm deflection was estimated as 0.20 inches.
This assumes a simple span for the diaphragm, and the actual deflection would
probably be less. The average story drift is on the order of 0.10 inches at the roof
(see Step 3c for the computed deflections of the shear walls). For the diaphragms to
be considered flexible, the maximum diaphragm deflection will have to be more
than two times the average story drift. Thisisright at the limit of adefinition of a
flexible diaphragm. The other diaphragm spans would easily qualify as “rigid”
diaphragms. As defined by the code, the diaphragms in this design example are
considered rigid.

In reality, some amount of diaphragm deformation will occur, and the true analysis
is highly complex and beyond the scope of what is normally done for this type of
construction. Diaphragm deflection analysis and testing has been performed on
level/flat diaphragms. There has not been any testing of sloped and complicated
diaphragms, as found in the typical wood framed structure. Therefore, some
engineers perform their design based on the roof diaphragm as flexible and the
floor diaphragms as rigid.

In using this procedure, the engineer should exercise good engineering judgment in
determining if the higher load of the two methodologies is actually required. For
example, if the load to two walls by rigidity analysisis found to be 5 percent to line

+0.188(32.0)0.0004 + ——— = 0.08in.

§1630.6
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A and 95 percent to line B, but by flexible analysisit is found to be 50 percent to
line A and 50 percent to line B, the engineer should probably design for the larger
of the two loads for the individual walls. Note that though the same definition of a
flexible diaphragm has been in the UBC since the 1988 edition, it has not been
enforced by building officials for Type V construction. The draft of the IBC 2000
has repeated this same definition into Chapter 23 (wood) definitions.

Tiedown forces for the shear wall on line C.

Tiedowns are required to resist the uplift tendency on shear walls caused by
overturning moments. In this step, tiedown forces for the three-story shear wall on
line C are determined. The design chosen uses continuous tiedowns below the third
floor. At the third floor, conventional premanufactured straps are used.

Not included in this design example, but it should be noted: the code has two new
provisions for one-hour wall assemblies—Footnotes 17 and 18 of Table 7-B in
Volume 1. Footnote 17 requires longer fasteners for gypsum sheathing when the
sheathing is applied over wood structural panels. Footnote 18 requires values for
F'. to be reduced to 78 percent of allowable in one-hour walls.

Discussion on continuous tiedown systems.

The continuous tiedown system is arelatively new method for resisting shear wall
overturning. Similar to the many metal connectors used for wood framing
connections, most are proprietary and have ICBO approvals. All of the systems
have some type of rod and hardware connector system that goes from the
foundation to the top of the structure. A common misconception that engineers
have with these types of systemsis that the elongation of the rod will produce large
displacements in the shear walls. Contrary to that perception, these systems arein
many instances superior to the one-sided bolted tiedowns.

Investigations after the Northridge earthquake as well as independent testing of the
conventional one-sided bolted tiedowns, have concluded that there can be large
displacements associated with this type of connection. The large displacements are
aresult of eccentricity with the boundary element, deflection of the tiedown, wood
shrinkage, wood crushing, and oversized holes for the through-bolts.

Some of the proprietary systems compensate for shrinkage either by pre-tensioning
of therod or by a self-ratcheting connector device. Shrinkage-compensating
devices are desirable in multi-level wood frame construction. These devices will
also compensate for other slack in the tiedown system caused by crushing of plates,
seating of posts, studs, etc.
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8b. Determine strength shear wall forces.

The shear wall on line C is shown on Figure 2-7. Forces at each story are
determined as follows (from Table 2-20):

Froot =13,099/2 = 6,5501b
Fiirg = (24,574 -13,099)/2 =5,738lb

Feecona = (29,690 — 24,574)/2 = 2,5581b

- ROOF
/J\ FIGURE
U 2-15 -
o~N
A~ o
SEE FIGURE 211 \J | W
| | . - FIHIRD 4
L /—[\ FIGURE
Y U 2-16
1 N

9.44
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SEE FIGURE 2-12 | |
\ | F'sEconD

I

)

FIGURE /\ L
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v
%
B

D (D
9.44

2-16
FIGURE
™ -
SEE FIGURE 2-14_( ) \J 2-17
1’O’=e:/ d= 19.5' | O'e
Lw= 21.5'

Figure 2-7. Shear wall C elevation
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The distance between the centroid of the boundary forces that represent the
overturning moment at each level must be estimated. Thisis shown below.

e the distance to the center of tiedown rod and boundary studs or collectors studs (Figure 2-12)

e 2x2.5in.+ (13/2) = 11.5in. = 0958in.

Use e = 10ft
d = thedistance between centroids of the tiedown and the boundary studs,

in feet. (Note that it is also considered acceptable to use the distance
from the end of the shear wall to the centroid of the tiedown.)

o
I

21.5ft - 2(1.0ft) = 19.5ft at second floor for third level (Figure 2-12)

o
I

21.5ft - (2 x 0.125) = 21.25ft at third floor for roof level (Figure 2-11)
The resisting moment M is determined from the following loads:

W, =13.5psf (2.0ft) = 27.0plf

Wioor = 25.0psf (2.0t) = 50.0plf

W, =10.0plf

Table 2-21. Tiedown forces for shear wall C

Uplift Differential
X 1)
Level Mor Mr | Mgx09 (Mot /1.4)-0.9M g Load @
(ft-Ib) (ft-Ib) (ft-Ib) (Ib) b

d (Io)
Roof 53,775 | 25216 22,694 740 740
Third 169,774 | 58,590 52,731 3515 2,775
Second | 309,920 | 91,965 82,769 7,110 3,595

Notes:

1. TheUBC nolonger hasthe 0.85 DL provision for stability, this has been replaced with the
basic load combinations of §1612.3.1.

2. Thedifferentia istheload difference between the uplift force at level x and the level
above.
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Design tiedown connection at the third floor for the shear wall on line C.

Figure 2-11 illustrates the typical tiedown connection for the shear wall on line C at
the third floor. Thisis the conventional pre-manufactured strap and is fastened to
the framing with nails.

The total uplift force at thislevel is 740 Ib.

P,=740lb
The tiedowns will be designed using alowable stress design. §1612.3

The basic load combinations of §1612.2.1 do not permit stress increases.

The alternate basic load combinations of §1612.2.2, however, do permit stress
increases.

The Erratato the first printing of the code added 09D + 1—E4 , EQ. (12-16-1), to the

aternate basic load combinations. This exact same |load combination islisted in the
basic load combinations. Thisis confusing to many engineers on this topic, because
the basic load combinations are based on duration factors (see 1999 SEAOC Blue
Book Commentary, 8C101.7.3 for further explanation). This design example will
use the one-third stress increase of the alternate basic |load combination method.
With a 16-gauge x1.25-in strap and 10d common nails.

Allowable load per nail is ZCp, =113(1.33) =150Ib/nail NDS Table 12.3F
Number of nailsrequired = 740/150 = 4.90 use5

With nails at 1.5 inches on center the length of strap required is
2(0.75in.+ 5x1.5in.) + 6in.= 22.5in.

[ use 24-inch-strap

Design tiedown connection at the second floor for the shear wall on line C.

As previously mentioned, the second floor tiedown will be part of the continuous
tiedown system used below the third level. Refer to Figure 2-12 for illustration of
this system and the location of forces R, P,, and P;.

The total uplift force at the second floor is 3,515 Ib (Table 2-21).

P, = P, = total uplift force from above = 740 Ib
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P; = uplift force for the collector studs = differential load/2 = 2,775 [b/2 = 1,388 |b

Since the strap from above is only connected to one pair of collector studs, the total
uplift force for the outside set of collectorsis equal to the uplift force plus the uplift
force on the second floor shear wall from the third floor.

Taking a free-body diagram of the system, the tension in the tiedown rod is
increased due to cantilever action between the centroids of the forces. A downward
component is actually applied to the interior-most support stud (Figure 2-8):

Py = 740 Ib

740 Ib = PZ

1480 Ib

Figure 2-8. Free-body force diagram of compression bridge

Next, the tension in the tiedown rod between the second floor and the compression
bridge is the differential load plus the tension load, as computed above. Thiswill
produce the total force P, on support stud (Figure 2-9):

E =740 b

740 Ib + 1388 Ib = 2128 Ib = P2

1388 Ib

1480 Ib + 2775 |b = 4255 Ib

Figure 2-9. Free-body force diagram of compression bridge
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Determine spacing for the flat nailing:
Prax = 2,0281b
The alowable lateral load for a 16d common nail in a 1¥~-inch side member is:

ZC, =141(1.33)=1871b NDS Table 12.38

With 2 rows of 16d nails, the number of nails per row is
2,028Ib/2x187 =5.4nails

(use 6 nails
Maximum spacing = 48in/(6 +1) = 6.8in.
[JUse 6-inch o.c. for the flat nailing

Check compression perpendicular to grain for the bridge support studs to
compression bridge:

Critical at P,

f.max = 2,028lb/(1.5x 3.5) = 386psi < F., = 625ps o.k. NDS Supp. Table 4A
Check the bearing perpendicular to grain on bearing plate:

F =T, =4,255lb

fon = 4,2551b/3.25%x5.0 = 262psi < F; = 625psi o.k.

Check bearing perpendicular to grain on the top plate from the collector studs from
below:

First floor isframed with 3x 4 studs
Forceat P; =1,388lb
f., = P/A=1388Ib/(25%3.5)=160psi < F,, =625ps  o.k.

Check shear on 4x8 compression bridge (assumetiedown is at center of wall and
not at party wall, see Figure 2-12):

T, = 4,255Ib
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Assuming compression bridge to take all shear:

_2130x15
V' 35x7.25

=126ps
For Douglas Fir-Larch No. 1:

R '=FRCp =95x1.33=126ps ok.
Check bending on 4x8 compression bridge:

T, = 4,255Ib

Ty xL _4,255x (10 +15)
4 4
S, for 4x8 with hole for 5/8'rod= (3.5-0.69)7.25%/6 = 24.6in®

M= =12,235in.-1b

For Douglas Fir Larch No. 1:
Fp,'= F,CpCr =1000(1.33)(1.3) =1,729ps o.k.

Check shear on plates at floor:

Tiedown connector reaction is the differential load, which is 3,595 Ib.
T =35951b

Assuming 2 sill plates and 2 top plates to take all shear:

v =T =359 _18001
2 2
[ = 1800X15 _ 00
4(1.5x3.5)
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Since plate have no spits C,; = 2.0 (plates rarely check on the edges)
R, '= FyCyCp =95(2.0)(1.33) = 252psi o.k.

Therefore, the tiedown connection shown on Figure 2-12 meets the requirements of
code.

11. Design tiedown connection and anchor bolt spacing for shear wall on line C.

lla. Design anchor bolt spacing of sill plate on Line C.

See discussion about fasteners for pressure-preservative treated wood and in
Step 19.

From Table 2-20:

V =29,6901b
V:! :M = 6901 b/ft
L 43ft

The 1997 UBC references the 1991 NDS, which specifiesin §8.2.3 that the
allowable bolt design value, Z , isequal to t,, = Z,, = twice the thickness of wood
member. The problem is, there aren’t any tables for 6x to 6x members, leaving
only the Z formulas. In lieu of using the complex Z formulas, an easier method
would be to use the new tablesin the 1997 NDS, which are specifically for ledgers
and sill plates.

For a side member, thickness = 2.5 inch in Hem-Fir wood (note that designing for
Hem-Fir will require atighter nail and bolt spacing):

Z,, =1,3501b/bolt Table 8.2E 97 NDS
Required spacing = ZuCo _ (1:350) 1.33) (1.4) =3.6ft =43in.
690
where

1.4 isthe strength conversion factor

O Use %" diameter bolts at 32 inches on center.
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Determine tiedown anchor embedment.

In this calculation, the tiedown anchor will be assumed to occur at the center of the
exterior wall. Thiswill produce alower capacity than if the rod were located at the
double-framed wall shown in Figure 2-13.

From Table 2-21:
T =7110lb

T, =7110x1.4x1.3=13000Ib

where 1.4 is the strength conversion factor and 1.3 isfor special inspection per
§1923.2. Neglecting the area of bolt head bearing surface, the effective area (A, )

of the projected (Figure 2-10), assumed concrete failure surfaceis:

(A,)= szez +1.75(, )

For |, =15in.
A, =406in.>
DR = PA4A, |/ f'c = 0.65x1.0x 4% 406,/3,000 = 57.8k
Pss = 0.9%0.307 x 60,000 =16,5801b >13,0001b (critical)
Provide an oversized hole for the tiedown rod in the foundation sill plate. The rod

has no nut or washer to the sill plate, therefore, assume V = 0lbin the rod.

Tiedown bolts resist vertical loads only, anchor bolts are designed to resist the
lateral loads.

Check the bearing perpendicular to grain on sill plates.

Assuming all compressive force for overturning will be resisted by end boundary
elements, the critical load combination is:

E
D+L 12-13
+L+ [ILB_A E ( )
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From Table 2-21, the strength level overturning moment is:

Mor =309,920ft-Ib

The selsmic compressive force is obtained by dividing by the distance d.
Conversion to alowable stress design is obtained by dividing by 1.4.

_ Mor _ 309,920

Paamic = d(L4)  19514) 11301

PDL = |_\Nroof + Mfloor )+Wwall (27ft)J

Po. =[27.0+2(50.0) +10.0(27)] g% @: 7951b

P, = (40 psf x 2'x2)% @: 3201b

z P =11,350 + 795 + 320 = 12,465Ib

with full width bearing studs bearing on both sill plates (Figure 2-13), the bearing
areaisequal to six 3x4 studs.

12,465

=240psi < F.- =626ps ok
6(8.75) p cd p

fCrrax

where the area of a 3x4 is8.75 square inches. Notethat if aHem-Fir sill plateis
used the allowable compression perpendicular to grain FC'D =405psi .

f. < 0.73F = 0.73(405) = 295psi NDS Supp. Table 4A

Therefore, the assumed crushing effect of 0.02 inches (Table 2-13) is correct.

This crushing will be compensated by the ratcheting effect of the continuous
tiedown system as discussed in the notes for Table 2-4.
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1%%[
ASSUME 45° |

CRACK (FAILURE) |

PLANE / |

Figure 2-10. Tiedown bolt
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12. Detail of tiedown connection at the third floor for shear wall on line C.

Note that since the boundary element is a double stud and the wall panel edge
nailing is nailed to the end stud, the 16d at 12 inches o.c. internailing of the two
tiedown studs should have the capacity to transfer one-half the force to the interior
stud (Figure 2-11). These nails may be installed from either side (normally nailed
from the outside). See Figure 2-16 for the location of the top plates and
commentary about plate locations.

]
16 GAGE x 117 T \ PANEL EDGE NAILING
STRAP w/ 10d NAILS\ TO TIEDOWN STUD
N
SLL |y
g PLATES_\WI'\ 2% 4 @16 ofc
B LY
\ J

24"

FLOOR :: 1:;./]2'
H : 3"
i \
of TP 4
WIPLATES ||¢}—

COLLECTOR\ T 2x4 016" ofc

STUDS

. 16d @ 12" o/c
2-2x4 | T~
\ PANEL EDGE NAILING TO
TIEDOWN STUD

Figure 2-11. Tiedown connection at the third floor for shear wall C.
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13. Detail of tiedown connection at the second floor for shear wall on line C.

This tiedown rod system (Figure 2-12) may also be extended to the third floor
instead of using the conventional metal strap shown in Figure 2-11. See Figure
2-16 for the location of the top plates and commentary about plate locations.

swesion |

= Sl ™

N N ECMBRESSION BRIDLE
' "’,l’"..-""f'_ AT PARTY WALL
5

h_ L]
".:t e —— gl
R EEARING PLATE "1, .
L
dull COMPASESION —| | .
BRIDEE .
- : E -
Pl 5 aoms ‘ —+
% | Jsd FLAT }
PANEL EDGE MAILNG
MAILING & 8° sfe |, 7] L2E0 “‘-ﬂ | =" FULL HEIGNT TO COLLECTOR
| TRl TE-DOWS
. = ..-”"’H__,..--"_ COMNECTOR
_-__.1-'-7.
2w 4 BRIDGE — | |* ,L-”'.f
SUFFORT STUDS ‘- —
- SECOND FLOOR
SLL PLATES —
_--""":l:"l
ToR BLATES o]
— - p s e
3 1-1:1:E|n| mmm ol -r'm.‘_‘_,r-""',r:’-'_ﬁ'—-._ COLLECTOR 37U0S
E — i
ETLRE e ""'--1.-
23w 4—"" |a | '
T 1w wae [
- l -
L]
[k
B2 , EQ

Figure 2-12. Tiedown connection at second floor for shear wall C
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14.

Detail of wall intersection at exterior walls.

The detail shows full-width studs at tiedown (Figure 2-13). Thisis desirable when

sheathing is applied to both stud walls. It is aso desirable for bearing perpendicular
to grain because the bearing areais doubled. When full-width studs are used for
bearing, both sill plates will need to be 3x thickness (not as shown in Figure 2-17).
Tiedowns may be located at the center of the stud wall that is also sheathed. It is
good practice to tie the wall together. In this case, there is no design requirement or

minimum shear wall to shear wall connection requirement other than that required
by the UBC standard nailing schedule.
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Figure 2-13. Wall intersection at shear wall (plan view)
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Detail of tiedown connection at foundation.

The manufacturer of the tiedown system usually requires the engineer of record to
specify the tiedown forces at each level of the structure. This can easily be donein

aschedule (Figure 2-14).
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Figure 2-14. Tiedown connection at foundation
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16. Detail of shear transfer at interior shear wall at roof.

Note: Edge nailing from roof sheathing to collector truss may need to be closer
than the roof sheathing edge nailing due to shears being collected from each side of
thetruss. It is also common to use a double collector truss at these locations. The
2x 4 braces at the top of the shear wall need to be designed for compression or
provide tension bracing on each side of the wall (Figure 2-15).
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Figure 2-15. Shear transfer at interior shear wall at roof
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Detail of shear transfer at interior shear wall at floors.

This detail uses the double top plates at the underside of the floor sheathing (Figure
2-16). Thisis advantageous for shear transfer. Another detail that is often used isto
bear the floor joists directly on the top plates. However, when the floor joist ison
top of the top plates, shear transfer is required through the glue joint in the webs
and heavy nailing from the joist chord to the top plate.
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Figure 2-16. Shear transfer at interior shear wall at floor

Note: The nailersfor the drywall ceiling need to be installed after the wall
sheathing and wall drywall have been installed.
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18. Detail of shear transfer at interior shear wall at foundation.
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Figure 2-17. Shear transfer at foundation

19. Detail of sill plate at foundation edge.

Fasteners for pressure- or preservative-treated wood.

Sections 2304.3 and 1811.3 of the 1997 UBC added a new requirement for
corrosion-resistant fasteners. Although it does not appear to be the intent of the
provision, aliteral interpretation of the section would require hot-dipped
zinc-coated galvanized nails and anchor bolts. The code change was proposed by
the wood industry, and 82304.3 is from areport in the wood handbook by the
Forest Products Lab, where fasteners were found to react with the preservative
treatment when “... in the presence of moisture....” However, it isuncertain
whether asill platein afinished “dried-in” building is “in the presence of
moisture.” This can create a construction problem because hot-dipped zinc coated
nails have to be hand-driven, requiring the framer to put down his nail gun and
change nailing procedures.
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An additional caution for sill platesis the type of wood used. The most common
species used on the west coast for pressure treatment is Hem-Fir, which has lower
fastener values for nails and bolts than for Douglas-Fir-Larch. A tighter nail
spacing to the sill plate is necessary, or a double stagger row can be used. Figure

2-18 shows two rows of edge nailing to the sill plate as a method of compensating
for aHem-Fir sill plate.

Gap at bottom of sheathing.

Investigations into wood-framed construction have found that plywood or oriented
strand board sheathing that bear on concrete at perimeter exterior edges can “wick”
moisture up from the concrete and cause corrosion of the fasteners and rotting in
the sheathing. To help prevent this problem, the sheathing can be placed with a gap
above the concrete surface. A Y+inch gap is recommended for a 3x sill plate and an
1/8-inch gap is recommended for a 2x sill plate (Figure 2-18).

“SOUARE PLATE WASHERS
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Figure 2-18. Sill plate at foundation edge

Note: The UBC only requires a minimum edge distance of 3/8-inch for nailsin
sheathing. Tests have shown that sheathing with greater edge distances have
performed better.
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20. Detail of shear transfer at exterior wall at roof.
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Figure 2-19. Shear transfer at exterior wall at roof
Note: The roof truss directly above the exterior wall is also a*“collector” truss.

Roof edge nailing to thistruss and the 16d nails to the blocking need to be checked
for the “collector” load. Double top plates are also a chord and collector.
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Detail of shear transfer at exterior wall at floor.

NOTE: SHEATHING PANELS FOR WALLS SHALL NOT BE SPLICED

AT BOTTOM PLATE OF DOUBLE TOP PLATES.

—_A—
SILL NAILING —
PER SCHEDULE
JOISTS PER
PLAN \ Y
X

STUDS PER STUD
BEARING WALL

SOLID BLOCKING

SCHEDULE.

(: SEE
PLAN

Figure 2-20. Shear transfer at exterior wall at floor

Note: Thisdetail uses double top plates at the underside of the floor sheathing.
Another detail that is often used is bearing the floor joists on the double top plates.

See Figure 2-16 for additional commentary.
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Design Example 3
Cold-Formed Steel Light Frame Three-Story Structure
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Figure 3-1. Cold-formed light frame three-story structure elevation

Foreword

The building in this example has cold-formed light-gauge steel framing, and shear
walls and diaphragms that are sheathed with wood structural panels. This example
presents a new approach to the seismic design of this type of building. Thisis
because the past and present California design practice in seismic design of light
framed structures has ailmost exclusively considered flexible diaphragms
assumptions when determining shear distribution to shear walls. However, since
the 1988 UBC, there has been a definition in the code (81630.6 of the 1997 UBC)
that defines diaphragm flexibility. The application of this definition often requires
the use of the rigid diaphragm assumption, and calculation of shear wall rigidities
for distribution to shear walls. While the latter is rigorous and complies with the
letter of the code, it does not reflect present-day practice. In actual practice, for
reasons of ssmplicity and precedence, many structural engineers routinely use the
flexible diaphragm assumption.

SEAOC Seismic Design Manual, Vol. Il (1997 UBC)

161



Design Example 3 m Cold-Formed Steel Light Frame Three-Story Structure

A rigid diaphragm analysis is recommended where the shear walls can be judged
by observation to be flexible compared to the diaphragm, and particularly where
one or more lines of either shear walls, moment frames, or cantilever columns are
more flexible than the rest of the shear walls.

This design example has floor diaphragms with lightweight concrete fill over the
floor sheathing (for sound insulation), making the diaphragms significantly stiffer
than that determined using the standard UBC diaphragm deflection equations.

Before beginning design, users of this Manual should check with the local
jurisdiction regarding the level of analysis required for cold-formed light framed
structures.

Overview

This design example illustrates the seismic design of athree-story cold-formed
(i.e, light-gauge) steel structure. The structure is shown in Figures 3-2, 3-3 and
3-4. The building in this example is the same as in Design Example 2, with the
exception that light-gauge metal framing is used in lieu of wood. The structure has
wood structural panel shear walls, and roof and floor diaphragms. The roofs have
composite shingles over the wood panel sheathing that is supported by light-gauge
metal trusses. The floors have 1%z inches of lightweight concrete fill and are framed
with metal joists.

The following steps illustrate a detailed analysis of some of the important seismic
requirements of the 1997 UBC. As stated in the introduction of the manual, this
example is not a complete building design. Many aspects have not been included,
and only selected steps of the seismic design have been illustrated. Asis common
for Type V construction (see UBC 8606), a complete wind designis also
necessary, but is not given here.

Although code requirements recognize only two diaphragm categories, flexible and
rigid, the diaphragms in this example are judged to be semi-rigid due to the fact
that the diaphragms do deflect. The code also requires only one type of analysis,
flexible or rigid. The analysisin this design example will use the envelope method.
The envelope method considers the worst loading condition from both flexible and
rigid diaphragm analyses to determine the design load on each shear-resisting
element. It should be noted that the envelope method is not a code requirement, but
is deemed appropriate for this design example, because neither flexible nor rigid
diaphragm analysis may accurately model the structure.
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Outline

This example will illustrate the following parts of the design process.

1 Design base shear and vertical distributions of seismic forces.
Rigidities of shear walls.

Distribution of lateral forces to the shear walls.
Reliability/redundancy factor p.

Tiedown forces for shear wall on line C.

Allowable shear and nominal strength of No. 10 screws.
Tiedown connection at third floor for wall on line C.

Tiedown connection at the second floor for shear wall on line C.
Boundary studs for first floor wall on line C.

10. | Shear transfer at second floor on line C.

11. | Shear transfer at foundation for walls on line C.

FEEEEEEE BERE

Shear transfer at roof at line C.

Given Information

Roof weights ( slope 6:12 ): Floor weights:
Roofing 3.5 psf Flooring 1.0 psf
Y2" sheathing 15 Lt. wt. concrete 14.0
Trusses 35 5/8" sheathing 18
Insulation 15 Floor Framing 5.0
Miscellaneous 0.7 Miscellaneous 04
Gyp ceiling 2.8 Gyp ceiling 2.8
DL (adongslope) 13.5 psf 25.0 psf

DL (horiz. proj.) = 13.5 (3.41/12) = 15.1 psf
Stair landings do not have lightweight concrete fill
Areaof floor planis 5,288 sq ft
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Weights of respective diaphragm levels, including tributary exterior and interior
walls:

W, oy =1350001b
Wy 410 = 230,0001b

W, g 1ogr = 230,0001b
=5950001b

The same roof, floor, and wall weights used in Design Example 2 are also used in
this example. This has been done to better illustrate a side-by-side comparison of
cold-formed light-gauge steel construction with the more traditional wood frame
construction used in Design Example 2. This side-by-side comparison has been
done so that the engineer can have a better “feel” for the similarities and
differences between structures with wood studs and structures with cold-formed
metal studs. It should be noted that roof, floor, and wall weights for light-gauge
steel framed structures are typically lighter than similar structures constructed of
wood framing. Because of light-gauge steel framed structures being lighter, amore
accurate estimate of building weight for this structure would be about 560 kips
instead of the 595 kips used in this example. Consequently, wall shears and
overturning forces would be reduced accordingly.

Weights of diaphragms are typically determined by taking one-half height of walls
at the third floor to the roof and full height of walls for the third and second floors
diaphragms.

Wall framing isASTM A653, grade 33'-4" x 18-gauge metal studs at 16 inches on
center. These have a 1-5/8-inch flange with a 3/8-inch return lip. The ratio of
tensile strength to yield point is at least 1.08. Studs are painted with primer. ASTM
A653 steel isone of three ASTM steel specifications used in light frame steel
construction. The others are A792 and A875. The difference between the
specifications are primarily the coatings which are galvanized, 55 percent
aluminum-zinc (A792), and zinc-5 percent aluminum (A875) respectively. The
recommended minimum coating classifications are G60, AZ50 and GF60
respectively. It should be noted that the studs do not require painting with primer.

It should be noted that the changing stud sizes or thickness of studs at various story
heights is common (as is done in wood construction). The thickness of studs and
tracks should be identified by visible means such as coloring or metal stamping of
gauges/sizes on studs and tracks.

APA-rated wood structural panels for shear walls will be 15/32-inch-thick

Structural 1, 32/16-span rating, 5-ply with Exposure | glue is specified, however
4-ply is also acceptable.
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Framing screws are No. 8 by 5/8-inch wafer head self-drilling with a minimum
head diameter of 0.292-inch, as required by footnote 2 of Table 22-V111-C of the
UBC.

The roof is 15/32-inch thick APA-rated sheathing, 32/16-span rating with
Exposure | glue.

Thefloor is 19/32-inch thick APA-rated Sturd-1-Floor 24" o/c rating (or APA-rated
sheathing, 48/24-span rating) with Exposure | glue.

Seismic and site data:
Z =0.4 (Zone 4) Table 16-1
| =1.0 (standard occupancy) Table 16-K
Seismic source type = B
Distance to seismic source =12km
Soil profiletype = S

Sc has been determined by geotechnical investigation. Without a geotechnical
investigation, Sy can be used as a default value.
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Factors That Influence Design

Requirements for seismic design of cold-formed steel stud wall systems are
specified in Division V111 of the UBC. Division VIl isanew addition to the UBC
and it contains information previously found in §2211.11 of the 1994 UBC relating
to seismic design. Division VI1I1 has provisions for both wind and seismic forces
for shear walls with wood structural panels framed with cold-formed steel studs.
The tablesfor shear walls (Tables 22-VIII-A, 22-VI11-B and 22-VI11-C) are
primarily based on static and cyclic tests conducted by the Light-gauge Steel
Research Group at the Santa Clara University Engineering Center for the American
Iron and Stedl Institute (A1SI).

Before starting the example, severa important aspects of cold-formed construction
will be discussed. These are:

Stud thickness

Screw type

Material strength

Use of pre-manufactured roof trusses to transfer lateral forces

Proper detailing of shear walls at building “ pop-outs’

AIlSI Specification for design of cold-formed steel

Stud thickness.

Section 2220.3 of Division V111 states that the uncoated base metal thickness for
the studs used with wood structural panels shall not be greater than 0.043-inch.
Since an 18-gauge stud has 0.0451-inch thickness, thisimplies that the heaviest
gauge studs that can be used are 20-gauge studs, which can not support a
significant bearing or out-of-plane loading. At the time the code change proposal
by AISI was submitted to ICBO for inclusion in the 1997 UBC, testing had been
performed on only 33 mil (0.033-inch) studs. The SEAOC Seismology Committee
felt, and AISI agreed, that there should be a cap on the maximum thickness
permitted until testing could be performed on thicker studs. It was felt at the time
that limiting the system to 20- and 18-gauge studs would be acceptable for
attaching sheathing with #8 screws. Since the UBC is no longer referencing gauge,
the 0.043-inch thickness was intended to be a nominal thickness. Subsequent to the
code change proposal, AlSl has modified this limitation by taking the average
thickness between the old 18- and 16-gauges and placed a limitation of 0.043-inch
in the AlSI code. The 0.043-inch thickness represents 95 percent of the design
thickness and is the minimum acceptabl e thickness delivered to the job site for
18-gauge material based on Section A3.4 of the 1996 AIS| Code. Thus, 18-gauge
studs can be used, and are used in this example (Table 3-1).

The industry has gone away from the use of the gauge designation and is, for the
purposes of framing applications, switching to a mil (thousandths of an inch)
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designation. In the future, studs, joists, and track will have their thickness
expressed in mils.

Table 3-1. Stud thicknesses
Mils | Min. Delivered Thickness | Min. Design Thickness Gauge Reference

33 0.033 inch 0.0346 inch 20
43 0.043 inch 0.0451 inch 18
54 0.054 inch 0.0566 inch 16

The reason for the limitation on maximum stud thickness of 43 mils (18-gauge) is
for ductility. At the time of this publication (March 2000), the cyclic teststo date of
wood structural panels fastened to 16- and 14-gauge studs with screws have shown
nonductile (brittle) failures with the screws shearing off at the face of the stud
flange. Cyclic testsfor the 20- and 18-gauge studs resulted in ductile behavior
with the screw fasteners rocking (tilting) about the plane of the stud flange. Tests
are still being conducted by AISI and other organizations on wall systems using the
thicker 16- and 14-gauge studs in an attempt to come up with a fastening system
that will be ductile.

The failure mode of the tests with 33-mil studs for screw spacings of 3 inchesand 2
inches on center was end stud compression failure. Subsequent to the code change
proposal included in the 1997 UBC, the assemblies have been retested using 43 mil
end studs, and higher capacities have been proposed for such assemblies.

The valuesin Table 22-VI11-C are for seismic forces and are nominal shear values.
Values are to be modified for both allowable stress design (ASD) and load and
resistance factor design (LRFD or strength design). For ASD, the allowable shear
values are determined by dividing the nominal shear values by a factor of safety
(Q) of 2.5. For LRFD the design shear values are determined by multiplying the
nominal shear values by aresistance factor (¢) of 0.55. Comparing the differenceto
the two designs. 2.5(0.55)=1.375. In other words, design shears for LRFD (or
strength design) are 1.375 times higher than shears for ASD or working stress
design. Thisis consistent with the ASD conversion factor of 1.4 in §1612.3.

The valuesin Table 22-VI11-C for 15/32-inch Structural | sheathing using No. 8
screws are almost identical to the values for the same sheathing applied to Douglas
Fir with 8d common nails at the same spacing.

Screw type.

Footnote 2 of UBC Table 22-V1I1-C requires the framing screws to be self-drilling.
The reason for the self-drilling screws (or drill point screws) isto be able to
penetrate 43-mil steel and thicker steel. Self-piercing screws can also be used in
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33-mil steel, but with some difficulty. Both self-drilling and self-piercing screws
have performed equally well in the shear tests.

Thereisasignificant concern in screw installation when there is a gap between the
stud flange and the sheathing after installation (e.g., jacking). When jacking occurs,
the stiffness of the shear wall is significantly reduced. The drill point alone will not
prevent jacking. Jacking occurs when the drill point spinsfor arotation or two
before the drill point pierces the metal. Only a blank shaft (i.e. smooth with no
threads) for the depth of the sheathing will remove the jacking created by the drill
point spin prior to piercing. A detailed drawing or explicit specifications should be
included in the design drawings and should specify that the distance from the screw
head to the beginning of the thread portion be equal to or less than the thickness of
the plywood or OSB (oriented strand board). The “unused portion” of the screw
protruding from the connection of sheathing and metal stud can be used asasimple
inspection gauge to seeif jacking has occurred.

Material strength.

Common practiceis for material 16-gauge and heavier to have ayield strength of
50,000 psi; for 18-gauge and lighter, 33,000 psi. This practice holds true for studs
and track, but not for manufactured hardware (straps, clips and tiedown devices).

Use of pre-manufactured roof trusses to transfer lateral forces.

The structural design in this design example utilizes pre-manufactured roof trusses
to transfer the lateral forces from the roof diaphragm to the tops of the interior
shear walls. Special considerations need to be included in the design and detailed
on the plans for this including:

1. Provision that any trusses used as collectors (i.e., drag struts) should be
clearly indicated on the structural framing plan.

2. The magnitude of the forces, the means by which the forces are applied to the
trusses, and how the forces are transferred from the trusses to the shear walls
should be shown.

3. If theroof sheathing at the hip ends breaks above the joint between the end
jack trusses and the supporting girder truss, the lateral forces to be resisted by
the end jacks should be specified so that an appropriate connection can be
provided to resist these forces.

4.  Thedrawings should also specify the load combinations and whether or not a
stress increase is permitted.

5. If ridge vents are being used, special detailing for shear transfers need to be
indicated in the details.
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Proper detailing of shear walls at building “pop-outs.”

The structure for this design example has double framed walls for party walls,
exterior “planted-on” box columns (pop-outs). The designer should not consider
these walls as shear walls unless special detailing and analysisis provided to
substantiate that there isaviable lateral force path to that wall and the wall is
adequately braced.

AISI Specification for design of cold-formed steel.

The code uses the 1986 version of AISC Specification for Design of Cold-Formed
Seel Sructural Members as an adopted “ Standard” by reference (UBC 8§2217).
Section 2218 amends the 1986 manual. These for the most part are from the 1996
version of the manual. Some sections of the 1996 sections have been used for the
solution of this design example.

Design base shear and vertical distributions of seismic forces.

Design base shear.

Period using Method A (See Figure 3-5 for section through structure):
T =C,(h,)** = 020(3363)** = 0.28sec

With seismic source type B and distance to source = 12 km
N, =1.0

N, =10

\"

Code Reference

§1630.2.2

(30-8)

Table 16-S

Table 16-T
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PREMANUFACTURED
METAL ROOF TRUSSES
@16" o/c

TOP PLATES + 27.09

3RD FLOOR +18.88'°
Subs 3&-’?5-”5}&( METAL JOISTS
2ND FLOOR +9.44'
1ST FLOOR +0.00' pd + SLAB-ON-GRADE
| LU L
L 48°'-0" |
Figure 3-5. Typical cross section through building
For soil profiletype S and Z =0.4
C, = 0.40N, =0.40(1.0) = 0.40 Table 16-Q
C, =0.56N, = 0.56(1.0) = 0.56 Table 16-R
Since the stud walls are both wood structural panel shear walls and bearing walls:
R=55 Table 16-N
Design base shear is:
v =Gl = 05600),), _ o asay (30-4)

RT 55(0.28)
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Note that design base shear is now on a strength design basis,
but need not exceed:

_25C! 2.5(0.40)(1.0)
R 5.5

\Y W =0.182W

(30-5)
V =0.11C, IW = 0.11(0.40) (1.O)W = 0.044W < 0.182W

Check Equation 30-7:

_08ZN,I, _ 08x04x10x10
R 55

\Y W =0.058W < 0.182W

V =0.182W §1612.3.1

OV =0.182(595,0001bs) = 108,2901b

In this Design Example, the designer may choose either allowable stress design or
strength design. In Design Example 2, however, allowable strength design must be
used.

It isdesirable to use the strength level forces throughout the design of the structure
for two reasons:

1. Errorsin calculations can occur and confusion on which load is
being used, strength or allowable stress design. This Design
Example uses the following format:

Vpaseshear = Strength

Fox =strength

F, =force-to-wall strength

v =wall shear at element level - ASD

" _asp
1.4

V=

2. Thisdesign exampleis not paving the way for the future, when the
code will be all strength design.

E = pE, +E, =1.0E, +0=1.0E, (30-1)
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where:

E, ispermitted to be taken as zero for alowable stress design and initialy p will
be assumed to be 1.0, and in most cases p =1.0 for Type V construction with

interior shear walls. Since the maximum element story shear is not yet known, the
assumed value for p will have to be verified. Thisis done later in Part 4.

The basic load combination for allowable stress design for horizontal forcesis:

D+ E -0+ E=E (12-9)
14 14 14

For vertical downward:
D+LE orD+ 0.7% +(L, orS)+ =8 (12-10, 12-11)
14 1.4H

For vertical uplift:

09D+ (12-10)
1.4

Vertical distribution of forces.

The design base shear must be distributed to each level, asfollows:
F = (V _nFt )Wx hy (30-15)

px
z w;hy
=

Where h, isthe average height at level i of the sheathed diaphragm in feet above
the base.

Since T = 0.28 seconds < 0.7 seconds, F, =0

Determination of F, isshownin Table 3-2.
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Table 3-2. Vertical distribution of seismic forces

level | w, (0 | hyy | W Wl Fox () Fox Frot

(kft) > wh Wy ®

Roof 135 | 336 | 45% 411 145 0330 145

39For | 230 | 189 | 4347 394 127 0.186 §7.2

2% Floor | 230 94 | 2162 195 211 0092 | 1083
> 505 11,045 108.3

Note: Although not shown here, designers must also check wind loading. In this example,
wind load may control the design in the east-west direction.

2. Rigidities of shear walls.

2a. Deflection of panel assemblies with metal studs.

At the time of this publication, thereis not a UBC formula, nor any accepted
guideline, for determining the deflection for a diaphragm or shear wall framed with
metal studs and structural wood panels. This does not mean that the deflections,
drifts, and shear wall rigidities need not be considered (though some engineers may
argue otherwise).

The formulain UBC Standard §23.223, Vol. 3, can be used with somewhat
reasonabl e results. Given below is a comparison of results from shear panel tests
conducted by the Light-gauge Steel Research Group and those determined using
the UBC formula.

For an 8ft x8ft test panel with 15/32-inch APA-rated sheathing and #8 screw

fasteners at 6-inch spacing to 3%2-inch x 20-gauge studs and 485 pounds per foot
shear, the measured deflection was 0.5 inch.

In this Design Example 3, 4-inch x 18-gauge studs are used. Tests have indicated
that measured deflections are partially dependent on the stiffness of the studs used.
The shear panel test results should not be compared to the nominal shear values
from UBC Table 22-V1I1-C. Using this table would give an allowabl e shear of
780/2.5=312plf . This panel test is used only to show the relationship of the

measured deflection with results using the UBC formula.

Deflection using the formula of UBC standard §23.223, Vol. 3 is shown below:

3
A= v + (V;—T +0.75he, +Eda =0.40in. =0.50in. astested §23.223, Vol. 3

EADb
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where;
v = 485plf
h = 8ft
E =29x10° psi

A=0.250in.% for 3% -inch x 20 gauge stud

G =90,000psi Table 23-2-J, Vol. 3

t =0.298in. Table 23-2-H, Vol. 3

V,, =load per screw = (485)6/12 = 242Ib/screw
e, =1.2(242/769)*%"® = 0.0272in.
b =8ft

d, =0.0625in (assumed at 1/16in.)

Calculation of shear wall rigidities.

In this Design Example 3, shear wall rigidities (k) are computed using the basic
stiffness equation.

F=ka
or
k=F
A

To simplify the cal cul ations compared to the more rigorous approach used in
Design Example 2, this example uses wall rigidities based on the chart in Figure
3-6. This chart is based on the shear wall deflection equation given in UBC
Standard 823.223. It should be noted that Design Example 2 considered wood
shrinkage and tiedown displacements. With metal framing, shrinkage is zero. This
Design Example also assumes a fixed base and pinned top for al shear walls. The
chart in Figure 3-6 uses atiedown displacement (e.g., elongation) of 1/8 inch,
which is based on judgment and considered appropriate for this structure.

Actua determinations of shear wall rigidities at the roof, third floor, and second
floor are shown in Figures 3-3, 3-4, and 3-5, respectively.
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80.0
K = stiffness |= F/d = (Vb)/d
70.0 . .
d = deflection] =(8vh 3/(EAD) 4(vh)/(Gt) + 0.75he,, +d, /
60.0 [Al h=8ft
Where:
E = modulus of elasticity = 1.8x10° psi
~500 G = shear modulus = 90x10° psi [Azl h=10 [Ba] h=84
= h = wall height (ft)
2 b = wall dejh (ft) _ 5] h=10
=~ t = plywood|thickness = 15/32 in.
% 400 A = areaof end post = 12.25 in.” Th=8tt
c v = shear/foot / /
= da:sh;.)la?wolddt.)wn:“llf.iln. Cjw]
30.0 &, = Ta deformation sip(im)
F = applied force = Vb (kips) /// [D, h=8f /
D,] h=10
200 — — (D2
/ ? /[A-]/’a‘lge/n il spacing at 2” o.c. (v=870 plf, &,=0.024)
100 [B] edge nail spacing at 3" o,c. (v=665 plIf, e,=0.033)
| // [C] edge nail spacing at 4” ojc. (v=510 plf, e},=0.033)
% / [D] edge nail spacing at 6" a.c. (v=340 plf, €,=0.033)
0.0 - i

0 5 10 15 20 25 30 35
Wall Depth b (ft)

Figure 3-6. Stiffness of one-story Structural-1 15/32-inch plywood shear walls
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Table 3-3. Shear wall rigidities at roof level

Wl Wall Depth | Edge Fastener K (From Fig. 3— Kiotal
b (ft) Spacing (in.) 6) (k/in.) (Kfin.)

A 125 6 8.0 8.0
B1 11.0 6 75 —
B2 11.0 6 75 —
B — — 15.0 15.0
Cl 215 6 15.0 —
C2 215 6 15.0 —
c _ — 30.0 30.0
El 215 6 15.0 —
E2 215 6 15.0 —
E — — 30.0 30.0
F1 215 6 15.0 —
F2 215 6 15.0 —
F — — 30.0 30.0
Gl 11.0 6 75 -
G2 11.0 6 7.5 —
G _ — 15.0 15.0
H 12,5 6 8.0 8.0
la, 4a 8.0 6 6.0 —
1b, 4b 14.0 6 10.0 —
1c, 4c 115 6 8.0 —
1d, 4d 115 6 8.0 —
le, de 115 6 8.0 —
1f, 4f 8.0 6 6.0 —
1,4 — — 46.0 46.0
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Table 3-4. Shear wall rigidities at third floor

Edge Fastener | K (From Fig. 3-6 -
Wall | wall Depth b (f) Sngacing (i) ( (k/in.)g ) Kiotas (K/in.)
A 125 6 8.0 8.0
Bl 11.0 4 10.0 —
B2 11.0 4 10.0 —
B — — 20.0 20.0
C1l 215 4 19.0 —
C2 215 4 19.0 —
C — — 38.0 38.0
El 215 4 19.0 —
E2 215 4 19.0 —
E — — 38.0 38.0
F1 215 4 19.0 —
F2 215 4 19.0 —
F — — 38.0 38.0
Gl 11.0 4 10.0 —
G2 11.0 4 10.0 —
G — — 20.0 20.0
H 125 6 8.0 8.0
la, 4a 8.0 4 7.0 —
1b, 4b 14.0 4 12.0 —
1c, 4c 115 4 10.0 —
1d, 4d 115 4 10.0 —
le, 4e 115 4 10.0 —
1f, 4f 8.0 4 7.0 —
1,4 — — 56.0 56.0
23, 3a 18.0 6 12.0 —
2b, 3b 24.0 6 15.0 —
2¢c, 3¢ 18.0 6 12.0 —
2,3 — — 39.0 39.0
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Table 3-5. Shear wall rigidities at second floor

2cC.

Wall Wall Depth b Edge Fastener k (From Fig. 3-6) Kigrey (Kin)
(o Spacing (in.) (k/in.) 0
A 12.5 6 8.0 8.0
Bl 11.0 3 11.0 —
B2 11.0 3 11.0 —
B — — 22.0 22.0
C1 215 3 22.5 —
C2 215 3 22.5 —
C — — 45.0 45.0
El 21.5 3 22.5 —
E2 215 3 22.5 —
E — — 45.0 45.0
F1 215 3 225 —
F2 215 3 225 —
F — — 45.0 45.0
Gl 11.0 3 11.0 —
G2 11.0 3 11.0 —
G — — 22.0 22.0
H 12.5 6 8.0 8.0
1a, 4a 8.0 4 7.0 —
1b, 4b 14.0 4 12.0 —
1c, 4c 115 4 10.0 —
1d, 4d 11.5 4 10.0 —
le, 4e 11.5 4 10.0 —
1f, 4f 8.0 4 7.0 —
1,4 — — 56.0 56.0
2a, 3a 18.0 6 12.0 —
2b, 3b 24.0 6 15.0 —
2¢, 3¢ 18.0 6 12.0 —
2,3 — — 39.0 39.0
Determination of the design level displacement A. 8§1630.9.1

For both strength and allowable stress design, the UBC now requires building drifts
to be determined by the load combinations of 81612.2, these being the load
combinations that use strength design, or LRFD. An errata for the second and third
printing of the UBC unexplainably referenced 81612.3 for allowable stress design.
The reference to §1612.3 (Allowable Stress Design) isincorrect and will be
changed back to reference 81612.2 (Strength Design) in the fourth and later
printings.

Shear wall displacements for a structures of this type (generaly) are well below the
maximum allowed by code and the computation of these displacementsis
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considered not necessary. Refer to Design Example 2 for anillustration of this
procedure.

Distribution of lateral forces to the shear walls.

In this part, story shears are distributed to shear walls with the diaphragms assumed
to berigid. (Refer to Design Example 2 for a code confirmation of the applicability
of this assumption).

It has been common practice for engineers to assume flexible diaphragms and
distribute loads to shear walls based upon tributary areas. The procedures used in
this Design Example 3 are not intended to imply that seismic design of light frame
construction in the past should have been performed in this manner. Recent
earthquakes and testing of wood panel shear walls have indicated that drifts can be
considerably higher than what was known or assumed in the past. Knowledge of
the increased drifts of short wood panel shear walls has increased the need for the
engineer to consider relative rigidities of shear walls.

Section 1630.6 requires the center of mass (CM) to be displaced from the
calculated center of mass a distance of 5 percent of the building dimension at that
level perpendicular to the direction of force. Section 1630.7 requires the most
severe load combination to be considered and also permits the negative torsional
shear to be subtracted from the direct load shear. The net effect of thisisto add 5
percent accidental eccentricity to the actual eccentricity.

The direct shear force F; inwall i isdetermined from:

R
Fy ZFﬁ

and the torsional shear force F; inwall i isdetermined from:

Fti :TR'_d'
J

where:
i = wall number

J=3Rd,” +3Rd,’
R =gshear wall rigidity
d = distance from the lateral resisting element (e.g., shear wall) to the center

of rigidity (CR).
T =Fe
F = story shear

e = eccentricity

§1630.6
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Determine center of rigidity, center of mass, eccentricities for roof
diaphragm.

Forcesin the east-west (x) direction:

_ K
y%kiy o Y, =T ke =Y Ky
XX

Using the rigidity values k from Table 3-3 and the distance y from line H to the
shear wall:

y(8.0+15.0+30.0+30.0+30.0+15.0+8.0)=8.0(116) +
15.0(106) + 30.0(82.0) + 30.0(50.0) + 30.0(26.0) + 15.0(10.0) + 8.0(0)
— 7408

Oy, =———=545ft
Ir = 1360 222

The building is symmetrical about the x-axis and the center of massis determined
as.

- 116.0

Y, = = 58.0ft

2 _—

The minimum 5 percent accidental eccentricity for east-west forces, €y, is
computed from the length of the structure perpendicular to the applied story force.

e, =(0.05)(116ft) = +5.8ft

The y,, tothedisplaced CM = 58.0ft + 5.8ft = 63.8ft or 52.2ft

The total eccentricity is the distance between the displaced center of mass and the
center of rigidity y, =54.5ft

Ue, =638-54.5=93ft or 522-545=-23ft

Note that the distance is dlightly different than in Design Example 2.

Note that in this Design Example, displacing the center of mass 5 percent can result
in the CM being on either side of the CR and can produce added torsional shearsto
al walls.
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Note that the 5 percent may not be conservative. The contents-to-structure weight
ratio can be higher in light framed structures than in heavier types of construction.
Also, the location of the calculated center of rigidity islessreliable for light framed
structures than for other structural systems. Use engineering judgment when
selecting the eccentricity e.

Forcesin the north-south (y) direction:

The building is symmetrical about the y-axis. Therefore, the distance to the CM
andCRis

Xm = %‘0 = 24.0ft

min. €, = (0.05)(48ft) = +2.4ft

Because the CM and CR locations coincide,

Oe, =24ft or -—24ft

184 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



Design Example 3 m Cold-Formed Steel Light Frame Three-Story Structure

W
)
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52.2"
S
=I
—]
— i
63.8
61.5
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DISPLACED .M.

93

23

63.8°
52.7
54.5'

Figure 3-7. Center of rigidity and location of displaced centers of mass for diaphragms
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3b. Determine total shears on walls at roof level.

The total shears on the walls at the roof level are the direct shears F, and the
shears due to torsion (combined actual and accidental torsion) F;;.

Torsion on the roof diaphragm is computed as follows:

T, = Fe, =44,5001b(9.3ft) = 413850ft - Ibfor walls A, B, and C

or T, =44,5001b(2.3ft)=102,350ft - Ibfor wallsE, F, G, and H
T, = Fe, =44,5001b(2.4ft)=106,800ft - Ib

Since the building is symmetrical for forces in the north-south direction, the
torsional forces can be subtracted for those walls located on the opposite side from
the displaced center of mass. However, when the forces are reversed then the
torsional forceswill be additive. Asrequired by the UBC, the larger values are
used in this Design Example. The critical forceis then used for the design of these
walls. Table 3-6 summarizes the spreadsheet for determining combined forces on
the roof level walls.

Table 3-6. Distribution of forces to shear walls below the roof level

EireCt Torsional | Total Force
wal | Rg | Ry | dy | dy | Rd Rd 2 oree 1 e F| F +F
Fv \Y t
A 8.0 615 | 4920 | 30,258 2,617 +908 3,525
B 15.0 515 | 7725 | 39,784 4910 | +1,426 6,336
. |c 30.0 275 | 8250 | 22688 9815 | +1,523 11,338
g [E [300 45 | 1350 608 9,815 +62 0,877
5 |F 30.0 285 | 8550 | 24,368 9,815 +390 10,205
“ e 15.0 445 | 6675 | 29,704 4,910 +305 5,215
H 8.0 545 | 4360 | 23762 2,618 +199 2,817
T | 1360 171,172 44,500
= |t 460 | 240 1,104 26,496 22,250 +526 22,776
3 4 460 | -24.0 -1,104 26,496 22,250 526 21,724
=P 92.0 52,992 44,500
= |z 224,164
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Determine center of rigidity, center of mass, and eccentricities for the
third floor diaphragm.

Since the walls stack with uniform fasteners, it can be assumed that the center of
rigidity for the third floor and the second floor diaphragms will coincide with the
center of rigidity of the roof diaphragm.

Torsion on the third floor diaphragmis:
F = (44,500 + 42,700) = 87,2001b
T, = Fe, =87,2001b(9.3ft) =810,960ft - Ibfor walls A, B, and C
or 87,2001b(2.3ft) = 200,560ft - Ib for walls E, F, G, and H
T, = Fe, =87,2001b(2.4ft) = 209,280ft - Ib

Results for the third floor are summarized in Table 3-7.

Table 3-7. Distribution of forces to shear walls below the third floor level

Direct Torsional Total Force
Wal Ry Ry dy | dy Rd Rd? Force F, Force F; F,+F
A 8.0 61.5 492 30,258 4,104 +1,467 5,571
B 20.0 515 1030 53,045 | 10,258 +3,071 13,329
- C 38.0 275 1045 28,738 | 19,492 +3,116 22,608
g E 38.0 45 171 770 19,492 +126 19,618
2 F 38.0 28.5 1083 30,865 | 19,492 +798 20,290
= G 20.0 445 890 39,605 | 10,258 +656 10,914
H 8.0 54.5 436 23,762 4,104 +329 4,433
2 170.0 207,043 | 87,200
1 56.0 24 1,344 32,256 | 25,700 +1,034 26,734
= 2 39.0 25 97.5 244 17,900 +76 17,976
533 3 39.0 -2.5 -97.5 244 | 17,900 -76 17,824
£ 4 56.0 -24 -1,344 32,256 | 25,700 -1,034 24,666
= 2 190.0 65,000 | 87,200
2 272,043
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3d. Determine center of rigidity, center of mass, and eccentricities for the
second floor diaphragm.

Torsion on the second floor diaphragmis.

F = (44,500 + 42,700 + 21,100) =108,3001b

T, = Fe, =108,3001b(9.3ft)=1,007,190ft - Ibfor walls A, B, and C
or 108,3001b(2.3ft) = 249,090ft - Ib for wallsE, F, G, and H

T, = Fe, =108,3001b(2.4ft) = 259,920ft - Ib

Results for the second floor are summarized in Table 3-8.

Table 3-8. Distribution of forces to shear walls below second floor level

Direct Torsional | Total Force

wall| Re| Ry | dy | dy Rd Rd? Force F, [Force F | F, +F

A 8 61.5 492 30,258 4,444 | +1,695 6,139

B 22 51.5 1,133 58,350 12,218 | +3,901 16,119
- C 45 275 1,238 34,031 24,992 | +4,263 29,255
g E 45 45 203 911 24,992 +172 25,164
2 F 45 28.5 1,283 36,551 24,992 | +1,093 26,085
- G 22 445 979 43,565 12,218 +834 13,052

H 8 54.5 436 23,762 4,444 +371 4,815

2 |195 227,428 108,300

1 56.0 | +24.0 1,344 32,256 31,920 +1,195 33,115
< 2 390 [ +25 975 244 22,230 +87 22,317
§ 3 39.0 25 -97.5 244 22,230 -87 22,143
£ 4 56.0 | -24.0 -1,344 32,256 31,920 -1,195 30,725
= 2 190.0 65,000 108,300

2 292,428

188 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



3e.

Design Example 3 m Cold-Formed Steel Light Frame Three-Story Structure

Comparison of flexible vs. rigid diaphragm results.

Table 3-9 summarizes wall forces determined under the separate flexible and rigid

diaphragm analysis. Fastener requirements were established in Part 2 in Design Example 2.
These determinations should be checked for results of the rigid diaphragm analysis and
adjusted if necessary (also shown in Table 3-9).

Table 3-9. Comparison of loads on shear walls using flexible versus rigid diaphragm

results
and recheck of wall fastening
Froine ® | Frid Rig_id/ V= F Plywood Allowable | Edge Nail
Wall 9 Flexible | b (ft) (b 4 lor2 Shear® | Spacing
(Ibs) (Ibs) ratio sides (plf) (in.)
(pif)
Roof Level
A 1,430 3,525 +147% 125 205 1 310 6
B 6,280 6,336 +1% 22.0 205 1 310 6
C 11,310 11,338 0% 43.0 190 1 310 6
E 11,310 9,877 -13% 43.0 190 1 310 6
F 8,080 10,205 +26% 43.0 170 1 310 6
G 4,660 5,215 +11% 22.0 170 1 310 6
H 1,430 2,817 +97% 125 165 1 310 6
1 22,250 22,776 +2% 64.5 255 1 310 6
4 22,250 22,7764 -2% 64.5 255 1 310 6
Third Floor
A 2,805 5,571 +99% 125 320 1 310 60
B 12,305 13,329 +8% 22.0 435 1 400 40
C 22,160 22,608 +2% 43.0 375 1 400 4
E 22,160 19,618 -11% 43.0 370 1 400 4
F 15,830 20,290 +28% 43.0 340 1 400 4
G 9,135 10,914 +19% 22.0 355 1 400 4
H 2,805 4,433 +58% 125 255 1 310 6
1 31,955 26,734 -16% 64.5 355 1 400 4
2 11,645 17,976 +54% 60.0 215 1 310 6
3 11,645 17,9764 +54% 60.0 215 1 310 6
4 31,955 26,7341 -16% 64.5 355 1 400 4
Second Floor

A 3,485 6,139 +77% 125 350 1 310 60
B 15,280 16,119 +5% 22.0 525 1 585 3
C 27,525 29,255 +6% 43.0 485 1 585 3
E 27,525 25,164 -9% 43.0 460 1 585 3
F 19,660 26,085 +33% 43.0 435 1 585 3
G 11,345 13,052 +15% 22.0 425 1 585 3
H 3,485 4,815 +38% 125 275 1 310 6
1 36,750 33,115 -10% 64.5 410 1 400 40
2 17,400 22,317 +28% 60.0 265 1 310 6
3 17,400 22,3174 +28% 60.0 265 1 310 6
4 36,750 33,1154 -10% 64.5 410 1 400 40

Notes:
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1. Allowable shears are determined from UBC Table 22-VI11-C for 15/32-inch Structural |
sheathing using nominal shear values divided by factor of safety (Q)of 2.5. Sheathing

may by either plywood or oriented stand board (OSB).

2. Screw spacing needs to be decreased from that required for Design Example 2 forces.
See also discussion about building weight for the two example problems.

3. Forcestaken from Design Example 2.

4. Designates the force used was the higher force for the same wall at the opposite side
of the structure.

Comment: Wall rigidities used in this analysis are approximate. The initial rigidity
R can be significantly higher than estimated due to the stiffening effects of stucco,
drywall walls not considered, and areas over doors and windows. During an
earthquake, some low stressed walls may maintain their stiffness and others may
degrade in stiffness. Some walls and their collectors may attract significantly more
lateral load than anticipated in either aflexible or rigid diaphragm analysis. It must
be understood that the method of analyzing a structure using rigid diaphragms
takes significantly more engineering effort. Thisrigid diaphragm analysis method
indicates that some lateral resisting elements can attract significantly higher
seismic demands than those determined under tributary area analysis methods.

4. Reliability/redundancy factor p.

The reliability/redundancy factor penalizes lateral force resisting systems without
adequate redundancy. In this Design Example, Part 1, the reliability/redundancy
factor was previously assumed to be p = 1.0. Thiswill now be checked:

20
_ (30-3)
(e A
where:

Mnax = the maximum element-story shear ratio. For shear walls, the wall with

the largest shear per foot at or below two-thirds the height of the building; or
in the case of athree-story building, the ground level and the second level.
See the SEAOC Blue Book Commentary 8C105.1.1.1. Thetota lateral load
inthewall ismultiplied by 10/1,, and divided by the story shear.

=length of wall in feet

Ag isthe ground floor area of the structure.

_ Vi (10/1,)

P F

Ay =5,288 ft
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For ground level.

For east-west direction:
Using strength level forces for wall B:

Vax =16,1191bapplied to 2 walls.

= (16,119 0.5)(10/11.0) _ 0.068
108,300
p= Z—L =-20<1.0minimum o.k
0.068,/5,288
Op=1.0

Therefore, there is no increase in base shear due to lack of reliability/redundancy.

For north-south direction:
Using strength level forces for walls 1 and 4:

Load towall: 36,750%11.5/64.5 = 6,5501bs

(6,550)(10/11.5)
108,300

=

=0.053

Note that thisis the same as using the whole wall.

(36,750)(10/64.5)
108,300

=

=0.053

20 .
=2-——— =-3.2<1.0minimum o.k.
P 0.053,/5,288

Op=1

o
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For second level.

For east-west direction:
Using strength-level forces for wall B:

_ (13,329)10/11.0) _ 0.069

e 87,200

20 .
=2—-—— =-1.9<1.0minimum o.k.
P 0.069,/5,288

o

Op=1

Therefore, there is no increase in base shear due to lack of reliability/redundancy.

For north-south direction:
Using strength-level forces for walls 1 and 4:

_ (31,955)(10/64.5) _ 0.057

e 87,200

=-2.8<1.0 minimum o.k.

, 2
0.057,/5,288
Op=10

Therefore, for both directions, there is no increase in base shear required due to
lack of reliability/redundancy.

The SEAOC Seismology Committee added the sentence “ The value of the ratio of
10/1,, need not be taken as greater than 1.0” in the 1999 Blue Book—which will

not penalize longer walls, but in this Design Example has no effect.
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Tiedown forces for the shear wall at line C.

Determination of tiedown forces.

Design Example 3 m Cold-Formed Steel Light Frame Three-Story Structure

§2220.2

Tiedowns are required to resist the uplift tendency of shear walls caused by
overturning moments. In this step, tiedown forces for the three-story shear wall on
line C (Figure 3-8) are determined.

Since there are two identical shear wallson line C, forces from Table 3-7 must be
divided by two. Computation of story forces for one of the two wallsis shown
below. Note that forces are on strength design basis.

Froor =11,338/2 =5,6691b/wall (two walls on line C)

Fuira = (22,608 -11,338)/2=5,635Ib

Focond = (29,255 - 22,608)/2 = 33241b

Q, = 2.8 bearing wall system

~ Froor

Table 16-N

P

SEE FIGURE 3—9\\(

FIGURE
3-13

l:THIRD

||
|
8.21"

N

l
(

N

FIGURE
3-1

FsecoN

"
e
]

SEE FIGURE 3—10\N|
|
~N

FIGURE
3-11

FIGURE
3-12

9.44"

e= 0.25

d= 21.0°

[

~0.25

Lw= 21.5

Figure 3-8. Typical shear wall C elevation
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The distance between the centroid of the boundary forces that represent the
overturning moment at each level must be estimated. Thisis shown below.

e =the distance to the center of tiedown and boundary studs or collectors
studs (Figure 3-10)

e =3in.= 0.25ft

d =the distance between centroids of the tiedowns and the boundary studs.
Note that it is also considered acceptable to use the distance from the end
of the shear wall to the centroid of the tiedown.

d = 21.5ft— 2(0.25ft) = 21.0ft
The resisting moment M is determined from the following dead |oads:

W0 =13.5psf (1.33ft) =18.0plf
Wioor = 25.0psf (1.33ft) = 33.0plf
W, =10.0plf

Overturning resisting moments are determined from simple statics. Calculations are
facilitated by use of a spreadsheet. Table 3-10 summarizes the tiedown (i.e., uplift)
forces for the shear wallson line C.

Table 3-10. Tiedown forces for shear wall C

Strength Uplift ASD Uplift
Level Mor | QoMor M g (ftlb) 0.85M R(l) QoMor —0.85Mg | QoMor —0.85Mg
(ftlb) (ft1b) R (ftlb) d d(1.4)
(Ibs) (Ibs)
Roof 46,545 130,330 23,135 19,665 5,275 3,770
Third 153,255 429,115 52,580 44,695 18,315 13,080
Second 291,340 815,755 82,025 69,720 35,525 25,375
Notes:

1. The0.85 dead load factor of §2213.5.1 is different from the 0.9 factor of §1612.4.
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Load combinations using allowable stress design.

The UBC has two specia sections for shear wallswith light framing in Seismic
Zones 3 and 4. For metal framing, 82220 is used, and for wood framing, Section
2315.5.1. Section 2220.2 specifies requirements for steel stud wall boundary
members and anchorage and refers to 82213.5.1 for load combinations. Section
2315.5.1 deals with wood stud walls and does not have any such special
requirements. In the case of identical building types (asin Design Example 2 and
Design Example 3 of this manual) this would give an apparent advantage to wood
framing.

The basic load combinations of §1612.3.1 do not permit stress increases.
The alternate basic load combinations if §1612.3.2 permit stress increases.

Errata to the First Printing added Equation (12-16-1):
09D + 5 to the alternate basic |load combinations (12-16-1)

Since this exact same load combination is listed in the basic load combinations the
code isin contradiction and confusing (to say at least). This Design Example will
use one-third stress increase of §1612.3.2.

Allowable shear and nominal shear strength of No. 10 screws.

Tiedown connections for the line C shear wall will utilized 12-gauge straps at the
third floor. This part shows determination of the shear strength of the No. 10
screws that will be used to connect the tiedown straps to the 18-gauge boundary
studs.

There are two basic ways of determining the shear strength of the screws. The first
isto use the values established in an ICBO Evaluation Report with appropriate
conversion to strength design. The second is to compute the shear strength of a
screw using the’96 AlS| specification. Both methods are shown below.
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6a. Nominal shear strength determined from ICBO Evaluation Report.

The Metal Stud Manufacturers Association provides ICBO ER No. 4943. Shear
values on an ASD basis are provided for various gauge studs having a minimum
yield strength of 33 ksi and a minimum ultimate strength of 45 ksi.

For No. 10 screws in an 18-gauge stud, the allowable shear is given as 258 Ibs per
screw. Thismust be increased as shown below to convert to the strength design
basis used in this example.

Pe = QP
where:
P, = nominal shear strength per screw
P,s = alowable shear strength per screw
Q=30 96AIS| E4

P =3.0(2581b) = 7741b per screw

Note that ER No. 4943 also specifies a minimum edge distance and a minimum on
center spacing of 9/16 inch for No. 10 screws.

6b. Calculation of nominal shear strength using strength design.

The nominal shear strength is the screw capacity without the appropriate reduction
factorsfor allowable stress design (Q) or load and resistance factor design (¢).

d =0.190in.
F, =45,000psi

Note: some connector straps and hardware have an F, = 65,000psi , which will
give higher screw capacities.

F,, = 45,000psi
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Casel: Srrap applied to stud flange (Figure 3-9).
Assume 12-gauge galvanized strap:

t, =0.1017in.
With 18-gauge studs:

t, =0.0451in.

t,/t, = 0.0451/0.1017 = 0.44 <1.0

P =4.2(t,%d)¥2F,, = 7891b 96 AlSI (E4.3.1-1)
P, = 2.7t,dF , =2,348lb 96 AISI (E4.3.1-2)
P, = 2.7t,dF,, =1041lb 96 AISI (E4.3.1-3)

Using the smallest value of P:
P = 7891b per screw

Note how this value is amost equal to the 774 b determined from Part 6a, above.

Case 2: Strap applied to double stud webs (Figure 3-10).
Assume 10-gauge galvanized strap:
t, =0.138in.
With 18-gauge studs:
Since there are two stud webs, thickness t, is doubled.
t, =0.0451x 2 = 0.0902in.

t,/t, = 0.0902/0.138 = 0.65<1.0

P =4.2(t,%d)¥2F,, =2,2321b 96 AISI (E4.3.1-1)
P, =2.7t,dF, = 3186lb 96 AlSI (E4.3.1-2)
P, = 2.7t,dF,, = 2,082Ib 96 AlS! (E4.3.1-3)
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Using the smallest value of P:

P, =2082lb

6C. Calculation of allowable shear using ASD.

Case|: Srrap applied to stud flange (Figure 3-9):
From Part 6b, above:

P =789Ib

I:)as = ns/Q = 789/3.0: 2631b per screw

Casell: Strap applied to double stud webs (Figure 3-10):
From Part 6b, above:
P =2,082Ib

P, = P/Q =2,082/3.0=694Ibper screw

7. Tiedown connection at third floor for wall on line C.

Shown below is the strength design of the tiedown strap to be used for the shear
wallson line C at the third floor. The configuration at the tiedown is shown on
Figure 3-9.

Uplift =37701b
Try al12-gauge x 3inch strap and No. 10 screws:

P = 7891b per screw

LRFD design strength = ¢P, 96 AISI (3.1)
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where:

¢ =0.50

®P,s = 0.5(789) = 3951b
Number of screws required:

3,770/395=9.5

0 Use 12 minimum
With 2 rows of #10 screws @ 3Y2 inches on center the length of strap required:
Strap is pre-manufactured, use half spacing for end distance or 1% inch. Net
spacing is screws is 1.75 inches on center. Need to add in thickness of 1¥2inch
lightweight concrete and ¥inch sheathing, plus the 12-inch depth for the floor
joist:

(1.75+ (1+12)1.75+1.75)2 + (1.5+ 0.75+12) = 65.0

[JUse 72-inch-long strap
Check capacity of strap for tension:
Strap to be used will be a pre-manufactured strap for which thereisan ICBO
Evaluation Report. The rated capacity, including 33 percent increase for wind or

seismic loading, is given as 9,640 Ib.

9,6401b > 3,7701b ok

If the strap does not have an ICBO rated capacity, the manufacturer should be

contacted to determine the strength of the steel used. It is probable that the steel

used in the strap will have strengths that differ from the steel used in the studs.

Generaly, strengths differ from manufacturer to manufacturer.

Checking capacity of strap:
T, =AF, 96 AlSI (C2-1)
b =3.0in.(strap width)
t = 0.1046in. (strap thickness)

d =0.171in. (diameter of holes)
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A, =0.2987in.? (net area of strap)
F, =45,000ps (yield strength of particular manufacturer)

T,, =0.2987(45,000) = 13.443Ib(nominal strength of strap)

For AD:

Tieforce =3,770Ib(Table 3-10)

T—“ =allowable tension :%:8,050lb>3,770Ib o.k.
Q, 1.67
For LRFD:

Tieforce =5,2751b (Table 3-10)
®T, =tension strength = 0.95(13,443)=12,770Ib=>5275lb ok

Use 12-gaugex3in.x72in. strap with 12 #10 screws @ 3%z inches o.c. each end.

T

el
2-4"x18 GA \O|
STUDS © STRAP o )

‘ 3T X 1297 GALV.

STRAP w/2 — ROWS
g%,,ng}Ews T TH %L #10 SCREWS @ 3 1/2" o/c
=

FLOOR ‘ a3
SHEATHING  \ | g

_____ *
. -

\\ .
12" METAL JOlSTl
@ 16" o/c
12"x16 ga. JOIST
BLOCK @ 16" o/c
4"x18 ga. DOUBLE
BEARING STIFFENER
ON FARSIDE w

5-#10 SCREWS TO
EACH JOIST BLOCK

NM—18 GA UNPUNCHED
RUNNER CHANNEL

29" MIN.

N

2-4"x18 ga.
STUDS @ STRAP

Figure 3-9. Typical tiedown connection at the third floor on line C.
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8. Tiedown connection at second floor for wall on line C.

Design of the pre-manufactured tiedowns for the second floor shear wallson line C
is shown below. Figure 3-10 shows the configuration of the tiedown.

Uplift =13,080Ib from Table 3-10

The connector is an ICBO approved, pre-manufactured holdown device. The rated
capacity including the 33 percent increase for wind or seismic loading is 9,9001b.

Using two holdowns, one on each boundary stud, the capacity is:

2x9,900=19,8001b>13,0801b ok.

In general, when using pre-manufactured tiedowns, consult with ICBO Evaluation
Service or the manufacturer for the necessary approvals for hardware selection.
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0. Boundary studs for first floor wall on line C.

The studs at each end of the shear walls on line C must be designed to resist
overturning forces. In this example, double studs as shown in Figure 3-10 will be
used at each end. The critical aspect of design is checking the studs for axial
compression. Thisis shown below.

0EL. STURS
~ +~—ICED APPROVED
T . Bl APPROVEL
ra | 7  PREMANUFACTURED
| L= 0L w30
i | 4 'I.II_'.-LJ-!_lL'n'-"“.- e GUEED
4 3 O DOUELE 47x1B ga
4 I tvd TS
|

{ eur woLe i - l:'{*n e :Tﬁ

{ TRACK & FLR |
I BHTIz i

“u:}:ﬂa:l:—": 1

|
- |
s
I» —————— ,‘JL—— - e 7B 8 ROD W/
71 f L JBL MUTS EA ENDO
|| £ %16 gaeed | OOUSELE [ AR
| HEARING | STFFENERS LINMIER
| STFFENER | DOLELE STUDS
\ ||
'\.. I o
¥
DR sl
o | e i
. | = fatx smulis
| J
l -
r
Fa ol

BOUNDARYT STUDS

Figure 3-10. Typical tiedown connection at the second floor on line C

Note that 82220.2 of Division VII (Lateral Resistance of Steel Stud Wall Systems)
requires use of the requirements of §2315.5.1. Thisincludes use of the seismic
force amplification factor Q to account for structural overstrength. This

requirement does not apply for boundary elements of wood stud shear walls.
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For axial compression, the load combination to be used is:
1.0P, +0.7P, +Q P: §22135.1
P, =[40psf +(16/12)(16/12)]2=145Ib
Po. =[135psf +(25.0)2] (16/12) + [10psf (8ft)(16/12)(3)] = 4051b
From Table 3-10:
QM =815,696ft - Ib
Q,P: =815,755ft - Ib/(21.0ft)(1.4) = 27,7451b
Thus, the design load to boundary studs using the equation of §2213.5.1 is:
1.0(405) + 0.7 (145) + 27,745 = 28,2501b
With a computer program using 1996 AlISI Specifications, the allowable axial load
for a 4'x 18-gauge stud with 2-inch flangesis 4,042 |b with the flanges braced at
mid-height.

28250 _ 41
4,042x1.7

No. of studsrequired=
where:
1.7 isthe allowable stress increase

Therefore, use 5 studs at ends of wall as follows:

Use two back-to-back studs, plus two back-to-back studs with additional stud
(Figure 3-10).
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10. Shear transfer at second floor on line C.

Shear forces in the second floor diaphragm are transferred to the shear walls below
as shown in Figure 3-11.

From Table 3-9, the ASD shearsin the wall are:
v = 485|b/ft
Try using #8 screws, 18-gauge metal side plates and Douglas Fir plywood:
Z =119Ib/screws 9INDS Table11.3B

Cp =133 §1612.3.2

Maximum spacing = 9in

ZCp _119(1.33)12 _ 3
v 485 '

O Use# 8 screws at 3 inches on center.

Capacity of the #8 screws in the 18-gauge tracks and runner channels are O.K. by
inspection.

[
2-4"x18 GA I@
STUDS @ STRAP |

(.
#8 SCREWS | i
@ 3” o/c | 4" x 18 GA STUD
[~ |
[

TRACK, TYPICAL
SCREWS AT EDGE
SPACING, TYPICAL

FLOOR SHEATHING

|

|

| SHEATHING
: PER PLAN
|

|

|

|

|

@ 16” o/c

_____ o
e
I e
L :| T
12" METAL JOIST L —l—e— \

18 GA UNPUNCHED
RUNNER CHANNEL

A

12"x16 ga. JOIST

BLOCK @ 16" o/¢ |
| —#8 SCREWS @

4”x18 ga. B/EARlNG : 3" o/c

STIFFNER w/5—

#10 SCREWS TO | SHEATHING

EA JOIST BLOCK | PER PLAN

2—4"x18 ga. |

BACK—TO=BACK |

STUDS @ STRAP

NN

Figure 3-11. Typical detail for shear transfer through floor on line C
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Shear transfer at foundation for walls on line C.

Shown below is the design of the connection to transfer the shear forcein the walls

on line C to the foundation. This detail is shown in Figure 3-12.

From Table 3-9:

v = 4851b/ft

Allowable load based on bolt bearing on track:
For 5/8" bolts and 18-gauge track:

P, =222F,d
where:

P, =nominal resistance

F, = 45ksi (minimum value)

d = 0.625in.
t = 0.0451in.
P, = 2.22(45)(0.625)(0.0451) = 282&
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PER
PLAN

O

18ga. RUNNER
CHANNEL w/ M.B.’S

PER SCHED. 18ga. RUNNER CHANNEL

CHANNEL w/ DRIVE PINS

8 SCREWS AT EDGE
PACING TO TRACK

o

AN

Figure 3-12. Detail for shear transfer at foundation on line C.

Allowable service load on embedded bolts in concrete is determined as follows.
For 5/8" bolts and 3000 psi concrete:

Allowable shear = 2'750b|_b Table 19-D

olt

Therefore the bolt in concrete governs the required spacing:

M aximum spacing 27150 _ 5.67ft o.c.
485

[JUse 5/8" diameter boltsat 4'-0" o.c. spacing
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12. Shear transfer at roof on line C.

Shear forcesin the roof diaphragm are transferred to the shear walls below as
shown in Figure 3-13. From Table 3-9 are the ASD shearsin the wall.

v =1901b/ft

From manufacturer’s catalog, allowable load for the 6-3/8-inch-long framing clip is
915 pounds.

With framing clips at 4.0 ft centers, the design ASD forceis:

(190)(4) = 7601b < 915Ib o.k.

ROOF SHEATHING SCREWS @ EDGE SPACING

COLLECTOR TRUSS

MANUFACTURED
ROOF TRUSSES

L

4" x 18ga. STUD
BRACES @ 4’ — 0" o/c

|

18ga_RUNNER 0!
CHANNEL, TYPICAL I
[

|

18ga TIE PLATE I
|

|

AT 4'-0" o/c
w/ 4 #8 SCREWS O

#8 SCREWS @ EDGE
SPACING

FRAMING CLIPS
@ 24" o/c WITH
4 #10 SCREWS

WALL SHEATHING

Figure 3-13. Shear transfer at roof at line C

Note that double studs are used for sound control, but that only one stud is
considered in shear wall calculations.
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Commentary

The code does not have conventional construction provisions for cold-formed steel
similar to the conventional light frame construction provisions for wood. The 2000
International Residential Code (IRC) has included prescriptive provisions for
cold-formed steel for one- and two-family dwellings. It should be noted that the
structure shown in example could not use the IRC prescriptive provisions.
Inasmuch as there is no one standard for the manufacturing of the studs, the
process to design gravity load membersis atedious method and should not be done
by prescriptive means.

The AlSI Specification for Design of Cold-Formed Steel Structural Members has
complex equations and is considered by most engineerstoo difficult to be readily
used in design.

Due to the complex nature of the equations, in the AISI code it is recommended
that engineers designing in cold-formed steel utilize computer software for design.
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Design Example 4
Masonry Shear Wall Building

Figure 4-1. Schematic CMU building elevation

Overview

Reinforced concrete block masonry is frequently used in one-story and lowrise
construction, particularly for residential, retail, light commercial, and institutional
buildings. Thistype of construction has generally had a good earthquake
performance record. However, during the 1994 Northridge earthquake, some
one-story buildings with concrete masonry unit (CMU) walls and panelized wood
roofs experienced wall-roof separations similar to that experienced by many tilt-up
buildings.

This building in this Design Example 4 istypical of one-story masonry buildings
with wood framed roofs. The building is characterized as a heavy wall and flexible
roof diaphragm “box building.” The masonry building for this example is shown
schematically in Figure 4-1. Floor and roof plans are given in Figure 4-2 and 4-3,
respectively. The building is a one-story bearing wall building with CMU shear
walls. Roof construction consists of a plywood diaphragm over wood framing. An
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elevation of the building on line A isshown in Figure 4-4. A CMU wall section is
shown in Figure 4-5, and a plan view of an 8-0" CMU wall/pier isshownin
Figure 4-6.

The design example illustrates the strength design approach to CMU wall design
for both in-plane and out-of-plane seismic forces.

Outline

This example will illustrate the following parts of the design process.

Design base shear coefficient.

Base shear in the transverse direction.

Shear in wall on line A.

Design 8'-0" shear wall on line A for out-of-plane seismic forces.
Design 8'-0" shear wall on line A for in-plane seismic forces.

Design 8'-0" shear wall on line A for axial and in-plane bending forces.
Deflection of shear wall on line A.

Requirements for shear wall boundary elements.

Wall-roof out-of-plane anchorage for lines 1 and 3.

[

5| [ [ B [ [ &) ] [ [
. _

Chord design.
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Given Information

Roof weights:

Roofing+ one re-roof 7.5 psf
¥2" plywood 15
Roof framing 4.5
Mech./elec. 15
Insulation 15
Total dead load 17.0 psf
Roof live load 20.0 psf

Seismic and site data:
Z =0.4(Seismic Zone 4)
| =1.0(standard occupancy)
Seismic sourcetype = A
Distance to seismic source = 5 km
Soil profile type = S,

Design Example 4 m Masonry Shear Wall Building

Exterior 8-inch CMU wadlls:
75psf (fully grouted,

light-weight masonry)
f',=2500ps
f, =60,000psi
Table 16-I
Table 16-K
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Figure 4-3. Roof plan
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Figure 4-4. Elevation of wall on line A
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»

15/32" PLYWOOD (=)
ROOF SHEATHING \ Ny
*\ ROOF EL.
| J
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Figure 4-5. Section through CMU wall along lines 1 and 3
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FULLY GROUTED (fm = 2500 psi)
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4" 16" 16"

Figure 4-6. Reinforcement in 8’-0” CMU shear walls on lines A and D
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Calculations and Discussion

Design base shear coefficient.

Period using Method A (see Figure 4-5 for section through structure):

T=C,(h,)¥* = 020(16ft)** =016sec

Near source factors for seismic source type A and distance to source =5 km

N, =1.2

N, =16

\"

Seismic coefficients for Zone 4 and soil profile type Sy are:

C, =044N, =053

C, =0.64N, =1.02

Code Reference

§1630.2.2

(30-8)

Table 16-S

Table 16-T

Table 16-Q

Table 16-R

The R coefficient for a masonry bearing wall building with masonry shear walls

is:
R=45
Calculation of design base shear:

_Cylyy o102 (10)

Y
RT  45(016)

W =1417W

but need not exceed:

_ 2.5§a| W 2.5(0.53)(1.0)

\Y W =0.294W

The total design shear shall not be less than:

V =0.11C,IW = 0.11(0.53)(1.0)W = 0.058

SEAQC Seismic Design Manual

Table 16-N

(30-4)

(30-5)

(30-6)
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In addition, for Seismic Zone 4, the total base shear shall also not be less than:

_OBZN,I, 0.8(0.4)(1.60)(1.0)
R 45

\Y

W = 0.114W (30-7)

Therefore, Equation (30-5) controls the base shear calculation and the seismic
coefficient is thus:

V =0.294W

2. Base shear in transverse direction.

This building has a flexible roof diaphragm and heavy CMU walls (see Figure 4-3).
The diaphragm spans as a simple beam between resisting perimeter wallsin both
directions and will transfer 50 percent of the diaphragm shear to each resisting
wall. However, in abuilding that is not symmetric or does not have symmetric wall
layouts, the wall lines could have slightly different wall shears on opposing wall
lines 1 and 3 and aso on A and D.

The building weight (mass) calculation is separated into three portions: the roof,
longitudinal walls, and transverse walls for ease of application at alater stage in the
calculations. The reason to separate the CMU wall masses is because masonry
walls that resist ground motions parallel to their in-plane directions resist their own
seismic inertia without transferring seismic forces into the roof diaphragm. This
concept will be demonstrated in this example for the transverse (north-south)
direction.

For the transverse direction, the roof diaphragm resists seismic inertia forces
originating from the roof diaphragm and the longitudinal masonry walls
(out-of-plane walls oriented east-west) on lines 1 and 3, which are oriented
perpendicular to the direction of seismic ground motion. The roof diaphragm then
transfers its seismic forces to the transverse masonry walls (in-plane walls oriented
north-south) located on lines A and D. The transverse wallsresist seismic forces
transferred from the roof diaphragm and seismic forces generated from their own
weight. Thus, seismic forces are generated from three sources: the roof diaphragm;
in-plane walls at lines 1 and 3; and out-of-plane walls at lines A and D.

The design in the orthogonal direction is similar and the base shear is the same.
However, the proportion of diaphragm and in-plane seismic forces is different. The
orthogonal analysisis similar in concept, and thus is not shown in this example.

Roof weight:

W, =17 psf (5,400sf ) = 92kips
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For longitudinal wall weight (out-of-plane walls), note that the upper half of the
wall weight is tributary to the roof diaphragm. This example neglects openingsin
the top half of the walls.

2
Wt oo =755 (2walls)(0010)19) FEEL 75 as0rt) 821~ 155 1ips

2(16ft)

For forcesin the transverse direction, seismic inertial forces from the transverse
walls (lines A and D) do not transfer through the roof diaphragm. Therefore, the
effective diaphragm weight in the north-south direction is:

VVtrans.diaph :Wroof +Wwa||s,|ong =92k +152k =244 kips

The transverse seismic inertial force (shear force), which is generated in the roof
diaphragm is calculated as follows:

Vtrans.diaph = 0'294\Ntrans.diaph = 0'294(244 kips) =172 kips

The seismic inertial force (shear force) generated in the transverse walls (in-plane
walls) is calculated using the full weight (and height) of the walls (with openings
ignored for simplicity).

Vianswalls = 0-294 (75 psf ) (19ft) (60ft) (2 walls) = 50kips

The design base shear in the transverse direction is the sum of the shears from the
roof diaphragm shear and the masonry walls in-plane shear forces.

U Vtrans :Vtrans diaph +Vtrans walls = 72k +50k =122Kki ps

3. Shear wall on line A.

The seismic shear tributary to the wall on line A comes from the roof diaphragm
(transferred at the top of the wall) and the in-plane wall inertia force:

V. = Vtrans.diaph + Virans walls — 72kips + S0kips = 61kips

4. Design 8'-0" shear wall on line A for out-of-plane seismic forces.

In this part, the 8-0" shear wall on line A (Figure 4-4) will be designed for
out-of-plane seismic forces. Thiswall is abearing wall and must support gravity
loads. It must be capable of supporting both gravity and out-of-plane seismic
forces, and gravity plusin-plane seismic forces at different instantsin time
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depending on the direction of seismic ground motion. In this Part, the first of these
two analyses will be performed.

The analysis will be done using the “slender wall” design provisions of §2108.2.4.
The analysisincorporates static plus PA deflections caused by combined gravity
loads and out-of-plane seismic forces and calculates an axial plus bending capacity
for the wall under the defined loading.

Vertical loads.

Gravity loads from roof framing tributary to the 8-0" shear wall at line A:
P, = (17psf )21 PO 7 6501
02 @2 0

Live load reduction for gravity loads:

R =r(A-150) < 40 percent §1607.5
A= (30ft)(15ft) = 450sq ft

R =0.8(450sq ft — 150sq ft) = 24 percent
DL 17
= 23. — = 23. =427 t
R = 2340+ [ 2340+ = 427 peroen

0 R = 24 percent

Thereduced liveload is:
Pe . = (20psf )E‘%ﬁ éé'%ﬁ gloo percent — 24 percent) = 6,8401b

Under §2106.2.7, the glulam beam reaction load may be supported by the bearing
width plus four times the nominal wall thickness. Assuming a 12-inch bearing
width from a beam hanger, the vertical load is assumed to be carried by a width of
wall 12in.+4(8in.) = 44in.

. _ (7.6501b + 6,8401b)
beamDL (44in./12in.)

= 3,952 plf

7,6501b

R, = ———— =2,086plf
b0 " (44in./12in.) P
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Wall load on 8-foot wall (at wall mid-height):

PuaipL = (75psf )(8ft)§”37ft + 3ft Q: 6,6001b

_ 6,6001b
Wiwall DL =

=825plf
Dead load from wall lintels:
Plinap = (75psf )(9ft)§m7ft §= 6,7501b

| =(96in. - 44in.)/2 = 26in.

6,7501b
W, irtap = ————— = 3115plf
Linted T 56in./12in. P

Since the lintel loads are heavier than the beam load, and since dead load
combinations will control, the loads over the wall/pier length will be averaged.

The gravity loads on the 8'-0" wall from the weight of the wall, the roof beam, and
two lintels are:

3 Po. =(6,6001b+76501b +6,7501b + 6,7501b) = 27,7501b

Y Pry =68401b

4b. Seismic forces.

Out-of-plane seismic forces are calculated as the average of the wall element
seismic coefficients at the base of the wall and the top of the wall. The coefficients
are determined under the provisions of §1632.2 using Equation (32-2) and the
limits of Equation (32-3).

a,C.l
F,=pa p%wkgvp (32-2)
R, h,

0.7C,41 W, < Fj < 4.0C, I \W,, (32-3)
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At the base of the wall

a,C,l
Fp=—F +3l p
R, hy

— (1'O)Ca| P43 Oft
R % 16ft %Vp

p

=0.133C,| W, < 0.7C,I W,

OUse 0.7C,1 W,

F, =0.7(53)(L.o)w, =0.37W,

= 0.37(75psf ) = 27.8psf
At roof:
a,C,l
_ %ptalp
I
p

i
hl’

6ok, 0 g,
R, 0O 160

=1.33C,| W, < 4.0C,I W,

0 Use 1.33C, | W,

F, =1.33(53)(L.oW, =0.37W,
= 0.70(75psf ) = 52.5psf

Thus, use the average value of F, = (1/2)(27.8psf +52.5psf ) = 40.2 psf

Calculation of wall moments due to out-of-plane forces is done using the standard
beam formulafor a propped cantilever. See Figure 4-7 for wall out-of-plane
loading diagram and Figure 4-8 for tributary widths of wall used to determine the
loading diagram.
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—> -
R, 3
<
Wl —>
> 16’
W, 10'
R
>«

Figure 4-7. Propped cantilever loading diagram

Tributary width of wall considered

18'-0"
90"
Lintel beam
resists 10-0"
out-of-plane
forces

10-0" 8-0" 100"

Figure 4-8. Tributary width of wall for out-of-plane seismic inertial force calculations
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W, = (10ft + 8ft +10ft)(40.2 psf ) = 1,125 plf
W, =8ft(40.2psf ) = 322 plf

Using simple beam theory to calculate moment M, for out-of-plane forces, the
location of maximum moment isat h = 9.8 feet:

M oop =155301b-ft =186,3601b-in.

Comparison of seismic out-of-plane forces with wind (approximately 25 psf)
indicate that seismic forces control the design.

Design for out-of-plane forces. 8§1612.2.1

The wall section shown in Figure 4-6 will be designed. The controlling load
combinations for masonry are:

12D +16L, (12-3)
1.1(1.2D +1.0E) =1.32D +1.1(E,, + E,) (12-5)
1.1E, =1.12(0.5)C,ID = 0.55(0.53)(1.0)D = 0.30D

Note: Exception 2 of 81612.2.1 requires that a 1.1 factor be applied to the load

combinations for strength design of masonry elements including seismic forces.

The SEAOC Seismology Committee has recommended that this factor be deleted.

However; this example shows use of the factor because it is a present requirement

of the code, thus:
Posr. =12(27,7501b) +16(68401b) = 44,2441b (12-3)
P, =Ppsi+e = Pp +11E,
=132(27,7501b) + (0.30)(27,7501b) = 44,9551b (12-5)

The controlling load case by examination is Equation (12-5) for gravity plus
seismic out-of-plane forces.

Slender wall design of masonry walls with an axial load of 0.04f,, or lessare
designed under the requirements of §2108.2.4.4.
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Check axial load vs. 0.04f,, using unfactored loads:

P, + P

<004f,

27,7501b

= i <0, 2 i)=1 1
(6B [zin) 2P <004(2500ps)=100ps

O o.k.

Calculate equivalent steel area Ag:

A fy +R,

fy
_ (031in2) (6bars) (60000psi) + 4495510
60,000ps

Ase:

=261in.?

Calculate |, :

_ (R AT,) _ 2495510+ (186in?) (60000ps)
85f' b 85(2500psi)(961in.)

c=-2 -086in.
85

= Es _ 29,000,000p_5| —1546
Em 1875000ps

3
I :b_§+nAse(d_C)2

. . \3
_9%in(0.90in)* | (

Calculate M, using thevaluefor f, from §2108.2.4.6, Equation (8-31):

[6in.(7.625in.)°

H 6

Mg =S, f, =

=0.77in.

15.46) (2.62in.2 )(3.81in. -0.90in)* =365.0in.*

%4.0) (2,500)"2 =186,0501b - in.

(8-24)

(8-25)

§2106.2.12.1

(8-30)
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Calculate Ig:

_(96in,)(7.625in.)°

g =3546.6in."
12

Calculate M, based on Equation (8-20) of §2108.2.4.4:

First iteration for moment and deflection (note that eccentric moment at mid-height
of wall is one-half of the maximum moment):

M u=— M out-of —plane +M eccentric — 11E + 1'1(1'2D) + 1'1(1'6)(L = O)

M u=— M out—of —plane +M eccentric — 1'1(186136O|b - in')

8-20
+1.32(7,6501b)(6in.)/2 = 2359601b - in. (8-20)

_5Mcrh2 +5(Mu_Mcr)h2
Y 4BE,l, 48E |,

(8-28)

_ 5(186,0501b-in.)(192in.)*
" 48(1,875000psi)(3546.6in.* )

— i . 2
, 5(2352901b- in. - 186,0501b - in.){192in.) — 01Lin +0.28in = 0.38in

48(1,875,000psi ) (365.0in.” )

Note: The deflection equation used is for uniform lateral loading, maximum
moment at mid-height, and pinned-pinned boundary conditions. For other support
and fixity conditions, moments and deflections should be calculated using
established principals of mechanics. Beam deflection equations can be found in the
AITC or AISC manuals or accurate methods can be derived.

Second iteration for moment and deflection:

M, =235,290Ib-in. + 44,955Ib(0.38in.) = 252,5401b - in.

5(252,5401b - in. — 186,0501b - in.) 192 in.)*
48(1,875,000psi ) (365.0in.*)

A, =0.11in. +

=0.11in.+0.37in.=0.48in.
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Third iteration for moment and deflection:

M, =235290Ib-in. + 44,955Ib - in.(0.48in.) = 256,891Ib - in.

. p Ry
A, =041in.+ 5(256,8911b- in. 186,95p|b |.n.)(;92|n.)
48(1.875,000psi)(365.0in.*)

=0.11in.+0.40in.=0.51in.

Final moment (successive iterations are producing moments within 3 percent,
therefore convergence can be determined):

M, =235290lb-in. + 44,955Ib(0.51in.) = 258,217 b - in.

Calculation of wall out-of-plane strength:

o3

=0.80(2.47in.2)(60,000 psi)Eia.slin. _o.min. Q

=408,4391b-in.>258,2171b-in.

Since the wall strength is greater than the demand, the wall section shown in Figure
4-4is okay.

Note that out-of-plane deflections need to be checked using same iteration process,
but with service loads per §2108.2.4.6, (i.e., Py = 27,7501bs). Since ultimate

deflections are within allowable, there is no need to check service deflectionsin
this example. The limiting deflection is 0.007h per §82108.2.4.6 is
0.007(16x12") = 1.34". The deflection from this analysis is 0.50 inches. Thus the

deflection is within allowable limits.

Check that the wall reinforcement is less than 50 percent of balanced reinforcement
per §2108.2.4.2:

_ 853, ', + 87,000

Pb =0.0178
f 87,000+ f,

y

_ (6)031in.2)

= =0.0051< 0.0089
(3.81in.)(96in.) =

O o.k.

Check the unbraced parapet moment:
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a, =25 Table 16-0

R, =3.0

=1.76W, =1.76(75psf ) = 132.5 psf

M, (132.5psf )(3ft)? /8 =596Ib- ft = 7,155Ib- in. < 408,4391b - in.

[J Wall section isokay at parapet.

Design 8'-0" shear wall on line A for in-plane seismic forces.

Shear force distribution.

The shear force on line A must be distributed to three shear wall piers (6', 8, and 6'
in width, respectively) in proportion to their relative rigidities. This can be
accomplished by assuming that the walls are fixed at the tops by the 9-foot-deep
lintel. Reference deflection equations are given below for CMU or concrete walls
with boundary conditions fixed top or pinned top. For this Design Example, the
fixed/fixed equations are used because the deep lintel at the wall/pier tops will act
to fix the tops of wall piers.

3
(= AT LD ¢ wallfpiers fixed top and bottom
12E,,I  AG
3
A = ;/IIEh I + 1.2vih for walls/piers pinned top and fixed at bottom
m
G = 04E,, for concrete masonry under 82106.2.12.13 (6-6)

Relativerigidity isthus % where A isthe deflection under load V;. Using the
fixed/fixed equation, the percentage shears to each wall are shown in Table 4-1.
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Table 4-1. Distribution of line A shear to three shear walls.

LerYg\:]lail(ﬂ) Defll\g?:{inoinzin.) Shear (Iijné;lectlon Total Igﬁlf;ectwn Rigidity (1/in.) Dl?{é?gt(lg/:) to Wall Shear (K)
6 1.17E-05 3.50E-07 1.20E-05 83,28 26.69 16.2
8 6.56E-06 2.62E-07 6.82E-06 146,63 46.89 28.6
6 1.17E-05 3.50E-07 1.20E-05 83,28 26.69 16.2
Totals 313,20 100% 61.0

The seismic shear force E,, to the 8-foot pier is (0.468)61k = 28.6k.

Calculation of reliability/redundancy factor p is shown below. For shear walls the
maximum element story shear ratio r; isdetermined as:

§1630.1.1
rg = (28.6k)(10)/8ft/122k = 029for 8ft segment

re = (16.2k)(10)/ 6 ft /122 k = 0.22for 6ft segment

O rex =029

20

20
p= 2 - =2-
fraxvVAe  (0.29),/5400ft

Op=1.0

(30-3)

(o))

The strength design shear for the 8-0" wall is:

O Vg =1.06(28.6k)=30.3k

5b.

Determination of shear strength.

The in-plane shear strength of the wall must be determined and compared to
demand. The strength of the wall is determined as follows. Vertical reinforcement
isf5@16]inches o.c. Try #4@16]inches o.c. horizontally. Note that concrete
masonry cells are spaced at 8-inch centers, thus reinforcement arrangements must
have spacings in increments of 8 inches (such as 8 inches, 16 inches, 24 inches, 32
inches, 40 inches, and 48 inches). Typical reinforcement spacings are 16 inches
and 24 inches for horizontal and vertical reinforcement.

230 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)


mailto:#5@16
mailto:#4@16

Design Example 4 m Masonry Shear Wall Building

Cdculate M /V, :

M _ 15L5k-ft _ oo
V, (30.3k)(8ft)

From Table 21-K and by iteration, the nominal shear strength coefficient C; =1.8

V, =V, +V (8-36)
Vi =Cq A/ fmn = (1.80)(7.625in.)(96n.){/2,500psi = 65.9k (8-37)
Vs = Anbnfy (8-38)

for @=0.80, with #4@16" o.c. horizontally:

W5 = AP, fy = (0.80)(7.625in.)(gein,)D (O.20in,2)

E(e,oooo i)=57.6k
57.625in.)(16in.)g PEPS)=SL

for @=10.60, with #4@16" o.c. horizontally:

Vs = PAnpn fy = (0.60)(7.625in.)(96in_)D (020in?)

E(aoooo i)=43.2k
57.625in.)(16in.)@ SOPSJEAS

Thus, conservatively, using @ = 0.60

@V, =0.6(65.9k)+43.2k =82.7k

The designer should check the failure mode. If failure mode isin bending,
¢@=0.80. If failure modeisin shear, @ =0.60. For this example, we will

conservatively use @ = 0.60. The method of checking the failure mode is to check
how much moment M, is generated when the shear forceis equal to shear
strength V,, with @ =1.0. Then that moment is compared with thewall B, and M ,
with a @=1.0. If there is reserve moment capacity, there will be a shear failure. If
not, there will be abending failure. Later in the example thiswill be checked.

The reason the failure mode should be checked is to understand whether a brittle
shear failure will occur or a ductile bending failure. Since the bending failureis
more desirable and safer, the @factor is allowed to be higher.

V, =1.1(30.3k) = 33.3k < @V, =82.7k, for 0.60,0 o.k.

[0 Use #4@16" horizontal reinforcement in the wall/pier.
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6. Design 8'-0" shear wall on line A for combined axial and in-plane bending
actions.

Part 5 illustrated the design of the wall for shear strength. This Part illustrates

design for wall overturning moments combined with gravity loads. A free body
diagram of the wall/pier is needed to understand the imposed forces on the wall.

The load combinations to be considered are specified in 81612.2.1. These are as
follows (with the 1.1 factor of Exception 2 applied):

1.1(1.2D +0.5L +1.0E)(floor live load, L = 0) (12-5)
1.1(0.9D - 1.0E) (12-6)
E =pE, +E, (30-1)
E, =0.5C,ID =0.5(0.53)(1.0)D = 0.27D §1630.1.1

The resulting Equation (12-5) is:
1.1(1.2D +0.27D +1.0E;, ) =1.61D - 1.1E,,
The resulting Equation (12-6) is:
1.1(0.9D +0.27D +1.0E,,) = 0.63D - 1.1E,,
E, =Vg_gwan =1.1(30.3k) = 33.3k

Axial loads P, arecalculated as B, and B,, for load combinations of Equations
(12-5) and (12-6):
P

u

1 =1.61(27,7501b) = 44.7kips

P

u

, =0.63(27,7501b) = 17.5kips
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By performing a sum of moments about the bottom corner at point A (Figure 4-9):

Py
Mu, top Vv,

10-0"

A
Vu
I , Mu,bottom

80"

Figure 4-9. Free body diagram of 8-0” shear wall

Y M =0=2M, -V, (10ft)

33.3k)(10ft
M utop M u, bottom — % =166.5k - ft

The reader isreferred to an excellent book for the strength design of masonry
Design of Reinforced Masonry Structures, by Brandow, Hart, Verdee, published by
Concrete Masonry Association of Californiaand Nevada, Sacramento, CA, Second
Edition, 1997. This book describes the cal culation of masonry wall/pier strength
design in detail.

The axial load vs. bending moment capacity (P-M) diagram for the wall must be
calculated. For this, the designer must understand the controlling strain levels that
define yielding and ultimate strength. At yield moment, the steel strainisthe
yielding strain (0.00207 in./in. strain) and the masonry strain must be below 0.002
in./in. (for under-reinforced sections). At ultimate strength, the masonry has
reached maximum permissible strain (0.003 in./in.) and the steel strainis
considered to have gone beyond yield strain level (see§2108.2.1.2 for alist of
design assumptions). See Figure 4-10 for concrete masonry stress-strain behavior.
A representation of these strain statesis shown in Figures 4-11 and 4-12 (the pier
width isdefined as h).
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A

Compressive stress f 'n
fm (psi)

05f",

Figure 4-10. Assumed
masonry compressive stress
versus strain curve

0.002 0.003

Strain, €,

diagram at yield moment;
steel strain =0.00207 in./in.; £, <0.002

masonry strain is less than
yield for under-reinforced /|/l/
sections \/‘/}/

853

gsz
£, =0.00207 c

diagram at ultimate moment; £,20.003
masonry strain =0.003 in./in.;

steel strain has exceeded /|/I/|
0.00207 in.fin.; the \/[/I/

Whitney stress block . £

analysis procedure can s

be used to simplify £ = 0.00207 ¢
calculations | |
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Note that masonry strain may continue to increase with a decrease in stress beyond
strains of 0.002 in./in. at which time stressesareat f',,. At strains of 0.003,

masonry stressesare 0.5f",. With boundary element confinement, masonry
strains can be as large as 0.006 in./in.

By performing a summation of axial forces F , the axial load in the pier is
calculated as:

SF=P=C=T,=T,=T,

The corresponding yield moment is calculated as follows:

My =T S B [, S B iy 2 e - 2

R
The ultimate moment is calculated as:
h h _h a
My =T, 00, — O+ T, 0, - H+T3 H+<:H2 H
O 20 O
Strength reduction factors, @, for in-plane flexure are determined by Equation

(8-1) of §2108.1.4.1.1

P
(Aef' )’

Strength reduction factors for axial load, ¢ = 0.65. For axial loads, @P,, lessthan
0.10f',, A., the value of ¢ may beincreased linearly to 0.85 as axial load, @P,,
decreasesto zero.

©=0.80- 0.6<@<0.8 (8-1)

The balanced axial load, R,, is determined by Equations (8-2) and (8-3).

R, =085, ba, (8-2)
a, = 085d Sif% (8-3)

el
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P, =0.85(2,500)(7.625in.)(0.85)(92in.)(0.003/0.00507) = 750kips
@R, = 0.65(750kips) = 487kips

A P-M diagram can thus be developed. The P-M diagrams were calculated and
plotted using a spreadsheet program. By observation, the design values P, and

M, (Pu =43k, M, =167k -ft) are within the nominal strength limits of @R,
@M, values shown in Figure 4-13. Plotsfor B, vs. M, can be seenin Figure 4-13
and for @R, vs. @M, in Figure 4-14.

2,000

1,800

1,600

1,400

1,200

1,000
800

P, (kips)

600 \
/

400

200 —
//

I

0 200 400 600 800 1,000 1,200 1,400
M, (k-ft)

Figure 4-13. The P,-M, nominal strength curve with masonry strain at 0.003 in./in.
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2,000
1,800
1,600
1,400
- 1,200
2
X 1,000
N T~
800
\\
600
400 >
200
/
//
0
0 200 400 600 800 1,000 1,200 1,400
@M, (k-ft)

Figure 4-14. The @P,-@M, design strength curve with masonry strain at 0.003 in./in.

Check for type of wall failure by calculating wall moment at shear V,,:

2.7K [,
. ko) _Joso (£

. = 689k - ft
2

P, =43.7k

By looking at the B, =M, curve, this B, - M, load isjust outside the P,, M,
curve. The shear wall failure will likely be a bending failure. However, the
designer might still consider a @ = 0.60 for shear design to be conservative.

7. Deflection of shear wall on line A. 81630.10

In this part, the deflection of the shear wall on line A will be determined. Thisis
done to check actual deflections against the drift limits of §1630.10.

Deflections based on gross properties are computed as:

A = V;h? ,L2vh

s = for wall/piers fixed top and bottom
12E,l  AG
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238

(28.6k)(120in.)° L2 (28.6k)(120in.)

= =0.011in.
® 12(1875ksi)(562176in%)  (732in? ) (750ks])

Assume cracked section propertiesand I, = 0.3l (approximately):

A = (286k)(L20in)* 1.2(28.6k)(L20in.)

= =0.021in.
® 12(1875ksi)(168,652in%)  (732in?) (750ks)

A, =0.7RA, =0.7(4.5)(0.021in.) = 0.066in.
Thus, deflections are less than 0.025h =3.0in.

O o.k.

Requirements for shear wall boundary elements.

Section §2108.2.5.6 requires boundary elements for CMU shear walls with strains
exceeding 0.0015 in./in. from awall analysiswith R =1.5. The intent of masonry
boundary elementsisto help the masonry achieve greater compressive strains (up
to 0.006 in./in.) without experiencing a crushing failure.

The axial load and moment associated with thiscaseis:

R, =44.7kips
M, =45 (1665k-1t) _ o1 ¢4
11 11

This P-M point is not within the P-M curve using alimiting masonry strain of
0.0015 in./in. (see Figure 4-15). From an analysisit can be determined that the
maximum c distance to the neutral axisis approximately 22 inches. For this
example, boundary ties are required. Note that narrow shear wall performanceis
greatly increased with the use of boundary ties.

The code requires boundary elements to have a minimum dimension of 3x wall
thickness, which is 24 inches due to yield moments. After yield moment capacity is
exceeded, the ¢ distanceisreduced. Thus, if boundary element ties are provided at
each end of the wall/pier extending 24 inches inward, the regions experiencing
strain greater than 0.0015 in./in. are confined. Space boundary ties at 8-inch
centers. The purpose of masonry boundary ties is not to confine the masonry for
compression, but to support the reinforcement in compression to prevent buckling.
Tests have been performed to show that masonry walls can achieve 0.006 in./in.
compressive strains when boundary ties are present.

(30-17)

§2108.2.5.6
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1,100

1,000

900 \\
800 \
700

600

P (kips)

500

400 /

300

200 7

100

0 500 1,000 1,500 2,000
M (k-ft)

Figure 4-15. P-M curve for boundary element requirements;
masonry strain is limited to 0.0015 in./in.

The P-M curve shown in Figure 4-15 is derived by setting masonry strain at the
compression edge at 0.0015 in./in. and by increasing the steel tension strain at the
opposite wall reinforcement bars. Moments are cal culated about the center of the
wall pier and axial forces are calculated about the cross-section. P-M points located
at the outside of the denoted P-M boundary element curve will have masonry
strains exceeding the allowable, and thus will require boundary element
reinforcement or devices.

It can be seen that boundary reinforcement is required for the point

(P, =45k, M, = 619k). Boundary element confinement ties may consist of #3 or
#4 closed reinforcement in 10-inch and 12-inch CMU walls. At 8-inch CMU walls
pre-fabricated products such as the “ masonry comb” are the best choice for
boundary reinforcement because these walls are too narrow for reinforcement ties
(even #3 and #4 bars). The boundary reinforcement should extend around three
vertical #4 bars at the ends of the wall.
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0. Wall-roof out-of-plane anchorage for lines 1 and 3.

CMU walls should be adequately connected to the roof diaphragm around the
perimeter of the building. In earthquakes, including the 1994 Northridge event, a
common failure mode has been separation of heavy walls and roofs leading to
partial collapse of roofs. A recommended spacing is 8'-0" maximum. However,
6'-0" or 4'-0" might be more appropriate and should be considered for many
buildings. This anchorage should also be provided on lines A and D, which will
require similar but different details at the roof framing perpendicular to wall tie
condition. UBC 81633.2.9 requires that diaphragm struts or ties crossing the
building from chord to chord be provided that transfer the out-of-plane anchorage
forces through the roof diaphragm. Diaphragm design is presented in Design
Example 5, and is not presented in this example.

Per §1633.2.8.1, elements of the wall out-of-plane anchorage system shall be
designed for the forces specified in 81632 where R, =3.0 and a, =1.5.

_a C I
% 3—§v (32-2)

1.5(53)(1.0 16'0,, _
F, = TEL +3x2 va_l.%wp

or:

f, =1.06w,, where w, isthe panel weight of 75 psf (see Figure 4-16)
loading.

Qroof ¢ f p —

A

Figure 4-16. Wall-roof connection loading diagram
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Calculation of the reaction at the roof level is:

wy(h+a)’  (1.06)(75psf )16 ft + 3ft)?

2h 2(16ft)

Oroof = =897 plIf

Section 1633.2.8.1 requires a minimum wall-roof anchorage of q,,,+ = 420plf
Oroof = 897 plf = 420plf
O use g, =897plf

The design anchorage reaction at different anchor spacingsis thus:

at 4-0" centers, q,o; = 3588Ib
at 6'-0" centers, q,,s =5382lb
at 8-0" centers, qQ,qo; = 7,1751b

Therefore, choose wall-roof anchors that will develop the required force at the
chosen spacing. The roof diaphragm must also be designed to resist the required
force with the use of subdiaphragms (or other means). The subject of diaphragm
design is discussed in Design Example 5.

For this example, a double holdown connection spaced at 8'-0" centerswill be used
(see Figure 4-19). This type of connection must be secured into a solid roof
framing member capable of developing the anchorage force.

First check anchor capacity in concrete block of Tables 21-E-1 and 21-E-2 of
Chapter 21. Alternately, the strength provisions of §2108.1.5.2 can be used.

The required tension, T, for bolt embedment is T = E/1.4 = 7175Ibs/1.4 =5125Ib.
For ¥+inch diameter bolts embedded 6 inches, T =2,830Ib per Table 21-E-1 and

3,180 Ib per Table 21-E-2. These values are for use with allowable stress design
(ASD).
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242

Intersecting Area
of Cone Surfaces

12" Cone pull out

6 5/8° at AB. w/ 6"
Embedment

7/8" dia. AB’s
Embedded 6”7

Figure 4-17. Intersection of anchor bolt tension failure cones

The anchor bolts are spaced at 6-5/8 inches center to center (considering purlin and
hardware dimensions) and have 12-inch diameter pull-out failure cones. Thus, the
failure surfaces will overlap (Figure 4-17). In accordance with §2108.1.5.2, the
maximum tension of this bolt group may be determined as follows:

Calculate B,,, per bolt using the strength provisions of Equation (8-5):
By, =1.04A,/f",, =1.04 (113i n.2 )(50 psi)=58761b

Calculate one-half the area of intersection of failure surfaces from two circles with
radius 6 inches and centers (2-1/16" + 2V2" + 2-1/16") 6 5/8" apart. A, = 37.8in.2

from Equations (8-7) and (8-8). Thus the bolt group tension can be calculated as.
(1.0) (2 x113in.2 - 2 37.8in.2/2)(50 psi)=9,4101b
¢B,, = B, 10.8(9,4101b)=7,528Ib=>7,175Ib
O ok

By choosing a pair of pre-fabricated holdown brackets with adequate capacity for a
double shear connection into a 2%2-inch glued-laminated framing member, the
brackets are good for 2 x 3,6851b=73071b (ASD) >7,175lbx1.4 steel element

factor/1.4 ASD factor =7,175lb. Thus, the brackets are okay.

(8-5)
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Also check bolt adequacy in the double shear holdown connection with metal side
plates (2%2-inch main member, 7/8-inch bolts) per NDS Table 8.3B.

T =2x30601bx1.33=8,1401b>7175lb, if the failure isyielding of bolt (Mode
Illsor IV failure). If thefailureisin crushing of wood (Mode I, failure), the
required forceis 0.85x 51251b = 4,3561b. Therefore, the double shear bolts and
pre-fabricated holdown brackets can be used.

Thus, use two holdown brackets on each side of a solid framing member
connecting the masonry wall to the framing member with connections spaced at
8-0" centers.

Verify that the CMU wall can span laterally 8'-0" between anchors. Assume a
beam width of 6'-0" (3" high parapet plus an additional three feet of wall below
roof) spanning horizontally between wall-roof ties.

W= Oroof = 897 plf

2 2
|\/|u=""2'3 =(897p”8)(8ft) =71761b- ft

The wall typically has -i nch horizontal reinforcement, therefore a minimum
4-#4 barsin 6'-0" wall section.

Af, _4(20in2)(e0,000psi)
85f' b .85(2,500psi)(72in.)

=0.314in.

Wn Z(po‘sfygj_g@

oM, =0.8(4)(20in.2) (60,000 psi)@galin. - '31;“”' %Zlin E: 11,6891b - ft < 7,1761b- ft

O o.k.

Per §1633.2.8.1, item 5, the wall-roof connections must be made with 2%2-inch
minimum net width roof framing members (2¥2-inch GLB members or similar) and
developed into the roof diaphragm with diaphragm nailing and subdiaphragm
design.
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Anchor bolt embedment and edge distances are controlled by §2106.2.14.1 and
§2106.2.14.2. Section 2106.2.14.1 requires that the shell of the masonry unit wall
next to the wood ledger have a hole cored or drilled that allows for 1-inch grout all
around the anchor bolt. Thus, for a 7/8-inch diameter anchor bolt, the core holeis
2-7/8-inch in diameter at the inside face masonry unit wall. Section 2106.2.14.2
reguires that the anchor bolt end must have 1% inches clearance to the outside face
of masonry. The face shell thickness for 8-inch masonry is 1% inches, thus the
anchor bolt end distance to the inside face of the exterior shell is 7-5/8"-1%4"-
3/8". It isrecommended that the minimum clear dimension is¥+inch if fine grout
isused and ¥2-inch if coarse pea gravel grout is used (Figure 4-18).

BENT BAR ANCHOR BOLT

RADIUS OF BEND = 1.5dp

—MIN. EXTENSION = 1.5d,

1" MIN.
TP,

¢— PLATE ANCHOR BOLT

TYP.
-+ —HEADED ANCHOR BOLT

+ MINIMUM EMBEDMENT LENGTH ¢ = 4dp BUT &b
MAY NOT BE LESS THAN 2"

«« 14" FOR FINE GROUT
12" FOR COARSE (PEA GRAVEL) GROUT

Figure 4-18. Embedment of anchor bolts in CMU walls (MIA, 1998)
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Analysis of transverse roof diaphragm chords is determined by calculation of the

diaphragm simple span moment (wl 2 /8) divided by the diaphragm depth.

Wdiaph, trans. —

_ (72k +50k) _
90

) = 1356 plf

Modify w for R =4.0 by factor (4.5/4.0) = 1.125

M giapn, =W 2/8=1.125(1,356 plf ) (90ft)* /8=1,545k - ft

T, =C, =1545k - ft/60ft = 25.7kips

Using reinforcement in the CMU wall for chord forces:

As, required = (If

T, 257k

, (0.80)(60ksi)

=0.54in.?

§1633.2.9, Item 3

Thus 2-#5 chord bars (AS =0.62i n.2) are adequate to resist the chord forces. Place

chord bars close to the roof diaphragm level. Since roof framing often is sloped to
drainage, the chord placement is a matter of judgment.

RECOMMEND SHIMS AT JOIST
ENDS TO FILL GAPS OR
DESIGN HD ANCHOR BOLTS
FOR COMPRESSION

PREFABRICATED

2

7/8"® AB.'S

4\ 0-#5

HOLD DOWN *
EA. SIDE
@ 8-0" 0.C.
ROOF PLY.\
B.N.—\
B /
/7
+ o+ it y
| :
—
=
=

21/2"x15" / /
GLB
HANGER

21/2"x15"
GLB
LEDGER

CHORD BARS

N

¥4"® LEDGER A.B.'S

|=—— 8" CMU WALL

Figure 4-19. CMU wall section at wall-roof ties
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Design Example 5
Tilt-Up Building

Figure 5-1. Tilt-up building of Design Example 5

Overview

In this example, the seismic design of major components of a tilt-up building are
presented. Many tilt-up buildings have suffered severe structural damage in
earthquakes, particularly during the 1971 San Fernando and 1994 Northridge
events. The most common problem is wall-roof separation, with subsequent partial
collapse of the roof. In the 1997 UBC, substantial improvements, including higher
wall-roof anchorage forces, have been added to help prevent the problems that
appeared in tilt-up buildings built to codes as recent as the 1994 UBC.

The example building is the warehouse shown in Figure 5-1. This building has
tilt-up concrete walls and a panelized plywood roof system. The building’s roof
framing plan is shown in Figure 5-2, and a typical section through the building is
given in Figure 5-3. The emphasis in this Design Example 5 is the seismic design
of the roof diaphragm, wall-roof anchorage, and a major collector.

SEAOC Seismic Design Manual, Vol. 1l (1997 UBC) 247



Design Example 5 m Tilt-Up Building

Outline

This example will illustrate the following parts of the design process:

Design base shear coefficient.

Design the roof diaphragm.

Design typical north-south subdiaphragm.

Design wall-roof ties for north-south subdiaphragm.
Design continuity ties for north-south direction.

Design of collector along line 3 between lines B and C.
Required diaphragm chord for east-west seismic forces.
Required wall panel reinforcing for out-of-plane forces.

Deflection of east-west diaphragm.

[

5] [ (=) & [ [ [2) [e] [ [

Design shear force for east-west panel on line 1.

Given Information

248

The following information is given:

Roof: Seismic and site data:
dead load = 14.0 psf Z =0.4 (Zone 4)
I =1.0 (Standard occupancy)
Walls: seismic source type = B
thickness =7.25" distance to seismic source =13km
height = 23' soil profile type = S,
normal weight concrete =150 pcf Pas =10
f'. = 4,000 psi Pgw =15 (due to short wall on line 3)

A615, Grade 60 rebar (fy =60 ksi)

Roof sheathing:
Structural I plywood
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N 95 0 0 O O

. GLB FRAMING
BAY TYP.

®
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Figure 5-3. Typical cross-section
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Calculations and Discussion
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Design base shear coefficient.

Using Method A, the period is calculated as:

T=C,(n,)* =.020(21)% = 20sec

Code Reference

§1630.2.2

(30-8)

Comment: The building’s lateral force-resisting system has relatively rigid walls

and a flexible roof diaphragm. The code formula for period does not take into

consideration that the real period of the building is highly dependent on the roof
diaphragm construction. Consequently, the period computed above using Equation

(30-8) is not a good estimate of the real fundamental period of the building,
however it is acceptable for determining design base shear.

With seismic source type B and distance to source = 13 km
N, =10
N, =10

v

For soil profile type Sp and Z = 4

C, = 44N, = 44(10) = 44

a

C, = 64N, = 64(10) = .64

v

Since tilt-up concrete walls are both shear walls and bearing walls:
R=45
Design base shear is calculated from:

e 64(1.0)

W =.67TW
RT ~  45(21)

vV

but base shear need not exceed:

_25C,1 2.5(.44)(1.0)
R 45

V W = 244w

SEAQC Seismic Design Manual

Table 16-S

Table 16-T

Table 16-Q

Table 16-R

Table 16-N

(30-4)

(30-5)
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Design Example 5 m Tilt-Up Building

A check of Equations (30-6) and (30-7) indicate these do not control, therefore the
base shear in both directions is

V=244

Note that the base shear is greater than that required under the 1994 UBC. The
principal reason for this is that base shear under the 1997 UBC is determined on a
strength design basis. If allowable stress design (ASD) is used, the base shear is
divided by 1.4 according to §1612.3.

Design the roof diaphragm.

Roof diaphragm weight.

Seismic forces for the roof are computed from the weight of the roof and the
tributary weights of the walls oriented perpendicular to the direction of the seismic
forces. This calculation is shown below:

roof area = 110 ft (64 ft)+140.67 ft (224 ft) = 38,550 sq ft
roof weight = 38,550 sq ft (14 psf) =539.7 kips

755 %150 =90.6 psf

wall weight =

north-south walls = 90.6 psf (2 ft +10.5 ft) (140.67 ft)(2) = 318.6 kips
east-west walls = 90.6 psf(2 ft +10.5 ft) (288 ft) (2) = 652.3 kips

In this example, the effect of any wall openings has been neglected. This is
considered an acceptable simplification because the openings usually occur in the
bottom half of the wall.

Roof diaphragm shear.

The roof diaphragm must be designed to resist seismic forces in both directions.
The following formula is used to determine the total seismic force, F/ > ON the

diaphragm at a given level of a building.

In general, separate forces are computed for each direction.
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1

F,+YF,
F=— =, (33-1)
w.

X

Base shear for this building is V' =.244W. This was determined using R = 4.5 as
shown in Part 1 above. For diaphragm design, however, §1633.2.9 requires that R
not exceed 4. Since this is a one-story building with F, =0, and using R =4,

Equation (33-1) becomes the following:

450/, 45 _
F, _T@W;EWW =2 (244) W, = 0.275W,,

4
F,, need not exceed 1.0C, 17, =1.0(44)(1.0)%,, = .44, §1633.2.9
but cannot be less than 0.5C, I, = 0.5(44)(1.0)w,, =220, §1633.2.9

Therefore, for diaphragm design use F,, =275/,

Note: The reliability/redundancy factor p is not applied to horizontal diaphragms,
except transfer diaphragms. (Refer to Examples 15 and 16 in Volume I of the
Seismic Design Manual for a discussion of the p factor.)

North-south direction:

W, =539.7k +318.6 k = 858.3 kips
F,, =.275(858.3)=236.0 kips

The equivalent uniform load on the diaphragm can be computed as:

e 236.0 kips ~ 1,678 plf
140.67'

In this calculation, an approximation has been made that the uniform load between
lines A and B is the same as that between B and E. The actual load on the A-B
segment is less, and the load on the B-E segment is slightly greater than that
shown. This has been done to simplify the computations.

Because the panelized wood roof diaphragm in this building is considered flexible
(see §1630.6 for definition of flexible diaphragm), lines A, B and E are considered
lines of resistance for the north-south seismic forces. A collector is needed along
line B to drag the tributary north-south diaphragm forces into the shear wall on line
B. The shear diagram is shown below.
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@ <« — 257k
30-8" <+

@ 257k /] 923k

<«— W=1,678plf
110-0" ¢

4_

@ <« 92.3k

Loading Shear

Figure 5-4. Seismic loading and shear diagram for north-south diaphragm

@ ® ®

40" 224-0"

Diaphragm shear at line A and on the east side of line B is:

25,7001bs

=115plf
224 P

Diaphragm shear at the west side of line B and at line E is:

92,3001b 0 0 O O

=320plf =
288 fi P w = 1,138 plf

Loading

East-west direction: 127.5k

Diaphragm forces for the east-west direction are
computed using the same procedure and assumptions as

36.4k

the north-south direction. The actual load on segment
1-3 is less than that shown, and the load on 3-10
slightly greater. \/

36.4k
W,. =539.7k +652.3k =1,192.0 kips

) 127.5k
F,. =.275(1,192.0 k) = 327.8 kips
Shear
. _ 3278k _

Equiv. w = t 1138 plf Figure 5-5. Seismic loading and

shear diagram for east-west
diaphragm
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Diaphragm shear at line 1 and the north side of line 3 is:

36,400 1b

=331 pIf
10 ft P

Diaphragm shear at the south side of line 3 and at line 10 is:

12 1
7,500 Ib ~ 90

6 plf
140.67 ft

Design of east-west diaphragm.

The east-west diaphragm has been selected to illustrate the design of a plywood
roof diaphragm. Allowable stress design (ASD) will be used. The basic earthquake
loading combination is given by Equation (30-1). When ASD is used, vertical
effects need not be considered, and in this example of the diaphragm design, they
would not come into use even if strength design was being used. As discussed
earlier, the reliability/redundancy factor does not apply to the diaphragm, and p=1
in Equation (30-1).

E=pE, +E, =1.0E, +0=1.0E,

For ASD, the basic load combination to be used to combine earthquake and dead
load is Equation (12-9). This simplifies to the following:

E _ E _ E
D+Lt -0+ L =L
1.4 14 14

Assume the diaphragm is to be constructed with ’2-inch Structural I plywood with
all edges supported. Refer to use UBC Table 23-11-H for nailing requirements.
Sheathing arrangement (shown in Figure 5-2) for east-west seismic forces is Case
4. Diaphragm shear forces must be divided by 1.4 to convert to ASD. Because
open web truss purlins with double 2x4 chords are used in this direction, the
framing width in the east-west direction is 37 inches. However, in the north-south
direction, the framing consists of 2 x subpurlins, and strength is therefore limited
by the 2-inch nominal width. Required nailing for panel edges for various zones of
the roof (for east-west seismic only) is given in Table 5-1 below. Minimum field
nailing is 10d @ 12 inches. A similar calculation (not shown) must be done for
north-south seismic forces.

(30-1)

(12-9)
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Table 5-1. Diaphragm nailing for east-west seismic forces
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SEAOC Seismic Design Manual, Vol. Il (1997 UBC)

Boundary and
East-West Edge North-South
Zone Nailing @ Edge Nailing @ | Allowable Shear ASD Shear Status
A 10d @ 2v2" 4" 640 plf 906/1.4 = 647 plf say o.k.
B 10d @ 4" 6" 425 plf 583/1.4 = 416 plf ok
C 10d @ 6" 6" 320 plf 331/1.4 = 236 plf ok
Notes:

1. The east-west running sheet edges are the “continuous panel edges parallel to load”
mentioned in Table 23-11-H.

2. The north-south sheet edges are the “other panel edges” in Table 23-I1-H. Note that the
nailing for north-south running diaphragm boundaries is 10d @ 2" inches.

The demarcation between nailing zones A and B is determined as follows. It was
decided to use 10d at 2%2-inch spacing in A and 4-inch spacing in B. The limiting
shear for 10d at 4 inches (from Table 23-I1-H) is 425 plf. Shear reduces from a
maximum of 906 plf at lines 3 and 10 to 595 plf (i.e., 425 plf x 1.4 =595 plf) at
38.4 feet from lines 3 and 10. Rounding to the nearest 8-foot increment because

purlins are spaced at 8 feet o.c., zone A extends a distance of 40 feet from lines 3
and 10 as shown below.

40"-0"

144'-0" [ 400"

3
()]
N
S
A
\ 4 |
b
y
Y

Figure 5-6. Nailing zones for east-west roof diaphragm

The above illustrates design of the east-west diaphragm for shear. Design of the
chord for the east-west diaphragm is shown in Part 7 of this example. Design of
ledger bolts, required to transfer the diaphragm shear to the wall panels, is not
shown.
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Design typical north-south subdiaphragm.

Subdiaphragms are used to transfer out-of-plane seismic forces from the tilt-up
wall panels to the main diaphragm. Consequently, subdiaphragms are considered to
be part of the wall anchorage system as defined in §1627. In the example below,
design of a typical subdiaphragm for north-south seismic forces is shown. Design
of subdiaphragm for east-west seismic forces is similar but not shown.

Check subdiaphragm aspect ratio.

Maximum allowable subdiaphragm ratio is 2.5 to 1 §1633.2.9

From Figure 5-2, the maximum north-south subdiaphragm span = %Oft =36.67ft

36671 _ ) 674

Minimum subdiaphragm depth =

n

Typical roof purlin spacing =8' -0

Minimum subdiaphragm depth =16' -0

[0 Must use subdiaphragm at least =16 — 0" deep

Forces on subdiaphragm.

Because subdiaphragms are part of the out-of-plane wall anchorage system, they
are designed under the requirements of §1633.2.8.1. Seismic forces on a typical
north-south subdiaphragm are determined from Equation (32-2) with R, =3.0
and a, =1.5.

w, =90.6 psf

a, C I h
F =" ”%H—XEV (32-2)
p p
R, h,

The value of F), to be used in wall-roof anchorage design is determined from

Equation (32-2) using /4, = h,, and W, is the tributary weight.

The tributary wall weight is one-half of the weight between the roof and base plus
all of the weight above the roof.
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W, =90.6psf (2t +10.5t)(1 ft) = L1331b/ft

Foolslog oooig oo
P 30 [ 210 7 P

Solving for the uniform force per foot, ¢, at the roof level

g =88, =88(1,133)=997 plf

- —»
20"

= g — |

o 1 88w,
106 N

>

106"

4

Figure 5-7. Loading diagram for wall-roof anchorage design

Check minimum wall-roof anchorage force

997 plf >420 plf  o.k. §1633.2.8.1(1)

U g =997 plf

Check subdiaphragm shear.

Assume a 32-foot deep subdiaphragm as shown below. This is done for two
reasons. First, the GLB along Line 9 can be used as a chord. Second, the deeper
than required subdiaphragm depth (32 feet vs. 16 feet) makes the subdiaphragm
displacement more compatible with that of the main north-south diaphragm.

SEAOC Seismic Design Manual, Vol. 1l (1997 UBC) 257



Design Example 5 m Tilt-Up Building

32

_Ou

GLB CONTINUITY TIE—

=) —— —

!

997plf

GLB CHORD T

w=
36'-8"

T ] -— ———0
GLB CONTINUITY TIE

Figure 5-8. Typical north-south subdiaphragm

Shear reaction to glulam beams along lines C and D:

2 = 27plf (36671t) _ 18,2801b

Maximum shear = %

= 571plf

From Table 5-1, the minimum nailing in Zone A (Figure 5-6) is 10d @ 4 in. along
north-south edges, except at boundaries.

Load on an ASD basis with the 0.85 load factor of §1633.2.8.1(5) applied is

0.85@ =347 plf

Check 10d @ 4 in. for Case 2, capacity = 640plf >347 plf o.k. Table 23-1I-H

[J Use of Zone A nailing for subdiaphragm okay
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3d. Check GLB as subdiaphragm chord.

Glulam beams (GLB) along lines 2 and 9, and the continuous horizontal
reinforcement in panels along lines 1 and 10, act as chords for the subdiaphragms.
Check to see if the GLB can carry additional seismic force within incremental
one-third allowable tension increase using ASD. Note that 0.85 load factor of
§1633.2.8.1(5) is applied to the chord force when checking the tension stress in the
GLB.

997 plf (36.67)

Chord force =
8(32)

=5,2371b

Assume GLB 6 ¥ x 24 with 24F-V4 DF/DF

A4=162in.?
F, =1,150psi Table 5A, 91 NDS
0.85(5,2371b) .1 . .
f, =———————==20psi <—x1,150psi =383 psi o.k.
* 1.4x162in. 3

Comment: In reality, the GLB along line 9 may not act in tension as a
subdiaphragm chord as shown above. It will be loaded in tension only when
compressive wall anchorage forces act on the diaphragm. Under this loading, the
seismic forces probably do not follow only the subdiaphragm path shown above
but are also transmitted through the wood framing to other parts of the diaphragm.
Even if subdiaphragm action does occur, the subdiaphragm may effectively be
much deeper than shown. However, because it is necessary to demonstrate that
there is a system to resist the out-of-plane forces on the diaphragm edge, the
subdiaphragm system shown above is provided.

3e. Determine minimum chord reinforcement at exterior concrete walls.

This Design Example 5 assumes that there is continuous horizontal reinforcement
in the walls at the roof level that acts as a chord for both the main diaphragm and
the subdiaphragms. The 1.4 load factor of §1633.2.8.1(4) must be applied to the
reinforcement.

Subdiaphragm chord force = P =5,2371b

P _ 14(5237)

,=—= =0.14in.?
*of,  09(60,000)
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This is a relatively small amount of reinforcement. Generally, the main diaphragm
chord reinforcement exceeds this amount. In present California practice, the
subdiaphragm chord steel requirement is not added to the chord steel requirement
for the main diaphragm. Determination of the main chord reinforcement is shown
in Part 7.

Design wall-roof ties for north-south subdiaphragm. §1633.2.8.1

The key elements in the wall anchorage system, defined in §1627, are the wall-roof
ties. Wall-roof ties are used to transfer out-of-plane seismic forces on the tilt-up
wall panels to the subdiaphragms. Requirements for connection of out-of-plane
wall anchorages to flexible diaphragms are specified in §1633.2.8.1.

Seismic force on wall-roof tie.
Seismic forces are determined using Equations (32-1) or (32-2). Values of R, and

ap arc:

R,=30 a,=15 §1633.2.8.1(1)

Forces on the anchorage were computed above in Part 3, using the same values of
R, and a,, and are ¢ =997 plf .

Design typical wall-roof tie.

Minimum required thickness of a subpurlin used as wall-roof tie = 22 inches  §1633.2.8.1(5)

Try ties at 8 ft-0 in. spacing, and determine F),
F, =81tx997plf =7,9761b

Comment: When tie spacing exceeds 4 feet, the SEAOC Blue Book (§108.2.6)
recommends that walls be designed to resist bending between anchors.

Try prefabricated metal holdowns with two %-inch bolts in subpurlin and two
¥a-inch bolts connecting the subpurlin to the wall panel. This connection (Figure
5-9) is designed to take both tension and compression as recommended by the
SEAOSC/COLA Northridge Tilt-up Building Task Force and the SEAOC Blue
Book (§C108.2.8.1). Design of the holdown hardware not shown. Consult ICBO
Evaluation Reports for allowable load capacity of pre-manufactured holdowns.
Note that if a one-sided holdown is used, eccentricities in the subpurlin must be
considered, as specified in §1633.2.8.1(2). Generally, one-sided wall-roof
anchorage is not recommended.
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E precast wall panel
6" plywood sheathing
Y4"anchor bolt _|
(2 total) 1

= =|=X=f Jlo 40 %

A L— holdown each
side of subpurlin
w/ 2-%" M.B.
3x subpurlin
‘ 5"’ | nut and washer, typical
L__ledger

74"

Figure 5-9. Typical subpurlin wall-roof tie

Check capacity of the two %4-inch bolts in DF-L subpurlin using ASD: Table 8.3B, 91 NDS

085(7,9761b)

(2,630)(2bolts)(1.33) = 6,996 1b > =428431b  o.k

Note that the .85 load factor of §1633.2.8.1(5) is used to reduce the seismic force.
This applies to forces on nails and bolts connecting brackets or strips to the wood

framing because these are considered “wood elements” under the code (see
SEAOC Blue Book §C108.2.8.1).

Comment: The Blue Book (§C108.2.8.1) makes a recommendation for the
minimum length to diameter ratio of the through-bolts connecting the holdowns to
the subpurlin. In this case, the //d ratio is 2.5/0.75 = 3.3. The minimum
recommended value is 4.5. This ratio is necessary to maintain a ductile failure
mode (e.g., bending of the through-bolts). To satisfy the Blue Book
recommendation, a 4x subpurlin would be required in this situation.

Minimum required end distance =7D =7 (.75) =5.251n. Table 8.5.4, 91 NDS

A distance of 6 inches from the through-bolt in the holdown to the ledger will be
used. Often, there is a gap of '/g-inch or more between the end of the subpurlin and
the side of the ledger due to panelized roof erection methods, and the use of a
6-inch edge distance will ensure compliance with the 7D requirement. A larger
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distance can be used to ensure that through-bolt tear out does not occur in the 3 %
subpurlin.

Check tension capacity of two %-inch A307 anchor bolts using ASD:
F, =20.0ksi Table 1-A, AISC-ASD

P =F, Az (2bolts)(1.33)

4(7,976)

P=(200 ksi)(0.4418 in.? ) (2bolts)(1.33) =235k > L Ib=80kips 0.k

As specified in §1633.2.8.1(4), the 1.4 steel factor has been used to increase the
seismic force.

Check compression capacity of two Y4-inch A307 anchor bolts using ASD:
Radius of gyration of %-inch rod = 0.75-inch/4 = 0.1875-inch

Assume L = 4%-inch

=— =24, F,=20.35ksi Table C-36, AISC-ASD

P=F, A4, (2rods)(1.33)
P=(2035 ksi)(0.4418 in. ) (2rods)(133)=239k >8.0kips o.k.

Check tension capacity of anchor bolts in wall panel for concrete strength:

The tilt-up panels are exterior wall elements, but the requirements of §1633.2.4.2
do not apply. This is because the tilt-up panels are both bearing walls and shear
walls. The requirements of §1633.2.8 are the appropriate design rules in this
situation. This section requires that wall anchorage using straps be attached or
hooked so as to transfer the forces to the reinforcing steel. In this case, we are using
cast-in-place bolts instead of straps, and the bolts are not required to be “hooked”
around the wall reinforcement. In fact, headed anchor bolts have been shown to be
more effective than L-bolts in resisting pull-out forces [Shipp and Haninger, 1982].

Try anchor bolts with a 5-inch embedment. Although this embedment is considered
shallow anchorage under §1632.2, R, is 3.0 regardless of whether the anchorage
has shallow embedment because §1633.2.8.1 is applicable. The material specific
load factors of §1633.2.8.1 (1.4 for steel and 0.85 for wood) are intended to
provide the nominal overstrength necessary to resist brittle failure of the wall
anchorage system when subjected to the maximum anticipated roof accelerations of
flexible diaphragms. Section 1633.2.8.1 is intended as a stand-alone section, and
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the more restrictive requirements on R, of §1632.2 do not apply (see Blue Book
§C108.2.8.1).

F, =79761b

Actual bolt spacing is:

2% in.  (width of 3 % subpurlin)
+4Y% in. (2 times bolt edge distance of holdown flange)
6% in.

From Table 19-D, required spacing for full capacity is 9 inches. Minimum spacing
is 50 percent of this, or 4% in. Interpolation for 6% in. spacing is shown below with
f'.=4,000psi and assuming Special Inspection. Alternately, using strength
design, the requirements of §1923.2 could be used with computation for
overlapping pull-out cones. If §1923.2 is used, a load multiplier of 1.3 and a
strength reduction factor of 0.65 would be used:

Tension Capacity (w/Special Inspection) Bolt Spacing
6,400 1b/bolt 9 in.
4,800 6% in.
3,200 4% 1n.
i = % =3,9881b/bolt
2 2

3,988

Allowable = 4,8001b (1.33) = 6,3841b > =2849 ok

Comment: The code in §1633.2.8.1 requires that material-specific load factors be
applied in the design of elements of the wall anchorage system. These factors are
1.4 for steel, 1.0 for concrete, and 0.85 for wood. They are applied to the anchorage
force determined from Equation (32-2). A background discussion on this is given
in the Blue Book Commentary §C108.2.8.1, where the load factors are shown to
provide a connection having nominal overstrength of approximately 2.0. This is
required to meet the maximum expected roof acceleration of four times the peak
ground acceleration. The latter is also discussed in §C108.2.8.1 and is shown to be
equivalent to doubling the design anchorage force F,. Thus, an anchorage

connection designed under §1633.2.8.1 should have the overstrength that just
meets the maximum expected demand of 2F, . This overstrength approach was

selected, in lieu of a ductility approach, after wall anchorage failures were observed
in steel strap connectors with limited yield and deformation range.

Because anchor bolt pull-out is a critical and brittle failure mode, it must be
prevented by having sufficient embedment strength. The nominal factor of two
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overstrength for concrete anchorage just meets the expected maximum demand.
This is based on dividing the 1.3 load factor by a @-factor of 0.65 as discussed in
§C108.2.8.1 of the Blue Book. Shown below is the calculation of the strength of
the anchorage shown in Figure 5-9 using the method of §1923.3.2 (an alternate
method is given in Cook, 1999). In this calculation, a @-factor of 0.65 is used to
provide an additional margin of safety beyond the code minimum. If the
overstrength desired was only 2.0, then @=1.0 would be used. Note that the
capacity @F, is greater than 2F, .

mR3=qm4ApJ;:

For % in. bolts with hex heads, the width across the flats is 1% in., and A4 » is

computed as follows.

§1923.3.2

4, =0.785(10+1.125)* +6.75(10+1.125)=172in.” < 2(0.785)(11.125)* =194 in.”

¢=0.65

A=1.0

P, =(o.65)(1.o)4(17zin.21/4,000 =28.3kips>2F, =16.0kips 0.k

Therefore, the anchorage in Figure 5-9 is strong enough to resist the expected
pull-out forces for code-level ground motions. In general, it is recommended that
the concrete pull-out strength exceed the bolt yield strength. If this is not possible,
it is recommended that the concrete pull-out strength exceed the code minimum by
a substantial margin (as shown above).

An alternate wall-roof tie connection is in Figure 5-10. However, this connection,
which utilizes a heavy-gauge strap, does not offer the same compression resistance
as the bolt scheme (Figure 5-9). Compression forces in the subpurlin generally
must be carried by the strap and/or plywood sheathing because subpurlins are
typically not installed snugly against the ledgers. Often there is a '/g-inch to '/4-inch
gap at each end. Providing both tension and compression capability in wall-roof
ties protects the diaphragm edge nailing under the reversible seismic forces. In this
case, the strap is hooked around a reinforcing bar to meet the requirements of
§1633.2.8.

The code requires that different loads be applied to the various materials involved
in the wall anchorage system. However, most hardware manufacturer’s catalogs
provide only a single allowable stress capacity for the component, which often
includes concrete, steel, and wood elements. To properly apply code requirements,
the design engineer must compute the capacity of each element separately.

§1923.3.2

§1923.3.2
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pre-manufactured 12-gauge strap

plywood sheathing
e e e e e f

#5 bar

3x subpurlin

7Y L— ledger

Figure 5-10. Alternate wall-roof tie

Design connection to transfer seismic force across first roof truss purlin.

Under §1627, continuity ties in the subdiaphragms are considered part of the wall
anchorage system. Consequently, the forces used to design the wall-roof ties must
also be used to design the continuity ties within the subdiaphragm.

F = wall-roof tie load =7,9761b

If the subdiaphragm is 32-foot deep and roof truss purlins are spaced at 8 feet, then
the connection at the first roof truss purlin must carry three-quarters of the
wall-roof tie force.

Comment: Some engineers use the full, unreduced force, but this is not required
by rational analysis.

(32-8)
32

X Fp = % x7976 =5982 Ib

At the second and third roof truss purlins, the force to be transferred is one-half and
one-fourth, respectively, of the wall-roof tie force.

% x7976 =3,9881b
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% x7,976 =19941b

Try 12-gauge metal strap with 10d common nails. Design of strap not shown.
Consult ICBO Evaluation Reports for allowable load capacity of pre-manufactured
straps. Note that the 1.4 load factor of §1633.2.8.1(4) applies to the strap design
and that the 0.85 load factor of §1633.2.8.1(5) applies to the nails. Tension on the
gross and net areas of the strap must be checked separately. The tensile capacity of
the strap, which is generally not indicated in the ICBO Evaluation Report, is
usually controlled by the nails. Consult with the strap manufacturer for appropriate
values of F, and F,, .

The following calculation shows determination of the number of 10d common nails
required at the first connection:

0.85(5,9821b) _ 3 Table 23-111-C-2
12016 (1.4)(133) Table 12-3F, 91 NI

U Use 12-gauge metal strap with 24-10d nails each side

12-gauge strap with 24-10d nails
each side of roof purlin

L/ T

subpurlin

(X

open web
roof truss purlin

Figure 5-11. Subpurlin continuity tie at first purlin
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Note that both subpurlins in Figure 5-11 would be 3 x members because of the
heavy strap nailing.

Design of the second and third connections is similar to that shown above.

5. Design continuity ties for north-south direction

In a tilt-up building, continuity ties have two functions. The first is to transmit the
subdiaphragm reactions (from out-of-plane seismic forces on the wall panels) and
distribute these into the main roof diaphragm. The second function is that of
“tying” the interior portions of the roof together. In this example, the continuity ties
on lines C and D will be designed.

5a. Seismic forces on continuity ties on lines C and D.

Force in the continuity tie at line 10 is the wall-roof tie force:
By, = (997 pif )8 ft) = 7,976 1b

Force in continuity tie at the glulam beam splice north of line 9 is the sum of both
subdiaphragm reactions.

_ 997plf (36.67 ft) (

P, 2 subdiaph.) = 36,560 1b

The splice near line 9 must also be checked for the minimum horizontal tie force of
§1633.2.5. Assume the splice is at fifth point of span as shown on the roof plan of
Figure 5-2. This requirement imposes a minimum tie force on the GLB connections
and is based only on the dead and live loads carried by the beams.

F,=05C,IWp,, §1633.2.5
Wpp =14pst, W, =12psf

Wy = (14pst +12psf)(36.67 ft)EM ft - %ﬂ = %ﬂ H=18.3061b

0

F, =05(44)(10)(183061b) = 4,0271b < 36,5601b

[J Subdiaphragm reaction controls
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5b. Design glulam beam (continuity tie) connection to wall panel.

In this example, walls are bearing walls, and pilasters are not used to vertically
support the GLBs. Consequently, the kind of detail shown in Figure 5-12 must be
used. This detail provides both vertical support for the GLB and the necessary
wall-roof tie force capacity. The tie force is the same as that for wall-roof tie of
Part 5a (P10 = 7,976lb). The detail has the capacity to take both tension and
compression forces. Details of the design are not given. The horizontal force design
is similar to that shown in Part 4.

ledger

f plywood sheathing

P

o —

B—
Stud (typical) ——— f——

[0 0]

E: t
L. Le

-

I&Z8

Figure 5-12. Bracket for wall-roof anchorage at GLB

It should be noted that the alternate wall-roof tie of Figure 5-10 is not acceptable in
this situation because the strap cannot resist compression.

Comment: Although not required by code, some designers design the wall-GLB
tie to take all of the tributary wall-roof forces (assuming the subpurlin wall ties
carry none) and carry this force all across the building as the design force in the
continuity ties. In this example, this force is £y =36,5601b . This provides for a
much stronger “tie”” between the wall and the GLB for buildings without pilasters
(the usual practice today) to help prevent loss of support for the GLB and
subsequent local collapse of the roof under severe seismic motions.
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5c. Design continuity tie across glulam splice.

Fy =36,5601b at splice near line 9

The ASD design force for the continuity tie is computed below. Note that the 0.85
wood load factor of §1633.2.8.1(5) is used for bolts in wood (see discussion in
Blue Book §C108.2.8.1).

. 0.85(36,5601b)

=22,1971b
1.4

6-3/4" glulam beam

L hinge connector

Figure 5-13. Typical continuity tie splice

vertical slotted holes

Try four 7/8-inch bolts in vertical slotted holes at center of hinge connector. Design
of hinge connector hardware not shown. Consult ICBO Evaluation Reports for
allowable load capacity of pre-manufactured hinge connectors. Note that the bolt
capacity is based on the species of the inner laminations (in this case DF-L).

4(4,2601b)(1.33) = 22,6631b > 22,197 Ib o.k. Table 8.3D, 91 NDS

5d. Check GLB for continuity tie force.

The glulam beams along lines C and D must be checked for the continuity tie axial
force. See Part 6 for an example of this calculation. Note that use of the amplified
force check of §1633.2.6 is not required for continuity ties that are not collectors.
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6. Design collector along line 3 between lines B and C.

The collector and shear wall ledger along line 3 carry one-half of the east-west roof
diaphragm seismic force. The force in the collector is “collected” from the tributary
area between lines B and E and transmitted to the shear wall on line 3.

6a. Determine seismic forces on collector.

From diaphragm shear diagram for east-west seismic forces, the maximum
collector load on at line 3 is:

R =364k + 11001t 27.5k =136.1kips tension or compresion
40.67 ft

Uniform axial load in collector can be approximated as the total collector load on
line 3 divided by the length of the collector (110'-0") in this direction.

L 110.001ft

6b. Determine the collector force in GLB between lines B and C.

Assume the collector is a GLB 6 ¥, x 21 with 24F-V4 DF/DF and it is adequate to
support dead and live loads. 4 =141.8in.%, § =496in.?, and w =34.5plf.

Calculate seismic force at mid-span. Tributary length for collecting axial forces is

36.67 ft

/=110.00 ft - =91.67 ft

P=ql=1.237klf (91.67 ft) =113.4 kips tension or compression in beam

6C.| Check GLB for combined dead and seismic load as required by §1612.3.2.

D+L+S+E
1.4

wp, =81t (14 psf) +34.5plf =146.5plf

_0.147k /ft (36.67 ft )
MDL -

= 24.7kip —ft

(12-16)
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Fp,*=2,088psi Table 5A, 91 NDS
/= 24.7k —ft (132,000) - 598 psi
496in.
113.4

P= EVE =81.0kips tension or compression on ASD basis

F, =1,150psi Table 5A, 91 NDS
F. =1,650psi Table 5A, 91 NDS
81,0001b
=f =——=5T7lpsi
fi=Je 141.8 P

Because there is a re-entrant corner at the intersection of lines B and 3, a check for
Type 2 plan irregularity must be made. Requirements for irregular structures are
given in §1629.5.3.

North-south direction check:

15%(288)=43.2ft <64’ - 0" Table 16-M

East-west direction check:

15%(110.0 +30.67) = 21.1'< 30'-8" Table 16-M

Since both projections are greater than 15 percent of the plan dimension in the
direction considered, a Type 2 plan irregularity exists. The requirements of Item 6
of §1633.2.9 apply, and the one-third allowable stress increase cannot be used.

Checking combined bending and axial tension using Equation (3.9-1) of NDS:

o oS 2100 3.9.1,91 NDS
F,* F!
98 L ST 0294050 =0.79 <1.00 ok

2,088 L150

Equation (3.9-2) of NDS o.k. by inspection.
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Checking combined bending and axial compression using Equation (3.9-3) of NDS
and considering the weak axis of the GLB laterally braced by the roof:

|

o + Jb <1.0 3.92,91 NDS

F: R4
FcE

Find F,.' by first calculating the column stability factor C,.

y, O
]
O

l,=k,1=1.0(36.67)=36.671t 3.7.1.2,91 NDS

K zE' _0418(1,600,000)
(,/d) (36.67x12/21)

=1,523psi 3.7.1.5,91 NDS

cE

F.*=F,  =1650psi Table 5A, 91 NDS Supplement

c :1+(FcE/Fc*)_\/EJf(FcE/Fc*)DZ_FcE/Fc* Eq.3.7-1,91 NDS

P 2c 2c H c

1+ (1523/1650) |0+ (1523/1,650)0  1523/1,650
Cp= B n-
2(0.9) H 209) © 09
C, =073
F.=F,(C,)=1650(0.73)= 1,205 psi Table 2.3.1, 91 NDS
ESJOISS + 298 77022+ 046=068<1.0 ok
’ 2,088H- "1 H
0 15230

6d. Check GLB collector for amplified force requirements.

The GLB must also be checked for the special collector requirements of §1633.2.6.
Using ASD, an allowable stress increase of 1.7 may be used for this check. The
relevant equations are:

12D+ fL+1.0E, (12-17)
0.9D+1.0E,, (12-18)
E, =Q,E, (30-2)
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E  is an estimate of the maximum force transmitted by the collector elements in

the seismic event. Unless a more refined analysis is done and the maximum force
that the diaphragm, or the shear wall, can transmit to the collector determined, the
seismic force E, is scaled by the amplification factor Q , for estimating E .

Q =28 Table 16-N

o

E, =113.4kips from Part 6b, above

E, =238 (1 13.4) =317.5kips tension or compression in beam

m

Comment: The axial force E,, =317.5kipsin the above calculations is 1.4 times
greater than that which would be obtained using the 3R, /8 factor applied to

collector forces obtained under the 1994 UBC provisions. This is because forces in
the 1997 UBC are strength based and were established to be 1.4 times greater than
those of the 1994 UBC. Unfortunately, the 1997 UBC does not first reduce the
forces by the 1.4 ASD factor when increasing the axial force by the Q = 2.8

factor. This appears to result in an unnecessarily conservative design for elements
like the GLB collector in this example.

Under both §1612.2.1 and §1612.4, roof live load is not included in the seismic
design load combinations. Generally, Equation (12-17) controls over Equation
(12-18). Because the 63, x21 GLB will not work, a 63, x27 beam will be tried.

A=182 in.?, $=820 in.®, and w=443 plf .

Dead load bending stress at mid-span is (neglecting small increase in beam
weight):

_ 24,7001b —fi (12)

=361psi
Jb 820 p
F, = 0.85(2,400 psi) = 2,040 psi Table 5A, 91 NDS
317,5001b
=f, =2 =1,745psi
Ji=te 182 P

Check combined dead plus tension and compression seismic stresses using
Equation (12-17). The load factors are 1.2 on dead load and 1.0 on seismic forces,
and the allowable stress increase is 1.7.

Check tension using NDS Equation (3.9-1):
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12/, B AL B,
17FH H7F'H

12(361) 0. H 1,745
1.7(2,040)H H.7(1.150)

E= 012+089=101=10 say o.k.

NDS Equation (3.9-2) is o.k. by inspection.

Check compression using NDS Equation (3.9-3) as modified below:

51.0 1. g . 12 £,

3778 gz, E _10f, E
FcE

<10

K zE' _ 0418(1,600,000)

=2,518psi 3.7.1.5,91 NDS

() (3667x12/27)
C, =088
F'=F,(C,)=1650(088)=1452psi Table 2.3.1, 91 NDS
D B 1209 pssoazosncio ok

W20 17(2,040)H -

2,518
OUse GLB 6%, x27

Note that the special collector requirement of §1633.2.6 has necessitated that the
size of the GLB be increased from 6%, %21 to 6, %27.

6e. Collector connection to shear wall.

The design of the connection of the GLB to the shear wall on line 3 is not given.
This is an important connection because it transfers the large “collected” seismic
force into the shear wall. The connection must be designed to carry the same
seismic forces as the beam, including the amplified collector force of §1633.2.6.
Because there is also a collector along line B, there is similarly an important
connection of the GLB between lines 3 and 4 to the shear wall on line B. Having to
carry two large tension (or compression) forces through the intersection of lines B
and 3 (but not simultaneously) requires careful design consideration.
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7. Required diaphragm chord reinforcement for east-west seismic forces.

Chords are required to carry the tension and compression forces developed by the
moments in the diaphragm. In this building, the chords are continuous
reinforcement located in the wall panels at the roof level as shown in Figure 5-14.
(These must be properly spliced between panels.)

plywood sheathing

&

ledger

1

chord reinforcement

Figure 5-14. Diaphragm chord

The east-west diaphragm spans between lines 1 and 3 and lines 3 and 10. The
plywood diaphragm is considered flexible, and the moments in segments 1-3 and
3-10 can be computed independently assuming a simple span for each segment. In
this example, the chord reinforcement between lines 3 and 10 will be determined.
This reinforcement is for the panels on lines A and E.

Equiv. w = 1138 plf from Part 2

wi® _ L14KIf (224)°
8

M= =7,150 kip —ft
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The chord forces are computed from

T=C-= M = 508klpS
140.67 ft

The chord will be designed using strength design with Grade 60 reinforcement.
The load factor of Equations (12-5) and (12-6) is 1.0 for seismic forces.

T _ 508k

A, = = ~=0.94in.?
*@f, 09(60ksi)

0 Use minimum 2-#7 bars, 4, =1.20in? >0.94 o.k.

Comment: The chord shown above consists of two #7 bars. These must be spliced
at the joint between adjacent panels, typically using details that are highly
dependent on the accuracy in placing the bars and the quality of the field welding.
Alternately, chords can also be combined with the ledger such as when steel
channels or bent steel plates are used, and good quality splices can be easier to
make.

8. Required wall panel reinforcing for out-of-plane forces.

In this part, design of a typical solid panel (no door or window openings) is shown.
The panel selected is for lines 1 and 10, and includes the reaction from a large
GLB. The wall spans from floor to roof, and has no pilaster under the GLB. There
are no recesses or reveals in the wall.

8a. Out-of-plane seismic forces.

Requirements for out-of-plane seismic forces are specified in §1632.2. Equation
(32-2) is used to determine forces on the wall.

F, = "P;—p’f’ % ; 3%%4; (32:2)
Foppin =07C, 1, W, (32-3)
Fypax =4.0C, 1, W, (32-3)
R,=3.0anda, =10 Table 16-0, Item 1.A.(2)
C, =044
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F, can be determined by calculating the equivalent seismic coefficient at the

ground and roof levels. The average of the two values is used to determine the
uniform out-of-plane seismic force applied over the height of the wall.

At the ground level, 4 = 0, and the effective seismic coefficient from Equation
(32-2) is:

C,I
a,C,1, EHLXEZMBHEH:OJM
h, O 210

R, 30

Check minimum value from Equation (32-3):

0.7C,1, =0.7(44)(1.0) = 0308> 0147

O Use 0.308

At the roof level, 4. = h,, and the effective seismic coefficient from Equation
(32-2) is:

C I
a,C, pE+3h_XE:MB+32 = 0.587
h, SRR

R, 30

Check maximum value from Equation (32-3):
40C,1, =40(44)(.0)=176>0587
0 Use 0.587

The average force over the height of the wall is:

F

', =1(0308+0.587)w, =0.448,

Design of the wall for moments from out-of-plane seismic forces is done by
assuming the force £, to be uniformly distributed over the height of the wall as

shown in Figure 5-15.

Solving for the uniform force per foot f,:

f, =.448(90.6 psf) = 40.6 psf
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8b.

278

20"

210" fo = 40.6 psf

vy v v v vy

~ A

Figure 5-15. Loading diagram for out-of-plane wall design

Check applicability of alternate slender wall design criteria.

The panel to be designed is shown in Figure 5-16. The section at mid-height carries
the maximum moment from out-of-plane seismic forces. At the same time, this
section also carries axial load, from the weight of the panel and the GLB, as well as
bending moments due to the eccentricity of the GLB reaction on the wall and PA
effects.

The tributary width of wall for support of the vertical loads of the GLB was
determined as follows. The GLB is supported on the wall as shown in Figure 5-12.
The vertical reaction on the wall is assumed to be at the bottom of the GLB, and
the wall is assumed to span from finished floor to roof in resisting out-of-plane
forces. These are conservative assumptions made for the convenience of the
analysis. Other assumptions can be made. For example, the center of the stud group
(see Figure 5-12) can be assumed to be the location of the GLB reaction on the
wall. This assumption would result in a wider effective width of wall to carry
vertical loads. The mid-depth of the beam could be assumed to be the point to
which the wall spans for out-of-plane forces. This assumption would result in a
lower moment in the wall due to the out-of-plane forces.

Assume 6%, %251, GLB bearing on wall

75 1.0 5.5
Tributary width=¢ +H/2-d = B6 B+ BZ B— BZ H: 8.94 ft 1914.8.2(4
ry GLB / GLB 2002 0012 0 § “4)
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9
o /— GLB
] N |:| roof
; —
N Al B —
T
o
T
fin. floor
8.94 ft

Figure 5-16. Typical panel supporting a GLB; line A-B
denotes the tributary width of wall to be checked for the vertical load
of the GLB and the moment due to out-of-plane seismic forces

Generally, it is advantageous to use the alternate design slender wall criteria of
§1914.8. This will be shown below. As a first step, check the limitations on the use
of this criteria. These are indicated in §1914.8.2.

1. Check that vertical service load is less than0.04 f." 4, : §1914.8.2(1)
p - l4psf (367)(32/2) 0.92 kip/ f
roof 8.94

1.0 .
P, =90.6psf E‘% +2.00E1.13kip/ fi
0 O

P=P,, +P,,; =092 +1.13=2.05kip /ft
0.04 /' 4, =0.04(4,000)(12)(7.25)=13.9kip /ft > 2.05kip/ ft

[ Vertical service load is less than 0.04 1" 4,
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280

Check that the reinforcement does not exceed 0.6p,, . §1914.8.2(2)

Assume vertical #4 @ 12 inches o.c. in center panel:

p=8 = 7 =0.00459

_0.858,/,'H 87,000 H

b (8-1)
7, o0+, [
85(0.85)(4
= 0.85(0.85)( ,ooo)B 87000 [ o8
60,000 87,000 + 60,000 O

0.6p, =0.6(0.0285)=0.0171> 0.00459 o.k.
U Reinforcement does not exceed 0.6p,,
Check that @, >M .- §1914.8.2(3)
Before @V, is calculated, @ must be determined. Calculate @ based on
requirements of §1909.3.2.2. The axial load considered to determine M, is
the factored vertical load, and this is also used in determining @.
Because strength design is being used, the load effect of vertical motion, £, ,
must be added to the vertical load.
E, =05 C,ID =05(0.44)(10)D =0.22D §1630.1.1
E, has the effect of increasing the dead load by 0.22 D to a total of 1.42 D.
The load factors of Equation (12-5) must be multiplied by 1.1 for concrete as
required by Exception 2 of §1612.2.1. The net effect of this is shown below.
P, =11(12D + 0.22D) =156D §1612.2.1
P, =156(P, oy + P, )=156(2.05)=3.20kip/ ft
Section 1909.3.2.2 states that ¢ may be increased up to 0.9 as @P, decreases
from the smaller of @F, and0.1f," 4, to zero. Calculate @P, and 0.1f.'4,:
Py= ,f,bd - A, f, =(0.0285)(60)(12)(3.63)- (0.20)(60) = 62.4 kip / ft §1910.3.2

@P, =(0.7)62.4 =43.7kip /ft
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0.11', 4, =01(4.0)(12)(7.25)=34.8kip/ ft <@P,

[] Use 0.1f,'4, in calculating ¢

0.2(P, 2(3.2
9=09- 22h) _4 02020)_ gq, §1909.3.2.2
0.1f", A, 34.8

Calculate M, for the given axial load of 2.05kip/ft. Note that values of 4, and

a are taken from Part &c below.

_ a _03720_ .
Mn-Asenylcz 2%0.253(60)%5.63 - @ 52.3kip —in.

@V, =0.882(52.3) = 46.1kip — in.

Calculate the cracking moment M .

bh® _12(7.25)°

I = = =381in.*
¢ T2 12
50f\
v - J7E(e,) _ syao00 681 - 33 240 - in. §1914.0
B 363
M, <@M, ok

4. A 2:1 slope may be used for the distribution of the concentrated load

throughout the height of the panel (Figure 5-16). §1914.8.2(4)

[ Slender wall criteria may be used
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8cC.| checkwall strength.

Combine factored moment due to out-of-plane seismic forces with moment due to
roof vertical load eccentricity and the moment due to PA effects. Calculate PA

moment using the maximum potential deflection, A, .

E, =57,000y/f.' =3,605ksi §1908.5.1
E, =29,000ksi §1908.5.2
E
= £ 229,000 _¢ 04
E. 3,605
P, + A4, 20+0.
A, = sy _ 320 020(60) =0.253in. §1914.8.4
‘ F, 60

A fy  _ 0253(60)

a= = =0.372in.
0.85/".b 0.85(4.0)12
=4 20372 43g
B, 085
d =3.63in.
3
ICI" =n ASEZ (d - c)2 +b%
s §1914.8.4
12 (04 :
=8.04(0253)(3.63 - 0438)" + 12(0438) _ 21.1in.*
Maximum potential deflection is:
2 2
_ Sm,2 o _5(523)(21x12) _ 4550,

" 48E. 1,  48(3,605)(211)
Assuming the GLB reaction is 2 in. from the face of wall

t . .
e=2.0+al :2.0+7—25 =5.63in.
2 2

P

u,roof

=1.56 P,,,; =156(0.92)=1.44kip/ft
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P

u,wall

=1.56 P, =156(113)=1.76kip/ft

Required factored moment at mid-height of the wall is:

— fplc2 + Pu,roof (6)

Mu +Pu A}’l
8 2
v =206 (21.0)*  144(563) . 3.20(4.55)

<

8(1,000) * (2)(12) T
M, =224+034+1.21

M, =3.79 kip - ft =45.5kip —in.

@, =46.1kip—in.>M, o.k

Required factored shear is:

Fole  Puroorle) 406(210)  144(5.63)
V,= + = +
) h 2(1,000)  12(210)

=0.458kip/ ft

o, =0.85(20) (/7" )bd =085(2.0)(4,000)(12) (3.63) = 4.68kips/tt. >> ¥,

[J Wall strength is o.k.

Check service load deflection.

The mid-height deflection under service lateral and vertical loads cannot exceed
the following:
* 150 150

The service level moment M ; is determined as follows:

L2 Buyle) 4062100 092(563)  2.05(1.68)
= + + = + +
o (4)8 2 * (14)@®)@,000)  2(12) 12
M, =2.10kip — ft =25.2kip —in.

Note M, <M,
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2 2
Ag = Ml 5(252)(21x12) =0.12in.<1.68in.
48 E,1,  48(3,605)(381)

U Use #4 @ 12 in. o.c. vertical reinforcing in wall.

8e. Additional comments.

1. The parapet must be checked as a separate structural element for
seismic forces determined from Equation (32-2) with R, =3.0 and

a, = 2.5. This check is not shown.

2. Attention must be given to the location of panel joints and wall
openings. These can change the tributary width of wall available to
resist combined axial loads and moments.

3. An iterative approach to the calculation of M, and M may allow
for a less conservative analysis.

4. The effective depth of the wall must be modified for architectural
reveals, if these are used.

0. Deflection of east-west diaphragm.

Diaphragm deflections are estimated primarily to determine the displacements
imposed on attached structural and nonstructural elements. Columns and walls
connected to the diaphragm must satisfy the deformation compatibility
requirements of §1633.2.4.

An acceptable method of determining the horizontal deflection of a plywood
diaphragm under lateral forces is given in §23.222 of 1997 UBC Standard 23-2.
The following equation is used:

3
=V V0188 L, +28.x)
8EAb 4Gt

The deflection of the diaphragm spanning between lines 3 and 10 will be
computed. Values for each of the parameters in the above equation are given

below:
_wi _ (1138plf) (224 ft) _ 906 plf
26 2(140.67 ft)
L =224'-0"
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E =29%10° psi

A =2 #7 bars =2x.60 =1.20in.>

b =140.67ft

G =90,000psi Table 23-2-]
t=0.54 Table 23-2-1
e, = see Table 5-2, below. Table 23-2-K

A, =0 (Assume no slip in steel chord.)

Table 5-2. Determination of e,

Zone L Nails S Shear per nail e,
A 80-0" 10d 29" 906(2.5/12) = 189 Ib .042
B 144'-0" 10d 4" 583(4.0/12) =194 b .044

Substituting the above parameters into the deflection equation, the deflection (in
inches) at mid-span of the diaphragm is determined.

As 5(006)(224)’ . 906)(224)

309 x10°) (120)(14067) * 4(00000)058) " (80)(0.042) + 0188 (144) (0.044) + 0

A=130+1.04+0.63+1.19 =4.161n.

Under §1633.2.4, all structural framing elements and their connections that are part
of the lateral force-resisting system and are connected to the roof must be capable of
resisting the “expected” horizontal displacements. The “expected” displacements are
amplified displacements taken as the greater of A, or a story drift of 0.0025 times

the story height. In this example, the “expected” displacement is:
A, =0.7RAg =0.7(4)(416in)=11.6in. (30-17)

Note that the R value used above is R =4. This is the R value used to determine
the shear in the diaphragm in Part 2b under the requirements of §1633.2.9(3).
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Comment: The diaphragm deflection calculation shown above is based on
strength design seismic forces. Under the 1994 UBC, seismic forces are based on
ASD loads, and a smaller deflection would be calculated.

10. Design shear force for east-west panel on line 1.

In this part, determination of the in-plane shear force on a typical wall panel on line
1 is shown. There are a total of five panels on line 1 (Figure 5-1). The panel with
the large opening is assumed not effective in resisting in-plane forces, and four
panels are assumed to carry the total shear.

From Part 2, the total shear on line 1 is 36.4kips. This force is on a strength basis
and was determined using R =4 for the diaphragm. Except for the diaphragm, the
building is designed for R = 4.5, and an adjustment should be made to determine

in-plane wall forces.

Earthquake loads on the shear walls must also be modified by the
reliability/redundancy factor p. This factor varies between a minimum of 1.0 and a
maximum of 1.5. Because the shear wall on line 3 (not shown) has large openings
for a truck dock, the maximum element-story shear ratio, », . of §1630.1.1, is large

> max
and the resulting reliability/redundancy factor for the east-west direction is the
maximum value of 1.5. This requires that shear forces in individual east-west
panels, determined from the analysis shown in Part 2, be increased by a factor of
1.5 as shown below.

Finally, seismic forces due to panel weight must also be included. These are
determined using the base shear coefficient (.244) from Part 1. The panel seismic
force is determined as follows:
Panel weight:

width = g =221t

W, =0.15 E% Et23 ft)(22 ft) = 45.9kips

Seismic force due to panel weight:

F, =0.244W, =0.244(459k) =11.2kips
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The total seismic force on the panel, £, is the horizontal shear transferred from the
diaphragm and the horizontal seismic force due to the panel weight, both adjusted
for the reliability/redundancy factor. This calculation is shown below:

E =pE, +E, (30-1
L =~ B2 H36.4K)+(112k)=19.3kips
4450

E, =0

Ov panel = PE), +E, = 15 (19.3)+ (0):29.0kips per panel

Comment: The 1997 UBC introduced the concept of the reliability/redundancy
factor. The intent of this provision is to penalize those lateral force resisting
systems without adequate redundancy by requiring that they be more
conservatively designed. A redundancy factor is computed for each principal
direction. In general, they are not applied to diaphragms, except transfer
diaphragms.

References
ACI, 1996. Practitioner’s Guide to Tilt-Up Construction. American Concrete

Institute, P.O. Box 9094, Farmington Hills, Michigan 48333.

Breyer, D.E., Fridley, K.J., and Cobeen, K.E., 1999. Design of Wood Structures
Allowable Stress Design, Fourth edition. McGraw Hill, Inc., New York.

Brooks, Hugh, 1997. The Tilt-up Design and Construction Manual, Fourth edition.
HBA Publications, 2027 Vista Caudal, Newport Beach, California 92660.

City of Los Angeles Division 91. Earthquake Hazard Reduction in Existing Tilt-up
Concrete Wall Buildings, Los Angeles Dept. of Building and Safety, 200 N.
Spring Street, Los Angeles, California 90012.

Cook, R.A., 1999. Strength Design of Anchorage to Concrete, Portland Cement
Association, Skokie, Illinois.

Hamburger, R., and McCormick, D., 1994. “Implications of the January 17, 1994
Northridge Earthquake on Tilt-up and Masonry Buildings with Wood Roofs,”

SEAOQOC Seismic Design Manual, Vol. Il (1997 UBC) 287



Design Example 5 m Tilt-Up Building

1994 Fall Seminar Notes. Structural Engineers Association of Northern
California (SEAONC), 74 New Montgomery Street, Suite 230, San
Francisco, California 94105-3411.

SEAOSC/COLA, 1994. 1994 Northridge Earthquake (Structural Engineers
Association of Southern California/City of Los Angeles) Special Investigation
Task Force, Tilt-up Subcommittee. Final report dated September 25, 1994.

Shipp, J.G., and Haninger, E.R., 1982. “Design of Headed Anchor Bolts,”

Proceedings of 51°" Annual Convention, Structural Engineers Association of
California, September 30-October 2, 1982.

288 SEAOC Seismic Design Manual, Vol. Il (1997 UBC)



Design Example 6 = Tilt-Up Wall Panel with Openings

Design Example 6
Tilt-Up Wall Panel With Openings

28'-0"

12' x 14' opening 3' x 7' door

3-0" 120" 4-0" 3-0"

Figure 6-1. Wall elevation and section

Overview

Walls designed under the aternative slender wall method of UBC §1914.8, are
typically tilt-up concrete panelsthat are site-cast, cured, and tilted into place. They
are designed to withstand out-of-plane forces and carry vertical loads at the same
time. These dlender walls differ from concrete walls designed under the empirical
design method (UBC 81914.5) in that there are greater restrictions on axial loads
and reinforcement ratios. In addition, secondary effects of eccentricities and p-delta
moments play an important role in analysis and design of these slender tilt-up
panels.

In this example, the out-of-plane lateral design forces for a one-story tilt-up
concrete slender wall panel with openings are determined, and the adequacy of
aproposed reinforced concrete section is checked. The exampleisa
single-story tilt-up concrete wall panel with two openings, site-cast, and tilted
up into place. The pier between the two openingsis analyzed using the slender
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wall design method (UBC 81914.8). Analysis of the wall panel for lifting
stresses or other erection loads is not a part of this example.

Outline

This example will illustrate the following parts of the design process:

Out-of-plane lateral design forces.

Basic moment from the out-of-plane forces.

Vertical design forces acting on the pier.

Nominal moment strength @M.

Factored moment including eccentricity and p-delta effects.

Service load out-of-plane deflection.

& ) [ B ) [

Special horizontal reinforcing.

Given Information

Wall material: f'c = 3000 psi normal weight concrete
Reinforcing steel material: f, = 60,000 psi
Wall thickness = 94 inches with periodic ¥+inch narrow reveals.
Reinforcing steel area= 7 #5 each face at wall section between openings.
Reinforcing depth based on 1-inch minimum cover per UBC 8§81907.7.1 item 4.
Loading data:
Roof loading to wall = uniform loading; 40-foot span of 12 psf dead load; no
snow load.
Roof loading eccentricity = 4 inches from interior face of panel.
Seismic Zone = Zone 4
Near-source influence = more than 10 km to any significant seismic source (N, = 1).
Soil profile=S
Seismic importance factor = 1.0

Wind does not govern thiswall panel design.
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Calculations and Discussion Code Reference

1. Out-of-plane lateral design forces.

Thewall panel is subdivided into adesign strip. Typicaly, asolid panel is
subdivided into one-foot-wide design strips for out-of-plane design. However,
where wall openings are involved, the entire pier width between openingsis
generally used as the design strip for simplicity. The distributed |oading accounts
for the strip’ s self-weight, as well as the tributary loading from above each

opening.
W3 W, W,
s v ¢ < tributary load area
1 1 (I
i : ]
W; W, W, ' | I I «—parapet
[ i I
S LS SRS SNy S SN _{._roof
' !

| [
| [
| [
i I <! | design strip
I i
I I

3Ix7
12' x 14' opening door

__floor

4-0"

Figure 6-2. Design strip and distributed out-of-plane loading
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la. Seismic coefficient of wall element.

The wall panel is considered an element of a structure, thus §1632.2 appliesin
determining the lateral seismic force. UBC Equations 32-2 and 32-3 are used to
determine forces for design.

Fp=2Cale 3l (32-2)
Ro O h[d

Except: Fp islimitedby 0.7CalpWph < Fp < 4CalpWp (32-3)

a,= 1.0 Table 16-0

R,=3.0 Table 16-O

C,=044 Table 16-Q

,b=1.0 Table 16-K

Therefore, the limitson Fy are: 0.308Wp < Fp < 1.76Wp

hy is defined as the attachment height above grade level. Since the wall panel is
connected at two different heights, an equivalent lateral force will be obtained
using the average of the roof F, and the at-grade F, [ref. 1999 SEAOC Blue Book

Commentary 8C107.2.3].
oy = LOCIAIH 5 Ry, = 05875
3.0 O hQ

(1.0)(0.44)(1.0) 0
F = +3— =0.14\Wp,
Pgrade 30 Q— hr va p

but Fp,, =0.308\p governs.

F +F
Fo, = Pyrade - Proot _ 0.587 -21- 0.308 = 0,448\

Note: The seismic coefficient 0.448 isvirtually the same as the 1994 UBC
coefficient 0.30 when adjusted for strength design and the different seismic zone
coefficient C, defaults:

) 0.448\p E.4OH
Fp(1994 UBC equivaent) = =0.291 = 0.30
p( eq ) 14 oaa-
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1b. Load combinations for strength design.

For this example, the use of load combination (12-5) of §1612.2.1 is applicable,
and governs for concrete strength design under seismic loading.

1.2D + 1L.0E + (f,L + £,9 (12-5)

where:

D = self weight of wall and dead load of roof

L =0 (floor live load)

S= 0 (snow load)

E = pE,+ E, where p = 1.0 (81632.2) and E, = 0.5C,I1D (30-1)
Load combination (12-5) reduces to:

(1.2 +0.5C,)D + 1.0E, or (1.2+0.22)D + 1.0E,

or 1.42D + 1.0E,

Note: Exception 2 under 81612.2.1, which multiplies strength design load
combinations by 1.1, has been determined to be inappropriate by SEAOC and
others, and has not been included in the 1999 SEAOC Blue Book, Recommended
Lateral Force Requirements and Commentary. For the purposes of this example,
the 1.1 multiplier has been included in order to conform to the 1997 UBC as
originally published. For additional information, see “Design of Reinforced
Concrete Buildings under the 1997 UBC,” by S.K. Ghosh, published in Building
Sandards, May-June 1998, ICBO.

Load combination (12-5) increases to:

1.1(1.42D + 1.0Ep) = 1.56D + 1.1E,

lc. Lateral out-of-plane wall forces.

The lateral wall forces E;, are determined by multiplying the wall’ s tributary weight
by the lateral force coefficient. Three different distributed loads are determined due
to the presence of two door openings of differing heights. See Figure 6-2.

Wall weight = %150 pcf = 116 |b/ft?

Fpo =0.448(116 b/ft2 ) = 521b/ft2

W; = 52 Ibg/ft? x 4 ft = 208 plf
W, = 52 lbs/ft? x 3/2 ft = 78 plf

W; = 52 lbs/ft? x 12/2 ft = 312 plf
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2. Basic moment from out-of-plane forces.
Wz W, Wy 7,212 Ibs
W5=312 plf 14' X
maximum moment
W,=78 plf 7
W,=208 plf s
4,618 Ibs
Loading Shear Moment

Figure 6-3. Corresponding loading, shear, and moment diagrams

Locate the point of zero shear for maximum moment. Ignore the parapet’ s negative
moment benefits in reducing the positive moment for simplicity of analysis. If the
designer decides to use the parapet’ s negative moment to reduce the positive
moment, special care should be taken to use the shortest occurring parapet height.
For this analysis, the seismic coefficient for the parapet shall be the same as that for
the wall below (a, = 1.0, not 2.5). The parapet should be checked separately later,
but is not a part of this example.

This example conservatively assumes the maximum moment occurs at acritical
section width of 4'-0". In cases where the maximum moment occurs well above the
doors, amore comprehensive analysis could consider several critical design
sections, which would account for awider design section at the location of
maximum moment and for a narrower design section with reduced moments near
the top of the doors.
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2a. Determine the shear reactions at each support.

Ryrade = shear reaction at grade level for design strip

R0t = Shear reaction at roof level for design strip

[ 2 2 2]
Ryage = [208 (28] , 76", 5, M EL _ ) 61616
5 2 2 2

Reoot = [208(28) + 78(21) + 312(14)] - 4618 = 7,212 Ibs

Determine the distance of the maximum moment from the roof elevation
downward (Figure 6-3):

7212
(208+78+312

) =12.1 feet to point of zero shear (maximum moment)

2b.| Determine M, pasic

Thisisthe primary strength design moment, excluding p-delta effects and vertical
load eccentricity effects, but including the 1.1 load factor (see the earlier discussion
of thisload factor in Step 1b, above):

_ . 0 (21 0_
Mu basic = 1.107212(12.1) - (208 + 78 + 312) 57~ 0= 47,837 Ibft
8 B

Mu basic = 47.8 k'ft

3. Vertical design forces acting on the center pier.

The pier’ s vertical loads are comprised of aroof component P, and awall
component P,. The applicable portion of the wall component is the top portion
Puwall 10p @D0Ve the design section.

Proof = gravity loads from the roof acting on the design strip
The appropriate load combinations using strength or allowable stress design do not
include roof live load in combination with seismic loads. However, strength

designs considering wind loads must include a portion of roof live loads per
§1612.2.1.
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Proot = (roof dead load) x (tributary width of pier) x (tributary width of roof)
3 12140
Proot = (12 psf +=+= =2,7601b
roof ( p )EA 2 2 Q%

Note: When concentrated gravity loads, such asfrom agirder, are applied to
slender walls, the loads are assumed to be distributed over an increasing width at a
slope of 2 vertical to 1 horizontal down to the flexural design section height
(81914.8.2.4).

Puai top = the portion of the wall’s self weight above the flexural design
section. It is acceptable to assume the design section islocated midway
between the floor and roof levels

Paaittop = (L16 psf ) B4+3 1ZH}L+4H 24,012 Ibs

Ptota| Proof + Pwa_” top — 2760 + 24012 26 772 |bS

Check the vertical service load stress for applicability of the slender wall design
method (UBC 81914.8.2 item 1). Use the net concrete section considering the
reveal depth:

dresse Poa _ 26772
48(9.25-0.75)

onc

=66 psi < 0.04f; =0.04(3000)=120psi  ok.

The compressive stress islow enough to use the alternative slender wall method;
otherwise a different method, such as the empirical design method (81914.5),
would be required along with its restrictions on wall height.

4. Nominal moment strength @M,.

The nominal moment strength @M, is given by the following equation:
a
OMn = (pAeefyBj - —H
O 20

where:
9=09-— 2P  _gg._ 0208026772  _ g §1009.3.2.2
010 Aconc 0.10(3000) (48) (9.25 - 0.75)

Pu+ Adfy _ 1.56(26772) + 7(0.31) (60000)
fy 60000

Ase = =2.87in.?

_ Pu+ Ady _ 1.56(26772) +7(0.31) (60000)
~ 0.85f.b 0.85(3000) (48)

=1.40in
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Reinforcing depth is based on new tilt-up cover provision §1907.7.1 item 4.

d = thickness - reveal — cover — tiediameter — % bar diameter

d=9Y-%-1-3%-(%)5)=68in.

3/4" reveal

#3 ties
A ———————:&E————:————:———t‘ ______
o 1 ® ® ® ® ® ® ® K
thick d = depth
@ @ ® @ @ @ @
Y ‘L

Figure 6-4. Design section

Thus.
Mn = 2.87 (60000) Eé.s - 1'—;0 @: 1050k —in =87.5k — ft
@M = 0.83(87.5) = 72.6 k — ft

Verify that M < @M, to determine the applicability of the slender wall design
method (UBC §1914.8.2 item 3). M, is defined uniquely for slender wallsin

UBC §1914.0.
3
5,/3000 (48) 02
M, =5/f, 2= 53 12 -187458Ib-in.=156k-ft §1914.0
Yt a9
2

My =156k —ft<@M, =726k -ft ok

Sufficient reinforcing is provided to use the alternative slender wall method,
otherwise the empirical design method of UBC 8§1914.5 would be necessary.

Note: For the purposes of §1914.8.2 item 3, |5 and y; are conservatively based on
the gross thickness without consideration for reveal depth. This approach creates a
worst-case comparison of M, to ¢gM,,. In addition, the exclusion of the reveal depth
in the M, calculation produces more accurate deflection values when reveals are
narrow.
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Verify the reinforcement ratio p < 0.6p,, to determine the applicability of the
slender wall design method (81914.8.2 item 2):

0.85:f, 87000 _o 60.85(0.85)3000 87000

0.6p, =0.6 ) =0.0128 (8-1)
fy 87000+ fy 60000 (87000 + 60000)
= i = M =0.0066 < 0.0128 o.k.
bd 48(6.8)
Therefore, the slender wall method is applicable.
Factored moment, including eccentricity and p-delta effects.
Determine the design moment including the effects from the vertical load
eccentricity and p-delta (PA):
My = Mypasic + My eccentricity Mu pa
Use the figures below to determine My eccentricity and My pa:
eccentricity "e" eccentricity | "e"
H (ﬁ +——H 1
PXf Proof
Pwalltop IL
2 Pwall top
. \l

deflected shape — > % M
Pwall bottom 2A, IA

“2n 2n

3 3

Figure 6-6. Freebody of upper half

20

n An
3

3

Figure 6-5. Vertical loading
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ba.

Determine force component H from statics (moment about base of wall)
From Figure 6-5, assuming a parabolic deflected shape:

(P 2\

n
wall top wall bottom) ~ B
H = 3
|

c

Since the panel’ s openings are not positioned symmetrically with the panel’s

mid-height, Pyaii bottom Will be less than Py op. FOr €ase of calculation,
conservatively assume Py bottom =

= Puall top, @SS similar to panels without openings.

— 4'PwalltopAn _ Proof e
3|c

|C

5b.

Determine moment component M from statics using Figure 6-6 to account for
eccentricity and PA effects:

A I
M = Poof (A +e)+ aIItop?n"'H_;
M = Poof 2 ( aJItop oof )An

5c. Determine the wall's deflection at full moment capacity Ap
2
A, = M §1914.8.4
48E.|
where:
M, isfrom Step 4.
E, =57, f. =3122ksi §1908.5.1
bc? a 140 .
=nA_(d-c)2+=—:; where c=—— ==""=165in
o =Me(d =) 3 0.85 0.85
| 229000, 68— 165)2 + FBLED _ 7794
3122 3

300

SEAOQOC Seismic Design Manual, Vol. Il (1997 UBC)



5d.

6a.

Design Example 6 = Tilt-Up Wall Panel with Openings

. 5(87.5) (28)?(12)3 _E1in
48(3122) (779)

Section 1914.8.3 requires the maximum potential deflection A, be assumed in the
calculation of the PA moment, unless a more comprehensive analysisis used. An
iterative approach or use of a moment magnifier are examples of acceptable “more
comprehensive” analyses, but are beyond the scope of this example.

Determine and check the total design moment My.

Mu = Mu basic T I\/Iu eccentricity + Mu PA

e
My= 47.8+P, o0 5 + (Pu wall top T oot )An

M, :47.8+1.56(2.76)%§4+ 9.25-0.75

HL 156240+ 276)5.1) %
2 2 12

My= 47.8+15+17.7
My= 67.0k—ft<qgM, =726k -ft ok (14-2)

Therefore, the design section’ s strength is acceptable.

Service load out-of-plane deflection.

Determine if the wall’s cross-section is cracked.

The service load moment M is determined with the following formula where the
denominators are load factors to convert from load combination (12-5) to load
combination (12-13):

_ M u basic " M u eccentricity

ST 11(14) 1.56 sPA
Assume the service load deflection is the maximum allowed 1'% :
I 28(12) )
AS Maximum = ECO = W =224in. (14'3)

M gpa = (Puait + Proot )As = (24.0+2.76)2.24 =59.9k —in.=5.00k - ft

_ Mypasic | M eccentricity
s SPA
1.1(1.4) 1.56
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47.8 1 5

.= +5.00=237.0k - ft
11(14) 156

My =156k —ft <M

Therefore, section is cracked and Equation (14-4) is applicable for determining As.

If the section is uncracked, Equation (14-5) is applicable.

6b. Determine the deflection at initiation of cracking Ac;,.

_5Mql® _ 5(15.6)(28)°(12)° _
“ 48E.I (48) (9.25)°
12

9 48(3122)

I is based on gross thickness, without consideration for the architectural reveal
depth, since this produces more accurate results when the reveals are narrow.

6C. Determine and check the service load deflection As.

=Acr + Ms_Mcr An_Acr)
I\/In_Mcr

=022+ 70" 1569(51 0.22)=167in.

[B7.5-15

: I :
A, =167in.<—=-=224in. ok
150

Therefore, the proposed slender wall section is acceptable using the aternative
slender wall method.

§1914.8.4

(14-4)

§1914.8.4
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7. Special horizontal reinforcing.

7a. Determine the horizontal reinforcing required above the largest wall opening for
out-of-plane loads.

The portion of wall above the twelve-foot-wide door opening spans horizontally to
the vertical design strips on each side of the opening. Thiswall portion will be
designed as a one-foot unit horizontal design strip and subject to the out-of-plane
loads computed in this example earlier.

Fp,. = 0.448(116 Ibs/ft?) = 52 Ib/ft®

The moment is based on a simply supported horizontal beam with the 1.1
multiplier per Exception 2 under §1612.2.1:

SURNRNALY 2
M. =1 1%[) (openlng:3 width) Hz L 1%2 % E

=10301b-ft =1.03k — ft

Try using #5 bars at 18-inch spacing to match the same bar size as being used
vertically at the maximum allowed spacing for wall reinforcing.

- _a
W”'wygd 2@

where:

2 .
—09and A =031H2H=0.21in.2
@ A 180

Lo Ady _ (020)(60000) _ ..
0.85fb  0.85(3000) (12)

Assume the reinforcing above the opening is a single curtain with the vertical steel
located at the center of the wall’ s net section. The horizontal reinforcing in
concrete tilt-up construction istypically place over the vertical reinforcing when
assembled on the ground.

d =  (thickness - reveal ) - bar diameter

d=1%(9%-3%)-%=363in.
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= —% = —
(ﬂ\/ln—0.9(.21)(60)§3.63 . @ 388k - in.

=324k -ft=21.03k -ft ok
([i\/|n >M u o.k.

Therefore, the horizontal reinforcing is acceptable.

7b. Typical reinforcing around openings.

Two #5 bars are required around al window and door openings per §1914.3.7. The
vertical reinforcing on each face between the openings provides two bars along
each jamb of the openings, and thus satisfies this requirement along vertical edges.
Horizontally, two bars above and below the openings are required to be provided.
In addition, it is common to add diagonal bars at the opening cornersto assist in
[imiting the cracking that often occurs due to shrinkage stresses (Figure 6-7).

7cC. Required horizontal (transverse) reinforcing between the wall openings.

The style and quantity of horizontal (transverse) reinforcing between the wall
openings is dependent on several factors relating to the in-plane shear wall design
of 81921.6. Sections conforming to “wall piers,” as defined in 81921.1, shall be
reinforced per §1921.6.13. Wall pier reinforcing has specia spacing limitations and
is often provided in the form of closed ties. In narrow piers, these ties are often
preferred so as to assist in supporting both layers of reinforcing during
construction, even if not required by the special wall pier analysis (Figure 6-7).

Configurations not defined as wall piers, but which have high in-plane shears, also
have special transverse reinforcing requirements per 81921.6.2.2. In these
situations, the transverse reinforcing is required to be terminated with a hook or
“U” stirrup.
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typical horizontal
reinforcing #5 at 18" o.c.

Y
| vertical reinforcing (7)
1 #5 each face
lL— reinforcing around
openings (2) #5
r'd

transverse
reinforcing

design section v
(see Figure 6-4)

Figure 6-7. Typical wall reinforcing

Commentary

The UBC section on the alternative slender wall method made its debut in the 1988 edition.
It islargely based on the equations, concepts, and full-scale testing developed by the
Structural Engineers Association of Southern California and published in the Report of the
Task Committee on Sender Wallsin 1982. The American Concrete Institute (ACI) has
incorporated similar provisions for slender wall design in their publication ACI 318-99.

Tilt-up wall construction has become very popular due to its versatility and its
erection speed. However, wall anchorage failures at the roofline have occurred
during past earthquakes. In response to these failures, the 1997 UBC anchorage
design forces and detailing requirements are significantly more stringent than
they have been under past codes (see Design Example 5).
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Example 1
Seismic Zone 4 Near-Source Factor 81629.4.2

The 1997 UBC introduced the concept of near-source factors. Structures built
within close proximity to an active fault are to be designed for an increased base
shear over similar structures located at greater distances. This example illustrates
the determination of the near-source factors N, and N, . These are used to

determine the seismic coefficients C, and C, used in §1630.2.1 to calculate design
base shear.

| Determine the near-source factors N, and N, for a site near Lancaster, California.

Calculations and Discussion Code Reference

| Determine N and N, .

First locate the City of Lancaster in the book Maps of Known Active Fault Near-
Source Zonesin California and Adjacent Portions of Nevada. Thisis published by
the International Conference of Building Officials and isintended to be used with
the 1997 Uniform Building Code. Lancaster is shown on map M-30. Locate the site
on this map (see figure), and then determine the following:

The shaded area on map M-30 indicates the source is atype A fault. Therefore
Seismic source type: A

The distance from the site to the beginning of the fault zone is 6 km. Another 2 km

must be added to reach the sour ce (thisis discussed on page vii of the UBC fault

book). Thus, the distance from the site to the sourceis 6 km + 2 km = 8 km.

Distance from site to fault zone: 8 km.

Valuesof N, and N, aregivenin Tables 16-S and 16-T for distances of 2, 5, 10,
and 15 km. For other distances, interpolation must be done. N, and N, have been
plotted below. For thissite, N, and N, can be determined by entering the figures

at adistance 8 km. and using the source type A curves. From this
N, =1.08
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Commentary

Thevaluesof N, and N, given above are for the site irrespective of the type of
structure to be built on the site. Had N, exceeded 1.1, it would have been possible
to use avalue of 1.1 when determining C,, provided that all of the conditions
listed in 81629.4.2 were met.
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Introduction to
Vertical Irregularities

Vertical irregularities are identified in Table 16-L. These can be divided into two
categories. Thefirst are dynamic force distribution irregularities. These are
irregularity Types 1, 2, and 3. The second category are irregularitiesin load path or
force transfer, and these are Types 4 and 5. The five vertical irregularities are as
follows:

Stiffness irregul arity—soft story
Weight (mass) irregularity
Vertical geometric irregularity

In-plane discontinuity in vertical lateral-force resisting element

a > W N B

Discontinuity in capacity—weak story

The first category, dynamic force distribution irregularities, requires that the
distribution of lateral forces be determined by combined dynamic modes of
vibration. For regular structures without abrupt changesin stiffness or mass (i.e.,
structures without “vertical structural irregularities’), this shape can be assumed to
be linearly-varying or atriangular shape as represented by the code force
distribution pattern. However, for irregular structures, the pattern can be
significantly different and must be determined by the combined mode shapes from
the dynamic analysis procedure of 81631. The designer may opt to go directly to
the dynamic analysis procedure and thereby bypass the checks for vertical
irregularity Types1, 2, and 3.

Regular structures are assumed to have a reasonably uniform distribution of
inelastic behavior in elements throughout the lateral force resisting system. When
vertical irregularity Types4 and 5 exist, there is the possibility of having localized
concentrations of excessive inelastic deformations due to the irregular load path or
weak story. In this case, the code prescribes additional strengthening to correct the
deficiencies.

SEAOC Seismic Design Manual 5



8§1629.5.3 mExample 2 Vertical Irregularity Type 1

Example 2
Vertical Irregularity Type 1

81629.5.3

For example: A five-story concrete special moment-resisting frame is shown
below. The specified lateral forces F, from Equations (30-14) and (30-15) have

been applied and the corresponding floor level displacements A, at the floor center
of mass have been found and are shown below.

Fo+F

> — A= 202
S
i
Fa "/II
—> L @hsy = 1.75"
k. Triang J //
> r shape ' / = 1.45"
YA
Fz /. //
—> /' ‘Asz =1.08"
B /
F1 '/ ///
’ '/" /‘Am =0.71"
/7

]

in the first story.

Calculations and Discussion

]

story, there are two tests:

Determine if a Type 1 vertical irregularity—stiffness irregularity-soft story—exists

Code Reference

To determine if this is a Type 1 vertical irregularity, stiffness irregularity—soft

1. Thestory stiffnessis less than 70-percent of that of the story above.

2. The story stiffnessis less than 80-percent of the average stiffness of

the three stories above.

If the stiffness of the story meets at |east one of these two criteria, the structureis
considered to have a soft story, and a dynamic analysisis generally required under
81629.8.4 Item 2, unless the irregular structure is not more than five stories or 65-

feet in height (see §1629.8.3 Item 3).

The definition of soft story in the code compares values of the lateral stiffness of
individual stories. Generally, it isnot practical to use stiffness properties unless
these can be easily determined. There are many structural configurations where the
evauation of story stiffnessis complex and is often not an available output from
computer programs. Recognizing that the basic intent of thisirregularity check isto
determineif the lateral force distribution will differ significantly from the linear
pattern prescribed by Equation (30-15), which assumes a triangular shape for the
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first dynamic mode of response, this type of irregularity can also be determined by
comparing values of lateral story displacements or drift ratios due to the prescribed
lateral forces. This deformation comparison may even be more effective than the
stiffness comparison because the shape of the first mode shape is often closely
approximated by the structure displacements due to the specified triangular load
pattern. Floor level displacements and corresponding story drift ratios are directly
available from the computer programs. To compare displacements rather than
stiffness, it is necessary to use the reciprocal of the limiting percentage ratios of 70
and 80 percent as they apply to story stiffness or reverse their applicability to the
story or stories above. The following example shows this equivalent use of the
displacement properties.

From the given displacements, story drifts and the story drift ratio values are
determined. The story drift ratio is the story drift divided by the story height. These
will be used for the required comparisons since these better represent the changes
in the slope of the mode shape when there are significant differencesin inter-story
heights. (Note: story displacements can be used if the story heights are nearly

equal.)

In terms of the calculated story drift ratios, the soft story occurs when one of the
following conditions exists:

1. When 70 percent of % exceeds S5z =8

h,

., or

2. When 80 percent of % exceeds

l E(Asz —4y) + (Ass —4s,) + (Asy — As5) B
30 h h, h, O

The story drift ratios are determined as follows:

A 0.71-0

Ss - Q =0.00493

h 44

As, — As = (1'08 — 0'71) = 0.00308
h, 120

Ag; — A, — (1'45 - 1'08) = 0.00308
h, 120

Ag, — Ay = (1'75 _1'45) = 0.00250

h, 120
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%(0.00308 +0.00308 + 0.00250 ) = 0.00289

Checking the 70 percent requirement:

Ojo%% E: 0.70(0.00493) = 0.00345 > 0.00308

[0 Soft story exists

Checking the 80 percent requirement:

o.so%%ﬁz 0.80(0.00493) = 0.00394 > 0.00289

[0 Soft story exists

Commentary

Section §1630.10.1 requires that story drifts be computed using the maximum
inelastic response displacements 4,, . However, for the purpose of the story drift,
or story drift ratio, comparisons needed for soft story determination, the
displacements Ag due to the design seismic forces can be used as donein this
example. In the example above, only the first story was checked for possible soft
story vertical irregularity. In practice, all stories must be checked, unless a dynamic
analysisis performed. It is often convenient to create a table as shown below to
facilitate this exercise.

Story Story Drift .7x (Story .8x (Story Avg. of Story Drift Ratio Soft Story
Level Displacement ~ Story Drift Ratio Drift Ratio) Drift Ratio) of Next 3 Stories Status
5 2.02in. 0.271n. 0.00225 0.00158 0.00180 No
4 1.75 0.30 0.00250 0.00175 0.00200 No
3 1.45 0.37 0.00308 0.00216 0.00246 No
2 1.08 0.37 0.00308 0.00216 0.00246 0.00261 No
1 0.71 0.71 0.00493 0.00345 0.00394 0.00289 Yes
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Example 3
Vertical Irregularities Type 2 81629.5.3

The five-story special moment frame office building has a heavy utility equipment
installation at Level 2. Thisresultsin the floor weight distribution shown below:

5 W5 = 90k
4 W, = 110k
3 3= 110k
2 W, = 170k
1 W; = 100k
Calculations and Discussion Code Reference

A weight, or mass, vertical irregularity is considered to exist when the effective
mass of any story is more than 150 percent of the effective mass of an adjacent
story. However, this requirement does not apply to the roof if the roof is lighter
than the floor below.
Checking the effective mass of Level 2 against the effective mass of Levels1 and 3
AtLevel 1

1.5xW, = 1.5(100k) = 150k
At Level 3

1.5xW, =1.5(110k) = 165k

W, =170k > 150k

[0 Weight irregularity exists

Commentary

Asin the case of irregularity Type 1, thistype of irregularity also resultsin a
primary mode shape that can be substantially different from the triangular shape
and lateral load distribution given by Equation (30-15). Consequently, the
appropriate load distribution must be determined by the dynamic analysis
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procedure of 81631, unless the irregular structure is not more than five stories or
65-feet in height (see §1629.8.3 Item 3)
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Example 4
Vertical Irregularity Type 3 81629.5.3

| Determine if there is a Type 2 vertical weight (mass) irregularity.

Calculations and Discussion Code Reference

A weight, or mass, vertical irregularity is considered to exist when the effective
mass of any story is more than 150 percent of the effective mass of an adjacent
story. However, this requirement does not apply to the roof if the roof is lighter
than the floor below.

Checking the effective mass of Level 2 against the effective mass of Levels1 and 3
AtLevel 1

1.5xW, = 1.5(100k) = 150k
AtLevel 3
1.5xW, =1.5(110k) = 165k

W, =170k > 150k

[0 Weight irregularity exists

Commentary

Asin the case of irregularity Type 1, thistype of irregularity also resultsin a
primary mode shape that can be substantially different from the triangular shape
and lateral load distribution given by Equation (30-15). Consequently, the
appropriate load distribution must be determined by the dynamic analysis
procedure of 81631, unless the irregular structure is not more than five stories or
65-feet in height (see §1629.8.3 Item 3).

The lateral force-resisting system of the five-story special moment frame building
shown below has a 25 foot setback at the third, fourth and fifth stories.
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| Determine if a Type 3 vertical irregularity, vertical geometric irregularity, exists.

Calculations and Discussion Code Reference

A vertical geometric irregularity is considered to exist where the horizontal
dimension of the lateral force-resisting system in any story is more than 130
percent of that in the adjacent story. One-story penthouses are not subject to this
requirement.

In this example, the set-back of Level 3 must be checked. The ratios of the two
levelsis

Width of Level 2 _ (100) _ 133
Width of Level 3 (75)

133 percent > 130 percent

[0 Vertical geometric irregularity exists

Commentary

The more than 130-percent change in width of the lateral force-resisting system
between adjacent stories could result in a primary mode shape that is substantially
different from the triangular shape assumed for Equation (30-15). If the changeisa
decrease in width of the upper adjacent story (the usual situation), the mode shape
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difference can be mitigated by designing for an increased stiffness in the story with
areduced width.

Similarly, if the width decrease isin the lower adjacent story (the unusual
situation), the Type 1 soft story irregularity can be avoided by a proportional
increase in the stiffness of the lower story. However, when the width decreaseisin
the lower story, there could be an overturning moment load transfer discontinuity
that would require the application of §1630.8.2.

When thereis alarge decrease in the width of the structure above the first story
along with a corresponding large change in story stiffness that creates aflexible
tower, then §1629.8.3, Item 4 and §1630.4.2, Item 2 may apply.

Note that if the frame elements in the bay between lines 4 and 5 were not included
asapart of the designated lateral force resisting system, then the vertical geometric
irregularity would not exist. However, the effects of this adjoining frame would
have to be considered under the adjoining rigid elements requirements of
§1633.2.4.1.
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Example 5
Vertical Irregularity Type 4 81629.5.3

A concrete building has the building frame system shown below. The shear wall
between Lines A and B has an in-plane offset from the shear wall between Lines C
and D.

D Determine if there is a Type 4 vertical irregularity, in-plane discontinuity in the
vertical lateral force-resisting element.

L]

3@ 25 =

12
|| —Shear wall

12 <]

12' 25'

A/

12 50 | Shear wall

/N
L\

12

Calculations and Discussion Code Reference

A Type 4 vertical irregularity exists when there is an in-plane offset of the lateral
load resisting elements greater than the length of those elements. In this example,
the left side of the upper shear wall (between lines A and B) is offset 50-feet from
the left side of the lower shear wall (between lines C and D). This 50-foot offset is
greater than the 25-foot length of the offset wall elements.

[ In-plane discontinuity exists

Commentary

Theintent of thisirregularity check isto provide correction of force transfer or load
path deficiencies. It should be noted that any in-plane offset, even those less or
equal to the length or bay width of the resisting element, can result in an
overturning moment load transfer discontinuity that requires the application of
§1630.8.2. When the offset exceeds the length of the resisting element, thereisalso
a shear transfer discontinuity that requires application of 81633.2.6 for the strength
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of collector elements along the offset. In this example, the columns under wall A-B
are subject to the provisions of 81630.8.2 and §1921.4.4.5, and the collector
element between Lines B and C at Level 2 is subject to the provisions of §1633.2.6.
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