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PREFACE TO THE EIGHTH EDITION

This is the eighth edition of Seismic Design of Building
Structures. It has been extensively rewritten to con-
form to the 1997 Uniform Building Code as corrected
by ICBO errata through March 2001, referred to in this
book as “UBC-97". The seismic design provisions of
UBGC-97 are considerably different fram those in previ-
ous codes, most notably in the use of strength theory
rather than working stress theory,

This book is a concise introduction to basic seismic con-
cepts and principles, and is particularly intended for in-
dividuals taking the engineering (PE) and architectural
(ARE) licensing exams. I want to emphasize the de-
scriptive word “introduction,” as this book consistently
summarizes subjects that other entire books have been
written about.

Unlike in previous editions of this book, Lateral Force
Requirements (the “Blue Book™) published by the Struc-
tural Engineers of California (SEAQC) was not used as
the primary source document for this edition. There-
fore, all Blue Book references are to earlier editions, and
as such, are primarily limited to historical notes.

In addition to bringing the code-related sections into
conformance with the UBC-97, the contents of this book
have been extensively rewritten. Many of the changes
were suggested by readers and review course instruc-
tors who questioned what I was trying to say or who
simply took the time to tell me how to make the book
more useful. However, many things just needed to be
changed because the UBC-97 is so completely different
from previous editions in its seismic provisions,

As in the previous edition of Seismic Design of Building
Structures, considerable effort was made to present the
material in both customary U.S. and SI units. All of the
examples and problems continue to give you a choice
of units: You can choose to work solely in SI, solely in
customary U.5., or in both (for twice the practice). This
edition reverses the sequence of many dual-dimensioned

items, however, placing the customary U.S, values first
to correspond to the unit system typically used in actual
seismic design.

Supporting pages from the Simpson Strong-Tie Com-
pany product catalog were taken from the most recent
catalog available at the time this edition was prepared.

I have omitted the index of problem types that I added
to the seventh edition. It is not my desire to produce a
book that is useful to engineers who wish to “design by
example." However, the detailed subject index (which
is characteristic of my books), the index of figures and
tables, and index of referenced UBC sections have been
retained.

Other omitted appendices include the cross reference
between current and older UBC equation numbers
(since users of this book are unlikely to be working with
two simultaneous editions) and the bibliography (be-
cause the books listed largely refer to previous UBCs).

Since the current seismic examination was originally
implemented many years ago, the California Board for
Professional Engineers and Land Surveyors has received
numerous comments from nonstructural examinees.
These examinees often commented that the depth of
structural analysis experience and code-related knowl-
edge expected of them in the exam far exceeds anything
they will ever be faced with in practice.

Idon’t know if these comments are the reason, but there
has been & shift in the exam emphasis away from high-
ly technical, code-detailed, calculation-intensive ques-
tions, and toward conceptual and general-familiarity
questions. Inasmuch as studying for the right kind of
seismic test could be described as hitting a fly in a mov-
ing train with a rifle bullet from two miles away, this
book is intended to prepare you for both types of ques-
tions. :
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viii SEISMIC DESIGN OF BUILDING STRUCTURES

When the earliest editions of this book were written, the
concept of base isolation wes new and essentially un-
proven. However, base isolation has become a common
element in new and retrofit designs, and the UBC has
contained design provisions for several editions. There-
fore, this subject has been slightly “toned down” in this
edition of Seismic Design.

In the 1994 Northridge earthquake, welded connections
in steel-framed buildings that were designed and con-
structed to the provisions of earlier codes failed with
an alarmingly consistent rate. Accordingly, the provi-
sions regarding rigid beam-to-column connections have
either been changed or omitted. Various practical and
economical fixes to the design methodology have yet to
be tested in a truly severe earthquake. But, such is “the
way” in seismic engineering. We have to wait and see
how buildings designed according to the latest seismic
codes and constructed using current technology fare.

PPI produced this book knowing that it was an “in-
terim" edition. (Actually, all editions are “interim,”

since they are between the previous and subsequent edi-
tions. Publishers just hope that an edition can last for

_‘'a eouple of years before it becomes obsolete due to code

changes.) However, the 1997 UBC is essentially the last
UBC that will be prepared. In the future, we can ex-
pect seismic design to follow the provisions of the new
International Building Code (which is discussed in this
book). I've already accumulated numerous ideas for the
next edition. So, someday there will be a "SEIS9".

Approximately 20 years'-worth of examinees have
shaped this bock considerably. I will be grateful if you,
too, take the time to tell me how you think this book can
be improved. A postage-paid comment card appears in
the back for that purpose. You may also contact me
via email or PPI via the web at www.ppi2pass.com.
I will humbly accept any sugpestions you think might
help future engineers.

Michael R. Lindeburg
mlindeburg@ppi2pass.com
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lications' staff engineer, checked all of the calculations
and units in this book,
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tables are critical to the understanding and use of the
code-related provisions of this book. The value of this
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or more, their efforts continue to contribute to the scope
and organization of this edition. I am hucky to have had
earlier editions reviewed by several outstanding special-
ists in the earthquake field, including Vitelmo V. Bert-
ero, director of the Earthquake Engineering Research
Center at the University of California at Berkeley; John
G. Shipp, PE, senior technical manager of EQE, Inc.,
Costa Mesa; Albert Tung, PhD, PE of Stanford's Civil
Engineering Department; and James E. Onderka, PE,
Orinda, CA. :

Of course, the material in this publication is ultimately
my responsibility. And, while I hope they are few, the
inevitable errors are attributable to me and me alone.
You can log onto Professional Publications' web site
(www.ppi2pass.com) to see a cumulative listing of
errata for this book.

Although the problems in Seismic Design have been
changed significantly to reflect current codes, acknowl-
edgement is made that several of the practice and ex-
ample problems in this book are derived from problems
that appeared in previous years’ Cslifornia engineering
licensing examinations, The original problems are used
with permission of the California Board for Professional
Engineers and Land Surveyors, which copyrighted the
original material.

More than 10 years ago, I wrote my acknowledgments
for the 5th edition of this book. At that time, my chil-

. dren were only 7 and 10 years old. Now they are at

an age when they no longer “need” their parents and
certainly don't complain about being absent from us,
but I include the following paragraph for its historical
value.

Finally, I acknowledge the unwavering support of
my family which, as usual, has had to put up with

. my habitual writing. My wife, Elizabeth, and my
two daughters, Jenny and Katie, lost the family
time that went into this book. They may be be-
ginning to understand how I think and what is
important to me. If not, they never seem to eom-
plain.

Michael R. Lindeburg
mlindeburg@ppi2pass.com
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HOW TO USE THIS BOOK

If you are the fype who never reads instructions, here
are my “Quickstart” theorems on how to get the most
from Seismic Design of Building Structures during your
exam preparation,

1. Get copies of UBGC-97 and its errata. {Volume 2
is sufficient.)

2. Start reading this book from the first chapter.
Don't skip around.

3. Read slowly; a page or two a day is plenty. Look
up every code section referred to.

4. Work all of the example and practice problems.

Here are my “Quickstart” corrolaries on how to get the
most from this book during the exam.

1. Don't forget to take it with you.
2. Put lots of tabs on the UBC tables.
3. Use the indexes extensively,

Seismic Design was originally written specifically for
exam review. But as the exam vacillated each year be-
tween areas of emphasis, the scope and depth of this
book has increased. By my own pronouncement, it is
now one of the best quick-primers on seismic design in
print. However, even though its scope and depth have
increased by several orders of magnitude, I suspect this
book will remain typecast in its leading role—that of an
exam review book. Therefore, I am writing this section
assuming that you are using Seismic Design book for
exam review. ’

The actnal exam is based on UBC-97. You are much
more likely to need to pull a number out of the UBC
than to read a code section. Not surprisingly, the only
place where a complete compilation of all of the con-
stants and other numerical values can be found is in
UBC-97. The numerous tables and figures in this book
give a false impression of completeness. True, every de-
tail needed to solve the example and practice problems

is contained somewhere in this book. However, the ac-
tual exam will not be so kind. It's always a shame to
lose points simply because you couldn’t perform a sim-
ple table look-up in “the code.” So, buy UBC-97,

Although it develops subjects gradually, gently, and lin-
early, this book crams innumerable concepts onto every
page. If you don't have a seismic background, you'l
pretty much have to start at page 1 and work your way
through the book, page by page. I don't assume that
you kmow anything. And I've tried to write and edit the
material in such a way as to provide instruction that is
intuitive. However, you'll still need to go slowly.

Some people will buy this book just to take it into the
exam. 'They’ll use the index a lot, hoping to hit the
Jjackpot. You can't pass the California special seismic
exam that way. Since the material is pretty much dif-
ferent from most everything else civil engineers do, even
the language is different. What's the difference between
a “drag strut” and a “collector"? (Answer: There is

-no difference.) What's the difference between a “space

frame” and a “ductile moment-resisting space frame"?
(Answer: There can be a lot of difference.) You can
read the words, but without having studied this mate-
rial, they won't mean anything to you.

The example and practice problems in this book have
been selected to make or emphasize certain points.
These problems do not try to mimic the exam complex-
ity. (Professional Publications has produced two other
problem-oriented books authored by Majid Baradar
that offer hundreds of additional practice problems in
exam format. You can get additional practice by work-
ing problems in these two well-organized books.)

‘A LITTLE ABOUT THE EXAM FORMAT

In California, examinees take the NCEES civil engineer-
ing PE exam on a Friday. Then they come back the
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xil SEISMIC DESIGN OF BUILDING STRUCTURES

next day, on Saturday, for the California *special” seis-
mic exam. (They may also take the California “special”
surveying exam on the same day.)

The format of this exam has evolved considerably. The
current seismic exam is 2Y/2 hours in length, which you
take in one single sitting. The exam consists of 50 ques-
tions, all of which are multiple choice, each with four
answer selections. Some of the questions are concep-
tual, some are theoretical, some are practical, some are
straight look-up, and some require simple calculations.
By now, you have probably Sgured out that the average
time allowed per question is about 3 minutes. So you
can see the level of difficulty cannot be insurmountable.
You just have to go, go, go. For most people, it’s pretty
easy to know when you have to guess at a question and
then move on.

Each question is worth from 2 to 8 points, with an aver-
age value of 6 points, making a total score of 300 points
possible. The minimum passing score (i.e., the “cut
score”) varies somewhat, but seems to hover around
60%. The passing rate varies considerably: 40 to 50%
passing is typical. There is only moderate correlation
between the people who pass the NCEES 8-hour exam,
the people who pass the special seismic exam, and those
who pass the special surveying exam. The percentage
of people who pass all three exams at the same time is
not high.

The exam “test plan” that defines the fundamental
principles, tasks, and elements of knowledge that you
need to know has been made public. If you want to
know what you have to know in order to pass, you can
print out the test plan from the web site of the Califor-
nia Board for Professional Engineers and Land Survey-
ors. What you will find out is that you need to know
everything in this book and then some. I didn't in-
clude the actual test plan in this book because it's too
scary-looking. You cannot learn anything from it, other
than that the scope of the exam is huge. Besides, the

-test plan is vulnerable to the “change without notice” -

syndrome, anyway. “You’s just pays your monies, and
you’s just takes your chances.”
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NOMENCLATURE

Unless defined otherwise in the text, the following sym-

bols are used in this book. Consistent units are pre- Units
sented. In some cases {such as modulus of elasticity Svmbol T Us -
and drift), however, it is customary to report values in ymbo erm =
smaller units (Ibf/in® and in). Cy seismic response
coefficient - -
Units d depth ft m
' d; thickness of layer 1 ft m
Symbol Term USs. SI da total thickness of
a acceleration ft/sec?  m/fs cohesionless soil layers  ft m
a link beam distance fi m D column depth ' ft m
0p in-structure component D dead load lbf N
amplification factor - - D fault slip ft m
A amplitude ft m D, length of a shear wall ft m
A area ‘ ft? m e eccentricity ft m
Ag  ground floor area ft2 m E earthquake load Ibf N
Ac combined effective area E energy released ft-1bf J
of shear wall ft? m? E modulus of elasticity Ibf/ft2  Pa
A minimum cross-sectional Ey horizontal earthquake
area ft2 m? load 1bf N
A torsional amplification En estimated maximum
factor - - earthquake load Ibf N
ARS  acceleration response E, vertical earthquake load  lbf N
spectrum - - EPA  effective ground
b link beam distance ft m acceleration fifsec?  m/s
b parallel wall length ft m f frequency Hz Hz
B damping coefficient Ibf-sec/ft N-s/m f stress Ibf/it? Pa
B seismic parameter - - ! MASONIY compressive
c chord force 1bf N strength Ibf/ft2  Pa
C numerical coefficient - - F force Ibf N
C seismic parameter mi~2 km—2 F story shear - Ibf N
Ca seismic response Fy design seismic forces on a
coefficient - - part of the structure Ibf N
Ce exposure and gust factor F,z  design seismic forces on a
coefficient - - diaphragm Ibf N
Cy pressure coefficient - - F concentrated force at the
C, base shear coefficient - - top of a structure Ibf N
C numerical coefficient - - g acceleration of gravity ft/sec®  m/s?
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" SEISMIC DESIGN OF BUILDING STRUCTURES

xiv
Units Units
Symbol Term U.S. SI Symbol Term U.S. SI
[ gravitational constant ft—lbm/ T radius or moment arm ft m
(32.2) Ibf-sec? n.a. Tmux  Maximum element story
G shear modulus Ibf/ft2  Pa shear ratio ft1 m1
h height ft m R electrical resistance ohms *  chms
h story height ft m R relative rigidity - -
hn height above base to R response modification
level n fi m factor - -
k. structure roof elevation R, component response
with respect to grade  fi m modification factor - -
fux element or component R,  snow load reduction
attachment elevation factor bf/ft?  Pa
with respect to grade  ft m 5 distance ft m
H horizontal force Ibf N 8 snow load Ibf/ft2  Pa
H story height ft m A spectral acceleration ft/sec®  m/s?
I moment of inertia ftt mt S4 spectral displacement it m
I seismic importance factor - - Sy average undrained shear
I seismic importance factor strength Ibf/ft2  Pa
for an element or Sy spectral velocity ft/sec m/s
component, - - SR slip rate ft/yr m/yr
Iy wind importance factor - - 3 thickness ft m
J polar moment of L time . sec ]
inertia ft4 m? T fundamental period of
k stiffness {spring vibration sec 8
constant) Ibf/ft N/m U strain energy
¢y development length ft m (per unit volume) ft-Ibf/ft? J/m?
L length ft m U ultimate capacity 1bf N
L live load ibf N v shear stress Ibf/ft*  Pa
m mass lbm kg v velocity ft/fsec  m/s
M moment ft-1bf N-m Vi shear wave velocity in
M Richter magnitude - - layer ft/sec  m/s
n cycle number - - v base shear 1bf N
n exponent - - w load per unit length Ibf/ft N/m
N number of earthquakes - - w; weight of level 1 Ibf N
N standard penetration blows/{  blows/ Wye  moisture content - -
resistance of soil layer ft m W load due to wind pressure Ibf N
N, near-source factor - - w nail and spike withdrawal
Ncu  standard penetration blows/  blows/ design values Ibf/in N/m
resistance of ft m W weight Ibf N
cohesionless soil layer W weight of an element or
N, near-source factor - - component Ibf - N
P design wind pressure Ibf/ft2  Pa z position or excursion fi m
P magnitude of forcing y height over which :
function 1bf N wind acts ft m
P sum of dead and live b4 number of years - -
loads Ibf N Z ductility reduction
PGA  peak ground factor - -
acceleration ft/sec? m/s? Z lateral design force 1bf N
PI plasticity index - - Z seismic zone factor -~ -
gs wind stagnation pressure Ibf/ft?> Pa
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NOMENCLATURE xv
Greek Units
Symbol Term UL 51 Subscripts
Ji) magnification factor - - ) 0 initial or calibration
r participation factor - - a allowable
) decay decrement - - ave AVErage
§ displacement it m b bending
& horizontal displacement C.I. center of rigidity
at level i in mm c.ol. center of mass
A drift in mm d damped
Ay maximum inelastic d displacement
response displacement in mm E elastic strain
Apr  total inelastic separation ft m H hysteresis
Ag  design level response i inertial or level number
displacement in mm j mode number
€ strain - - n cycle number
] stability coefficient - - 3 part or portion
A Lame's constant - - P P-wave
u ductility factor - - R resilience
v Poisson's ratio - - st static
£ damping ratio - - 5T between levels -1 and =
p redundance/reliabilty 8 S-wave
factor - - t top or total
P reinforcement ratio - - T toughmness
2 rock/soil density Ibm/ft3  kg/m? v velocity
a stress Ibf/ft?  Pa T level number
T short period of time 5ec 5 z with respect to r-axis
o) mode shape factor - - ¥ - with respect to y-axis
w angular frequency rad/sec  radfs
0o  seismic amplification

factor
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BASIC SEISMOLOGY

1-1 THE NATURE OF EARTHQUAKES

An earthquake is an oscillatory, sometimes violent move-
ment of the ground's surface that follows a release of
energy in the Earth's crust. This energy can be gener-
ated by a sudden dislocation of segments of the crust,
a volcanic eruption, or a man-made explosion. Most
of the destructive earthquakes, however, are caused by
dislocations of the crust.

When subjected to geologic forces from plate tectonics,
the crust initially strains (i.e., bends and shears) elas-
tically. For pure axial loading, Hooke's law gives the
stress that accompanies this strain.

o= Fe [exia! loading] [1.1}

As rock is stressed, it stores strain energy, U. The elas-
tic strain energy per unit volume for pure axial loading
iol

is

U= %6 [axcial loading] [L.2]

When the stress exceeds the ultimate strength of the
rocks, the rocks break and quickly move (ie, they
“snap") into new positions. In the process of break-
ing, the strain energy is released and seismic waves are
generated, This is the basic description of the elastic
rebound theory of earthquake generation.?

14hen the rock is stressed in shear, an analogous term for shear
strain energy can be written. Both energy forms can be present
simultanecusly.

2The ditatational source theory explains that earthquakes are
produced from the explosion, sudden vaparization, or implosion of
underground material. However, this theory is no longer favored
as a description of the source of earthquakes, Other sources, such
a3 Wiegel (1970), cover this theory in grester detail.

These waves travel from the source of the earthquake
(Jmown as the hypocenter or focus) to more distant lo-
cations along the surface of and through the Earth.
The wave velocities depend on the nature of the waves
and the material through which the waves travel. (See
Sec. 1-14.) Some of the vibrations are of high enough
frequency to be audible, while others are of very low
frequency with periods of many seconds and thus are
inaudible.

A modern theory may explain how some earthquakes
are triggered. Geologists know that pumping fluids into
the ground under high pressure can trigger earthquakes.
Now there is evidence from the gas-producing regions
in France that removing fluids from pores deep in the
earth can also trigger earthquakes. Qil and gas are the
main fluids of concern; pumping water from aquifers
close to the surface is probably not as likely to result
in an earthquake. The theory states that the reservoir
shrinks when the gas or oil is removed, but the rocks
surrounding the reservoir do not. This results in stresses
in the earth that later are released in an earthquake.

1-2 EARTHQUAKE TERMINOLOGY

The épicenter of an earthquake is the point on the
Earth's surface directly above the focus (also known
as the hypocenter). The location of an earthquake is
commonly described by the geographic position of its
epicenter and its focal depth. The focal depih of an
earthquake is the depth from the Earth's surface to the
focus. These terms are illustrated in Fig. 1.1.

Earthquakes with focal depths of less than approxi-
mately 40 mi (60 km) are classified as shallow earth-
quakes. Very shallow earthquakes are caused by the
fracturing of brittle rock in the crust or by internal
strain energy that overcomes the friction locking oppo-
site sides of a fault. California earthquakes are typically
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shallow.® Intermediate earthquakes, whose causes are
not fully understood, have focal depths ranging from
40 to 190 mi (60 to 300 km). Deep earthquakes may
have focal depths of up to 450 mi (700 km).

epicentral distance -

eplcenter

abserving station
”ﬂ%\\\Vil/[\\\\Vflll\\\\V[l/ \\\Vﬂj\\\\\llfll\\\\\f/fl/\\\\\o AN

dip angle |
|

focal
depth

|
|
|
!
[
|
|
|

Figure 1.1 Earthquake Terminology

The slip propagates from the hypocenter along the fault
with & velocity up to that of the outward-radiating seis-
mic shear wave front—about 1.8 mi/sec (3 km/s)—until
the entire affected segment is in motion. (See Sec. 1-14
for a description of shear waves.)

1-3 GLOBAL SEISMICITY

Most earthquakes occur in areas bordering the Pacific
Ocean.! This circum-Pacific belt, nicknamed the ring
of fire, includes the Pacific coasts of North America and
South America, the Aleutian Islands, Japan, South-
east Asia, and Australia. The reason for such a con-
centration is explained by plate tectonics theory. (See
Sec. 1-5.)

The United States has experienced less destruction than
other countries located in this earthquake zone. This is
partly due to the country's relatively young age and at-
tention to earthquake-resistant construction methods,
but millions of Americans now live in potential earth-
quake areas. Large parts of the western United States
are known to be vulnerable to damage from earth-
quakes.® Nowhere is this more true than in California.

3Since there is no deep subduction zone (Fig. 1.3}, earthquakes
in Celifornia typically occur at depths of less than 10 mi {15 km).

4The other major concentration of earthquakes is in a much
smaller east-west belt that runs between Asia and the Mediter-
ranean.

51t is interesting that the largest carthquakes on the North Amer-
ican continent in the history of the United States occurred in the
east (the 1811 and 1812 New Madrid, Missouri, and the 1886
Charleston, South Caroline, earthquakes, the latter of which had
an estimated Richter magnitude in excess of 8.2). However, earth-
quakes in these regions ate much less frequent than earthquakes
in the western United States.

Nuclear reactors, dams, schools, hospitals, and high-rise
buildings are planned and built in locations of high seis-
mic hazard. This has created an urgent need for greater
attention to the mitigation of earthquake-induced dam-

age.

1-4 CONTINENTAL DRIFT

It has been known since the early 1500s that the con-
tinents are moving relative to one another, movement
known as continental drift. In fact, fossilized records
of past climates (the subject of the field of palesclima-
tology) indicate that the continents have been moving
slowly about the globe for hundreds of millions of years.
For example, the same 300-million-year-old fossilized
deposits are found in India and in the Arctic.

The theory of continental drift was reasonably estab-
lished during the 1930s but was not universally accepted.
In the 1950s, the emerging science of paleomagnetism

* provided new supporting evidence of continental drift.

Many rocks, such as volcanic rock solidified from molten
lava, contain tiny grains of magnetic minerals such as
magnetite. When these minerals are formed, they re-
tain the magnetic orientation of the Earth’s magnetic
field at the time of their formation. The megnetic ori-
entations of rocks suggest the same ancient locations of
the continents suggested by paleoclimsatology and other
geologic criteria.

An enormous amount of geophysical data was gathered
during the 1950s and 1960s, particularly from oceano-
graphic research vessels such as the Omar Challenger.
A system of interconnecting submarine ridges, called
mid-ocean ridges, was discovered circling the Earth.
Such ridges are located approximately midway between
continents that are moving apart (e.g., between Africa
and South America). It is now recognized that new
oceanic crust is being formed at the ridges and is added
to the plates moving apart. This is known as seafloor
spreading.

Great submarine trenches were also located, particu-
larly along the convex oceanic sides of the volcanic arcs
that make up the Pacific ring of fire. Inclined zones of
earthquakes dip down from these trenches to as deep as
450 mi (700 km) into the mantle beneath and behind
the volcanic arcs. Oceanic crust is formed at spreading
ridges behind the moving plates.

The ocean crust, known to consist of alternating belts
of highly and weskly magnetic oceanic crust material,
represents magnetic records as new crust forms in the
gaps behind separating plates. The symmetrical belts
record the ambient magnetism on opposite sides of the
newly formed ridges.
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BASIC SEISMOLOGY 3

The crust is destroyed at the same rate elsewhere as
oceanic plates dip down at the trenches and slide deep
into the mantle along the seismic zones. However, there
is a global balance between crust formation and destruc-
tion. The formation of plate material in the Atlantic
Ocean is compensated by absorption of plate material,
primarily in the Pacific Ocean.

1-5 PLATE TECTONICS

Most earthquakes are a manifestation of the fragmenta-
tion of the Earth's outer shell (known as the lithosphere)
into various large and small plates. (The academic feld
that studies plate motion is known as plate tectonics.)
There are seven very large plates, each consisting of

"both oceanic and continental portions, There are also a

dozen or more small plates, not all of which are shown
in Fig. 1.2,
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Figure 1.2 Lithosphere Plates

Each plate is approximately 50 to 60 mi (80 to 100
km) thick and has thick and thin parts. The thinner
part deforms by elastic bending and brittle breakage.
The thicker part yields plastically. Beneath the plate
is a viscous layer on which the entire plate slides. The
plates themselves tend to be internally rigid, interacting
only at the edges.

These plates move relative to each other with steady ve-
locities that approach 0.4 ft/yr (0.13 m/z).% Although
plate velocities are slow by human standards, they are
extremely rapid geologically. For example, a motion of
0.15 ft/yr (0.05 m/z) adds up to 30 mi (50 km) in only
1 million years. Some plate motions have been contin-
uous for 100 million years.

SThare are grounds for suggesting that the African plate may be
fixed relative to the deep mantle. If 50, it is the ounly major plate
that is fixed. o

Depending on location, the plates can be moving apart,
colliding slowly to build mountain ranges, or slipping
laterally past or sliding over and under one another.

1-6 SUBMARINE RIDGES

Where plates are pulling apart, particularly along the
system of submarine ridges, hot material from the
deeper mantle wells up to fill the gap. Some of the
mantle material appears as lava in volcanic material.
Most solidifies beneath the surface, forming a subma-
rine ridge. The ridge is high relative to the ocean bot-
tom because the mantle material is hot and, hence, low
in density.

.As the plates move apart, the ridge material gradually
cools and contracts and its surface sinks. Ridges gen-
erally form step-like alterations in height perpendicular
to the direction of plate motion. Strike-slip faults form
parallel to the direction of plate motion. (See Sec. 1-10.)

1-7 SUBMARINE TRENCHES

Where plates converge, one dips down and slides be-
neath the other in a process known as subduction. Gen-
erally, an oceanic plate slides, or subducts, beneath a
continenta! plate (as is happening along the west coast
of South America) or beneath another oceanic plate (as
is happening along the east side of the Philippine Sea
plate). A trench is formed where the subducting plate
dips down. The sediment from the ocean floor is scraped
off against the front edge of the top plate. This is illus-
trated in Fig. 1.3.7

Far back under the top plate, inclined zones of earth-
quakes reach down into the mantle. The average depth
of these zones is approximately 80 mi {125 km), but
the zones can approach 450 mi (700 km) in depth. The
hypocenters of earthquakes in these zones indicate the
trajectory of the subducted plate.

A belt of volcanoes typically occurs above this earth-
quake zone, roughly paralleling the plate edges. (The
Pacific Ocean coastal region of South America is typical
of such an area.) Rock melting, which ultimately pro-
duces the volcanoes, starts when water combined in the
crystalline structures of various minerals, or otherwise
trapped, is removed by the increase in pressure on the
subducted plate. The water loss lowers the net energy
required to melt the remaining rock.

"Details and dimensions are those for western Java and the Java
trench system, but other systems are similar.
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Volcano: Water, forced out of minerals of
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Figure 1.3 Zone of Subduction

1-8 EARTHQUAKE ENERGY RELEASES

Shallow earthquakes represent sudden slippages and are
accompanied by a release of elastic strain energy stored
in the rock over a long period. It is not totally clear
whether deep mantle subduction-zone earthquakes are
accompanied by similar elastic releases (i.e., the elastic
rebound theory) or are merely abrupt contractions of
part of the subducting plateinto rock of higher density

85ee Sec. 2-5 also.

(e, an aspect of the dilatational theory). However,
recent research seems to indicate the former explanation
is more appropriate than the latter.

Only a fraction of the energy released in an earthquake
actually appears in seismic waves. Most of the released
strain energy is reabsorbed locally by the moving, de-
forming, and heating of the rock. The fraction absorbed
increases irregularly with increasing size of earthquakes.
Minor earthquakes generally do not represent a suffi-
cient release of energy to dissipate the strain energy
and prevent great earthquakes, although s slow creep
along a fault can provide a partial release. A great
earthquake, however, does not necessarily release all of
the strain energy either.

Great earthquakes occur primarily along convergent
(subducting) plate boundaries.” Submerged ridges
(where plates are spreading apart) are so hot at rel-
atively shallow depths that the solid rock above them
cannot store enough elastic strain energy to produce
great earthquakes. The infrequent large earthquakes
that do occur in these ridge systems are mostly on the
longer strike-slip faults. (See Sec. 1-10.)

1-9 SEISMIC SEA WAVES

When the seafloor suddenly rises up during a great
earthquake, water also rises with it and then rushes
away to find a level surface. If the floor drops, water

-rushes in. An enormous mass of water is suddenly set in

motion, and a complex sloshing back and forth between
continents continues for many hours, The result is a
train of surface-water waves, each of which is known
as a seismic sen wave (also known as a tidal wave),
or, in Japanese, a tsunami. The most pronounced sud-
den changes in seafloor depth, and hence the greatest
sea waves, result from shallow subduction-zone earth-
quakes,

As with any surface wave or surge wave, the velocity
of a tsunami depends primarily on the ocean depth.!?
In deep ocean, waves travel at about 500 mi/hr (800
km/h). The waves at sea may be an hour apart and
perhaps only 1 ft (0.3 m) in height. Combined with
& wave period of 5 to 60 min, they are virtually un-
detectable. As & wave approaches land, however, the
wave velocity decreases due to increased friction with

9 The great 1906 San Francisco earthquake, however, was not a
subduction-zone earthquake,

0rrhig g grestly simplified. There hag been much research on
the effect of depth end other aspects of tsunami generation and
propagation. A good survey of the subject is contalned in Murty
(1977).
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BASIC SEISMOLOGY 5

the increasingly shallow seafloor. As the wave velocity
decreases, the wave height increases.

Where seafloor topography and orientation are optimal
for tsunami formation (where there is a gently sloping
seafloor and where the slope is parallel to wave direc-
tion), the wave can form a wall of water more than 50 ft
(15 m) in height. Such a wave can cause enormous de-
struction when it rushes onto shore. Nearby coastal
points, where the bottom configuration is much differ-

ent (Le., more abrupt in depth change), may see the -
same wave pass as only a rapid surge and withdrawal

of water.

Only normal (dip-slip) and thrust (reverse) faults pro-
duce tsunamis. The greater the depth of water, the
larger the energy content of the tsunami,

1-10 FAULTS

A fault is a fracture in the Earth's crust along which
two blocks slip relative to each other, One crustal block
may move horizontally in one direction while the oppo-
site block moves horizontally in the opposite direction.
Alternatively, one block may move upward while the
other moves downward.

One of the ways movement along faults can occur is by
sudden displacement, or slip, of the crust or rock along
a fault. During the 1906 San Francisco earthquake,
the ground was displaced as much as 21 ft (6.5 m) in
northern California along the San Andreas Fault. By
comparison, the 1989 Loma Prieta earthquake had a
maximum displacement of approximately 6 ft (2 m).

Most of the faults in California are vertical or near-
vertical bresks. Movement along these breaks is pre-
dominantly horizonta! in the northerly or northwesterly
direction.! With right-lateral movement (such as the
movement of earthquakes in the San Andreas system), a
block on the opposite side of the fault (relative to an ob-
server) moves to the right. Conversely, the block moves
to the left in a left-lateral fault. Lateral movement is
produced by strike-slip (wrench) faults.

A fault in which the movement is vertical is called a
dip-slip fault. In a normal fault, the hanging wall moves
down relative to the foot wall. In a reverse fault, also
known as a thrust fault, the hanging wall moves up rel-
ative to the foot wall.

Along many faults movement is both horizontal and
vertical. Such faults are named by combining the names

UNotable exceptions are the Garlock and Big Pine left-lateral
faults, which trend westerly.

of each kind of movement. For example, Fig. 1.4 shows
a left-lateral normal fault, The term obligue fault is also
used.

A few reverse faults have been active in California. The
planes of such faults are inclined to the Earth’s surface.
The rocks above the fault plane have been thrust up-
ward and over the rocks below the fault plane. The
Arvin-Tehachapi earthquake of 1952 was caused by the
‘White Wolf reverse fault. The San Fernando earthquake

* of 1971 was caused by 2 sudden rupture along a reverse

fault at the foot of the San Gabriel Mountains.

hanging wall

fault line
footwall éi ;

{a} prior to sarthquake

(b} left-latera} {strike-slip) fault

{f] left-lataral reverse fault
{left-oblique reverse fault)

(e left-lateral normal fault
{left-oblifque normal fault)

Figure 1.4 Types of Faults

1-11 CALIFORNIA FAULTS

The most earthquake-prone areas in the United States
are those that are adjacent to the San Andreas Fault
system of California, as well as the fault system that
separates the Sierra Nevada from the Great Basin.
Many of the individual faults of these major systems are
known to have been active during the past 200 years.
Others are believed to have been active since the end of
the last great ice advance about 10,000 years ago.
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During the past 200 years, many of the faults shown
in Fig. 1.5 have experienced either sudden slip or slow
creep. Activity of other faults, however, can only be
inferred from geologic and topographic relations that

indicate the faults have beer active during the past sev-

eral thousand years. Such activity suggests that these
faults could slip or creep again. (See Sec. 1-13.)

Earthquakes in California are relatively shallow and are

clearly related to movement along active faults. Many .

California earthquakes have produced surface rupture.

1-12 SAN ANDREAS FAULT

The San Andreas Fault is the major fanlt of a networl
that cuts through rocks of the California coastal re-
gion. This right-lateral fault is a huge fracture more
than 600 mi (950 km) long. It extends almost vertically
into the Earth to a depth of at least 20 mi (30 km). In
detail, it is a complex zone of crushed and broken rock
from only a few feet wide to a mile wide. Many smaller
faults branch from and join the San Andreas Fault.

A linear trough in the surface of the Earth reveals the
presence of the San Andreas Fault over much of its
length. From the air, the linear arrangements of lakes,
bays, and valleys is apparent. On the ground, the fault
zone can be recognized by long, straight escarpments,
narrow ridges, and small, undrained ponds formed by
the settling of small areas of rock, Howsaver, people on
the ground usually do not realize when they are on or
near the fault.

(Geologists who have studied the fault between Los An-
geles and San Francisco have suggested that the total
accumulated displacement along the fault may be as
much as 350 mi (550 km). Similarly, geological study of
a segment of the fault between the Tejon Pass and the
Salton Sea has revealed geologically similar terrains on
opposite sides of the fault separated by 150 mi (250 km).
This indicates that the separation is a resuft of move-
ment along the San Andreas and branching San Gabriel
faults.

Since 1934, earthquake activity along the San Andreas

Fault system has been concentrated in three areas:

(1) an off-shore arez at the northernmost tip of the
fault kmown as the Mendocino fraciure zone, (2) the
area along the fault between San Francisco and Park-
field, and (3) the southernmest fault section roughly
bounded by Los Angeles and the border with Mexico.
Creep, slip, and moderate earthquakes have occurred
on a regular basis in these areas.

The two zones between these three active areas have
had almost no earthquakes or known slip since the great
earthquakes of 1857 in the southern segment and 1906 in

the northern segment. This implies that these two zones
of the San Andreas Fault system are temporarily locked
and that strain energy is building. The lack of seismic
activity in the locked sections could mean that the sec-
tions are subject to less frequent but larger fault move-
ments and, correspondingly, more severe earthquakes,

1-13 CREEP

In addition to fault rupture, a second type of fault move-
ment known as creep can occur. Creep is characterized
by continuous or intermittent movement without no-
ticeable earthquakes. Fault creep occurring on portions
of the Hayward, Calaveras, and San Andreas faults has
produced cumulative offsets ranging from mere millime-
ters to almost 1 ft (0.3 m) in curbs, streets, and railroad
tracks,

The offsets observed seem consistent with the creep rate
measured. Precise surveying shows a slow drift ap-
proaching 2 in/yr (5 cm/yr) in some places along the
San Andreas Fault. Over 350 mi (550 km) of offset has
occurred during the past 100 million years,

1-14 SEISMIC WAVES

Seismic waves are of three fypes: compression, shear,
and surface waves. Compression and shear waves travel
from the hypocenter through the Earth's interior to dis-
tant points on the surface. Only compression waves,
however, can pass through the Earth's molten core. Be-
cause compression waves {also known as longitudinal
waves) travel at great speeds (19,000 ft/sec, or 5800
m/fs, in granite) and ordinarily reach the surface first,
they are known as P-waves (for “primary waves").1?
P-wave velocity is given by Eq. 1.3.

vP=1/U‘+—’36")5’£ Uus] L3
ey m )

In Eq. 1.3, A is Lame's constant,

\_GE-2G) vE
- 3G-E  (1+v)(1-2)

Y2Thg term dilatation is used to describe negative compression
{Le., the "expansion" of rock from its normel density). (See
Fig. 1.6.)
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Shear waves (also known as transverse waves) do not
travel as rapidly (10,000 ft/sec, or 3000 m/s, in granite}
through the Earth's crust and mantle as do compression
waves. Because they ordinarily reach the surface later,
they are known as S-waves (for “secondary waves").
Instead of affecting material directly behind or ahead
of their lines of travel, shear waves displace material
at right angles to their path. Equation 1.4 gives the
velocity of S-waves. While S-waves travel more slowly
than P-waves, they transmit more energy and cause the
majority of damage to structures. -

v5=1/Gj’- [0S} [1.4(a)]
vS=‘/§ 1) [L4(b)]

undisturbed medium

P-wave r CDmpressinns-l
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Figure 1.6 Types of Seismic Waves

Surface waves, also known as R-waves (for “Rayleigh
waves”) or L-waves (for “Love waves"), may or may
not form. They arrive after the primary and secondary .
waves. In granite, R-waves move at approximately
9000 ft/sec (2700 m/s).

1-15 LOCATING THE EPICENTER

The first indication of an earthquake will often be a
sharp “thud” signaling the arrival of the compression
wave front. This will be followed by the shear waves
and then the ground roll caused by the surface waves.
The times separating the arrivals of the compression
and shear waves at various seismometer stations can be
used to locate the epicenter’s pasition and depth.

The distance, s, from a seismometer to the epicenter can
be determined from the wave velocities and the observed
time between the arrival of the compression (P-} and
shear (S-) waves.!?

bs —tp = (i - i) s 5]

Vs vp

The epicenter and hypocenter correspond to the locs-
tions of initial fault slip but do not necessarily coin-
cide with the center of energy release. For small and
medium earthquakes (i.e., Richter magnitude M < 6),
the points of initial fault slip and energy release are rela-
tively close. For larger earthquakes, however, hundreds
of kilometers can separate the two.

135 55 not always possible to a.ccura.té]y determine the difference
in arrival times from the seismometer record,
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EARTHQUAKE CHARACTERISTICS

2-1 INTENSITY SCALE

The intensity of an earthquake (not to be confused with
magnitude, see Sec. 2-3) is based on the damage and
other observed effects on people, buildings, and other
features. Intensity varies from place to place within the
disturbed region. An earthquake in a densely popu-
lated area that results in many deaths and considerable
damage may have the same magnitude as a shock in a
remote area that does nothing more than frighten the
wildlife, Large megnitude earthquakes that occur be-
neath the oceans may not even be felt by humans.

An intensity scale consists of a series of responses, such
as people awakening, furniture moving, and chimneys
being damaged. Although numerous intensity scales
have been developed, the scale encountered most often
in the United States is the Modified Mercalli Intensity
scale, developed in 1931 by the American seismologists
Harry Wood and Frank Neumann.!

The Modified Mercalli scale consists of 12 increasing
levels of intensity (expressed as Roman numerals fol-
lowing the initials MM) that range from imperceptible
shaking to catastrophic destruction. The lower numbers
of the intensity scale generally are based on the manner
in which the earthqusake is felt by people. The higher
numbers are based on observed structural damage. The
numerals do not have a mathematical basis and there-
fore are more meaningful to nontechnical people than
to those in technieal fields.

IThe original Mercalli scele was developed in 1502 by the Italian
seismologist and volcanclogist of the same name. The Rossi-Forel
scale (its ten values are used in Fig. 2.1 to describe the 1906 San
Francisco earthquake) was developed in the 1880s.

Table 2.1
Modified Mercalli Intensity Scale

intensity observed effects of earthquake

i Not felt except by very few under
especially favorable conditions.

I Felt only by a few persons at rest,
especially by those on upper floors of
buildings. Delicately suspended objects
may swing.

I Felt quite noticeably by persons indoors,
especially in upper floors of buildings.
Many people do not recognize it as an
earthquake, Standing vehicles may rock
slightly. Vibrations similar to the passing
of & truck. Duration estimated.

v During the day, felt indoors by many,
outdoors by a few, At night, some
awakened., Dishes, windows, doors
disturbed; walls make cracking sound.
Sensation like heavy truck striking
building. Standing vehicles rock
noticeably.

v Felt by nearly everyone; many awakened,
Somse dishes, windows broken. Unstable
objects overturned. Pendulum clocks
may stop.

VI Felt by all, many frightened. Some heavy
furniture moved. A few instances of fallen
plaster. Damage slight. .

VI Damage negligible in buildings of good
design and construction; slight to
moderate in well-built ordinary structures;
considerable damage in poorly built
structures. Some chimneys broken.

{continued on next page)

PROFESSIONAL PUBLICATIONS, INC.

EngineeringBooksPDF.com



10 - SEISMIC DESIGN OF BUILDING STRUCTURES

Table 2.1 (continued)

intensity observed effects of earthquake

VIII Damage slight in specially designed
structures; considerable damage in
ordinary substantial buildings, with
partial collapse. Damage great in
poorly built structures. Fallen chimneys,
factory stacks, columns, monuments, walls.
Heavy furniture overturned.

X Damage considerable in specially designed
structures; well-designed frame structures
thrown out of plumb., Damage great in
substantial buildings, with partial collapse.
Buildings shifted off foundations.

X Some well-built wooden structures
destroyed; most masonry and frame
structures with foundations destroyed.
Rails bent.

X1 Few, if any, masonry structures remain
standing. Bridges destroyed. Rails bent
greatly,

X Damage total. Lines of sight and level
are distorted. Objects thrown into air.

2-2 ISOSEISMAL MAPS

It is possible to compile & map of earthquake intensity
over a region. Data for such an {soseismal map can be
obtained by cbservation or, in some cases, by questions
answered by residents after an earthquake.

2-3 RICHTER MAGNITUDE SCALE

In 1935, Charles F. Richter of the California Institute
of Technology developed the Richter magnitude scale
to measure earthquake strength. The magnitude, M,
of an earthquake ig determined from the logarithm to
base ten of the amplitude recorded by a seismometer.
(See Secs. 2-4 and 2-5.) Adjustments are included in
the magnitude to compensate for the variation in the
distance between the various seismometers and the epi-
center. Because the Richter magnitude is a logarithmic
scale, each whole number increase in magnitude repre-
sents a ten-fold increase in measured amplitude.

Richter magnitude is expressed in whole numbers and
decimal fractions. For example, a magnitude of 5.3
might correspond to a moderate earthquake. A strong
earthquake might be rated at 7.3. Great earthquakes
have magnitudes above 7.5, Earthquakes with mag-
nitudes of 2.0 or less are known as microearthquakes.
While recorded on seismometers, microearthquakes are
rarely felt by people.

« Roseburg

IRt

i1

* Medford

SCALE Angeles

V-vII

VIHIX ® Q,Q)

IX-X San Diego (e
[ ] i)
o 54 100

Figure 2.1 Isoseismal Map of 1906 San Franeisco
Earthquake (based on the Rossi-Forel
Intensity Scale)

Source: Earthquoke Engincering, Robert L. Wiegel, ed,, copy-
right (€} 1970 by Prentice-Hall, Inc. Redrawn from map 23 in
Report of the State Earthquoke Fnvestigation Committee, Atla,
Carnegie Institution of Washington, publication 87 (1908).

Several thousand seismic events with magnitudes of
approximately 4.5 or greater occur each year and are
strong enough to be recorded by seismometers all over
the world. Earthquakes of this size and below have
[ittle potential to cause structural damage. Great earth-
quakes, such as the 1906 San Francisco earthquake and
the 1964 Alaskan earthquake, occur, on the average,
once each year,

The magnitude of an earthquake depends on the length
and breadth of the fault siip, as well as on the amount
of slip. The largest examples of fault slip recorded in
California accompanied the earthquakes of 1857, 1872,
and 1906—all of which had estimated magnitudes over
8.0 on the Richter scale,

Although the Richter scale has no lower or upper limit
(i.e., it is “open ended”), the largest known shocks have
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had magnitudes in the 8.7 to 8.9 range.? The actual fac-
tor limiting energy release—and hence Richter magni-
tude—is the strength of the rocks in the Earth's crust.?

Because of the physical limitations of the faults and
crust in the area, earthquakes larger than 8.5 in south-

EARTHQUAKE CHARACTERISTICS 11
5—3 cm
amplituds 2“—2 cm
Swave |TTTTTTTTTTTTT =
=—1cm

ern California are considered to be highly improbable.

2-4 RICHTER MAGNITUDE
CALCULATION

The Richter magnitude, M, is calculated from the
meximum amplitude, 4, of the seismometer trace, as
illustrated in Fig. 2.2. Ay is the seismometer reading
produced by an earthquake of standard size (i.e., a cal-
ibration earthquake). Generally, Ay is 3.94 x 10~% in
(0.001 mm).

M =logyp (A%) [2.1]

Equation 2.1 assumes that a distance of 62 mi {100 km)
separates the seismometer and the epicenter. For other
distances, the nomograph of Fig. 2.3 and the follow-
ing procedure can be used to calculate the magnitude.
Due to the lack of reliable information on the nature of
the Earth between the observation point and the earth-
quake epicenter, an error of 5 to 20 mi (10 to 40 km) in
locating the epicenter is not unrealistic.

step I: Determine the time between the arrival of the
P- and S-waves. )

step 2: Determine the maximum amplitude of oscilla-
tion.

step §: Connect the arrival time difference on the left

scale and the ampliitude on the right scale with |

a straight line,
step 4: Read the Richter magnitude on the center scale,

step 5: Read the distance separating the seismometer
and the epicenter from the left scale.

Whereas one seismometer can determine the approxi-
mate distance to the epicenter, it takes three seis-
mometers to determine and verify the location of the
epicenter.

2Depend.ing on the sensitivity of the selsmograph, sarthquakes
with negative Richter magnitudes can oceur.

31t is said that Richter magnitudes much higher than § would
correspond to an energy release sufficient to destroy the Earth it-
self. While this may theoretically be true for much larger Richter

-magnitudes (due to the logarithmic nature of the measureinent),

the limited strength of the rock itself serves to ensure that such
a doomsday earthquake will never ocour.

7

I
time 1
separation !

|““]”“|““I““]
1s 2s

Figure 2.2 Typical Seismometer Amplitude Trace

wava time .
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Figure 2.3 Richter Magnitude Correction
Nomograph

2-5 ENERGY RELEASE AND MAGNITUDE
CORRELATION '

Once the Richter magnitude, M, is known, an approx-
imate relationship can be used to calculate the energy,
FE, radiated. Most of the relationships are of the form
of BEq. 2.2. )

logipE = logy o Ey + aM [2.2]

In 1956, Gutenberg and Richter determined the approx-

"imate correlation to be as given in Eq. 2.3. F is the

energy in ergs. {See App. A for conversions to other
units.) Although there have been other relationships
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12 SEISMIC DESIGN OF BUILDING STRUCTURES

developed, Eq. 2.3 has been verified against data from
underground explosions and is the primary correlation

cited.
logyFE = 11.8 + 1.5M [2.3]

The radiated energy is less than the total energy re-
leased by the earthquake. The difference goes into heat
generation and other nonelastic effects, which are not
included in Eq. 2.3. Little is known about the amount

of total energy release.

The fact that a fault zone has experienced an earth-
quake offers no assurance that enough stress has been
relieved to prevent another earthquake. As indicated
by the logarithmic relationship between seismic energy
and Richter magnitude, a small earthquake (of magni-
tude 5, for example) would radiate approximately only
1/32 of the energy of an earthquake just one magnitude
larger (of magnitude 6, for example). Thus it would
take 32 small earthquakes to release the same energy as
an earthquake one magnitude larger,

2-6 LENGTH OF ACTIVE FAULT

Equation 2.4 correlates the Richter magnitude, M, with
the approximate total fault length, L in kilometers, in-
volved in an earthquake. Such correlations are very site-
dependent, and even then, there is considerable scatter
in such data. Equation 2.4 should be considered only
representative of the general {(approximate) form of the

correlation.
logioL = 1.02M — 5.77 [2.4]

2-7 LENGTH OF FAULT SLIP

Equation 2.5 (as derived by King and Knopoff in 1968)
correlates the Richter magnitude, M, and the fault
length, L (in meters), with the approximate length of
vertical or horizontal fault slip, D (for displacement) in
meters.* As with Eq. 2.4, this correlation should be
considered representative of the general relationship.

logio{LD? x 10°%) = 1.90M — 2.65 [2.5]

2-8 PEAK GROUND ACCELERATION

The peak (meximum) ground acceleration, PGA, is
easily measured by a seismometer (see Sec. 2-14) or
accelerometer (see Sec. 2-15} and is one of the most

4King, Chi-Yn, and L. Knopoff, “Stress Drop in Earthquakes,”
Bulletin of the Seismolpgical Society of America, 58 (1968): 249,

important characteristics of an earthquake.5 The PGA
can be given in various units, including ft/sec?, in/sec?,
or m/s®. However, it is most common to specify the
PGA in “g's” (i.e., as a fraction or percent of gravita-
tional acceleration).
__ Bitysec?
PGA = 355 x 100%
Ginfaec?

= _386_ X 100%

Im/s? o 100%
= ggp 151

[U.5] [2.6(a)]

[U.8] [2.6(b)]
[2:6(c)]

Significant ground accelerations in California include
1.25 g (1971 San Fernando earthquake, Pacoima dam
site), 0.50 g (1966 Parkfield earthquake), 0.65 g (1989
Loma Prieta earthquake), and 1.85 g (1992 Cape Men-
docino earthquake}.

Equation 2.7 (as determined by Gutenberg and Richter
in 1956) is one of many approximate relationships be-
tween the Richter magnitude, M, and the PGA at the
epicenter. Of course, the ground acceleration (in rock)
will decrease as the distance from the epicenter in-
creases, and for this resson, relationships called atten-
uation equations have been developed. (See Sec. 2-13.)

Blume's 1965 equation (Eq. 2.7) for California earth-
quakes depends on the epicentral distance (R’ in kilo-
meters), the local depth (h in kilometers), and a specific
site factor (b).

Yo
R\?
o (E)

logy, = ~(b+3) +0.81M - 0.027TM%  [2.7]

P GA-gra\rities =

Attenuation equations are very site dependent. Since
Eq. 2.7 was developed, newer studies have resulted in
better correlations in different formats and for many
different locations, but they are all based on limited
data. Such studies regularly result in revisions of the
seismic provisions of building codes.

Table 2.2 is a commonly cited correlation between mag-
nitude, PGA, and duration of sirong-phase shaking (see
Sec. 2-14} in the vicinity of the epicenter of California
earthquakes.® The values of acceleration in the table

It is possible for an enrthquake to exceed the range of the ac-
celerometer or seilsmometer, in which case the PGA will not be
recorded.

6 This table gives the impression of high eorrelation even though
the correlation is actuslly low. For example, the 1989 Loma Pri-
eta earthquake magnitude was approximately 7.1, but the peak
ground acceleration was 0L65 g.
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are somewhat on the high side. Ground acceleration in
observed earthquakes usually has been lower.

Table 2.2
Approximate Peak Ground Acceleration and
Duration of Strong-Phase Shaking

(California Earthquakes)
maximum
magnitude acceleration (g) duration (sec)
5.0 0.09 2
5.5 0.15 6
6.0 0.22 12
6.5 0.29 18
7.0 0.37 24
7.5 0.45 30
8.0 0.50 34
8.5 0.50 37

2-9 CORRELATION OF INTENSITY,
MAGNITUDE, AND ACCELERATION
WITH DAMAGE -

Although there are some empirical relationships, no
exact correlations of intensity, magnitude, and acceler-
ation with damage are possible since many factors con-
tribute to seismic behavior and structural performance.
For example, seismic damage depends on the care that
was taken at the time of building design and construc-
tion. Buildings in villages in undeveloped countries fare
much worse than high-rise buildings in developed coun-
tries in earthquakes of equal magnitudes. This damage
causes a corresponding lack of correlation between in-
tensity and magnitude.

However, within a geographical region with consistent
design and construction methods, fairly good correla-
tion exists between structural performance and ground
acceleration, because the Mercalli intensity scale is
based specifically on observed damage.

Table 2.3
Approximate Relationship Between Mercalli Intensity
and Peak Ground Acceleration

MMI PGA (g)

v {.03 and below
Vv 0.03-0.08
VI 0.08-0.15
VII 0.15-0.25
VIII 0.25-0.45
X (.45-0.60
X 0.60-0.80
X1 0.80-0.90
X1I 0.90 and above

2-10 VERTICAL ACCELERATION

The shear (transverse) waves are at right angles to the
compression (longitudinal) waves. (See Sec. 1-14.)
Since there is nothing constraining the shear waves to
a horizontal direction, it is not surprising that the S-
wave (shear wave) can be broken down into horizontal
and vertical components. When necessary, these are
identified as SH-waves and SV-waves for horizontal and
vertical shear waves, respectively.

Vertical ground acceleration is known to occur in al-
most all earthquakes, The peak vertical acceleration
is usnally approximately one-third of the peak horizon-
tal acceleration, but often reaches a ratio of two-thirds.
Combined with resonance site effects, vertical forces can
become substantial. Furthermore, forces from all three
coordinate directions combine into a resultant force that
can easily exceed the yield (and, sometimes, the ulti-

mate) strength of a member.

The current UBC-97 seismic design code is generally
based on horizontal acceleration alone [Sec. 1630.1.1}.
This practice is justified by assuming that structures
with horizontal seismic resistance will automatically
have adequate vertical seismic resistance. One of the
reasons this assumption has been accepted is that fac-
tors of safety should have been applied during the build-
ing design to ensure that & member is able to withstand
s force equal to one gravity downward.

Experience has shown, however, that disregarding de-
tails to resist vertical forces can be a serious problem.
Columns and walls in compression, cantilever beams,
overhangs, and prestressed concrete structures that
have not been designed according to specific seismic
provisions are particularly susceptible to damage by
vertical accelerations because they have little factor of
safety against upward vertical acceleration. Transfer
girders, horizontal members that support exterior pe-
rimeter columns in tube buildings (see Sec. 5-18), are
definitely sensitive to vertical acceleration. The UBC-
97 covers these special cases in Sec. 1630.11 and, for
dynamic analysis, in Secs. 1631.2, Item §, and 1631.5.5.

{See Sec. 6-37.)

2-11 PROBABILITY OF OCCURRENCE’

The probability that an earthquake of magnitude M
or greater will occur in a specific region in any given

7Wiegel (1970) contains a more complete presentation of this
subject.
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year is given approximately by Eq. 2.8.% B is a seismic
parameter that has been approximately determined as
2.1 for the entire state of California and 0.48 for 100,000
mi? (260 000 km?) of southern California. While Eq. 2.8
does not place any upper bound on M, the probahility
of exceeding 8.5 is effectively zero.

p(M} =05 23

The expected number of earthquakes having magnitude
greater than M during ¥ years is given by Eq. 2.9,
Equation 2.9 is known as a recurrence formule. For
northern California, C = 76.7 yr~! and B = 0.847,
appraximately. For the San Francisco area, C = 19,700
yr~! and B = 0.463, approximately.

N =CYeM/B [2.9]

2-12 FREQUENCY OF OCCURRENCE

For a specific area, an equatibn for the expected num-
ber, N, of earthquakes of a given magnitude, M, per
year will be of the form

IOgmN =a-bHM [210}

For the south-central segment of the San Andreas fault,
e and b have values of 3.3 and 0.88, respectively. Taking
the entire world as a whole, the approximate relation-
ship (up to approximately M = 8.2) is

logioN = 7.7 — 0.9M [2.11]

Table 2.4 gives the expected number of earthqualkes of
any given magnitude per 100 years in California. (The
table does not give the frequency over any particular fo-
cation in the state.) Table 2.4 cannot be derived exactly
‘from Eq. 2,11 because adjustments have been made to
account for California’s increased seismicity.

Table 2.4
Approximate Expected Frequency of Occurrence
of Earthquakes (per 100 years)

meagnitude number
4.75-5.25 250
3.25-5.75 140
5.75-6.25 78
6.25-6.75 40
6.75-7.25 19
7.25-7.75 7.6
7.75-8.25 2.1
8.25-8.75 0.6

8The form of Eq. 2.8 is easily derived from a Poisson distribu-
tion, which is commonly used to calculate the probability of an
infrequent event.
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Figure 2.4 Expected Number of Earthquakes
per Year (World)

2-13 ATTENUATION OF GROUND MOTION

Ground motion at a site is related to the seismic en-
ergy received at that site, and when the propagation
path is through rock, the amount of energy decreases
the farther a site is from the epicenter.® This decrease
is known as atienuation. Some of the factors affect-

- ing attenuation include path line, path length, focal

dgpﬁh, geological formations, properties of the crustal
rock, and orientation of the fault, :

- Unfortunately, the geology snd local conditions af-

fect the actual values so much that little more than

SWhile the overall wave energy attenuates when the transmission
path is through rock, the demage at a site does not necessarily de-
crease with distance. There are other factors that can concentrate
the energy that reaches the site, as was proved by the Mexico City
(1985) and Loma Prieta (1989) earthquakes. This is analogous
to the decrease in the intensity of sunlight with distance from the
sun. While the light may be diffused when it reaches the Earth's
surface, it can be sufficiently concentrated with a lens to kindle a
fire. ‘
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generalizations such as the following are possible about
the rate of attenuation.!®

o Intensity generally decresses with distance from
the epicenter.

o There is little attenuation in the vicinity of the
epicenter.

o Higher-frequency components of the seismic wave

attenuate faster than slower components do.

2-14 SEISMOMETER

Seismic waves (see Sec. 1-14) travel through the Earth
and are recorded on seismometers. A seismometer is
the detecting and recording part of a larger apparatus
known as a seismograph. Seismometers are pendulum-
type devices that are mounted on the ground and mea-
sure the displacement of the ground with respect to a
stationary reference point. Since a seismometer usually
records motion in only one orthogonal direction, three
seismometers are needed to record all components of
ground motion. Figure 2.2 illustrates a typical seis-
mometer trace, known as a seismogram. Appendix F
is the actual seismogram of the 1940 El Centro earth-

quake.

Notice that while seismic activity usually continues for
some time after the start of the earthquake, the major
movement occurs in a concentrated period known as
the sirong phase. The longer the earthquake shakes,
the more seismic energy is absorbed by buildings; thus,
the duration of strong-phase shaking greatly affects the
damage inflicted.’! The assumed duration of strong
shaking for the current design earthquake in the UBC-
97 for zone 4 is 10 to 20 sec.

Seismometers record the varying amplitude of ground
oscillations beneath the instrument, Sensitive seismo-
meters greatly magnify these ground motions and can
detect strong earthquakes occurring anywhere in the

10Numerous attenuation relationships have heen published, par-
tieularly for sites and faults in California. However, there is little

- similarity between the correlations. Nevertheless, for sites located

on firm soil, the attenuation laws are quite useful for predicting
expecied ground motions from future earthquakes.

Upor example, the 1985 Chile earthquake (magnitude 7.8) had
almost 80 sec of strong ground motion. There were approximately
60 sec of strong pround metion in the 1985 Mexico earthquake
(magnitude B.1). Both of these earthquakes resulted in significant
loss of life and destruction, By comparison, the strong-phase
mation of the 1940 El Centro earthquake {magnitude 7.1) lasted
only 10 sec, and the 1989 Loma Prieta earthquaks (magnitude
7.1) had a mere 5 sec. There is great debate and no consensus an
whether or not long-duration earthquakes can occur in California.

world. The time, location, and magnitude of an earth-
quake can be determined from the data recorded by

seismometer stations.

Since a selsmometer is a spring-mass-dashpot device, it
will magnify or distort earthquakes with frequencies in
certain ranges. The ratio of actual damping to critical
damping can be changed to minimize such distortion.
Good seismometer design calls for a damping ratio of
between 0.6 and 0.7 with a natural period of vibration
smaller than the smallest period to be measured.!? (See
Sec. 4-7 for damping ratio.)

2-15 ACCELEROMETER

An accelerometer (accelerograph) is a seismometer
mounted in buildings for the purpese of recording large
accelerations.’® For this reason, they are also known
as strong motion seismometers. The large swings ac-
celerometers record typically exceed the scale limits of
most selsmometers. An accelerometer lacated in a
building does not run continually. It is triggered by
a P-wave (see Sec. 1-14} and runs for a fixed period of
time.

Buildings located in seismic zones 3 and 4 over ten sto-
ries in height or over six stories and total floor areas of
60,000 ft2 (5574 m?) or more are required by the UBC-
97 [Sec. 1649, App. Chap. 16, Division IIj to heve at
least three approved recording accelerographs.

2-16 OTHER SEISMIC INSTRUMENTS

A tiltmeter installed in the ground works on the same
principle as a carpenter's level. The slightest movement
of a bubble floating in a spherical dome is electronically
detected to reveal tilting of the ground.

The strain (deformation) of rock under pressure can be
measured by a magnetometer. Such strain changes the
magnetic permeability of the rock, resulting in a local
change in the magnetic field of the Earth.

Strain gauges measure how much the earth deforms.
Dilatometers measure the earth’s dilations. A dilatome-
ter is a closed, fluid-filled tube approximately 10 ft (3 m)

12 hese design principles are incorporated into the Wood-
Anderson seismometer, which has a damping ratio of approxi-
mately 0.8 (almost critical) and a natural period of 0.8 sec (ie.,
a natural frequency of 1.25 Hz).

13 The distinction between the terms seismometer and accelerom-
eter i3 not always made. However, it is important to recognize
that seismometers typically run continually and record displace-
ment, while accelerometers are triggered by P-waves and record

acceleration,
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long that is buried in the ground. Changes in the earth's
“squeeze” are detected and measured by a pressure sen-
sor or gauge at the top of the tube.

Scintillation counters are installed in wells to measure
the amount of radioactive radon gas in the water. Mi-
nute amounts of radon are released into well water by
rocks under stress. ’

Changes in the resistance of rock can be measured by
a. resistivity gauge and are indications of density and
water content changes. Both density and water content
change during periods of fluctuating stress.

A cregpmeter measures minute gradual movement along
a fault. In the past, such a meter relied on a wire
stretched across a fault. Movement of the fault in-
creased the tension in the wire. Current creepmeters

use laser technology.

A gravimeter responds to variations in the local force
of gravity. Such variations are the result of changes in

underground rock density.

A laser can messure the round-trip travel time of a light
beam between two points. When the relative position-
ing of the two points changes as a direct result of an
earthquake, the travel time also changes.

2-17 EARTHQUAKE PREDICTION

While reliable long-term earthquake prediction remains
elusive, short-term predictions based on the observa-
tion or measurement of various precursors {premonitory
signs) seem possible. Most of the measuring devices
mentioned in Secs. 2-14 through 2-16 can be adapted to
instantaneous reporting. It may be possible to correlate
sudden and unexpected changes in behavior (i.e., creep
rate, tilt, accumulating strain, elevation, fluid pressure,
seismic wave speed, electrical conductivity, and mag-
netic susceptibility) with the probability of an impend-
ing earthquake. Thus far, however, no reliable

indicators have been found.

One proposed precursor, ag related by the seismic bay
hypothesis, may be the large-scale volume of the rock
itself. As rock masses along a fault develop stresses,
they crack and increase in volume. The volume increase
is not consistently detectable, but in some cases, the
volume increase can be observed.!?

Another precursor is a decrease in the ratio of velocities
of the two major seismic wave types. Normally, the
ratio of velocities of the P- and S-waves is approximately

14The Palmdale bulge is thought to be an example of this volume
increase.

1.7, but this ratio decreases as the fault rock breaks.
After a time, groundwater seeps in and fills the fissures
{forming a “seismic bay" ), and the velocity ratio returns
to 1.7. According to the hypothesis, an earthquake can

then occur.

Another possible precursor may be the emission of
ultra-low-frequency (ULF) radio waves before an earth-
quake.}?® Additional research in this area is required.

2-18 OTHER EARTHQUAKE
CHARACTERISTICS

In addition to the peak ground acceleration, two other
characteristics that contribute significantly to the ef-
fects of an earthquake are its duration of strong shaking
(motion) and frequency content.'® Roughly speaking,
the longer the duration of strong shaking, the greater
the energy that can be imparted to a structure, Since
various parts of a structure can absorb only a limited
amount of elastic strain energy, a longer earthquake has
a greater chance of driving structural performance into
inelastic behavior.

The shaking in the 1989 Loma Priete earthquake lasted
approximately 10 to 15 sec. It is generally believed
that a longer duration (i.e., another 20 sec) would have
resulted in significantly greater damage. The UBC-97
provisions are intended to accommodate earthquakes

with durations of 10 to 30 sec.

The effects of resonance on all types of machinery and
structures are well known. Basically, if a regular dis-
turbing force is applied at the same frequency as the
natural frequency (see Sec. 4-5), the oscillation of the
structure can be greatly magnified. In such cases, the
effects of damping are minimal. While earthquakes are
never as regular as a sinusoidal waveform, there is usu-
ally a predominant waveform that is roughly regular.!?

1'5Ulf:l'a-IDW-frequem:y radio waves (below 5 Hz) were received
from the vicinity of the epicenter in the October 1989 Loma Prieta
earthquake. However, a direct cause-and-effect relationship has

yet to be proved.

16Nate that this characteristic is defined as the duration of strong
sheking, not the overall duration of the earthquake.

17 Rourier analysis can be used to separate the dominant frequen-
cies (i.e., the frequencies at which most seismic energy arrives at
a site) of a specific earthquake. However, this is rarely dooe far

most seismic design projects.
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EFFECTS OF EARTHQUAKES

'ON STRUCTURES

3-1 SEISMIC DAMAGE

Structural damage due to an earthquake is nof solely a
function of the earthquake ground motion. The primary
factors affecting the extent of damage are

o earthquake characteristics, such as (a) peak ground
acceleration, (b) duration of strong shaking, (¢) fre-
quency content, and (d) length of fault rupture

o site characteristics, such as (a) distance between
the epicenter and structure, (b) geology between
the epicenter and structure, (¢) soil conditions at
the site, and (d) natural period of the site

o structural characteristics, such as (a) natural pe-
riod and damping of the structure,. (b) age and
construction method of the structure, and (c} seis-
mic provisions (i.e., detailing) included in the
design

3-2 SEISMIC RISK ZONES

Tn order to design a structure to withstand the effects of
an earthquake, it is necessary to determine the expected
earthquake magnitude. While extensive mathematical
models could be developed for each location, seismic
codes have evolved a simplified model based on seismic
zones, The seismic zone map referenced by the 1997
Uniform Building Code is shown in Fig. 3.1.1

There are several methods of evaluating the significance
of the seismic risk zones. One method is to correlate
the zones with the approximate accelerations and mag-
nitudes, as Table 3.1 does.

1The map shown in Fig. 3.1 is subject to change with. different
versions of the seismic code.

Table 3.1
Approximate Code Maximum Zone
Acceleration and Magnitude

maximum  maxirum
acceleration magnitude

zone
0 004 g 43
1 0.075 g 4.7
2A 0.15g 5.5
2B 02¢g 5.9
3 (not near a great fault) 0.30g 6.6
4 {near a great fault) 040 g 7.2

Another interpretation of the significance of the zones
is to correlate them to the effects of an earthquake and

the Modified Mercalli intensity scale as in Table 3.2.

Table 3.2
Effects of an Earthquake by Zone

zone _effect
0  no damage
1  minor damage corresponding to MM
intensities V and VI; distant earthquakes
may damage structures with fundamental
periods greater than 1.0 sec

2  moderate damage corresponding to

MM intensity VII

3 . major damage corresponding to
MM intensity VIIT -

4  major damage corresponding to
MM intensity VIII and higher
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ISLANDS

Figure 3.1 Seismic Risk Zones

Reproduced from the 1897 edition of the Uniform Building Code™, copyright @ 1997,
with the permission of the publisher, the International Conference of Building Officials,
[UBC-97 Fig. 16-2]
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e
3-3 RISK MICROZONES

Certain limited areas, referred to as microzones, consis-
tently experience higher ground accelerations than do
surrounding areas.” This tendency is primarily attrib-
uted to the site (i.e., soil) conditions in the microzone,
as the soil profile affects the peak ground acceleration,
frequency content, and duration of strong motion. Inas-

much as seismic damage is at least partially related .

to ground acceleration, knowledge of such microzoni-
fication is essential. The microzonification concept,
however, has not been explicitly incorporated in the
Uniform Building Code, although it is implicit in the
design process.

Mexico City has incorporated microzones into its re-

building plan following the devastating earthquake in

1985. Considering the significant variations in damage
in different areas of the San Francisco Bay Area dur-
ing the Loma Prieta earthquake, microzonification has
also been widely proposed. (For example, unreinforced
buildings in Chinatown were not damaged, while simi-
larly constructed buildings in the Marina district were.
Portions of the Cypress structure on elay collapsed, but
other portions built on firmer soil did not.)

3-4 PROBABLE AND MAXIMUM
CONSIDERED EARTHQUAKE GROUND

MOTIONS :

A mazimum probable earthquake ground motion at a
site is the largest earthquake shaking that has a sig-
nificant probability of oceurting within the lifetime of
a structure due to earthquakes from all sources. Since
the potential losses of property and life are very great,
the probability does not have to be very large to be

significant.

The mazimum considered eerthquake ground motion at
a site is the maximum possible earthquake ground mo-
tion based on the mapped spectral response accelera-
tion, modified by site soil profile effects. The maximum
considered earthquake is difficult to evaluate,

2For example, in the 1989 Loma Prieta earthquake, peak ground
accelerations in San Francisco did not generally exceed 0.09 g.
However, a 31-story instrumented office building in Emeryville
experienced a horizontal acceleration of 0.26 g at the ground.
Peak accelerations at the Bay Bridge are believed to have ranged
between 0.22 g and (.33 g. The Golden Gate Bridge experienced
0.24 g, while 0.33 g was recorded at the San Francisce Airport.
Similar ground accelerations were recorded nesr the collapsed In-

terstate 880 Cypress structure,

3-5 EFFECTIVE PEAK GROUND
ACCELERATION

The effective peak ground acceleration, EPA (or A, as
it is used in some documents), is nominally equal to
the maximum ground acceleration associated with the
design earthquake, but is more of a contrived design
parameter set by code than a feature of an actual earth-
quake.® As a code provision, the EPA depends on the
region and corresponds numerically in gravities to the
Z coefficient (see Sec. 6-12) in the UBC-97.

As explainéd in the 1990 Blue Book commentary, the
EPA is derived from the log-tripartite graph given in
ATC 3-06 scaled downward from the spectral acceler-
ation by dividing it by a spectral amplification factor.
(See Sec. 3-9 for spectral acceleration.} The value of
the spectral amplification factor depends on the amount
of damping present in the building and the probability
of the earthquake's occurrence. For example, for 5%
damping and a hazard level (probability of occurrence)
of 10% in a 50-year period, the spectral amplification

factor is 2.5.

The method of deriving the EPA is subject to continu-
ing study and analysis.

3-6 SITE PERIOD

The site (soil) period is now recognized as a significant
factor contributing to structural damage.? When a site
has a natural frequency of vibration that corresponds to
the predominant earthquake frequency, site movement
can be greatly magnified. This is known as resonance.
(See Sec. 4-13.) Thus, the buildings can experience
ground motion much greater than would be predicted

from only the seismic energy release.

Determining the actual site period is no easy matter.
Since the site period can be computed precisely from
widely available formulas and still be grossly inaccu-
rate, such determinations are best left to experts famil-
iar with the area.

Other soil characteristics, including density, bearing
strength, moisture content, compressibility (i.e., ten-
dency to settle), and sensitivity (i.e., tendency to
liquefy), are additional factors not addressed by the

3The terms effective peck ground accelerotion (EPA) and effective
peak velocity (EPV) were originally defined in the commentary of
ATC 3-08.

4The resonance-induced damages of the 1985 Mexico City earth-
quake and the 1989 Loma Prieta earthqualke are prime examples.
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seismic code. These factors, nevertheless, must be con-
sidered in structural design.

3-7 SOIL LIQUEFACTION

Ligquefaction occurs in soils, particularly in soils of sat-
urated cohesionless particles such as sand, and is a sud-
den drop in shear strength. This is experienced as a
drop in bearing capacity. In effect, the soil turns into
a liquid, allowing everything it previously supported to
sink. Tt is not necessary for the soil to be located on a
cliff or other escarpment for liquefaction to occur. Per-
fectly flat soil layers can become major mud puddles if

the conditions are right.

Continued cycles of reversed shear in saturated sand
can cause pore water pressure to increase, which in turn
decreases the effective stress and shear strength.® When
the shear strength drops to zero, the sand liquefies.

Conditions most likely to contribute to or indicate a po-
tential for liquefaction include (1) a lightly loaded sand
layer within 49 to 66 ft (15 to 20 m) of the surface, (2)
uniform particles of medium size, (3) a saturated condi-
tion below a water table, and (4) a low penetration-test

value,

3-8 BUILDING PERIOD

When a lightly damped building is displaced laterally by
an earthquake, wind, or other force, it will oscillate back
and forth with a regular period. (This building period
should not be confused with the site period mentioned
in Sec. 3-6 or with the period of the earthquake.}

The natural period of modern buildings can seldom,
if ever, be calculated from simple vibrational theory.
Five other methods, listed below, can be used when
knowledge of a building period is needed.

1. Analytical models based on finite element analy-
sis (FEA) and other modeling techniques can be
used.

2. A scale model of the building can be constructed

and the natural period extrapolated from mea-
surements on the model. (This is seldom done,

however.)

3. If the building has been constructed, actual mea-
surements can be taken.

SDramatic examples of liquefaction occurred in the 1964 earth-
quakes in Alaska and Niigata, Japan.

8These nre stendard terms used in scils and foundations
handbooks.

4. Empirical relations (such as are incorporated
in the UBC-97 Sec. 1630.2.2) can be used. (See

Sec. 6-26.)
5. Rayleigh's method can be used.

3-9 SPECTRAL CHARACTERISTICS

Despite some inherent regularity, earthquake seismo-
grams are quite “noisy.” It is difficult to determine how
a building behaves at all times during an earthquake
consisting of many random pulses. It is also unnecessary
in many cases to know the entire time-history response
of the building, since the maximum seismic force on
(and, hence, damage in) a structure depends partially
on the effective peak acceleration experienced, not on
lower accelerations that might have occurred during the

earthquake.

The maximum acceleration’ that is experienced by a
single-degree-of-freedom vibratory system (see Sec. 4-2)
is lmown as the spectral acceleration, S,.% Similarly,
the meximum displacement and velocity are known as
the spectral displecement, Sy, and spectral velocity, 5,

respectively.

3-10 SEISMIC FORCE

The theoretical maximum seismic force (referred to as
“base shear” in the UBC), V, on a structure of mass m
(weight W) is given by Newton's second lew (F = ma).?

TThe maximum building accelerstion should not be confused with
the effective ground scceleration, The building acceleration is
typically higher than the ground acceleration. The ratio of build-
ing to ground acceleration depends on the building period, a con-
cept that is discussed elsewhere in this book. For infinitely stiff
buildings (with zero natural periods), the ratio is 1. The spec-
tral acceleration from typical Celifornia design earthquekes {i.e.,
those used a3 a basis in establishing the UBC-97 provisions) for
a 10% damped building located on rocks or other firm soil is ap-
proximately 2.0 to 2.5 times the peak ground acceleration. (See

Sec. 3-5.)

B Another name is spectral pseuds acceleration—"pseude” be-
cause the value does not correspond exactly to the maximum

accelerstion.

9The totel building dead load {dead weight) is used in the caleula-

tion of the base shear. This practice should not be confused with
calculations of diaphragm foree, which omit half of the ground

floor deud lord. Except for 2 warehouse, no live load is included.

While these may seem like arbitrary provisions, the UBC-97 is

specific in including and excluding certain fractions of the build-

ing weight and live load. (See Sec. 6-29.)
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V= ";S“ = WgS“ [U.5] [3.1(2)]
¥ =mS, = “;S“ _ 51 [31(b)]

Design base shear, as defined in the UBC-97, takes on
the form of V = CS,W.

3-11 RELATIONSHIP BETWEEN
SPECTRAL VALUES

Equation 3.2 indicates that the spectral displacement,
velocity, and acceleration can be derived from one an-
other if the natural frequency (in rad/sec) of vibration,
W, is known.!? Equation 3.2 is exact for the case of
an undamped, single-degree-of-freedom system in sim-
ple harmonic motion but is approximate otherwise (ie.,
is approximate with damping and for multiple-degree-
of-freedom systems). (See Sec. 4-2.)

™ Sv Sﬂ

vy |Sa| = —1=l= [undamped SDOF] (3.2]
"

L.

L3

L]

s

mEqua.tiun 3.2 is ensily derived for the case of sinusoidal oscilla-
tion. Starting with a sinusoidal position equation, z(t) = Asinwt,
the first derivative (i.e., the velacity equation) is v(t) = wA coswi,
whose maximum amplitude is w multiplied by the amplitude of
the position function. The maximum acceloration amplitude is

similarly determined.
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VIBRATION THEORY

4.1 TWO APPROACHES TO SEISMIC
DESIGN '

There are two greatly different approaches to seismic
design, both of which are “correct” in their own ways.
In a dynamic anelysis, the overall building and story
stiffnesses and rigidities are calculated. (See Sec. 4-4.)
A specific design earthquake, including magnitude and
loading history, is selected and- applied to a mathe-
matical model (consisting of lumped masses, damping,
and spring stiffness) of the building. The solution may
rest heavily on vibrational theory, finite element analy-
sis, and other advanced structural techniques requir-
ing computer analysis. The response of the system
(including the displacement and acceleration functions)
is calculated and used to determine the forces in each
member as a function of time. This methed is now al-
most always used for critical structures such as dams

and power plants.

There are a number of factors that can render the dy-
namic approach inappropriate. The building itself may
be too simple or too standardized to warrant the rig-
orous approach of the design analysis. Conversely, the
building may be too complex and have too many degrees
of freedom to model mathematically. Also, in the initial
design phases, the member sizes and locations may not
be known, making it difficult to estimate stiffnesses and
rigidities.! The dynamic approach is inappropriate, too,
‘when the design earthquake is not known. Additionally,
the analysis may be beyond the financial or computa-
tional abilities of the engineering firm performing the
design. And, finally, unless the building is particularly

1Ali;lmnugh there are some real design programs, most “design”
programa are actually analysis programs that require the user to
input information about the locations and characteristics of the

structural members,

irregular as defined in UBC-97 Sec. 1629.5.3, there may
be no code requirement to perform a dynamic analysis.

The alternative to a dynamic analysis is & static analy-
sis. The equivalent lateral (seismic) force is calculated
as simply some fraction of the dead weight. Chapter 16
of the UBC-97 codifies this analysis so that there is no
need to know the design earthquake.

In the chapters and sections that follow, these two meth-
ods are at times discussed separately and, at other
times, aspects of each method are combined. Although
considerably different in approach, the static method is
based on engineering logic that can, in many cases, be
traced back to vibration theory.

4-2 SIMPLE HARMONIC MOTION?

Ideal vibrational systems that consist of springs and
masses and that are not acted upon by external disturb-
ing forces (after an initial displacement} are known as
simple harmonic oscillotors. During steady-state mo-
tion, such oscillators move in a repetitive sinusoidal
pattern known as simple harmonic motion.-Simple har-
monic motion is characterized by the absence of & con-
tinued disturbing force and a lack of frictional damping.

Examples of simple harmonic oscillators are a mass
hanging on an ideal spring (Fig. 4.1(a}), a pendulum
on a frictionless pivot, and a slab supported on two
massless cantilever springs (Fig. 4.1(b}).

Lhere is no need actually to develop the differential equations of
oscillatory motion for a building. However, this section introduces
some of the terma and concepts related to structural dynamics.
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{a) ()

Figure 4.1 Simple Harmonic Oscillator

The number of variables needed to define the position of
all parts of & system is known as its degrees of freedom.
If the oscillator is constrained to move in one dimension
only, or alternatively, if one linear or angular variable is
sufficient to describe the position of the oscillator, the
system is known as a single-degree-of-freedom (SDOF)
system. The moving mass in an SDOF system is usually
concentrated at one point and is known as a lumped

mass.

Oscillation of the SDOF system shown in Fig. 4.2 is
initiated by displacing and releasing the mass. The dis-
placement, z, is measured from the equilibrium posi-
tion. Once the system has been displaced and released,
no further external force acts on it. Because there is
no friction once it is set in motion, the mass remains in

motion indefinitely.

AN ANYA
\VARVARVA

Figure 4.2 Time Response of an Undamped
Simple Harmonic Oscillator

X

4-3 STIFFNESS AND FLEXIBILITY

When a force, F, acts on an ideal linear spring, Hooke’s
law predicts the magnitude of the spring deflection, .
In Eq. 4.1, k is the stiffness or spring constant in Ibf/ft
(N/m). The stiffness is the force that must be applied
in order to deflect the spring & distance of one unit.

F=kx [Hooke's law] [4.1]

Referring to the mass-spring system shown in Fig.
4.1{a), the spring is undeflected until the mass is

attached to it. After the mass is attached, the spring
will deflect an amount known as the static deflection,

Tst-

W= ? = kzy [US] [4.2(2)]
W =mg = kzy [ST]  [4.2(b)]

The stiffness, k, of 2 beam can be calculated as the ratio
of applied force to deflection from the beam deflection
tables that are typically in every mechanics of materials
textbook. Tabie 4.1 summarizes some of these terms.

Compliance (flexibility) is the reciprocal of stiffness, It
is the deflection obtained when a unit force is applied.
Therefore, its units are ft/Ibf {m/N).

4-4 RIGIDITY

Strictly speaking, rigidity, R, is the reciprocal of de-
flection. In buildings where all members consist of the
same material and all walls have the same thickness (for
example, a masonry-walled building or an all-concrete
building), the deflection is traditionally calculated with
arbitrary values of applied force, modulus of elasticity,
and wall thickness. This is permitted when distributing
the applied lateral loads to vertical members because
the load “taken” by each member is proportional to the
member's relative rigidity. '

1
R=_— [US) [4.3(z)
=24 50 (3]

Both moment and shear contribute to the deflection
experienced by a vertical member (e.g., a shear wall).?
Consider the wall shown in Fig, 4.3(a). This wall is fixed
at the top and bottom and bends in double curvature
since the top and bottom must remain vertical. Such.a
wall is known as & fized pier. The deflection due to both
shear and flexure of a fixed pier is given by Eq. 4.4.

_ FR? 4 L2Fh
Thxed = BT T TAG

A=td [4.5]

[fixed pier] f4.4]

td ’

3Common beam deflection equations, such as those presented in
Table 4.1, usually disregard the effect of shear. However, shear
contributes to deflection when the ratio of height to depth is low.
In general, shear deflection should not be neglected, unless beam

spans are long,.
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Table 4.1

Deflection and Stiffness for Various Systems

(Due to Bending Moment Alone)

Maximum
System Deflection (z) Stiffness (k)
i
'Lx
T P AB
alodl AE R
o
peo 8
3ET h3
y
f,f FR3 1287
i 12E1 R
wit  BE
REI h3

Fh3 12B(L, + Iz)

h 12E(L + 1) k3
FI? 48EI
48EI L3
SuwL? 384E1
384ET 5L3
FI3 192E1
192ET L3
wl? 384ET
L 384ET L3

{wis load per unit length)

A wall that is fixed at the bottom but free to rotate at
the top bends in simple curvature and is known as a
centilever pier. The deflection of & cantilever wall due

to both effects is

Fh® 12Fh

Teantilever = 3t + I [cantilever pier]  [4.7]

W{MMM&’%& Fr—— -+
F—l | N /=] 2
] i / T
I ;o
/ /¢ |h I "/
/ /! | !
I f | I
! ! I
d r

(a) fixed {b} cantilever

Figure 4.3 Fixed and Cantilever Piers

For concrete, E = 3 x 108 psi (2.1 x 107kPa) and G =
0.4E. For masonry, E = 1 x 10° psi (6.9 x 109 kPa) and
G ~ 0.4F. For stesl, E ~ 3 x 107 psi{2.1 x 108 kPa)
and G =~ 1.2 x 107 psi (8.3 x 107 kPa). For wood, B ~
1x 10° psi to 1.8x 10% psi (6.9 % 10° kPa to 12x 108 kPa).
However, since the shear that is distributed to each ver-
tical member (i.e., each pier) is in proportion to the rel-
ative rigidity and does not depend on the actual rigidity,
the deflections can be calculated with arbitrary values
of total shear, I, and wall thickness, ¢. Equations 4.8
and 4.9 use ' = 100,000 1bf (445000 N), ¢ = 1.0 in
(25 mm), E = 1 x 10° psi (6.9  10° kPa), and arbitrary

units. B 1
Rfixed = o (g)a L 09 (%) (4.8]

_ 1
Reantitever — o (%) 3 o9 (%) [4.9]

4-5 NATURAL PERIOD AND FREQUENCY

The time for & complete cycle of oscillation of an SDOF
system is known as the natural period, T, usually ex-
pressed in seconds. The reciprocal of natural period
is the linear natural frequency, f, usually called natu-
ral frequency or just frequency, and is expressed in Hz
(ie., cycles per second). It is important to distinguish
between the natural frequency of a system (building,
oscillator, etc.) and the frequency of an applied force.
The natural frequency, f, in Eq. 4.10 has nothing to do
with an external force. .

[4.10]

.'_"'I
it
3] =
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The natural frequency can also be expressed in radi-
ans per second (rad/sec), in which case it is known as
the ctreular frequency, angular natural frequency, or just

engular frequency, w
27 .
= = 4.11
w=2nf= [4.13]

It is easy to derive the natural frequency for the case of
a simple harmonic oscillator.* For a mass on a spring,

w=\/§ 51

Substituting & from Hooke's law (Eq. 4.1) and recog-
nizing that the mass, m, can be calculated from the
weight, W, an expression is derived for the natural fre-
quency in terms of the static deflection, z,;, calculated

in Sec. 4-3.

o=z = Y s) )

[4.13(b)]

[U.S] [4.12(2)]

f4.12(b)]

Il

= m [51

kg

u=

Since Eq. 4.13 can be used to calculate the natural pe-
riod, it is tempting to substitute the maximum allow-
able code drift (i.e., 2.5% of the total building height;
see Sec. 6-40) for the static deflection in order to caleu-
late the natural building period.® Such a substitution
would require no structural analysis at all but implies
that the building will have maximum flexibility permit-
ted by the code. The problem with this approach is that
it assumes the maximum allowable drift to be the same
for all zones, although the flexibility actually depends
on the zone since flexibility is affected by the building's
seismic resistance. Thus, while the Jateral forces on the
building differ, the maximum drift and, thus, the pe-
riod, do not. Obviously, the building period cannot be
ca.lculated in this way.

“This is done in virtually every physics, dynamnies, and earth-
quake book, but not here.

SThe UBC-97 permits the drift limits to be exceeded whea it is
demonatrated that greater drift can be tolerated by both strue-
tural elements and nonstructural elements,

R R o S

Ezample 4.1

A 5-1bm (2.27-kg) mass hangs from two ideal springs as
shown. (Assume the block is constrained so that it does
not rotate.) What is the natural period of vibration?

- k=10 Ibffin {1750 N/m) k=5 Ibffin (875 N/m)

5 lbm
{2.27 ka}

Customary U.S, Solution

Both springs must deflect in order for the mass to move.
The total composite spring constant is

=k k= (5 HE'+101Eif) (12%)
= 180 Ibf/tt

From Egs. 4.11 and 4.12, the natural period is

m
T = 271' g?:'
—or 51bm
- ft-lbm Ibf
( 2 2lbf—ss:c ) (180 ft )
= (.185 sec
ST Solution

Both springs must deflect in order for the mass to move.
The total composite spring constant is

ki=Fki+k =175OE+875-I:I-
m m

= 2625N/m

From Egs. 4.11 and 4.12, the natural period for vertical
translation is

T = 2w1/% =or

= (.185s

R e T e
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Erample 4.2

A small water tank is supported on a slender column as
shown. Neglecting the weight of the columnn, calculate
the natural period of vibration.

10,000 Ibm {4550 kg)
—

| = 20,000 in* (8.3 X 10° m?)
E = 3 x 107 psi {2.07 X 10° MPa)

50 ft
{183 m)

Customary U.S. Solution

Consider the water tower to be a cantilever beam. The
stiffness s the force required to deflect the tank 1 ft

laterally.
From Table 4.1,

1bf
[l ind
. 3BT (3) (3 x 10 inz) (20,000 in*)
TRy T ) 2
(50 )3 (12 -f?)

=1 x 10° Ibf/ft

From Egs. 4.11 and 4.12, the period is

m
T= 21r1/—-—
gck

y 10,000 Ibm
= Flbm Tof
g9.9 o0 5 2
( 221bf-sec2) (“10 ﬁ;)
= (}.35sec
ST Solution

Clonsider the water tower to be a cantilever beam. The
stiffness is the force required to deflect the tank 1 m

laterally.

From Table 4.1,
3EI
k = —h—s'
(3)(2.07 x 10° MPa.)(105 %)(8.3 % 103 m?)
= (15.3 m)?
=144 x 10°N/m
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From Egs. 4.11 and 4.12, the period i3

T;—-Err\/%=21r

=0.35s8

e~ = R - T~ B = R S

4-6 DAMPING

Damping is the dissipation of energy from an oscillat-
ing system, primarily through friction. The kinstic en-
ergy is transformed into heat. All structures have their
own unique ways of dissipating kinetic energy, and in
certain designs, mechanical systems known as dampers
(see Sec. 14-4) can be installed to increase the damping

rate.’

Figure 4.4 Oscillator with Damping

There are several sources of damping. External vis-
cous dampingis caused by the structure moving through
surrounding air {or water, in some cases). It is gener-
ally small in comparison to other sources of damping.
Internal viscous damping, commonly the only type of
damping actually modeled, is related to the viscosity
of the structural material. It is proportional to veloc-
ity. (See Eq. 4.14.) Body-friction damping, also known
as Coulomb friction, results from friction between mem-
bers in contact. It includes friction at connection points.
Sections of opposed cracked maesonry walls rubbing back
and forth against one another are very effective body-
friction dampers, Another source of damping, radiation
damping, occurs as a structure vibrates and becomes a
source of energy itself. Some of the energy is reradiated

64 damper is similar in design to a shock ebsorber and is often

depicted as a plunger moving through a pot of viscous fluid. In
modeling, dampers are also known as daskpots, although this term
is more common among mechanical engineers.
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through the foundation back into the ground. Finally,
hysteresis demping ‘occurs when the structure yields

during reversals of the load. (See Sec. 5-7.)

For internal viscous damping, the frictional damping
force opposing motion is given by Eq. 4.14. The
exponent n in Eq. 4.14 is usually taken as 1.0 for slow-
moving systems and 2.0 for fast-moving systems. How-
ever, even these values are idealizations, The coefficient
B in Eq. 4.14 is known as the damping coefficient.

Fiamping = Bv™ [4.14]

4-7 DAMPING RATIO

An oscillating system with a small amount of damping
will continue to oscillate, although the amplitude of the
oscillations will decay. Many cycles and a long time may
elapse before the system eventually reaches the motion-
less equilibrium position. This type of system is known
as an underdamped system.

A , I

Ag et
{dacay envelope)

Figure 4.5 Underdamped Motion
(Moderate Damping)

Conversely, a system may have a large amount of damp-
ing. When displaced, such an overdemped sysiem seems
to “hang in space,” taking an extremely long time to re-
turn to the motionless equilibrium position.”

X

Figure 4.6 Overdamped Motion

"An example of an overdamped system is a door with & slow-
closing device that will not permit the door to slam shut. Instead,
the door approaches the fully closed position slowly.

Both the underdamped and overdamped cases bring the
system back to the equilibrium position only after a
long time. There is one particular amount of damping,
known as critical damping, that brings the system to
equilibrium in a minimum time without oscillation. In
this case, the damping coefficient, B, is known as the

critical damping coefficient, Berivical.

Figure 4.7 Critically Damped Motion

Most systems are not critically damped. The ratio of
the actual damping coefficient to the critical damping
coefficient is known as the damping ratio, £.

B
B critical

£= [4.15]

4-8 DECAY ENVELOPE

For small and moderate amounts of damping (i.e., the
underdamped case), the oscillation will be bounded by
a decay envelope as was illustrated in Fig. 4.5. The
equation of the decay envelope is given by Eq. 4.16.

T = At [4.16]

The ratio of one cycle's amplitude to the subsequent
cycle’s amplitude is the decay decrement The natu-
ral logarithm of the decay decrement is the logarithmic

decrement, &,

P Tn ): 27
In (In+1 \/1 —-{2

[4.17]

4-9 DAMPING RATIO OF BUILDINGS

The exact damping ratio, £, of an actual structure is
difficult to determine. Furthermore, the damping ratio
increases during large swings. Available data on actual
structures suggest the values given in Table 4.2. There
is little evidence to support damping ratios in real struc-

tures that exceed 15%.
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Table 4.2
Typical Damping Ratios

type of construction - £

steel frame
welded connections

flexible walls 0.02

steel frame
- welded connections
normal floors
exterior cladding 0.05

steel frame
" bolted connections
normal floors
exterior cladding 0.10

concrete frame
flexible internal walls 0.05

concrete frame
flexible internal walls
exterior cladding 0.07

concrete frame
concrete or masonry

shear walls 0.10
concrete or masonry shear wall  0.10
wood frame and shear wall 0.15

Although the damping ratio is essentially constant for a
given building, the damping ratio of a particular build-
ing type or construction material appears to depend on
the natural period of the building. Buildings with natu-
ral periods of less than 1.0 sec may have damping ratios
two to three times higher than buildings with similar
construction but natural periods greater than 1.0 sec.
While generalizations that do not consider all factors
are possible, it appears that the building's damping ra-
tio, period, and construction method are all related.

4-10 DAMPED PERIOD OF VIBRATION

The period of oscillation of a system will be slightly
greater with damping than without it, since the damp-
ing slows down the movement. Equations 4.18 and 4.19
give the damped frequency and period. Most buildings
have only small amounts of damping. Therefore, the
damped and undamped periods are almost identical.

wg =wy/1- €2 [4.18]

m=2 [4.19]

4-11 FORCED SYSTEMS

A forced system is an oscillatory system that is supplied
energy on a regular, irregular, or random basis. The
force that supplies the energy is known as a forcing
function. Forcing functions can be constant (i.e., a step
function), applied and quickly removed (i.e., an impulse
function), sinusoidal, or random.

An example of a regularly forced system is a flexible
floor supporting an out-of-balance motor. When turn-
ing, the motor will generate a force at a frequency
proportional to the motor's rotational speed. An ex-
ample of a randomly forced system is a structure acted
on by wind or seismic forces. In the latter case, there

is little or no regularity to the applied forces.

It is not significant whether a lateral force (e.g., seis-
mic force or wind) is applied to a building directly or
whether the base moves out from under the building
(e.g., asinan earthquake). In the latter case, the gquiv-
alent lateral force is an inertial force, but it is just as
effective at displacing the building relative to its base
as any direct force is.

The system respanse (i.e., the behavior of a building) to
a force depends on the nature of the forcing function.
Unfortunately, earthquakes are never simple sinusoids
ard buildings have more than a single degree of free-
dom (see Sec. 4-16), so the determination of system
response is time consuming and complex. Computers
and numerical techniques, however, greatly simplify the

analysis.?

4-12 MAGNIFICATION FACTOR

Tt is not difficult to show that when a sinusoidal forcing
function with the form F(£) = Psinwyt is spplied to a
system with stiffness k, the steady-state response will

be of the form of Eq. 4.20.
Py
z(t) =p (TC.) sinwyt [4.20}

In Eq. 4.20, P/k is the static deflection, Zsiatic (see
Sec. 4-3), that is experienced if & constant force P is
applied to the system. A is a dynamic magnification
factor that depends on all other characteristics of the

system.?

81t moy not always be a simple matter, however, to interpret the
results of the analysis.

9The dynamic magnification factor depends on the natural and
forcing frequencies, the mass in motion, and the amount of damp-
ing {or, alternatively, on the damping ratio). Formulas for calcu-
lating the magrification factor for damped and undamped cases
are given in virtually every textbook covering vibration theory.

PROFESSIONAL PUBLICATIONS, INC.

EngineeringBooksPDF.com



30

SEISMIC DESIGN OF BUILDING STRUCTURES

413 RESONANCE

For a given system, the dynamic magnification factor,
{3, can be less than or greater than unity, depending on
the ratio of the natural and foreing frequencies. Figure
4.8 illustrates how the magnification factor varies for
different frequency ratios. At one point, corresponding
to where the forcing function frequency equals the nat-
ural frequency of the system, the magnification factor
is very large (theoretically infinite for undamped sys-
tems). Such a condition is known as resonance. The
ratio wy/w must be greater than v/2 for 8 to drop be-

low |1.0].

1 V2 wro
T
|

Figure 4.8 Undamped Magnification Factor

The 1985 Mexico City magnitude 8.1 earthquake oc-
curred on September 19, with a 7.5 aftershock oceur-
ring the next day. Approximately 400 buildings were
destroyed, and 700 were damaged. The death toll was
over 5000. The earthquake consisted of (approximately)
twenty 0.18 g pulses coming every 2 sec {the natural
period of the ground). This coincided with the period
for buildings in the 7 to 20 story range. The result-
ing resonance-related yielding was the primary cause of
structural failure. Quality of construction was not a
major factor in the widespread destruction,

Resonance is now considered a prime factor in the col-
lapse of the Oakland Interstate 880 Cypress structure
during the October 17, 1989, Loma Prieta earthquake.
The structure had a natural frequency of 2 to 4 He,
which coincided with the 3 to 5 Hz natural period of the
deep mud that under]aid piles that supported portions
of the freeway that collapsed. The depth of the mud
and the length of the piles varied between 20 to 80 ft.
The natural period also varied. Portions of the freeway
built on harder alluvial sediments remained standing.

Although the Cypress structure was built to the stan-
dards of its time, it was poorly designed, and it is
now recognized that use of nonductile reinforeed con-
crete joints and bents with only three hinges, and in-
adequate confinement of the structure made its failure

pradictable,

4-14 IMPULSE RESPONSE—UNDAMPED
SYSTEM

Seismic energy is applied to a structure in a nonregu-
lar manner. While a Fourier analysis can be used to
analyze the structure response, it is also possible to
break the irregular seismic loading into a series of short-
duration rectangular impulses. An impulse is a force,
F', that is applied over a duration, df, that is much less
than the natural period, T, of the structure, The prod-
uct-Fdt is 1.0 for a unit impulse. Therefore, a study of
the response, z(t), of a system to an impulse is of great
interest.}¢

Bquation 4.21 indicates that the same response will be
achieved from all short-duration impulses (sine, rectan-
guler, square, triangular, random, etc.) that have the
same value of [Fdt. Notice that the response is sinu-
soidal even though the loading is not.

z(t) ~ -Wgw_ f (Fdt)sinwt fundamped] [U.S] [4.21(a)]

z(t) m_lw f (Fdt)sinwt [undamped] [SI]  [4.21(b)]

4-15 DUHAMEL’S INTEGRAL FOR AN
UNDAMPED SYSTEM

If an undamped structure is acted upon by an irregular
force of any duration, the loading can be treated as a
series of impulses. The response in this case is given by
Eq. 4.22, known as Duhamel’s integral. Equation 4.22
is the application of superposition to a series of pulses,

each ending at time r.

I(t)=% /ﬂ F(r)sinw(t - 7)dr  [US] [4.22(a)]

[undamped)
m(t)=m—1w [ Firjinu(t-rdr @) 22(p)
fundamped)

Several numerical methods can be used to evaluate the
integral in Eq. 4.22. However, when the ground mo-
tion is not known in advance, such an integration is not
possible. Since earthquake motions are both nonregu-
lar and generally unexpected, it is usually acceptable to

W0an impulse loading can occur from a projectile impact, bamb
blast, sudden wind gust, or short-durstion seismic tremer.
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work with & maximum value of acceleration (or velocity
or displacement). This is the principle behind the spec-
tral values discussed in Sec. 3-9. From Egs. 3.1 and 3.2,
the total force (i.e., the base shear) on the structure is

Fopp = Mimax o W (g8} [4.23(a)]
Je g
Frnax = Mimax & MVmaxty 51 [4.23(b)]

< < < <> < <> <>
Ezample 4.3

A mass of 2 x 106 Ibm (9.1 x 10° kg) is supported on
two vertical members with lateral stiffnesses of 25,000
tbf/in (4.4 x 10°N/m) each. The columns have no mass
and are fixed at both ends. The lateral forcing func-
tion consists of a ramp up to 50,000 1bf (220 kN) tak-
ing 0.08sec, a uniform loading for 0.08 sec, and a ramp
down to zero taking 0.08 sec. Use Duhamel’s integral to
determine the response (displacement) as a function of

time.

2 X 108 lbm
force 9.1 X 105kg) =X

/" k=125,000 1bfin
(4.4 % 108 N/m)
gach column

50,000 Ibf
{220 kN)

¥ ALY
] | |

0.0Bsac 0.08sec 0.08sec

Customary U.S. Solution

The total combined stiffness, ki, of the two columns is

k: =(2) (25,000 -l—g) = 50,000 Ibf/in

From Egs. 4.11 and 4.12, the natural period is

[m
T—27T E‘E
2 x 10¢ Ibm

=27
ft-1bm Ibf in
(32.2 lbf—secz) (50,000 E) (12 E)

= 2.02 sec

Since the total period over which the loading is applied
is much less than the period (3 % 0.08 sec < 2.02 sec),
the loading can be considered an impulse.

The natural frequency is

2 2T
W= = e 3.11 rad/sec

The total impulse is
/ Fdt = (—;—) (0.08 sec)(50,000 1bf)
+ (0.08 sec)(50,000 Ibf)
+ (%) (0.08 sec)(50,000 Ibf)
= 8000 Ibf-sec

From Duhamel’s integral (Eq. 4.22), the response is
Fdt

——sinwt
™

( \

z(t)

8 bif-
000 Ibf-sec - G311
(2 x 10° Ibm) (3.11 ——)
sec

ft-lbm in
\ (32.2_—1bf_sec2) (12E) |

= (0.50 in)sin 3.11¢

ST Solution
The total combined stiffness, k¢, of the two columns is

k. = (2) (4.4 X 10’3%) =8.8 x 10° N/m

From Egs. 4.11 and 4.12, the natural period is

T=21r1/-1k£=21r

5
91x10°kg _ 00

8.8 x 108—
m
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Since the total period over which the loading is applied
is much less than the period (3 x 0.085s < 2.02s), the
loading can be considered an impulse.

The natural frequency is

_27r
T 2025

_ 2
YET
The total impulse is

det ( ) (0.08 s)(220 x 10° N)

+(0.085)(220 x 10°N)
( 1 3
N 5). (0.085)(220 x 10° )

=352 x 10*N-s

From Duhamel's integral (Eq, 4.22), the response is

/ Fdt .
= { —sinwl
miw

3.52 x 104 N-s

sin 3.11¢
(9.1 x 10 keg) (3.11 %)

= (1.24 x 10~? m)sin 3.11¢

e e " - o e e

4-16 MULTIPLE-DEGREE-OF-FREEDOM
SYSTEMS

A system with several lumped masses, such as a build-
ing with multiple concrete floors supported by steel
columns, whose positions are independent of one an-
other is a multiple-degree-of-freedom (MDOF) system.

An MDOF system has as many ways of oscillating as
there are lumped masses, These “ways” are known as
modes. Each mode has its own characteristic mode
shepe and natural frequency of vibration, each being
some multiple of the previous mode's frequency. The
mode with the longest period is known as the first or
fundamental mode. Higher modes have higher frequen-
cies {smaller periods), and the periods decrease rapidly

from the fundamental mode.’! Typical mode shapes of
an MDOF system with three lumped masses are shown

in Fig. 4.9,

4 4,
Q | ——— - ’o
\\\ .\, P
o} %
\ !
\ !
o Q
1 AY
! SN
AY
W/WLM W 7
(a} {b} (]

Figure 4.9 Typical Mode Shapes for a Three-
Degree-of-Freedom System

4-17 RESPONSE OF MDOF SYSTEMS

Each modal frequency results in a specific mode shape,
as illustrated in Fig. 4.9. However, an earthquake con-
tains waveforms with varied frequency content; there-
fore, all of the modes may be present simultaneously in
an earthquake. This makes it difficult to determine the

building's response.

Since MDOF response can be determined as the su-
perposition of many SDOF responses, matrix analysis
(on & computer) can be used to evaluate MDOF sys-
tems based on the equivalent SDOF performance. As
with SDOF systems, considerable stmplification can be
achieved by limiting the analysis to the maximum de-
flections. However, even this simplification requires a
probabilistic analysis because the modal maxima, do not
occur at the same time, nor do they necessarily have the

same sign.

Various approximation formulas are used to combine
the modal maxima. The sum-of-the-squares approxima-
tion is commonly quoted.!? If the maximum displace-
ments, A;, are known for the first n modes for some
particular point (e.g., the top story), Eq. 4.24 usually
gives a conservative estimate of the total displacement.

D A? [4.24]

Npor example, for a typical high-rise building with a uniform
plan view and a moment-resisting frame, the decrease ig in the
order of 1, 1/3, 1/5, 1/7, 1/9, and so0 on.

Rpisis an easy computational appreximation. Whether or not
it is an accurate appraximation is beyond the scope of this book.
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The method of combining modal responses by taking
the square root of the sum of the squares is referred to
in the UBC-97 as the SRSS method {Sec, 1633.1]. An
alternative to SRSS is the Complete Quadratic Combi-
nation (CQC) method described in the Commentary to
the 1990 SEAQC Blue Book.

“Theoretically, all mode shapes must be included in the
summation, but, in practice, most of the vibration en-

ergy goes into the first three to six modes, and higher
modes can be disregarded. (With the use of a com-
puter, however, there is no need to stop with such a
small number of modes,) Since the lower modes domi-
nate, the response spectra for MDOF systems are simi-
lar to those of SDOF systems. (See Sec. 5-1.) For short
periods (e.g., less than 1sec}, the MDOF response is
usually slightly less than for first-mode SDOF systems.

For periods exceeding 1 sec, the response usually slightly.

exceeds SDOF response.!3

The UBC-97 requires that all significant modes be in-
cluded [Sec. 1631.4.1]. This can be accomplished by
malking sure that for all modes considered, at least 90%
of the mass of the structure is included in the calcula-
tion of response for the horizontal direction being in-
vestigated [Sec. 1631.5.2].

< < < < < < <
Fzample 4.4

Determine the three modal frequencies for the
MDOF system showz.

Solution

Let 1, z9, and x5 be the displacements—measured with
respect to the equilibrium position—of masses 1, 2, and
3, respectively, Then, neglecting the inertial (ma) force,
the spring forces on each mass are

13 This generalization is highly dependent on the response spec-
trum and the aqu type at the site.

< ka(xa-le@)
< kztxz"Xﬂ@ka(Xa‘le =

«F1¥1 @kz(-’fz—’ﬁ) »

The free bodies shown are not in equilibrium.
(This is particularly evident for mass 3.) According to
D'Alembert's principle of dynamic equilibrium, an iner-
tial force resisting motion must be added. This inertial

force is
Finertial = Ma

However, from Eq. 3.2, the acceleration is approximate-
ly wlz.

Fiertial = mw?z
Therefore, the equilibrium equations for the three mass-

es are found by adding the inertial force to the spring
forces and then combining coefficients for the three dis-

placements.

mass 1: (m1w2 — (k1 + kz))ﬂ:l + ko =0
mass 2: kgzy - (mgm2 — (ko + ka))ﬂ?g + kazg =10
mass 3! kzTo + (mng - ka)mg =0

The masses and stiffnesses are known. Writing the three
equilibrium equations in matrix form,

w? - 200 100 0 Ty 0
100 w? — 200 100 z|=1{0
0 100 0.5w% — 100 | Lza 0

Disregarding the trivial solution, the coefficient matrix
must have a determinant of zero. Setting the determi-
nant equation to zero results in the following equation.

w® — (600)w* -+ (80,000)w? - 2,000,000 = 0

Being a cubic, this equation has three roots. Each root
is a modal frequency.

wy = 5.18 rad/sec
wq = 14.14 rad/sec
w3 = 19.32 rad/sec

< < < < < < O
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4-18 MODE SHAPE FACTORS

The mode shape factors, ¢, are relative numbers that
represent the ratios of each of the story deflections (from
the equilibrium position) to some common basis, usu-
ally the deflection of the first or last story. Since mode
shape factors are relative, they can usually be deter-
mined by initially assuming a value of one of the deflec-

tions. o
gi=— [4.25)

Figure 4.10 Mode Shape Factors

In some cases, the mode shape factors are normalized

by dividing by /3, m:6¢. Then Eq. 4.26 will be valid.

Zmﬁi’? =1 - [4.28]

lo R " R - R e e .

Erample 4.5

Find the normalized first mode shape for the system in
Ex. 4.4.

Solution

The first equilibrivin equation is

(muw? — (k1 + kg))T1 + koza =0
((1)(5.18)% — (100 + 100))z1 + 100z =0
=173.22; + 100z =0

. Since the mode shape factors are relative, let = =
1. (This will result in an unnormalized mode shape.)

Then, z; = 1.732.

* Similarly, the equilibrivm equation for mass 3 is

k3za + (m3w2 - k3).’L‘3 ={
(100)(1.732) + ({0.5)(5.18)% — 100)z3 = 0
' I3 = 2

The unnormalized mode shape is

Vo mig? = /(DA + (1)(L732) + (0.5)(2)°
=v6

Dividing each of the unnormalized mode shape factors
by v/6 results in the following mode shape.

e R " - - - R &

4-19 RAYLEIGH METHOD

Examples 4.4 and 4.5 show the significant computa-
tional burden of performing & full dynamic analysis for
even a simple MDOF system. While the computer is an
ideal tool for doing this, there may be some situations in
which such an analysis is unnecessary or inappropriate.
(See Sec. 6-33.)

For such situations, it may be possible to use one of sev-
eral iterative procedures, most of which are variations of
the Rayleigh method. This method starts by assuming
a mode shape. (Even poor initial assumptions converge
rapidly to the correct answer.) Then, the maximum
kinetic energy is set equal to the meximum potential
energy. Eventually, the mode shape is celculated and
used as the starting point for the subsequent iteration.
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The Stodole method, consisting of the following steps,
is one such iterative process.!4

step 1: Assume a mode shape. That is, assume a deflec-
tion, z, for each mass. (A good starting point
is the shape taken by the structure when it is
turned 90 degrees and acted upon by gravity.)

step 2: Compute the inertial forces for each mass from

Eq. 4.7, -
Fnectial & Tm-b'2$ [427]

step 3: Compute the spring forces on each mass as the
sum of the inertial forces acting on the springs.

step 4: Compute the spring deflections.

step 5: Calculate the mode deflections from the
spring deflections. Repeat from step 1 as re-

quired.

<> <> < < < < <
Ezample {.6

Use one iteration of the Stodola method to determine
the mode shape of the system in Ex. 4.4.

Solution

step 1: Assume the following mode shape.

T3 = 2.0
T9=1.5

T =1

zg = 0 (ground)

step 8: The inertial forces are given by Eq. 4.27,

Fi = (05)(w*)(2) =
Fp = (1){@?){1.5) = 1.50?
Fy = (1)(?)(1) =’

step §; The.spring forces are

Fy3 = Fg = w?

Fup = Fg + Fig = 2.5u*
Fy = Fyy + Fo + Fig = 3.50°

14he Holzer method is enother iterative procedure; it is not dis-
cussed in this book. See Wakabayashi (1986) and other structural
engineering analysis books.

step 4: The spring deflections are
Fsa

T3 = g = 0.01&12
Ty = Fa 0.025w?
k2

Ty = %i = 0.0350*

1

step §: Dividing by w?, the new relative mode deflec-
tions are

I =T — 0.035
Zg = Ts1 + iz = 0.060
T3 =T +Isa+Tea= 0.070

Dividing by 0.035, the mode shape is

3 =2.00
zo =171
I = 1

These values can be used to repeat the procedure. Even-
tually, the values from steps 1 and 5 will agree.

Yo TR - SR« TR = > T+ S

4-20 PARTICIPATION FACTOR

The participation factor, T, is the fraction of the total
building mass that acts in any particular mode, j. It
can be used to calculate the story drift, =. (See also
Sec. 4-19.) The denominator of Eq. 4.28 is the same as
Eq. 4.26 and will be equal to 1.0 if normalized mode
shape factors are used. (If the mode shape factors are
normalized, the denominator is not needed.) Weight,
W, can be substituted for mass, m, in Eq. 4.28.

2o migy;
= === 4.28
o 29
z =TS [4.29]

The participation can also be used to calculate the floor
force, F,, that acts at story z (i.e., the force that acts
at that level) and the cumulative story shear, Vz, that
acts at that level and above. This can be done in two
ways, one method derived from Hooke's law and us-
ing the spring constant, and the other method derived
from Newton’s law and using the mass. (Section 6-35
describes the UBC-97 method of distributing the base
shear to the stories.}

= FH;S"¢ =T'kS54¢

[US] [4.30(a)]

Fy =TmS,¢ =TkS: (5] [4.30(b)]
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Ezample 4.7

Determine the drifts, story shears, and total base shear
for the structure in Ex. 4.5. Assume the spectral dis-
placement and acceleration are 4 (arbitrary units) and
0.28 g (108 in/sec?), respectively. Assume consistent

units are used.

Solution

First, calculate the participation factor from the nor-
malized mode shape factors determined in Ex. 4.5.
Since normalized values are used, the denominator has

a value of 1.0 and is not needed.

I'= Z mid;
= (1)(0.408) + (i)(0.707) + (0.5)(0.816)
= 1.523
Use Eq. 4.29 to calculate the total drifts.

= 'Sy = (1.523)(4)(0.408) = 2.49
z2 = (1.523)(4)(0.707) = 4.31
z3 = (1.523)(4)(0.816) = 4.97

The story drifts are relative to the floors below.

T3 = 4.97 ~ 4.31 = 0.66
Ty =4.31 —2.40 = 1.8
21— ground = 2.49 — 0 = 2.49

Calculate the story shears from the story drifts. Each
of the lateral stiffnesses was 100.

W = kz; = (100)(2.49) = 249

Va = (100)(1.82) = 182

V3 = (100)(0.66) = 66

The floor forces can be calculated from the story shears
or the participation factors. .

=V -V;=249-182 =67
B=V-V=182-66=116
=V =

Alternatively,

F, =T'mS,¢ = (1.523)(1)(108){0.408) = 67.1
Fy =(1.523)(1)(108)(0.707) = 116.3
Fy = {1.523)(0.5)(108){0.816) = 67.1

The base shear is the sum of the floor forces.

V=R+F+F;
=67.14+118.3+67.1
= 250.5

@ F=67.1
(2™ 1163
)1 =071

7.

concentrated floor forces

Vs = 67.1

- J

=67.1+116.3= 1834

V,;=67.1 + 116.3 + 67.1 = 2560.5

basa shear = 250.5
4"—5

cumulative foading: story
shears and base shear

)
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RESPONSE OF STRUCTURES

5-1 ELASTIC RESPONSE SPECTRA

The response of a building to earthquake ground motion
depends on the dynamic characteristics of the building.
Specifically, the natural period (Sec. 3-8) and the damp-
ing ratio {Sec. 4-7) affect building response more than
do other factors. For a given damping ratio, £, a curve
known as a response spectrum of spectral acceleration,
S,, can be drawn that plots the maximum acceleration
response of an elastic single-degree-of-freedom system
for a given ground motion against the natural period
of the system. The response spectrum for a particu-
lar earthquake can be used to determine the theoretical
maximum acceleration response of the building by en-
tering the plot with the natural period and damping
ratio of the building.

There will always be a region on the response spectrum
where the acceleration is highest. This occurs where the
natural building period coincides with the predominant
earthquake perfod—when the building is in resonance
with the earthquake. For California earthquakes, the
peak usually occurs in the 0.2 o 0.5 sec period range.!
Theoretically, infinite resonant response (i.e., an infinite
magnification factor) is possible, though it is highly un-
likely since all real structures are damped.?

1t seems intuitively logical that a building with large
amounts of internal demping will resist acceleration

}Phis is not always the case, ag shown by the Loma Prieta earth-
quake.

25 properly designed and constructed building seldom experi-
ences true resonance, Planned or unplanned yielding occurs be-
fore true resonant response is achieved, and this yielding damps
out the resonance.

(i.e., motion) to a greater extent than will a similar
building with no damping. Such behavior is actually ob-
served as spectral acceleration decreases because
damping increases, although the effect of damping at
lower periods is slight (since the natural periods of un-
damped and lightly damped structures are essentially
the same). A family of curves {i.e.,, response specira)
for an actual earthquake for various damping ratios is
illustrated in Fig. 5.1. Similar response spectra can be
developed for spectral velocity and speciral displacement.

The spectra shown in Fig. 5.1 are for elostic response to
an earthquake. That is, the structures used to develop
the curves moved and swayed during the earthquake,
but there was no yielding. For that reason, the curves
are known as elastic response specire.

2000 +
8y
{em/s?)

[} c = 0%

1000 |

5%
10%
1 2 3 4 5

natural periad (sec)

Figure 5.1 Typical Elastic Response Spectra
(1840 El Centro Earthquake in

N-S Direction)
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5-2 IDEALIZED RESPONSE SPECTRA

The response spectra derived from the behavior of one
SDOF system in one particular earthquake are usually
quite jagged, as shown in Fig. 5.1. It is not possible to
use such a historical record for design, since it is unlikely
that an earthquake matching the original earthquake in
duration, magnitude, or time history will occur. Also,
even if the design earthquake was completely specified,
the significant variation in spectral values over small
period ranges would require an unreasonable accuracy
in the determination of the building period. To get
around these problems, & smoothed average design re-
sponse spectrum based on the envelopes of performance

of several earthquakes is developed.

maximum acceleration {fi/sec?)

04 08 12 18 20 24 28
natural period {sec)

Figure 5.2 Average Elastic Design Response Spectra
(based on the 1940 El Centro Earthquake)

[multiplier = 1]

o R T - R~ e e .

Ezample 5.1

The primary support for an industrial driil press with a
mass of 100,000 1bm (45000 kg) is the structural steel
bent shown. The beam-column and base connections
are rigid. The horizontal beam has a mass of 119 Ibm/ft
(160 kg/m), neglecting the weight of the vertical sup-
ports. The system has 5% damping. Determine the
elastic response (i.e., base shear) for a 1940 El Centro
earthquake in the north-south direction. Use average

design spectra.

100,000 Ibrm {45 000 kg)

10 ft (3 m) 10 ft {3 m)
W18 x 119
north
——
W 14 x 82 each colurmnn
224t
{6.6 m}
E=29 X107 psi
{2 % 105 MPa)

[=882inf aach
(3.67 X 104 m4 each}

T, AR/ 7

Customary U.S. Solution
The total mass, m, of the moving system i3

m = 100,000 Ibm + (20 ft) (119 %E)

= 102,380 Ibm

From Table 4.1, the combined stiffness, k;, of the two
vertical supports is

@(12) (2.9 X 107 E) (882in%)

in®

S 2
3f1p
(22 ft) (12 ft)
=4 x 10° Ibf/ft

From Egs. 4.11 and 4.12, the natural period of vibra-
tion, 7', 15

fm
T=2m[—:
iy ook

Ly 102,380 Ibm
- ft-lbm Ibf
H=hm 5%

(32'2 lbf—secz) (4 x10 ft )

= U.56 sec
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From Fig. 5.2, the spectral acceleration for this period
and 5% damping is S, = 5.5 ft/sec®. From Eq. 3.1, the
base shear is

: ft
(102,380 Ibm) (5.5 -—2-)
Ve mS, _ SBC
T g ft-Ibm
" Ibf-sec?

=175 x 10* Ibf

ST Solution

The total mass, m, of the moving system is

m = 45000 kg + (6 m) (160 %) =45 960 kg
From Table 4.1, the combined stiffness, k;, of the two
vertical supports is

b=(2) (ﬁ,f-{)
@)(12)(2 x 10° MPa)(loﬁ %)(3.67 x 104 m?)

- (6.6 m)3
=6.13 x 10° N/m

From Egs. 4.11 and 4.12, the natural period of vibra-

tion, T, is
T= 2#1/% =2

=0.54s

45960 kg

6.13 x 108 N
m

From Fig. 5.2, the spectral acceleration for this period
and 5% damping is approximately S, = 1.65 m/s.
From Eq. 3.1, the base shear is

m
V =m§, = (45960 kg) (1.65 5—2)
=758 x 104N

S D OO o o O

5-3 RESPONSE SPECTRA FOR OTHER
FARTHQUAKES

The design response spectra in Fig. 5.2, although nor-
malized and averaged over several earthquakes, are ad-
justed for an earthquake of a specific magnitude and
peak ground acceleration. Based on historical data and
probability studies, the recurrence interval for an earth-
quake of that magnitude can be determined. For exam-
ple, an earthquake of the 1940 El Centro magnitude is

expected at that site, on the average, every 70 years.
However, smaller earthquakes will be experienced more
frequently than every 70 years, and larger earthquakes
will be experienced less frequently than every 70 years.

In order to apply the average design response spectra
to other earthquakes, they are simply scaled upward or
downward for larger and smaller earthquakes, respec-
tively. For example, Table 5.1 gives the scale factor (to
be used to scale Fig. 5.2 downward) for other recurrence

intervals at the E! Centro site,

Table 5.1
Scale Factors for Other Recurrence Intervals

(based on elastic response to the
1940 El Centro Earthquake)

recurrence  scale
interval (yr) factor

2 2.77
20 1.83
32 1.50
70 1.00

5-4 LOG TRIPARTITE GRAPH

Since spectral acceleration, velocity, and displacement
for linesr elastic response are all related (see Eq. 3.2),
all three spectral quantities can be shown by a single
curve on a graph with three different scales. Such a
graph is done on a logarithmic scale and is known as a
log tripartite plot, Both elastic and inelastic (see Sec. 5-
9) tripartite plots are widely in use. However, for in-
elastic response, the spectral acceleration, velocity, and
displacement cannot be represented by a single curve
on the tripartite plot.

Tripartite plots, both elastic and inelastic, can differ in
how the axes are arranged. Figure 5.3 illustrates two
common arrangements for presenting the information.

% 4
T & T 1o &
o 2 . 2
=1 3 o G
L g
log f—> log T—»
{a) . {b)

Figure 5.3 Two Types of Log Tripartite Plots

PROFFSSIONAL PUBLICATIONS. INC,

v.EngineeringBooksPDF.com



SEISMIC DESIGN OF BUILDING STRUCTURES

40
L I ARNEEVAINNE I W NP N 7 TN T XN 71 T1%]
TN IR ST SRR ST S
MNP //X /’\X\-\:. H‘\ ] XX \\
403;;((& X /] / N < AN 4 ne'¢ /;=0.0=)( A 5,
o [N O ™\,
SN /] N }ﬂ\ NN /] 7}% \ X NN
NIRRT RO s NIRRT R, I
20 4 X;}?’\ l/ <~/ ] %) Bf\ <y 26;}, \Bin ><;
N >/“r3‘*«q/</ NA /&3&3}//‘?"'2 Mz
= "G % A I T Dt O B N
s KK S I PSSR K1)
3 K 1N NV SN KA A7 1N A SETY O NALA A )
3 / 7 AT R8T Rz LA KIS X R 2 N7
2 A LT INJLZX oL | 7 N LS S XN K LA
g TN IR NIRRT
g 5\\ ANA A //9\ Lﬁ\x VAN // AN XN
4 ><<\ // )55\ ';{:@& ,<)< < \‘Zq;‘- >< ///&’\/\ \\\/2\
DANNZAE N b ted A4 AN BN
< N /,/72(%@" @&E" 2 sz \_L&%".c{ /X \\\\
2 ></ )‘§¢°\ 4 -e'?\‘bﬂa' \>< PR o \\ \\
/’/J>/<{4;§ \i\\‘ S KD . \\ N
e N £y /1 ™
/‘: QT /ét l%ﬁ‘ //</ 4 "
0.05 0.1 0.2 03 0.4 05 1 2 3 4 5 10

undamped natural pericd T {sec)

Figure 5.4 Elastic Log Tripartite Plot (1940 El Centro Earthquake)

Reprinted from Design of Multistory Reinforced Concreie Buildings for Earthquake Motions, by John A. Blume,
Nathan M. Newmark, and Leo H. Corning, 1961, with permission from the Portland Cement Association, Skolde, IL..

5-5 DUCTILITY

The expected magnitude of seismic loads and the na-
ture of building codes make it necessary to accept some
yielding during large earthquakes.® The design provi-
gions in modern seismic codes could not create a purely
elastic response during a large earthquake; in any case,
building a striicture with such a response would not be
economical,

Displacement ductility (or just ductility) is the capabil-
ity of a structural member or building to distort and

3The high seismic loading expected In California and the high cost
of a totally elastic design make it necessary to accept some yield-
ing. Therefore, the building is designed to withstand & smaller
effective peek acceleration {see Sec. 3-5) without yielding, thereby
ensuring yielding when a larger ground acceleration is.experienced.

yield without collapsing. During an earthquake, a duc-
tile structure can dissipate large amounts of seismic
energy after local yielding of connections, joints, and
other members has begun.

The actual ductility of a joint or structural member is
specified by its ductility factor, p. There are 2 number
of definitions of the ductility factor, all of which repre-
sent the ratio of some property at failure (i.e., fracture)
to that same property at yielding. For example, the
ductility factor may be specified in terms of energy ab-

sorption, as in Eq, 5.1,

. Uteacture

5.1
Uyierd 5.1

In addition to the definition based on the ratio of ener-
gies, there are definitions of the ductility factor based
on ratios of linear strain and angular strain (rotation).
These definitions are not interchangeable, although they
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are related.! Generally, however, the basic concept (i.e.,
the ratio of some failure property to the same yield
property) is all that is needed to explain the significance
of a ductile structure.

The minimum assumed ductility (based on strain or
deformation) of building structures with good connec-
tions and good redundancy that are designed to modern
seismic codes is 2.2. (Ductility of bridge structures is
much less.) Desirable levels vary, although it is best to
have large values of the ductility factor—4 to 6 for con-
crete frames and 6 to 8.5 for steel frames. In order to
achieve these levels of ductility in the structure overall,
the structural members themselves must have special
detailing with inelastic deformation in mind.

5-6 STRAIN ENERGY AND DUCTILITY
FACTOR

The area under the stress-strain curve represents the
strein energy absorbed, /. The maximum energy that
can be absorbed without yielding (i.e., the area under
the curve up to the yield point) is known as the modulus
of resilience, Up. The maximum energy that can be
absorbed without failure is the modulus of toughness
(rupture), Ur. One definition of the ductility factor, £,
can be calculated from the ratio of these two quantities.

_Ur

[5.2]

rupture

€

Figure 5.5 Strain Energy

5-7T HYSTERESIS

Huysteresis (hysteretic) damping is the dissipation of part
of the energy input when a structure is subjected to load

4For ideal (linear) elastoplastic systems, the ductility based on
energy absorption, sy, can be caleulated from the ductility based
on strain, f, as

Br=2—1

This means that if the ductility, as calculated from linear strain,
is 4 to 6, the ductility will be 7 to 11 when calculated from Eq. 5.1

reversals in the inelastic range. Such dissipation occurs
in the structure itself as well as in the soil around the
foundation and, therefore, depends on the nature of the
building, foundation, and soil. The energy lost per cy-
cle, Uy, is the area within the hysteresis loop, as shown
in Fig. 5.6. Hysteresis losses are unaffected by the ve-

locity of the structure.

force
plastic

deformation

high Initial stiffness

Figure 5.6 Hysteresis Loop

Inasmuch as it is difficult to evaluate hysteresis losses,
hysteresis damping in seismic studies is sometimes ac-
counted for by defining an equivalent internal viscous
damping. Such an approximation works reasonably well
in some cases, but the validity deteriorates as the de-
flection increases,

5-8 LARGE DUCTILITY SWINGS

The effect of reversal deformation after a few cycles of
very high ductility is significant. Tests and actual ex-
perience indicate that even modern structures can fail
after only a few deformation reversals if the strain is
well into the inelastic region.? It is particularly easy to
show that threaded rods are susceptible to such failure.

5-9 INELASTIC RESPONSE SPECTRA

The total seismic energy, U, received by a building
structure in an earthquake is stored or dissipated in
four primary ways. Some of the energy is stored as
elastic strain energy (Ug); some is converted into ki-
netic energy (Uy); some is dissipated. as hysteretic or
plastic losses (U/z); and some is lost due to frictional

5This type of failure was first predicted in a controversial paper

written by Vitelma V. Bertero and Egor Popov in the 1960s. Such
faflures were actually cbserved in the 1964 Alasla and 1971 San
Fernando earthquakes,
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and damping effects (Ug). In the simplest models, the
sum of these four terms equals the total energy input.

Particularly when the building is stressed in the elastic
region, input energy is dissipated relatively slowly, pri-
marily because of internal friction (i.e., damping) of the
structure converting the kinetic energy into heat. How-
ever, it takes much more energy to plastically deform
parts of the structure. Since the amount of input en-
ergy is limited to what was received and the frictional
losses are approximately constant, an increase in this
energy of deformation is accompanied by a decrease in
the kinetic energy of oscillation. Thus, each yielding
connection, every broken column, and every sheared pin
dissipates a finite amount of kinetic energy. Therefore,
a building’s amplitude of oscillation number of oscilla-
tion cycles decrease as major portions of the building
yield. '

The inelastic design response spectra (IDRS) show what
the aceeleration will be when some of the seismic energy
is removed inelastically. It is appropriate to consider
the inelastic effects when the response of a building to
a major earthquake is being determined. The inelastic
response spectra are usually derived from the elastic

response spectra.

There are several well-known methods of obtaining the
inelastic response spectra from the elastic response spec-
tra, but few of them are suitable for manual calcula-
tions. Perhaps the quickest and easiest, though not
necessarily the most rigorous, method is simply to scale
the elastic curves downward by some function of the

ductility factor.
Su.,elnsl:ic [5 3]

Sa,[nelu.stic = factor

The “factor” in Eq. 5.3 depends on the period. For
extremely small periods (i.e., frequencies greater than
approximately 33 Hz), there is no reduction at all. For
periods greater than approximately 0.5 to 1.5 sec (ie.,
frequencies less then 2 Hz), the ductility factor (based
on strain), i, itself can be used as the reduction fac-
tor. For intermediate periods (33 Hz > f > 2 Hz), the
reduction factor is approximately /iy = /2 - 1.

In converting an elastic response spectrum to an in-
elastic response spectrum, the ductility factor, p, used
to calculate the reduction factor may be known as the
structure deflection ductility factor or design ductility
factor, pa. It is the ratio of the deflection at ultimate
collapse to the deflection at first yield, measured at the
roof of the structure. Estimates of this value are known

5a ylelding structure experiences larger localized deformatlons
then an elestic structure does. This is different, howaver, from

the overall oscillation of the structure.

to be unreliable at low natural periods (i.e., high fre-
quencies), but the simple division by pza or . is favored
because of its simplicity.

Values of the design ductility factor in excess of 6 are
not often used, as excessive damage (architectural as

well as structural) would be experienced, even though
larger values (up to 10 for ductile steel structures) are

readily achievable.
At high periods (i.e., low frequencies), energy absorp-

" tion effects dominate, and a ductility factor based on

energy (rather than strain), pp, is more appropriate
for use in determining the inelastic response spectrum.

(See Ftn. 4.)

5-10 NORMALIZED DESIGN RESPONSE
SPECTRA

For design purposes, the response spectrum should be
representative of the characteristics of all seismic prop-
erties experienced at a specific site. The design response
spectrum should be based on geologic, tectonic, seis-
mological, and soil characteristics associated with that
gpecific site if these are known. If not, it may be con-
structed according to the spectral shape presented by
Fig. 5.7 (UBC-97 Fig. 16-3). Figure 5.7 is normalized
with respect to the peak ground acceleration (EPA) and
uses the site-specific values of seismic response coeffi-
cients, C, and C,, spectral accelerations that define
the shape of the response spectrum.

control pariods

T, = C,/2.5€,
T,=0.2T,

spectral acceleration (g's)

period {sec}

o
~

s

Figure 5.7 Design Response Spectrum

The seismic response coefficients C; and €, account
for the potential amplification of the ground vibration
generated at a specific site by an earthquake (seismic
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response throughout the spectral range). They are in-
fluenced by the regional seismicity and geology, the ex-
pected recurrence rates and meximum magnitudes of
events on known faults and seismic zones, the proxim-
ity of the site to active seismic sources (i.e., faults), and
the characteristics of the site soil profile.

The seismic response coefficient, C., corresponds to the
site-dependent effective peak acceleration at grade and

is controlled by the short period portion of the spectrum -

for structures having a fundamental period of equal
to or less than C,/2.5C,. C, corresponds to the site-
dependent effective peak acceleration response at 1.0sec
period and is controlled by the longer period portion of
the spectrum. UBC-97 Tables 16-Q and 16-R give val-
ues of G, and C,.

In seismic zone 4, the seismic response coefficients, Ca
and C,, are functions of Ny. N, is the near-source
factor related to both the proximity of the building or
structure to known active faults with specific magni-
tudes and slip rates as given in UBC-97 Tables 16-T
and 16-U. (See Sec. 6-18.) For sites more than 9 mi
(15 km) away from major identified faults and more
than 1.2 mi (2 km) away from minor faults, N, = 1.0.

5-11 RESPONSE SPECTRUM FOR
UBC-97-DEFINED SOIL PROFILES

Six different soil profile types are classified in the UBC-
97 based on average shear wave velocity in the top 100 ft
(30 m) of the soil layer: 54, Sg, Sc, S, Sg, and Sp

(see Sec. 6-15). The UBC-97 design response spectrum -

(Fig. 5.7) is site dependent by virtue of the soil-profile
dependence of seismic coefficients C, and Cy. In zone 4,
the coefficients are also dependent on near-source fac-
tors N, and NV,. For near-source factors of 1.0, the site-
specific UBC-97 response spectra are shown in Fig, 5.8,

4..

w
1

rock and dense solls

stiff clay scils

]
"

- soft to medium
i clays and sands
~ <

spectral acceleration (g's)

-—
3

———

10 K 20 3.0
structure period, T {sec)
Figure 5.8 Normalized Response Spectra Shapes
(N, =1.0)

The functions plotted in the figure are easily derived by
computing quantities C, and Gy from UBC-97 Tables
16-Q and 16-R. and T, and T from the definitions shown

in Fig. 5.7.

5-12 DRIFT

Drift (also known as story drift) is the lateral displace-
ment (deflection) of one floor relative to the floor be-
low. Story drift is shown graphically in Fig. 5.10. There
are two main reasons to control drift. First, excessive
movement in upper stories has strong adverse psycho-
logical and physical effects on occupants. Second, it is
difficult to ensure structural and architectural integrity
with large amounts of drift.” Excessive drift can be
accompanied by large secondary bending moments and
inelastic behavior. (See Sec. 5-13.) In a severe earth-
quake in which yielding is experienced, a modern high-
rise building can be expected to experience a drift of
approximately 2% of its total height at the roof level.®

There are three components of drift: (1) column and
girder bending and shear, (2) joint rotation, and
(3) frame bending. The first component is sometimes
referred to as bent action. The first iwo components
together are referred to as shear driff. The third com-
ponent is known as chord drift and cantilever displace-
ment.

total

drift
A

—+

Figure 5.9 Total Drift

7 Architectural failures are such nonstructural damage as failure of
partitions, windows, and hung ceilings. In low-rise construction,
damage to stairwells and elevator shafts can alse be considered
nonstructural. However, in high-rise construction, stalrwells and
elevator shafis usually constitute the most critical structural ele-
ments in the structural core,

BThe UBC-97 limits the drift under the code-specified design
lateral forces based on the fundamental period of the structure
[UBC-97 Sec. 1630.10,2]. (See Sec. 6-25.) Under larger forces,
the drift will be larger.
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lavel 3

level 2

level 1
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Figure 5.10

Table 5.2 contains generalizations about the effects of
different variables on drift, The drift is proportional to
the variables (raised to the powers indicated) defined in

the table.

Table 5.2
Effect of Different Variables on Drift

column girder joint chord
variable drift drift  drift  drift

story height, #  H® H? H?  none

building height, H none  nome none H®
girder length, L ~ nome L none L3
column depth, D D? none D71 none

girder depth, D none D? D~!  none
column height, # H none H? none
shear load, F' none none none F

frame length, . none  none nome L7

The story drift ratio is the story drift divided by the
height (Hoor to floor) of the story.

The UBC-97 requires computation of seismic building
drifts based on the response that occurs during the de-
sign earthquake. Simply, the drift value should corre-
spond to the drift that would occur when the structure
responds inelastically to a 10%-in-50-year earthquake.

In the earlier version of the UBC-97, drifts (A,,) were
determined from “working stress level” lateral forces. In
the UBC-97, design seismic forces are “strength level,”
and the corresponding design level response displace-
ments are denoted as Ag. Displacements Ag are com-
puted from static, elastic lateral analyses using the
design seismic forces of the UBC-97 [Sec. 1630.2.1], as

‘5 ? L‘\L‘E""NL—:‘
] .

5,

B3

b3

by

Story Drift

specified in UBG-97 Sec. 1630.9.1. The elastic, design-
level deformations (Ag) are then converted to the ac-
tual drifts expected for the design earthquake, Ay, by
multiplying by 0.7 times the overstrength and ductility
factor R, as specified in UBC-97 Sec. 1630.9.2. The re-
sulting drifts Ay are called mazimum inelastic response
displacements and include an estimated inelastic contri-
bution to the total deformation.

With the design basic ground motion, structures expe-
rience forces larger than both the working stress and
strength level design forces. The corresponding Ay is
several times larger than either A, or Ag. (See Sec.

6-40.)

5-13 P-A EFFECT

The column members in a structure are loaded in com-
pression by the vertical live and dead loads. Normally,
these loads are concentric with the bases of the mem-
bers. When the structure is acted upon by a lateral
(horizontal) seismic load, the structure becomes later-
ally displaced and the applied vertical loads become
eccentric with respect to the bases. This results in ad-

ditional forces and moments and increased story dis- |

placements. This secondary effect on shears, axial forces,
moments, and displacements of frame members ig re-

ferred to as the P-A effect.

When the total vertical load is concentric with the base
of the structure, the overturning moment is referred to
as the primary moment. The magnitude of the pri-
mary moment is Fh, where F' is the lateral seismic load
and h is the height of the structure. When the verti-
cal loads become eccentric with respect to the base, the
overturning moment adds an eccentric bending stress
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to the columns. This additional column stress is re-
ferred to as the secondary moment. The magnitude of
the secondary moment is PA, where P is a function of
the building weight (i.e., dead load, live load, and snow

load) and A is the drift.

P

: N
L”Mp+ M,

Figure 5.11 P-A Effects

According to the UBG-97 [Sec. 1630.1.3], the member
forces and moments and the story displacements gen-
erated by P-A effects should be considered in the eval-
uation of overall structural frame stebility. For this
evaluation, the forces producing the displacements of
Ag [UBC-97 Sec. 1630.9.1] should be used. (See Sec. 6-

40.)

If the overfurning moment increases faster than the
restoring moment from the frame stiffness, the frame
will be unstable. Since the vertical load is constant
(i.e., is not transient as is the seismic load that causes
the initial eccentricity), the column members will even-
tually fail and the frame will buckle, Based on the 1991
Bernal research, P-A has very little effect on structural
response until dynamic instability is approached. Pro-
tection against instability failures is provided by wall
X-bracing and thick shear walls.

Unstable frames can be inadvertently designed in non-
seismic areas where only vertical loads are considered.
Designing a frame to withstand large lateral (seismic)
loads has the effect of limiting drift; such frames, there-
fore, are unlikely to experience a problem caused by
P-A instability.

The UBC-97 [Sec. 1630.1.3) states that the P-A effect
need not be considered in the analysis of the entire
structure when: (1) the ratio of secondary moment to
primary moment (i.e., stability coefficient) in any story
is equal to or less than 0,10, and/or (2) the story drift
ratio does not exceed 0.02/R in seismic zones 3 and 4

for 2ll stories.

5-14 TORSIONAL SHEAR STRESS

A building's center of mass, Cy, (on plan view) is a
point through which the base shear {i.e., the total lat-
eral seismic force) can be assumed to act. This base

shear is resisted by the vertical members at the ground

level. Each such member may have a different rigid-
ity and thus provides a different lateral resisting force
in the opposite direction of the base shear. The build-
ing's center of rigidity, Cp, is a point through which
the resultant of all the resisting forces acts.?

|
!

Cm
Figure 5.12 Centers of Mass and Rigidity
{building plan view}

If the building's center of mass does not coincide with its
center of rigidity; the building will tend to act as if it is
“oinned” at its center of rigidity. It is said to be acted
upon by a torsional moment, Mtorsionals calculated as
the product of the shear, V, and the eccentricity, e. This
eccentricity is the distance (measured perpendicular to
the direction of lateral load) between the centers of mass
and rigidity.

Miorsional = Ve [5-4]
Equation 5.5 calculates the maximum torsional shear
stress in circular members. In Eq. 5.5, J is the polar
moment of inertia which, for circular cross sections, can
be calculated as the sum of the moments of inertia taken
with respect to the x- and y-axes.

_ Miosionai™
= 7 [5.5]
J=1 41 circular cross 56l
Ty sections only [5.6]

8The implication here is that the structure has rigid diaphragms
(see Sec. 7-4) between the floors so that the torsional moment
can be transferred to the various resisting members distribuied
at that level, Structures with flexible diaphragma (see Sec. 7-6)
are incapable of distributing torsional moments to vertical re-
sisting elements. The UBC-97 [Sec. 1630.6] gives & method of.
determining whether or not o diaphragm can be considered flexi-
ble. Specifically, the diaphragm is flexible if the maximum lateral
disphragm deformation is more than twice the average story drift.
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TMlursinnl

v

Figure 5.13 Eccentricity

In buildings, the rotation about the center of rigid-
ity is resisted by a torsional shear force (stress) in all
members.}® This torsional force (stress) is proportional
to the distance, r, from the building's center of rigid-
ity to the resisting member. A satisfactory substitute
for the polar moment of inertia, J, can be calculated
from the relative rigidities of the resisting elements. If
R; is the relative rigidity of shear wall ¢ and r; is the
distance of wall i from the center of rigidity, then the
polar moment of inertia is

J=3 Rt

The units of J are somewhat ambiguous since the units
used to determine the relative rigidities are not neces-

sarily lmown.

15.7]

The shear force, F; torsion, in member 7 due to torsion is

P . Rir; Miorsional
i,torsion = _T—

- Rir; Miocsional
> Rir?

Then, the torsional shear stress in member 1 is found
by dividing the shear force by the cross-sectional area
of the member.

[5.8]

_ Fi,turaiun

= [5.9]

Equation 5.7 shows that the contribution of a stiff ele-

ment to torsional rigidity increases with the square of
the distance of that element from the center of rigid-
ity. If R is the relative rigidity of a shear wall and r is
the distance of the wall from the center of rigidity, then

10yplike the base shear, which is resisted only by walls parallel
to the seismic force, the torsionel shear is resisted by all walls and

columns.

the contribution of the wall to the torsional moment of
inertia is J, = Rr?. Therefore, shear walls should be
located as near the building perimeter (and hence as far
from the center of rigidity) as possible.

The UBC-97 [Sec. 1630.6] requires that an accidental ec-
centricity (e,) of £6% (based on the maximum building
dimension at that level perpendicular to the direction
of the seismic load) be added to the actual eccentricity,
if any, in the design of all buildings, even those that are
symmetrical. (Also, see Sec. 6-39.) This eccentricity is
included to account for accidental errors in workman-
ship, uncertainties in the actual location of the centers
of mass and rigidity, nonuniform distribution of dead
and live loads, nonuniformities that result from sub-
sequent building modifications, and eccentricities that
develop during an earthquake after the failure of certain

structural elements.

8, = +0.05L, (accidental eccentricity)
&,= 8+ &, {design eccentricity)
ey =8+ 0.05L,
&y =e— 0.05L,

Figure 5.14 Accidental Eccentricity

Fo R > T - T e R e

Ezample 5.2

A crane system is modeled as a 1000-Ibm (455-kg) mass
attached to the end of & 5-ft (1.5-m) cantilever beam
supported by a 20-in (51-cm) diameter hollow tubu-
lar vertical column. Calculate the maximum torsional
shear stress for a lateral acceleration in the z-direction

of 0.3 g.
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5&(1.5y

1000 lom
{455 kg

A7,

1= 2500 in* (1.04 X 103 m?)
1,= 2500 ind (1.04 X 10-3m4)
diametar = 20 in {0.51 m}

Custornary U.5. Solution
The lateral (seismic) force is equal to the inertial force.

ft
(1000 1bm){(0.3 ) (32'2 secz-g)

F="= 17g
" Ibf-sec?
= 300 Ibf

From Eq. 5.4, the torsional moment is

Muorsionat = Fe = (300 1bf)(5 £t) (12 _1;;_1)

= 18,000 in-lbf
Equation 5.6 gives the polar moment of inertia.

J = I, + I, = 2500 in* + 2500 in*
= 5000 in*

The distance from the center of rigidity (i.e., the center
of the column) to the most exterior point on the column
is 10 in. The maximum torsional shear stress is given

by Eq. 5.5.
— Mioronuir _ (18,000 in-1b0)(10 in)
-7 5000 in4
= 36 Ibf/in? (psi)

ST Solution

The lateral (seismic) force is equal to the inertial force.

F, = ma = (455 kg)(d.s g) (9.81 S—ing)

=1339N

The torsional moment is

MtDl’EiDI‘IaI = Fe = (1339 N)(1-5 m)
= 2009 N-m

Equation 5.6 gives the polar moment of inertia.

J=I+1I,
—1.04x 107 m? +1.04 x 10~ % m*
=908x107%m*

The distance from the center of rigidity (i.e., the center
of the column) to the most exterior point on the column
is 25.5 em. The maximum torsional shear stress is given

by Eq. 5.5.

— Mtarsicmnlr
J
{2009 N-m}(0.255 m)
2.08 x 10—3 m*
= 2.46 x 10° Pa

o IR T T« R e T A =

5-15 NEGATIVE TORSIONAL SHEAR

The base shear causes a shear stress that acts in the
same direction in all vertical base members. The tor-
sional shear stress, however, has different signs on either
side of the center of rigidity (see Fig. 5.15). On one side
(i.e., where the resisting element is-on the same side of
the center of rigidity as the center of mass, wall 2 in the
figure) the torsion increases the stress from the base
shear; on the other side (wall 1 in the figure), the stress
is decreased. The amount of decrease is known as neg-
ative torsional shear. The total lateral force is the sum
of the shear force and the torsional force. Negative tor-
sional shear should normally be neglected; that is, it
should not be used to decrease the design capacity of a
wall or member.

Tt is easy to make the error of reversing the signs of
the induced stresses and adding the negative torsional
stress where it should be subtracted, and vice versa.
The key to avoiding this error is to always wark with
the stresses that resist the forces and moments. Thus,
the stress that resists the base shear acts in a direction
opposite to the base shear (i.e., opposite to the direction
of ground motion). Similarly, the torsional stresses that
resist the torsional moment are in the direction opposite

to the applied moment.
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Ca ¢\ L — ‘ + *

; Cu
|
|

F;; = shear force
due to torsion
v F;,= shaar force due
to direct shear

Figure 5.15 Torsional Shear

5-16 OVERTURNING MOMENT

The distribution of earthquake forces aver the height of
a structure causes the structure to experience overturn-
ing effects. According to the UBC-97 [Sec. 1630.8.1],
every structure is to be designed to resist the overturn-
ing effects caused by seismic forces. The design over-
turning moment is distributed to the various resisting

elements. The intent is to transfer the overturning ef-
fects on all resisting element to the foundation.

The summation of moments due to the distributed lat-
eral forces (see Sec. 6-35) is the overturning moment, of-
ten given the symbol OTM. If the overturning moment
is large enough, it can reverse the compression that nor-
mally exists in outer columns caused by the dead and
live building loads. Because footings and concrete walls
and columns can be placed in a state of tension, the
overturning moment is more of a problem for concrete
frame and shear wall construction (which cannot toler-
ate much tension) than it is for steel frame construction.

The overturning moment will increase the compressive
stress in outer columns on the opposite side of the build-
ing. Such an increase must be countered by increasing
the thickness of shear walls and using extra steel rein-
forcement in concrete columns.

Overturning moments should be calculated for each
building level. The first overturning moment is the sum
of all moments taken about the ground level. This mo-
ment should be used to size footings and to design the
primary outer columns. The overturning moment for
each subsequent floor considers only lateral forces above
that floor. This moment is used to design the shear
walls and other supporting structures at that floor.

(roof)
F+ F - leval 6 -
F.j\ 2 level B Y —
,_-4\ . leveld4
8
OTM at level 4 =3, F{fy — hy)
. pleas | \ ol foma¥ ] &
F \ o lavel2 |4 \\_)__}_ ____________ ,1’
I I
\
F level 1 \r g_ ____________ _{I .
\\j {
ANV AN AN AN AN N AN AN AN
basa shear -

-(—-V

(oY

n
OTM at base = :’% Fify + Rh,

Figure 5.16 Overturning Moment
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5-17 RIGID FRAME BUILDINGS

Before 1065, when the design of structural systems was
still in its infancy, most tall buildings were designed as
rigid frames.'! In a rigid-frame building, columns and
beams were welded together to create 4 structural grid
that resisted wind and earthquake forces elastically.’?

Such buildings were expensive to construct because they
used inordinately lafge amounts of maserial, usually
steel, to keep the stresses in the elastic region.!3

5-18 HIGH-RISE BUILDINGS

The optimum design for seismic loading often conflicts
with that for wind loading, a significant factor for any
tall building. For an earthquake, the building needs
to be flexible, even though the full fexibility might
be called upon only once in 500 years. However, the
full flexibility might be experienced during large wind-
storms, say, once every 50 years. The greater flexibility
required to resist large earthquakes makes for unpleas-
ant motions in windstorms.

IlThe Fmpire State and the Chase Manhattan Bank buildings in
New York City and the Tenueco Building in Houston are rigid-
frame structures.

12Bracing in the core (see Sec. 5-18) was not used, although it was
recognized that it contributed to structural performance. Using
such bracing would have been prohibitively complicated becsuse
tools for the structural analysis, such as computers and software,
lad not been developed. The increasing cost of land after 1965
also made it worthwhile to use costlier designs.

1310r smaller buildings, rigid frames may be more economical in
some cases, particularly where wind forces prevail or when the
cost of the additional material is less than the cost of increased

design and testing.

¥MThig and the preceding sections are meant to document the
trend in high-rise design, not to suggest using tube structures in
designs for earthquake resistance.

The rigid-frame system relies on the bending of columns
and beams for its lateral stiffness. However, bending
is a poor way to tap a structural member's strength
compared to axial loading.!® A tube building resists
lateral forces in a radically different way from a rigid-
frame building. The tube is like a giant box beam can-
tilevering out of the ground. Axial forces in the columns
mainly resist the tendency to move laterally.

Tn order to economically design for increasing numbers
of stories, different flexible structural systems were de-
veloped.!® The most general systems are: (1) frames
with bracing in the core, which creates a stiff verti-
¢al truss, good for buildings up to 30 or 40 stories;
(2) framed tubes, good for up to 60 or 70 stores; and
(3) diagonally braced tubes, good for up to 100 or 120

stories.

In a pure tube system also known as a framed tube, all of
the lateral resistance is in the structure's exterior tube,
made up of closely spaced stesl columns linked by stiff
deep spandrel beams. This framing is usually (but not
always) located on the perimeter of the structure, In
the past, framed tubes were used for tall buildings in
high-wind aress and are now finding some applicability
in seismic design.

154 measure of the "efficiency” of steel is the weight of steel per
square foot of floor space for all stories. The 60-story rigid-frame
Chase Manhattan Bank Building uses about 60 pounds of steel
per square foot {290 kg/mz). The 100-story John Hancock Center
in Chicago uses a trussed tube structural system requiring half
as much steel per unit area—abont 30 pounds per sguare foot

(145 kg/m?).

16Dy, Fazlur Khan is acknowledged as being the first structural
engineer to recognize the value of the alternate structural sys-
tems. One of the first (if not the first) flexible buildings was the
43-story concrete framed-tube system Chesternut Dewitt Apart-
ment Building in Chicago that Khan designed. He also designed
the One Shell Plaza building in Houston {(a 50-story structure
using lightweight concrete}.
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UBC SEISMIC CODE

-1 HISTORICAL BASIS OF SEISMIC
CODES IN CALIFORNIA

It is somewhat surprising that the formal study of
earthquake-resistant design had to wait until consider-
ably after the 1906 San Francisco earthquake. The only
lateral force requirement placed on structures designed
and constructed in San Francisco after that earthquake
was a 30 Ibf/ft? (1.44 kN/m?) wind loading.

Only after the 1925 Santa Barbara earthquake did the
California legislature direct that significant effort be ex-
pended on the study of seismology.!

There were 115 fatalities in the 1933 Long Beach earth-
quake. Inasmuch as there was widespread damage to
schools in the area (caused by poor workmanship, de-
sign errors, and construction shortcuts), the Field Act
was subsequently passed. This act gave the Division
of Architecture, State Department of Public Works, re-
sponsibility for approving schooel designs.? Also, the

1Rased on damage reports, the 1925 Santa Barbara earthquake is
estimated at 6.3 Richter magnitude, although Richter-style seis-
mometers had not yet been developed. Fatalities were limited,
primarily because the esrthquake occurred in the early morning
before people were in the business district and children wera in
school, Widespread demage similar to that which destroyed San
Francisco was averted as city engineers detected the tremors by
observing fluctuations in the water pressure gauges and shut off
the gas valves and electrical mains. Despite this, there were 13 fa-
talities and significant building damege, particularly in brick, ma-
sonry, and tile construction. Steel, woed, and propetly designed
reinforced concrete construction sustained little or no demage, al-
though damage to poarly designed concrete structures accurred.

2The 1933 Long Berch earthquake had a Richter magnitude of
6.3, according to the newly developed selsmometer. (Although
the seismometer's range was exceeded, there is essentially a full
record of this earthquake.) As with the 1925 Sants Barbara
earthquake, the 1933 Long Beach earthquake occurred in the
early moming, before children were in gchool, The same types

1933 Riley Act set minimum standards for lateral force
resistance in all buildings (specifically, just 2% of the
dead load). The format of the early codes was that the
building had to be “strong” enough to resist a static
lateral force, the bese shear, V, of some fraction (e.g,
10% for masonry school buildings) of the weight, W.°
The fraction was known as the base shear coefficient,
C,. Between 1943 and 1953, the base shear coefficient
was modified several times based on the building period
and/or the height of a building, but the equivalent stalic
force concept remained and is in use to this day.*®

V=CW (6.1]

Nine lives were lost in the 1940 El Centro earthquake,
a 7.1 magnitude event caused by the Imperial Fault.
While only approximately 10 sec in duration, a rela-
tively high ground acceleration, 0.33 g, was observed.
This earthquake was significant, not because of the
widespread damage but because it was the first earth-
quake to occur in a heavily instrumented area. The

af structural failures were observed—that is, masonry and brick
buildings, in particular, were damaged.

3';‘his is simplifying the theory slightly, as the base shear coeffi-
cient was actually applied to the dead load and some part of the

live load. -

4The American Soctety of Civil Engineers {ASCE) and the Struc-
tural Engineers Association of Northern California (SEAONC)
formed & committea in 1948 that recommended that the equiv-
alent static force concept be used in San Francisco, In 1959,
the Structural Engineers Association of California (SEAQC) code
was expanded to & "uniform™ code for all areas of the United
States. This was the first “Blue Boolk.” At this time, the type of
building—freme, box, and so on—was made significant in code

specifications.

5'There are cases in which the UBC-87 [Sec. 1629.8.4] requires a
dynamic analysis. {See Sec. 6-33.)
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first accelerometer yielding response data on building
periods was obtained.

The 1966 Parkfield earthquake on-the San Andreas
Fault had a relatively low magnitude of 5.5 and a very
short duration, but the ground acceletation of 0.5 g was
the highest observed to that date. Thus, it is apparent
that magnitude and acceleration are not necessarily cor-

related.

A great amount of accelerometer data was obtained
from the 1971 San Fernando earthquake (6.6 magni-
tude, San Fernando Fault zone). This earthquake was
significant for two reasons: First, an unbelievable
ground acceleration of 1.24 g was experienced at the
Pacoima Dam site. Second, there were failures of new
buildings designed with the current seismic codes.”

The 1979 Imperial Valley earthqueke (Richter magni-
tude 6.6) produced the first accelerometer data from
a building with extensive damage. In a building that
was partially supported at the ground level by concrete
columns, the period and amplitude of oscillation de-
creased significantly each time one of the columns failed.
This is consistent with the concept that seismic energy
is removed from a yielding structure.”

The 1989 Loma Prieta earthquake (magnitude 7.1, 62
fatalities, San Andreas Fault) was significant because of
the important lessons learned about soil and site con-
ditions. The most significant damage outside the epi-
center occurred in areas where soil resonance magnified
the seismic energy. Although the overall seismic en-
ergy should have been (and probably was) greatly at-
tenuated by the large distance between the epicenter
and San Francisco, the site conditions under the San
Francisco Marina district and Oakland's Interstate 880
Cypress structure magnified the remaining energy.

The 1994 Northridge earthquake (magnitude 6.7) was
centered in the San Fernando Valley region of South-
ern California, The Northridge earthquake was signifi-
cant in that it was centered in a major urban aree and,
although of short duration, produced spectral acceler-
ation values at many sites exceeding the UBC design
spectrum. Measured pesk ground accelerations rou-
tinely exceeded 0.7 g. The duration of source rupture

In particular, the New Olive View Hospital and the San Fer-
nando Veterans Administration Hospital were new structures that

sustained major demage.

"That this event proves inelastic behavior removes seismic energy
from & structure shonld not be used to legitimize intentional de-
sign for inelestic behavior, It wounld be a major flaw to design
columns to lose their load-carrying ability in the way they did in
this instance.

associated with the Northridge earthquake was 6 to 8
gec. ‘The fault involved was the Northridge Thrust Fault

(also known as the Pico Thrust Fault). Interestingly,

" before this earthquake, this fault was not considered a

seismic danger. Because a thrust fault (blind thrust)
was involved, the Northridge earthquake produced a
significant vertical acceleration component, which con-
tributed to economical losses exceeding $15 billion (the
second most expensive U.S. earthquake).

One of the biggest surprises to come out of the North-
ridge earthquake was widespread damage to welded mo-
ment resisting steel structures, favored in earthquake
country because of their supposed ductility. Review
and analysis of the demage revealed no single cause, but
rather a combination of factors, including the influence
of vertical acceleration, connection ductility, and weld
materials and quality. The majority of damage con-
sisted of fractures in welded beam-column connections.
These connections had cracks in either top or bottom
flange welds, which occasionally propagated through
the column flange and/or beam web. One prime reason
for the Northridge failures has been identified as lack
of ductility due to overconstrained joints. Appendix L
offers more details regarding performance of the steel
moment frame connections in this earthquake.

The 1995 Hyogoken-Nanbu (Kobe) earthquake, which
struck Hyogo, located on the south-central part of
Jepan, had moderate to severe ground sheking with a
magnitude of 6.9. The Kobe earthquake produced a
fault rupture directly through the downtown section of
8 city, resulting in over 5400 deaths and injuries num-
bering in the tens of thousands, with estimated damage

costs of $150 biilion.

Kobe's setting is very similar to that of the San Fran-
cisco Bay Area. Both have large strike-slip faults adja-
cent to a bay and engineered buildings constructed on
sedimentary deposits. The city of Oakland is particu-
larly comparable to Kobe. Similarities include the prox-
imity to a major active fault and considerable deposits
of soft soils and bay mud in the downtown section, di-
rectly under many of the engineered buildings. These
building structures are mostly constructed of nonductile
concrete, steel, and masonry.

One major point driven home by the Kobe earthquake
is the importance of characterizing near-source ground
motion in the design of earthquake-resistant structures.
A severe earthquake in a major urban area can create
immense social and economic losses, and the impact
on the economy will be significant. The main steps
in mitigating this risk is to improve the model seismic
design codes and to introduce mandatory requirements
for seismic rehabilitation of vulnerable buildings.
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6-2 SEISMIC CODES

A code is a set of rules adopted by an organization em-
powered to enforce the code. The mere publication of a
set of guidelines such as those contained in the SEAOC
Blue Book does not constitute a governing law. The
guidelines must be adopted by a law-making body to
become legal documents.

Various regions of the United States have adopted dif-
ferent codes, Agencies whose codes are widely adopted
are referred to as “model code agencies,” such as the
International Conference of Building Officials (ICBO),
which publishes the Uniform Building Code (UBC).
ICBO members are representatives of local, regional,
and state governments who investigate and research
principles concerning safety to life and property in the
construction, function, and location of buildings and
related structures.

The Uniform Building Code (UBC) is dedicated to the
development of better building construction and greater
safety to the public. The UBC, the most widely adopted
model building code in the United States, contains the
most extensive seismic provisions for-structures of any
code.? Many of the seismic provisions of the UBC have
been influenced by the Recommended Lateral Force Re-
quirements and commentary (commonly referred to as
the Blue Book) published by the Seismology Committee
of the Structural Engineers Association of California,
SEAQC.? The Blue Book summarizes recommendations
of the SEAOC for earthquake-resistant design of struc-
tures. The Blue Book Commentary is not reproduced in
the UBC, but this commentary is invaluable in under-
standing the significance of the UBC code provisions.

The SEAQOC Blue Book provisions have been incorpo-
rated in the UBC since approximately 1960, but other
building codes were slower to include more than limited
seismic provisions, probably because the true seismic
risk of the regions that have adopted those codes was
not recognized.’® However, following the 1971 San Fer-
nando earthquake, when several buildings supposedly
built according to current seismic provisions experienced

3pyblished by the International Conference of Building Officials
in Whittier, California. ’

9SEAOC, 217 Second Street, San Francisco, CA 94105.

10The nation’s two other model building codes are written by the
Building Officials and Code Administrators International (BOCA)
in Country Club Hills, llinois, end the Southern Building Code
Cangress International (SBCCI) in Birmingham, Alabama. Both
codes significantly strengthened their seismic provisions in 1992,
Hewever, the two codes differ from the UBG in their methodalogy.

substantial damage, other organizations received fund-
ing to develop seismic design recommendations.

o The Applied Technology Council (ATC) published
ATC 3-06 in 1978. This was a massive 500-page
document intended to serve as a reference for other
code writers. It has now been superseded by the

NEHRP provisions.

o The Building Seismic Safety Council (BS5C), with
Federal Emergency Management Agency (FEMA)
funding, published the National Earthquake Haz-
ards Reduction Program (NEHRP) provisions in
1985. The 1997 NEHRP, the latest edition, is
prominently featured in the seismic sections of the
UBG-97.

o The American National Standards Institute
(ANSI) published its A58.1 in 1982. This docu-
ment deals with determining seismic loading, but
it does not address detailing.

o The American Concrete Institute (ACI) included
detailing to resist seismic loads as Appendix A in
the 1983 edition of ACI-318. However, determi-
nation of seismic loading is not covered.

o The American Institute of Steel Construction has
developed detailing requirements for steel build-
ings. As with the ACI document, determining the
seismic loads is not covered.

While the large number of seismic documents may seem
confusing, it should be, noted that all are used as
“*source documents” for the Blue Book and the UBC.
The 1988 Blue Book drew its format for the base shear
equation from the ATC document.!! The UBC-97 de-
rives its new strength design format from the 1997
NEHRP seismic provisions, which brings the UBC more
in line with the BOCA and the SBC, both based on the

NEHRP.

Adoption of the UBC is up to each municipality. Most
large cities have their own specific requirements that
can supersede portions of the UBC or replace it entirely.
Design of buildings located in Los Angeles, for example,
is governed by a city code derived from the UBC-97.

General seismic provisions such as those in the UBC
may be superseded by even more stringent statutory
requirements, For example, Title 24 of the California
Administrative Code requires that schools and hospitals
be operational after an earthquake.

1There was no “rational” basis for the individual parameters
in the earlier base shear equation. In the 1988 code, all of the
factors in the numerator logically represent characteristics that
contribute to increased loading. (The numerator reduces the sc-
tual numerical value to a “consensus value® of design base shear.)
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Bridges in California are designed according to CAL-
TRANS seismic provisions, The CALTRANS method
evaluates each bridge two ways (the term “loading”
refers to lateral loads, moments, and shears):

1. Transverse seismic loading plus 30% of the lon-
gitudinal seismic loading '

2. Longitudinal seismic loading plus 30% of the
transverse seismic loading

As with the UBC method, the CALTRANS method in-
cludes both static and dynamic analyses. The static
method i3 used for well-balanced spans with supports
that are all approximately equal in stiffness. Once de-
termined, the maximum lateral load is applied uniformly
elong the bridge. The dynamic method is used when the
bridge is irregular in configuration or strength.

With the static method, the earthquake design force,
V, is calculated as

_ (ARS)W
V= [6.2]

ARS is the Acceleration Response Spectrum value ob-
tained from one of four response spectra curves provided
in the code or from site-specific curves, if available. Dif-
ferent curves are provided for different allwvium (ie,
soil) depths and peak rock accelerations for the mazi-
mum credible earthquake expected in that area. (The
maxdmum credible earthquake is obtained from maps
published by the California Division of Mines and Ge-
ology.} .

Z is the ductility risk reduction factor, which depends
on the type of structure and its period. Z varies from
slightly less than 1.0 to slightly more than 8.0. A value
of 5.0 is appropriate for new bridges.

W is the dead load (i.e., the weight) of the bridge.

The design bridge period, T (in seconds), is calculated
from the following formula. P is the stiffness of the
superstructure (i.e., the total force that, if applied
uniformly, would cause the bridge to deflect one unit
distance). Consistent units must be used.

T= 2“\/% [6.3]

6-3 THE INTERNATIONAL— BUILDING
CODE AND UBC-97

In response to technical disparities among the three sets
of model codes now in use in the United States, three
mode! code agencies—the Building Officials and Code
Administrators (BOCA), the International Conferénce
of Building Officials (ICBO), and the Southern Build-
ing Code Congress International (SBCCI)——created the

International Code Council (ICC) (December 8, 1994).
The ICC was established as a nonprofit organization
secking to develop a single set of comprehensive and
coordinated national codes. The ICC offers a single,
complete set of construction codes without regional lim-
itations—the International Codes. The International
Building Code (IBC) was first published in 2000.

The UBC-97 edition incorporates both the SEAOC Seis-
mology Committee's recommendations for seismic de-
sign and the NEHRP-recommended seismic regulations
for new buildings. The UBC has been acknowledged as
the prominent code publication for earthquake design
provisions over the last few decades. This new edition
carries on this heritage and has already functioned as a
pivotal part of the foundation for the year 2000 edition
of the IBC. The UBC-97 seismic changes are designed
to provide a smooth transition to the 2000 edition of
the IBC, which is intended to ultimately replace it.

The new seismic provisions of the 1997 code exemplify a
nurber of notable lessons learned from earthquakes and
recent advances in other seismic resource documents, in-
cluding the NEHRP. The new provisions demonstrate
a considerable migration from previously elected ap-
proaches in seismic design. The provisions are as fol-

lows.

o New design response spectra based on the 1997
NEHRP recommended provisions

¢ New devised base shear equations utilizing new
soil-profile types, seismic response coefficients,
seismic source classification, and near source fac-

tors

¢ Adoption of revised structure response modifica-
tion factor based on elastic ground motion re-
sponse

¢ Adoption of a stren_gth—based design approach

o Acceptance of more precise evaluation of the drift
induced in structures in response to design ground
motions

¢ Acceptance of the effects of structural redundancy-
reliability and overstrength factors

¢ Introduction of new structural system classifica-
tion, cantilevered-column building system to sim-
ulate buildings with discontinuity in capacity
(weak story), shearwall-frame interaction system,
and special truss moment frames of steel (STMF}

o Nonstructural components provisions consistent
with the 1997 NEHRP

o Nonbuilding structures provisions consistent with
the 1587 NEHRP
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6-4 THE SURVIVABILITY DESIGN
CRITERIA

While little effort is expended in trying to design build-
ings that will be totally elastic (i.e., experience no dam-
age) during an earthqueke, it is implicit in seismic codes
that catastrophic collapse must be avoided. Based on
the UBC-97 [Sec. 1626.1), the purpose of the earthquake
design provisions is primarily to safeguard against ma-
jor structural failures and loss of life; these provisions

are not intended to limit damage or maintain function.

The following three design standards constitute the im-
plied UBC seismic survivability (or life-sufety) design
criteria [1996 Blue Book Commentary, Sec. C101.1.1
and App. A]. It is notable, however, that these criteria
are not actually specified in the UBC.

o There should be no damage to buildings from a
minor earthquake.

o There may be some architectural (nonstructural)
damage, but no structurel damage during o mod-
erate earthquake.

o There may be possible structural and nonsiruc-
tural demage but no collapse during a severe earth-
quake.)? Yielding is relied upon to dissipate the
damaging seismic energy. Theoretically, all struc-
tural damage will be repairable when collapse is
prevented, although some buildings may be con-
demned and replaced for reasons of economics or
convenience.

The UBC-97 provisions will not prevent structural and
nonstructural damage from direct earth faulting, slides,

or soil liquefaction.

6-5 EFFECTIVENESS OF SEISMIC
PROVISIONS

The code provides “reasonable” but not complete as-
surance of the protection of life. Furthermore, the code
does nothing to prevent construction on land that is
subject to earth slides (of the type that occurred dur-
ing the Alaskan earthquake) or liquefaction (as occurred
in the Niigata, Japan, earthquake). .

It is important to note that the UBG-97 seismic pro-
visions are intended as minimum requirements. The
level of protection can be increased by increasing the

129 ece italicized sentences are the standards of survivability ss
they sre commonly stated, but it is understood the degree of
damage is dependent on the severity of the ground shaking at the
building site, not on the magnitude of the earthquake at some
distant epicenter. '

design lateral force, energy absorbing capacity, redun-
dancy, and construction quality assurance.

Tt is also important to note that seismic design is both a
science and an art that, unfortunately, must be verified
in the field. Thus, the history of seismic codes has been
to require design features or methods and then evaluate
the effectiveness of those features in practice.

Finally, the seismic code used is not the only factor af-
fecting the performance of a structure during an earth-
quake, In many cases of structural failure in modern
buildings, earthquake severity, duration, soil conditions,
inadequate design, poor control or material quality, and
poor workmanship are found to be the major factors
contributing to collapse.® Of course, modern seismic
codes cannot be blamed when pre-1873 structures fail,

(See Sec. 3-1.)

6-6 APPLICABLE SEISMIC SECTIONS IN
THE UBC

General seismic provisions applicable to all structures
are contained in Chap. 16, Div. IV (Earthquake De-
sign) of the UBC-97. Howaever, the code provisions for
sizing and detailing structures appear in other chap-
ters: Chap. 18 (in particular, Sec. 1808), foundations
and retaining walls; Chap. 18 (in particular, Sec. 1921),
concrete; Chap. 20, lightweight metals; Chap. 21 (in
particular, Secs. 2106.1.12, 2107.1.3, and 2108.2.3.8},
masonry; Chap. 22 (in particular, Divs. IV and V),
steel; and Chap. 23 (in particular, Sec. 2315), wood.

A section for nonbuilding structures (see Sec. 6-46) was
added in the 1980 UBC version and was expanded in
the 1997 edition of the UBC, Section 1634 of the UBC,
Nonbuilding Structures, covers structures such as tanks,
towers, chimneys, ‘signs, billboards, and storage racks,
but not such structures as retaining walls, bridges, dams,
docks, and offshore platforms. Other national codes
may supersede the UBC-97 where specialized design of
nonbuilding structures is required.

Other parts of the UBC-97 that are occasionally useful
are the UBC standards, appendices, and tables. The
UBC-97 standards are listed in Vol. 1, Chap. 35; how-
ever, some excerpts from Chap. 35 are reprinted in

UBC-97 Vols. 2 and 3. Appendix 16 (Structural Forces)

™ particular, the widespread structural failures that occurred
in the 1985 Mexico City earthquake are examples of how even
modern buildings can be “brought down” by these contributing
factors. In fact, the failures that occurred seem to validate the
need for the current UBC provizions, as the very features required
by that code were often not included in the design of buildings

that collapsed.
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of UBC-97 Vol. 2 highlights details for snow load design,
earthquale recording instrumentation, seismic zone tab-
ulation, and seismic-isolated structures. Along with key
UBC-97 tables in Chap. 16, the following UBC-97 ta-
bles are particularly useful: Tables-21-E-1 and 21-F-
1 (anchor bolts in masonry), Table 23-II-B-1 (nailing
schedule), Tables 23-III-B-1 and 23-ITI-B-2 (bolting in
wood), and Tables 23-I1I-C-1 and 23-I1J-C-2 (nailing in

wood).

6-7 THE NATURE OF UBC SEISMIC
CODE PROVISIONS

There are two major categories of selsmic provisions
in the UBC-97: those that relate to proportioning the
structure and those that relate to detailing elements of
the structure. The methods of proportioning structural
elements are allowable stress design (ASD) and load and
resistance factor design (LRFD). The proportions are
chosen such that the structure’s ability to absorb en-
ergy (i.e., its “strength”) matches the application of
energy, no matter how much yielding has occurred, and
such that overall stability is maintained. This requires
that the lateral-force-resisting elements be roughly dis-
tributed (in plan) throughout the structure. {Thus, ar-
bitrarily increasing the strength of one element may
actually have a negative effect on the overall seismic
performance.) In equation form, the ratio of energy de-
mand to energy capacity evaluation in plen should be
roughly constant.

Design details prevent premature local failure by ensur-
ing ductile behavier and preventing local instability and
failure of elements that are cyclically siressed beyond
their yield points. Unlike the UBC provisions for pro-
portioning the structure, the design details can usually
be determined without evaluating the stresses, drifts,

or loads.

Controlled yielding in a major earthquake is implicitly
anticipated by the UBC, and, therefore, a code based
on yield or ultimate strengths would be preferred. In
the earlier UBC versions, the seismic design forces were
based on ASD (working stress or service level stress)
and not on strength. This was primarily because the
vertical load-carrying systems in the majority of steel
highrise structures were, until recently, based on ASD.

The ASD method is being replaced in structural steel
work by the LRFD method, also known as the uliimaie
strength design method. In this method, the applied
loads are multiplied by a load factor. The strength of
the product must be less than the ultimate strength of
the structural member multiplied by a resistance factor.
The conversion from working stress to strength design

is consistent with the direction of all material code re-
quirements in the United States and with NEHRP seis-
mic provisions, _

The American Institute of Steel Construction (AISC)
published design standards methods for steel buildings
in seismic zones based on the Specification for Struc-
tural Steel Buildings ASD (June 1, 1989) and the LRFD
(June 15, 1992). These standards cover the design of
beams, columns, concentric- and eccentric-braced
frames, and moment-resisting connections, including

* panel zones at the intersections of beams and columns.

Note that the term “LRFD” is used in the design of
steel and wood structures, whereas in the design of con-
crete and masonry structures, the equivalent method is
known as “strength design.” The strength design in-
clusion in the UBC-97 represents the most significant
development toward consistency in nationsl seismic re-
quirements. For smooth transition from ASD to LRFD,
the 1977 UBC provides ASD provisions in parallel with
strength design. Table 6.1 lists the UBC-97 sections in
which strength-based and allowable stress-based seismic
provisions are presented.

Table 6.1
UBC-97 Provisions by Building Material
construction
material LRFD ASD
steel Chap, 22, Chap. 22,
' Divs. Il and IV Divs, Il and V
concrete - Chap. 19,
Div. VI
masonry - Chap. 21
Secs, 2106 and 2107
timber Chap. 23, Chap. 23,
Sec. 2303, Div. ITT -
Ttem 5.4

6-8 WIND LOADS

Wind loading is covered in the UBC-97, Chap. 16, Div.
III, Secs. 1615-1625. Specifically, the wind pressure on
a structure is given by Eq. 6.4 (corresponding to UBC-

97 Formula 20-1).
P=C.Chl, [6.4]

C. is a coefficient {given in UBC-97 Table 16-G) ac-
counting for combined height, exposure, and gust fac-
tors. C, is a pressure coefficient, (given in UBC-97 Table
16-H) that depends on the type of structure or por-
tion of & structure exposed to the wind. g, is the wind
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stagnation pressure (given in UBC-97 Table 16-F) at &
standard elevation of 33 ft (10 m). g, depends on wind
speed [UBC-97 Sec. 1618). I, is the importance factor
for wind loading (given in UBC-97 Table 16-K) based

on the occupancy category of the structure.

The wind pressure can be assumed to act on the struc-
ture in one of two ways: The normal force method can
be used for the design of any structure, including gabled
frames. A uniform wind pressure is assumed to act nor-
mal to all exterior surface [UBC-97 Sec. 1621.2]. The
projected area method calculates the horizontal wind
force by assuming that the pressure acts upon the pro-
jected ares, of the structure. The projected area method
can be used only if the building is less than 200 ft (61m)
high and does not contain a gabled rigid frame [UBC-H7

Sec. 1621.3).

Supplemental information on reducing the rigk of wind-
induced damages to prescriptive masonry and conven-
tional light-frame construction in high-wind areas (wind
speed varies from 80 mph to 110 mph (129 km/h to
179 km/h)), is included in the UBC-97 appendices to
Chaps. 21 and 23.

6-9 SNOW LOADS

In many locations, snow applies a significant load on
structures that must be considered in design. Snow reg-
ularly causes the failure of roof systems and can cause

progressive collapse of entire structures. Snow loads on -

roofs vary widely based on the geographic location, ele-
vation, site exposure, and slope of the roof. Structural
members must be capable of supporting snow loads,
which in many cases constitute the largest design load

for the roof system.

Spow on a structure’s roof may result in a uniform
loading condition (i.e., the same load over the entire
roof) or a nonuniform loading condition (i.e., a varying
load) caused by wind-induced drifting or melting and
refreezing of spow. Conditions giving rise to uniform
loading are the exception, in reality. Unbalanced accu-
mulation of snow at valleys, parapets, and roof struc-
tures, and offsets in roofs of uneven configuration are
typical. Compound roof systems may accumulate large
unbalanced loads in valleys, particularly on the leeward
side of roofs. UBC-97 App. Chap. 16, Div. I, covers
additional loading caused by drifting and ice dams.

Snow loading is covered in UBC-97 Sec. 1614 and App.
16, Div. I (Secs. 1637-1648). Specifically, the design
snow load (P;) for buildings and other structures is
given by Eq. 6.5 (corresponding to UBC-97 Formula
40-1-1). '

P;=C.IF, [6.5]

C, is the snow exposure factor (from UBC-97 Table A-
16-A). I is the snow occupancy importance factor for
snow loading (from UBC-97 Table A-16-B). (The ba-
sic ground snow loads {F;) are given in UBC-97 Tables
A-16-1 to A-16-3, except where controlled by the local
building official.) The roof snow load is assumed to ack
vertically upon the area projected upon & horizontal
plane, Where roof snow loads are in excess of 20 psf
(958 N/m?), the UBC-97 allows a reduction based on

* roof slope (expressed in degrees). Snow load (S) reduc-

tion in Ibf/ft? (kN/m?) for each degree of pitch (a) over
20° is determined by Eq. 6.6 {corresponding to UBC-87
Formula 14-1).

g 1

R, = E — 5 [US] [66(3)]
S o

Ry = 5 — 0.024 S [6:6(b)]

6-10 COMBINED SEISMIC, WIND, AND
SNOW LOADING

Snow loads must be considered in seismic design (ac-
cording to the load combinations specified in UBG-97
Sec. 1612) because snow adds to the mass of the struc-
ture. However, the UBC-97 permits a reduction in the
design snow load when it is used in combination with

earthquake loads.

Although codes such as AISC, AITC, and ACI provide
for the combination of various loadings (e.g., snow and
wind, earthquake and wind), seismic and wind loads are
distinetly different in origin. Wind loads are applied
over an exterior surface of a structure, whereas seismic
loads are inertial in nature.

UBGC-97 provisions for ductile seismic detailing must al-
ways be met, even if the wind load is greater then the
seismic load. Seismic loads generally control for heavy
structures and moderate-weight structures in zone 4,
but wind loads often control the design in seismic zones
0 through 3 and in zone 4 for lightweight construction.
Tt is not necessary for the building to be designed to
withstand the simultaneous action of wind and seismic
loads [UBC-97 Sec. 1626.3).

There is no such thing as a “governing” load when a
building is in a potential earthquake area. In some
cases, the maximum expected lateral wind loading will
result in larger drift (see Sec. 5-12) or larger Jateral
forces than will an earthquake. However, even in that
instance, the design must include seismic detailing. The
reason for this requirement is that the structure must
be able to resist seismic loads in a ductile manner even
when it can resist a larger design wind load elastically.
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Simply, the intent is to avoid catastrophic failure and to
provide the necessary structural integrity to resist ac-
tual seismic forces, which are potentially much higher

than the design seismic forces.

6-11 SEISMIC DESIGN CRITERIA
SELECTION

As described in Sec. 3-10, the base shear, V, is the to-
tal design seismic force imposed by an earthquake on
the structure at its base. The base shear is the sum
of all the inertial story shears. The UBC-97 calculates
the base shear from the total structure weight and then
gpportions the base shear to the stories in accordance
with dynamic theory. The design seismic forces can
be determined based on the UBC-97 static lateral force
procedure [Sec. 1630.2] and/or the dynamic lateral force
procedure [Sec. 1631]. The dynamic force procedure is
always acceptable for design of any structure. However,

the UBC-07 [Sec. 1631] specifies that the minimum de-

sign seismic force must be 80 to 100% (depending on
the degree of structural irregularity) of that prescribed
by the static lateral force procedure.

The seismic design process involves consideration of a
number of structural and site characteristics, including
seismic zoning, occupancy, seismic importance factors,
building fundamental period, site geology and soil char-
acteristics and soil-profile types, seismic source classi-
fication, near-source factors, seismic grouhd response
coefficients, response modification factor, configuration,
structural system, and height. Furthermore, the UBC-
97 requires that all parts of the structure be designed
with adequate strength to withstand the lateral dis-
placements induced by the design ground motion [Sec.
1627] considering the inelastic response of the structure
and the inherent redundancy, overstrength, and ductil-
ity of the lateral-force-resisting system. Table 6.2 fur-
nishes the steps needed in seismic design of a structure.

Table 6.2
Seismic Design Procedure
this
bool’s
section
step description reference
1. Identify appropriate structural
system. f-21
2. Classify occupancy category
of the structure. . 6-13
3. Determine the components of seismic
base shear coefficient. 6-30

4. Identify structural system limitations  6-24

and irregularities. and
§-25
5. Select appropriate lateral-force

procedure. 6-31
"6. Determine the total design base 6-32,
shear. 6-34,

and

6-50

7. Distribute the design base shear 6-35
over the structure's height. and

6-36

Analyze P-A effects for the structure.  6-43

Examine overturning effects caused

by earthquake forces. 6-42
10. Evaluate torsional effects for the

structure. 6-39
11. Study story drift limitations. 6-40
12. Consider redundancy of lateral-force-

resisting system. 6-22

13. Evaluate overstrength of lateral-force-

resisting system. 6-20
14. Design elements of the structure. 6-44
15. Confirm seismic detailing requirements

with the UBC-87.
16. Verify structure's continuous

load path completion.

6-12 SEISMIC ZONE FACTOR: Z

The seismic zone factor, Z, accounts for the amount of
seismic risk present in a building’s seismic zone based
on the anticipated maximum ground acceleration at
the site. For the United States, the UBC-97 provi-
sions contain six different seismic zones (see Sec. 3-2
and Fig. 3.1), with zone 0 representing the least risk
and zone 4 encompassing areas with a chance of severe
shaking, Table 6.3 (equivalent to UBC-97 Table 16-I)
gives the seismic zone factors for each of the seismic
zones.’4 The zone factor of 0.4 in zone 4 implies that
the maximum base (unadjusted) effective peak accel-
eration (EPA) is 0.4 g for the design earthquake. A
geographical region experiencing an EPA > 0.3 would
be classified as zone 4. :

payelopment of the Z values was, at times, 8 compromise. For
example, the two values for zone 2 represent the desire of building
officials in the eastern United States to maintain historical force
levels, regardiess of the basis on which the zone boundaries were

developed.
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Table 6.3
UBC-97 Seismic Zone Factors (Z)
[UBC-97 Table 16-1]
seismic
zone 0 i 2A 2B 3 4

Z 0 0075 015 02 03 04

Reproduced from the 1997 edition of the Uniform Building Code,
copyright @ 1997, with the permission of the publisher, the In-
ternational Conference of Building Officials.

"The values of the seismic zone factor are developed con-
sidering historical records and geological data and seis-
mological information. These values are intended to
represent the effective peak ground accelerations (see
Sec. 2-8) that have only a 10% chance of being exceeded
in 50 years. This corresponds to a ground motion that
will be exceeded, on the average, only once in 475 years
(the recurrence interval).

For cities and countries outside the United States, the
UBC-97 [Sec. 1653, Div. III] has compiled a partial list-
ing of seismic zones.

6-13 OCCUPANCY CATEGORIES

When earthquake disaster strikes a community, any ma-
jor structural and nonstructural damage to 2 facility
that could threaten life safety demands complete closure
until adequate repair measures are taken and further
evaluation should deem the facility safe for occupancy
again. Certain facilities such as hospitals and police and
fire stations cannat be shut down under these circum-
stances. Accordingly, law requires that these facilities
be designed to remain operational after an earthquake.*®

Tt is implicit in seismic codes that catastrophic collapse
of structures must be avoided to safeguard lives, mini-
mize economic losses, and avoid disruption in the event
of an earthquake, For purposes of earthquake-resistant
design, each structure is specified in one of the occu-
pancy categories listed in UBC-97 Table 16-K (also see
Table 6.4 of this book). This teble consists of five oc-
cupancy categories with their functions defined. Build-
ings in some of these categories require special review,
inspection, and construction observation.

Essential facilities are emergency facilities that must
remain operational after an earthquake [UBC-97 Sec.
1627]. They include hospitals with surgery and emer-
gency treatment facilities, fire and police stations, emer-
gency preparedness structures (including structures

154 feer an sarthquake, based on Title 24 of the California Admin-
istrative Code, hospitals and schools must be operational. Also,
the California Hospital Act requires that hospitels be fully func-
tional and operational.

housing emergency vehicles), and government commu-
nication centers required for emergency response. Huz-
ardous facilities are used to store or support dangerous
toxic or explosive chemicals or substances. Special oc-
cupancy structures are designed to house large num-
bers of people—for example, places of public assembly
(5000 or more people), schools (300 or more students),
colleges and adult education centers {500 or more stu-
dents), nursing homes, daycare centers, nurseries, and
jails. All other structures that house occupancies or
have functions not listed are considered standard occu-
pancy structures. Examples are apartment buildings,
hotels, office buildings, and wholesale or retail struc-
tures. Miscellaneous structures are buildings or parts
of buildings classed as Group U occupancies. They in-
clude private garages, carports, sheds, factories, and
agricultural buildings.

Appendix K of this book {corresponding to UBC-97
Table 16-K) defines the occupancy categories in greater
detail, Design and construction review requirernents for
each category are specified in UBC-87 Chap. 17.

Table 6.4
Occupancy Categories and Functions of Structure
[UBC-97 Table 16-K}
occupancy occupancy or functions
category of structure

i essential facilities

2 hazardous facilities

3 special occupancy structures

4 standard occupancy structures

5 miscellaneous structures

§-14 SEISMIC IMPORTANCE FACTOR: I

Table 16-K of the UBC-97 specifies an importance fac-
tor, I, which increases seismic design forces for critical

facilities, 16+17

16g0iemic importance factors, Jy, {for wind design) and I, (for
nonstructural component design), are discussed in Secs. 6-8 and
6-46, respectively.

17Increaslng base shear in design and construction also increases
costa. An earthquake risk manegement study may be used to
evaluate the seismic hezard and vulnerability of a structure, The
study may rationalizs amplifying seismic loads to achieve greater
performance goals, such as immediate occupancy in the event
of a major earthquake. Jumes L. Wiit, Director of the Fed-
erzl Emergency Manegement Agency, said, “Mitigation saved the
Anheuser-Busch facility in Los Angeles after Northridge. The
Anheuser-Busch Engineering Department retrofitted the plant to
conform to the L.A. selsmic code—and the plant wes functioning
within days of the earthquake. Without those revisions—they
would have susteined more than $300 million in direct and inter-

ruption losses.”
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Table 6.5
UBC-97 Importance Factor (I) for Earthquakes
[UBC-97 Table 16-K]

occupancy or functions seismic importance
of structure - factor, T
essential facilities 1.25
hazardous facilities 1.25
special occupancy structures 1.00
standard occupancy structures 1.00
miscellaneous structures 1.00

The seismic importance factor is either 1.0 or 1.25, de-
pending on how critical it is for the structure to survive
a major earthquake with minimal damage. From Ta-
ble 6.5, it is obvious that a higher importance factor, I,
{1.25) is designated for essential and hazardous facilities
in order to ensure that these facilities remain functional
and operational after a severe earthquake. For these fa-
cilities the prescribed design base shear is increased by
25% compared to other facilities. Increasing design base
shear increases the seismic safety of a structure.

6-15 SOIL-PROFILE TYPES: §, THROUGH S5,

Soft soil may amplify earthquake ground motion.
Amplification of vibrations due to unfavorable soil

conditions has been strikingly iltustrated in many earth-
quakes, such as the 1985 Mexico City earthquake and
the 1989 Loma Prieta earthquake. To that effect, the

- UBC-97 [Sec. 1629.3] specifies that each site be assigned

a soil-profile type found by a properly substantiated
geotechnical investigation. Subsequently, the UBC-97
[Sec. 1636, Div. V] provides the site categorization pro-
cedure for determining soil-profile types.

A soil horizon is a significant layer of soil with distinct
characteristics extending from the surface into relatively
unaltered material. In the UBC-97, the profiles are clas-
sified into six different soil types ranging from A (hard
rock) to E (soft soil), and type F, assigned to those sites
that require specific evaluation [UBC-97 Sec. 1629.3.1].
New solid profile designations are found in the 1997
NEHRP publication, which are based on quantitative
geological parameters and recent data.

Based on the site categorization procedure of the UBC-
97 [Sec. 1636], Tuble 6.6 (equivalent to UBC-97 Table
16-J) provides a detailed description of the UBC-97 soil
profiles. This table furnishes average shear wave veloc-
ity (¥,), average field standard penetration resistance
(N), average standard penetration resistance for cohe-
sionless soil layers (N oy ), and average undrained shear
strength (3,) values associated with different soil pro-

files §4 through Sg, where applicable.

Table 6.6
Soil Profile Classification
[UBC-97 Table 16-J]

soil profile description

soil

shear wave velocity standard penetration undrained shear strength

type profile ft/sec (m/s) blows/ft Ibf/ft? (kPa)
S4 hard rock ¥ > 5000 - -
(¥, > 1500)
S rock 2500 < ¥, < 5000 - -
(760 < ¥, < 1500)
very dense _
Sc soil andsoft 1200 <¥, <2500 N >80 3, > 2000
rock (360 < ¥, < 760) (3 > 100)
Sp  stiff soil 600 < v, <1200 15<N<50 1000 €3, <2000
(180 < ¥, < 360) (50 £ 3, <60)
soft soil v, < 600 N<15 3, < 1000
Se (vs < 180) (5u < 50)
Or, any profile > 10 ft (3048 mm) of soft clay (soil T, < 500
profile with PI > 20, and wy,. > 40%) (5 < 24)
Sr soils requiring site-specific evaluation
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The average shear wave velocity (¥,) may be measured
on site or estimated by a geotechnical engineer, en-
gineering geologist, or seismologist, according to the
UBC-97 [Sec. 1636.2.1), Formula 36-1.1% The average
field standard penetration resistance (N) and average
standard penetration resistance for cohesionless soil lay-
ers (Ngn) cen be determined from the UBG-97 [Sec.
1636.2.%), Formulas 36-2 and 36-3.1° Lastly, the aver-
age undrained shear strength (5,) can be obtained from
the UBC-97 [Sec. 1636.2.3), Formula 36-4.%0

Where soil properties are not known in sufficient detail,
soil profile Sp can be used, not Sg. Profile Sg is used
only when a geotechnical study shows it to be valid or
when required by the local building official.?! Per UBC-
97 [Sec. 1636.2), soil profile S is used with highly sen-
sitive clays and peat vulnerable to potential failure or
collapse under seismic loading (liquefiable and collapsi-
ble weakly cemented soils), and where & site-specific
evaluation should be conducted in order to properly de-
termine appropriate seismic response coefficients.

6-16 SEISMIC SOURCE CLASSIFICATION

In addition to the seismic zone, site soil profile classifi-
cation, and the importance factor for establishing site
seismic hazard characteristics for each site, UBG-97 pro-
visions require the proximity of each site to active seis-
mic sources (i.e., faults) to be known. The most recent
mapping of active fanlts by the United States Geologi-
cal Survey or California Division of Mines and Geology
are used as approved geotechnical data in identifying
the types of seismic sources to be used for design of
buildings or structures. For routine engineering design,
the ICBO publishes a resource entitled “Maps of Known
Active Fault Near-Source Zones in California,” which is
intended for use with the UBC-97.

There are three seismic source types that are recognized
in the recent UBC-97. They range from the most ac-
tive source (type A) to the least active source (type

18%0r these soil types, the average shear wave velocities (¥5) and

the average field standard penetration resistanca (N) are deter-
mined based on the top 100 B (30480 mm) of soil profile.

197} standard penetration resistancs (V) of the soil layer should
be ohtained in accordance with approved nationally recognized
standards.

20'he yndrained shear strength (3y) should be determined in
accordance with approved nationally recognized standards, not
to exceed 5000 psf (250 kPa).

UThe Sg profile is appropriate in areas with large deposits of

very soft clsy that are subject to large amplifications in seizmic
ground motion, Buildings constructed on San Francisco Bay mud
or on the Mexico City lake bed are likely candidates for the SE

soil profile.

C). Faults are classified by the maximum moment mag-
nitude patential (M) and slip rate (SR).?* Table 6.7
characterizes the three types of faults.

Table 6.7 7
Seismic Source Type and Description
[UBC-97 Table 16-U]
type seismic source description

A faults that are capable of generating large
magnitude occurrences and a high rate of
seismic activity

M>70 SR > 5 mm/yr
B faults other than types A and C
M>170 SR < 5 mm/yr
M<70 SR > 2 mm/yr
M>65 SR < 2 mm/yr
C faults considered relatively inactive
M <65 SR < 2 mm/fyr

Reproduced from the 1997 edition of the Uniform Building Code,
copyright (©) 1997, with the permission of the publisher, the In-
ternational Conference of Building Officials.

When determining the seismic source type, it is erucial
that both maximum moment magnitude potential (M)
and slip rate (SR) conditions be satisfied concurrently.
In California, the majority of faults fall into the type B
seismic source clessification. The San Andreas Fault is
one notable exception, receiving a type A seismic source
classification. Most faults outside Celifornia are type C

seismic source.

6-17 NEAR-SOURCE FACTORS: N, AND N,

The ICBO resource guide “Maps of Known Active Fault
Near-Source Zones in California” can be used to de-
termine proximity to a fault zone. The United States
Geological Survey and the California Department of
Conservation’s Division of Mines and Geology have also
mapped all known active faults in establishing the loca-
tion and type of seismic sources. The shortest distance
to a seismic source is the minimum distance befween
the site and the area defined by the vertical projection
of the source on the surface (i.e., surface projection of
fault plane).?? (See Fig. 6.1.)

22)\fagnitude and slip rate information for faults can be cbtained
from the United States Geological Survey or the California Divi-
sion of Mines and Geology. ‘

237he surface projection should not include portions of the source
at depths of 6.2 mi (10 Jun) or greater.
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shortest distance D

] shortest distance surface projection of seismic source
M| from fault from fault n
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Figure 6.1 Surface Projection of a Fault Plane

In seismic zone 4 where large-magnitude earthquakes
are expected, particularly severe damage to structures
is likely to happen when structures are built very near or
directly on top of active faults. The ground acceleration
that these structures experience may be up to twice the
acceleration that more distant structures experience.

The UBC-97 has adopted two near-source factors, Ng
and N,, to minimize this impact in seismic zone 4.
These amplification factors are acceleration- (for short-
period structures) and velocity- (for long-period strue-
tures) controlled factors. Near-source effects are greater
for long-period structures (i.e., Ny is larger than N, ).

Table 6.8 {equivalent to UBC-97 Tables 16-S and 16-T)
lists the values of the near-source factors related to both
the seismic source type and the proximity of the build-
ing or structure to known faults.

Table 6.8

Near-Source Factors
[UBC-97 Tables 16-S and 16-T]

shortest distance to known seismic source

<2km 5km >10km >15km

1

seismic
source
type N, Ny N Ny N, Ny N, Ny
A 1.5 2.0 12 16 10 1.2 10 10

B 1.3 1.6 10 12 1.0 10 1.0 1.0

C i.0 1.0 10 10 10 10 10 10

(Multiply kilometers by 0.62 to obtain miles.)

Unterpolation is permitted for intermedinte values.

Reproduced from the 1997 edition of the Uniferm Building Code,
copyright (£) 1997, with the permission of the publicher, the In-
ternational Conference of Building Officials.

6-18 SEISMIC RESPONSE COEFFICIENTS:
C, AND G,

In the design of a structure, the UBC-97 [Sec. 1629.4.3]
requires that each structure be assigned seismic response

coefficients C, and C,. These seismic response coeffi-
cients account for the increased severity of the ground
motion at a specific site and are influenced by the seis-
mic zone, proximity of the site to active seismic sources,
and site soil profile characteristics. C, functions as an
acceleration-controlled coefficient for the short-period

portion of the spectrum, and C, serves as a velocity- -

controlled coefficient for the long-period portion of the
spectrum. 4

To determine which of these two coefficients should be
used in the design of a structure, Fig. 6.2 {(UBC-97
Fig. 16-3, Design Response Spectra) should be used.

In Table 6.9, in which UBC-97 Tables 16-Q and 16-
R are combined, the values of these seismic response
coefficients are specified per zone and soil-profile type.

To determine seismic response coefficients for soil-profile
type Sp, the UBC-97 [Sec. 1629.3.1] requires that a site-
specific geotechnical investigation and dynamic site re-
sponse analysis be performed. For zone 4, near-source
factors (N, and N,} are used in the determination of
C, and C,. Based on the UBC-97 [Sec. 1629.4.2], the
value of N, should be equal to or less than 1.1 for
regular structures on a site characterized with the
soil-profile types either Sa, Sg, Se¢, or Sp and a reli-

ahility /redundancy factor (p) (see Sec. 6-22} equal to
1%

24 ke gelsmic response coefficient Oy represents effective peak
acceleration at grade, The seismic response coefficient G, repre-
sents acceleration response at 1.0 sec period.

256 redundancy factor penalizes nonredundant lateral systema
that require an incresse in the seismic design loads in order to
reduce the megnitude of the elastic response and thus reduce the

ductility demand.
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Figure 6.2 Response Spectra
_ Table 6.9
Seismic Response Coefficients
[UBC-97 Tables 16-Q and 16-R]
seismic zone factor, Z
soil- 1 2A 2B 3 4
profila
type Co Gy C. Gy C. Gy c. Gy C Cy
54 008 006 012 0.12 016 016 024 024 032N, 0.32N,
S5 008 008 015 015 020 020 030 030 040N 0.40N,
S 009 013 018 0.25 024 0.32 033 045 040N, 0.56N,
Sp 012 018 022 032 028 040 036 054 0.44N, 0.64N,
Sz 019 026 .30 0.50 0.34 0.64 0.36 0.84 0.36N, 0.96N,
Sp soil requiring site-specific evaluation

Reproduced from the 1997 edition of the Uniform Building Code, copyright {c) 1997,
with the permission of the publisher, the International Conference of Building Officials.
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Ezample 6.1

A public library building with a 6000-person capacity
is being designed for the northern part of California.
The building will be in the vicinity of the San Andreas
Fault. The surface projection of this fault plane is as

shown.

Sap
' 4”%‘5-5‘ fa
Ul

%

\

(a) plan view

building

ST, 124 mi {20 km}

- A 1Bmi(12km) _|g
R 6.2 mi
{10 km)

(8) What is the value of the importance factor?

(b) What is the soil-profile type?
{c) What are the values of near-source factors?

{d) What are the values of seismic response coefficients?

Solution

(a) Because of the 6000-person occupancy {more than
5000 persons) and social function of this building, this
building is classified as s special occupancy structure
according to the UBC-97 (Sec. 1629.2] and UBC-97 Ta-
ble 16-K. According to the same table, the value of the
seismic importance factor (I) for this type of occupancy

is 1.0,

(b} This building is located on & soil profile that has
an average shear wave velocity (¥,) of 3000 ft/sec (914
m/s). Based on the site categorization procedure of
the UBC-97 [Sec. 1636] and Table 6.6 (equivalent to
UBC-97 Table 16-J}, the soil profile corresponds to the
description of soil-profile type Sg. Type Sg is deseribed
as a rock soil profile with an average shear wave velocity
of 2500 ft/sec < v, < 5000 ft/sec (760 m/s < ¥, <
1500 m/s).

(c) Because the San Andreas Fault in California is
an active fault that is capable of generating large-
magnitude occurrences and has a high rate of seismic
activity, the seismic source classification is type A.

Based on the surface projection of the fauit plane (non-
vertical fault), the shortest distance to the seismic source
(i.e., the minimum distance between the site and the

- ares defined by the vertical projection of the source on

the surface) is 12.4 mi — 7.5 mi = 4.9 mi (20 km —
12 km = 8 km). ‘

With seismic source type A and shortest distance of
4.9 mi (8 km) to the seismic source, the near-source
factors (N, and N,) can be interpolated from Table
6.8 (equivalent to UBC-97 Tables 16-5 and 16-T). The
interpolated values of the near-source factors are N, =
1.08 and N, = 1.36.

{d) Because this site is located in seismic zone 4, in ad-
dition to the soil-profile type (5g), near-source factors
are used in the determination of seismic response co-
efficients (C; and C,). From Table 6.9 (equivalent to
UBC-97 Tables 16-Q and 16-R}, the seismic response

coefficients are

G, = 0.40N, = (0.4)(1.2) = 0.48
C, = 0.40N, = (0.4)(1.6) = 0.64

(> e " - L > - L -

6-19 RESPONSE MODIFICATION
FACTOR: R

Building a structure to respond 100% elastically in a
large-magnitude earthquake would not be economical.
Therefore, the prescribed design iateral strengths are
considerably lower than needed to maintain a structure
in the elastic range. This reduced design strength level
results in nonlinear behavior and energy absorption at
displacements in excess of initial yield. Strength reduc-
tions due o nonlinear behavior are influenced by the
maximum allowable displacement ductility demand, the
fundamental period of the system, and the soil-profile
type. Strength reductions from the elastic strength are
accomplished by using a response modification factor,

The structure response modification factor, R, rep-
resents the inherent overstrength and globul ductility
capacity of structural components.?®® Ductility can be
defined as a measure of the ability of & structural system
to deform in the plastic range prior to failure. Duc-
tile performance is important becavse seismic energy

26The old 1994 UBC R, value is approximately equal to 1.4
times the new 1997 R value. This new selection for the UBC-97
is for transition from service-level to strength-level design forces.
The R factor is a partly empirical, partly judgmental factor that
reduces the base shear to a predetermined valve. This is the only
judgment factor in the base shear equation.
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is dissipated through yielding of the structural com-
ponents, and because it permits considerable displace-
ments during intense earthquakes without risk to the
structure's integrity and the occupants’ life safety. Re-
ductions in design forces due to inherent overstrength
increase the lateral strength of the structure from the
design strength to the strength that ig associated with
the formation of the first plastic hinge. Reductions in
design forces due to global ductility capacity increase

the lateral strength of the structure from the strength -

that can be identified with the formation of the first

plastic hinge to the strength associated with the forma-

tion of a mechanism,

Because all structures are designed for strengths less
than would be needed in a completely elastic structure,
the value of the response modification factor (R) always
exceeds 1.0, Lightly damped structures constructed of
hrittle materials are assigned low values of R because
they cannot support deformation in excess of initial
yield, Highly damped structures constructed of ductile
materials are assigned higher values of R.

The level of reduction specified in the UBC-97 seismic
provisions is essentially based on the analysis of the
historical performance of various structural systems in
strong earthquakes. The structure response modifica-
tion factor is determined from the type of structural sys-
tem used in design of structures, as defined for buildings
in Table 6.10 (equivalent to UBC-97 Teble 16-N) and for
nonbuilding structures in Table 6.15 (Sec. 6-46, equive-
lent to UBC-97 Table 16-P). Systems with higher duc-
tility (e.g., steel moment-resisting frames) have higher
R values associated with better seismic performance ex-

pectations.

6-20 SEISMIC FORCE AMPLIFICATION
FACTOR: (),

The type of structural system and natural period of a
structure significantly influence the structure’s response
to ground shaking. In the event of a severe earthquake,
code-compliant structures are expected to deform be-
yond their elastic load-carrying capacities due to effects
of system overstrength. Overloading of nonductile ele-
ments of the structure can oceur if the effects of over-
strength are not accounted for in design. Overstrength
ig defined as a characteristic of structures where the ac-
tual strength is greater than the design strength. The
degree of overstrength depends on material type and

structural system type.

A seismic force amplification factor, or overstrength
factor (o), has been assigned to each identified struc-
tural system. This factor accounts for overstrength of
the structure in the inelastic range.

-21 STRUCTURAL SYSTEMS

The UBC-97 [Sec. 1629.6 and Table 16-N] recognizes
seven major types of structural systems capable of re-
sisting lateral forces. In determining the base shear and
design story drift for the structural systems mentioned,
UBC-97 Table 16-N provides corresponding height lim-
itations, the appropriate response modification coeffi-
cient (R), and the seismic force amplification factor
(Qp). Nonbuilding structures are defined in the UBC-

97 [Sec. 1629.6.8]. (See Sec. 6-46.)

A. Bearing Wall Systems

A bearing wall system is & structural system that relies
on the same elements to resist both gravity and lateral
loads. By itself, the word “wall” is ambiguous because
there are two main types of structural walls. (Partition
walls and curtain walls are not structural walls.) A
bearing wall is designed and constructed to resist ver-
tical (i.e., gravity) loads. A shear wall is designed and
constructed to resist lateral loads. A wall can be used
to resist both vertical and lateral loads. A bearing wall
system does not have a complete vertical load-carrying
space frame. Bearing walls or bracing systerns support
all of the gravity loads. Lateral forces are resisted by
shear walls, light bracing in bearing walls, or braced
frames (where the bracing also carries lateral load).

A bearing wall system lacks redundancy and has an
inadequate inelastic response capacity. Such systems
do not possess a complete vertical load-carrying frame
and rely on walls or braced frames to carry the verti-
cal (gravity) and lateral (seismic) loads.?” The distin-
guishing factor of these systems is that the failure of the
primary seismic system also compromises the ability of
the structure to support its dead and live loads.

Typical bearing wall systems are: light-framed walis
with shear panels, concrete or masonry shear walls, light
steel-framed bearing walls with tension-only braces, and
braced frames where the bracing carries gravity loads.

gravity loads

lateral
forces

Figure 6.3 Bearing Wall System

2714 i5 common to refer to this type of design as a boz system.
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Table 6.10
Structural Systems!
[UBC-97 Table 16-N] - |
height limit for
seismic zones
3 and 4 (ft)

lateral force-resisting system description R Qo (x 304.8 for mm)

bastc structurat system®
1. bearing wall system 1. light-framed walls with shear panels .
a. wood structural panel walls for structures three stories or less 5.5 2.8 65
b. all other light-framed walls : 45 28 65
2. shear walls :
8, concrete 45 28 160
b. masonry ) 435 238 160
3. light steel-framed benring walls with tension-only bracing 28 22 65
4, braced frames where bracing carries gravity load
a. steel 44 22 160
b. concrete® 28 2.2 -
‘ 28 2.2 65

¢. heavy timber

2. building frame system 1. stesl eccentrically braced frame (EBF) 7.0 28 240

2. light-framed walls with shear panels
. wood structural panel walls for structures three stories or less 6.5 2.8 65

b. all other light-framed walls 50 28 85
3. shear walls e
8. conerete 55 2B 240
b. masonry 55 2.8 160
4. ordinary braced frames
a, steel 56 2.2 160
b. concrete® 56 2.2 -
¢, heavy timber 56 22 65
5. special concentrically braced frames
8. steel 64 2.2 240
3. moment-resisting frame 1. special moment-resisting frame (SMRF)
gystem a. steel B5 2B - N.L.
b. concrete® B5 2.8 N.L.
2. mesonry moment-resisting wall frame (MMRWF) 65 2.8 160
3. concrete intermediate moment-resisting frame (IMRF)® 55 2.8 -
4. ordinary moment-resisting frame (OMRF)
a. steel® 45 2.8 160
b, concrete® 35 28 -
5. special truss moment frames of steel (STMF) 6.5 28 240
4, dual systems 1. shear walls
a. concrete with SMRF 85 28 N.L.
b. concrete with steel OMRF 42 28 160
c. concrete with concrote IMRF® 65 2.8 160
d. masonry with SMREF 5.5 28 160
e. masonry with steel OMRF 42 28 160
f. masonry with conerete IMRE? 42 28 -
g. masonry with masonry MMRWF 60 2.8 160
2. steel EBF
&. with steel SMRF 85 28 N.L,
b. with stecl OMRF 42 28 160
3. ordinary braced frames
&. steel with steel SMRF 65 28 N.L.
b. steel with steel OMRF 42 28 160
¢. concrete with concrete SMRF? 65 2.8 -
d. concrete with concrete IMRF® 42 28 -
4. special concentrically braced frames
8. steel with ateel SMRF 75 28 N.L.
b. steel with steel OMRF 42 2.8 160
5. cantilevered column building 1. cantilevered column elements 22 20 35"
systems
6. shear wall-frame interaction 1. concrete® ‘ 55 28 160
systems

7. undefined systems See UB(C-97 Secs. 1629.6.7 and 1629.9.2

N.L—no limit, See UBC-97 Sec. 1630.4 for combination of structural systems. ?Basic structural systems are defined in UBC-97
Sec. 1629.6. Prohibited in seismic zones 3 end 4. ‘Includes precast concrete conforming to UBC-97 Sec. 1921.2.7. *Prohibited in
seismic zones 3 and 4, except as permitted in UBC-97 See. 1634.2. ®Ordinary moment-resisting frames in seismic zone 1 meeting the
requirements of UBC-07 Sec, 2214.4 may use an R value of 8.5. "Total height of the building including cantilevered columns. 3Prohibited
in selsmic zones 2A, 2B, 3, and 4. See UBC-97 Sec. 1633.2.7:

Reproduced from the 1997 edition of the Uniform Building Code, copyright (c) 1997,
with the permission of the publisher, the International Conference of Building Officials,
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B. Building Frame Systems

A building frame (vertical load-carrying frame) is a com-
plete, self-contained, three-dimensional unit composed
of interconnected members. Building frame systems use
a complete space frame to carry the vertical (gravity)
loads and a separate system of nonbearing shear walls
or braced frames to resist the lateral (seismic) load.?
Unlike the bearing wall system, failure of the primary
Jateral support system does not compromise the ability
of the structure to support gravity loads.

The requirements of the “deformation compatibility” of
UBC-97 [Sec. 1633.2.4] provision should be satisfied for
these systems. A frame may or may not have bracing.
If it does, it is known as a braced frume. A braced
frame is a vertical truss system of interconnected mem-
bers designed to resist lateral loads through the devel-
opment of sxial loads in the members. Braced frames
can be of the concentric or eccentric types that are
relatively rigid and require special detailing to ensure
adequate ductile performance. Typical building frame
systems are: steel eccentrically braced frames; light-
framed walls with shear panels; concrete or masonry
shear walls; steel, concrete, or heavy ordinary braced
frames; and special steel concentrically braced frames.

gravity loads

AR

OB
latera ER
forces D ' D i

RN

Figure 6.4 Building Frame System

0
0
0

C. Moment-Resisting Frames

Moment-resisting frimes [UBC-97 Sec. 1629.6.4] resist
forces in members and joints primarily by flexure and
rely on a frame to carry both vertical and lateral loads.
Lateral loads are carried primarily by flexure in the
members and joints. Theoretically, joints are completely
rigid. Moment-resisting frames can be constructed of
concrete, masonry, or steel. There are five types of

‘moment-resisting frames: steel and concrete special

Ba space frame is a three-dimensional structural system, with-
out bearing walls, consisting of interconnected members that op-
erate ag a single unit. A frome is a truss-like two-dimensional
system with concentric or eccentric connection points in which
the lateral forces are resisted by axial stresses in the members.
A space frame functions with or without the aid of horizontal
diaphragms or floor-bracing systems.

moment-resisting frames (SMRF), masonry moment-
resisting wall frames (MMRWF), concrete intermediate
moment-resisting frames (IMRF), steel or concrete or-
dinary moment-resisting frames (OMRF), and special
steel truss moment frames (STMF). These systems pro-
vide a sufficient degree of redundancy and have excellent

inelastic response capacities.

Special motient-resisting frames are specially detailed
to ensure ductile behavior and comply with Chap. 19
(concrete) or Chap. 22 (steel) of the UBC-97. Inter-
mediate moment-resisting frames, concrete frames with
less stringent requirements designed in accordance with
UBC-97 Sec. 1921, cannot be used in seismic zones 3
and 4 [UBC-97 Teble 16-N, Ftn. 5|. Ordinary moment-
resisting frames are steel or concrete moment-resisting
frames that do not meet the special detailing require-
ments for ductile behavior, Ordinary moment-resisting
frames constructed of steel and concrete are restricted
in use by UBC-97 Secs. 1921 and 2211.

gravity loads
|
lateral D D D D
forces D D |:| [] (ﬁﬂg E‘E‘E'EE
0O E0EnEEa
EDQ lr_-:: i
R TR R TR QIR 34

Figure 6.5 Moment-Resisting Frame System

D. Dual Systems

Dual Systems have essentially complete space frames
that provide support for all vertical (gravity) loads and
combine two of the previously mentioned systems fo
resist lateral loads. Moment-resisting frames (SMRF,
IMRF, MMRWF, or steel OMRF) acting in conjunc-
tion with shear walls must be able to resist at least
25% of the design base shear independently. The two
systems are designed to resist the total design base
shear in proportion to their relative rigidities [UBC-97
Sec. 1629.6.5].%°

) oment-resisting frames can be steel, concrete, ar masonry,
but concrete intermediats moment-resisting frames are prohibited
in seismic gones 3 and 4, except as permitted in the UBC-97
Sec. 1634.2 [UBC-97 Table 16-N, Fin. 5].
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gravity loads

Figure 6.6 Dual System

E. Cantilevered Column Building Systems

Cantilevered column building systems have single can-
tilevered column elements supporting beams or framing
at the top. These systems have a large portion of their
mass concentrated near or at the top and are fixed at
their bases. Design base shear is essentially applied at
the top of the vertical base member. They are regarded
a3 inverted pendulum-type structures since they extend
from a fixed base and have zero moment restraint at the
top. These systems have essentially one degree of free-
dom in horizontal translation.

Supporting columns or piers of inverted pendulum-type
structures should be designed from the bending moment
determined at the base according to procedures of the

UBC-97 [Sec. 1630.2].

The cantilevered columns in this building system pro-
vide both lateral load resistance and gravity load re-
sistance. These column elements have low redundancy
and limited inelastic response capacity (energy dissipa-
tion). The potentially adverse effects that failure of the
columns due to lateral forces will have on the gravity
load-carrying capacity must be evaluated to determine
stability. In seismic zones 3 and 4, the maximum height
for these structures is 35 ft (10.7 m).

vertical load

(4

lateral
ioad

LJLIE]

[]

% %

Figure 6.7 Cantilevered-Column Building System

F. Shear Wall-Frame Interaction Systems

To resist lateral forces, shear well-frame interaction sys-
tems primarily use a combination of shear walls and
moment frames. Building frames that are part of the

lateral-force-resisting systems are required to be con-
crete frames. These systems are restricted to seismic

zones 0 and 1 {zones of low seismicity).

gravity loads

[ateral
forces

Figure 6.8 Shear Wall-Frame Interaction System

G. Undefined Systems

Undefined structural systems do not fit into any of these
categories. The designer of such systems must submit
a rational basis for the design force level used [UBC-97
Sec. 1629.6.7 and 1629.9.2]. '

6-22 RELIABILITY/REDUNDANCY
FACTOR: p

Redundancy is an important characteristic of a strue-
ture, providing multiple paths of resistance (i.e., load
paths). Higher redundancy in a structure implies better
reliability. Inelastic action of a structure during 2 ma-
jor seismic event can cause part of the structure to fail.
For structures expected to experience severe inelastic
demands, the lateral load-resisting system of the struc-
ture should be made as redundant as possible so that
loads can be distributed to other lateral-force-resisting

elements.

The reliability/redundancy factor, p, i3 applied as an'in- .

crease in horizontal seismic forces associated with the
base shear [UBC-97 Sec. 1630.1.1). This factor effec-

* tively reduces the response modification factor, R, based

on the extent of structural redundancy inherent in the
design configuration of the structure and ifs lateral-
force-registing system. In addition to the number and
distribution of vertical elements of the lateral-force-
resisting system, the size of the ground floor area of
the structure determines the value of p. The reliabil-
ity/redundancy factor (p) value varies between 1.0 and
1.5. This factor can be celculated from Eq. 6.7 (equiv-
alent to UBC-97 Formnla 30-3).
20
Tmax AB,ftz
6.1

p=2— ——— St
Tmax AB,m’ 1

p=2- (US] [6.7(a)]

[6.7(0)]

PROFESSIONAL PUBLICATIONS, INC.

EngineeringBooksPDF.com

Artemn

ATy

£
]




M
H
|
H

4

KR

69

UBG SEISMIC CODE

The UBC-97 defines the element-siory shear ratio (1) as
the ratio of the design story shear in the most heavily
loaded single element divided by the total design story
shear. The value of r depends on the structural system
and can be taken as 1.0 in seismic zones 0,1, and 2. Trmax
is the maximum element-story shear ratio in & given
direction of loading that occurs in any of the story levels
at or below two-thirds of the structure height. Ap is
the ground floor area of the structure determined in ft
(m?).

Observation of structural performance in Northridge,
Kobe, and other large earthquakes has shown that struc-
tures with adequately redundant systems perform bet-
ter than do structures with few lateral load-resisting
elements. For this reason, the reliability /redundancy
factor has been introduced to persuade engineers to de-
sign more highly redundant structures. In certain situa-
tions, it may be difficult to achieve a redundant design.
In those cases, the magnitude of the inelastic response
and the ductility demand should be reduced by increas-
ing earthquake design loads by way of the p factor.

The reliability/redundancy factor is applied in the load
combination equations rather than in the base shear
equation because stiffness and drift control requirements

are not directly influenced.

< < < <> <> <> <
Ezample 6.2

The plan view of a one-story office building in San Fran-
cisco is shown. The building has & wood structural
panel roof diaphragm and shear walls. The building
is 14 ft (4.3 m) tall. The shear walls equally resist the
seismic shear. (a) What is the value of the response
modification factor? (b) What is the value of the seis-
mic force amplification factor? (c) What is the value of

the reliability /redundancy factor?

120 ft {36.6 m)

[~ |

60 ft (18.3 m)

300 [bffit (4378.N/m)

Customary U.S, Solution

(2) This structure is a one-story, light, wood-framed
bearing wall. Based on UBC-97 Table 16-N, for bearing
wall systems with lateral-force-resisting elements that
are wood structural panel walls and three stories or
fewer in height, the value of the response modification

factor (R) is 5.5.

(b) Overstrength as a characteristic of a structure oc-
curs when the actual strength is greater than the design
strength. The degree of overstrength greatly depends on
structural material and system. According to UBC-97
Table 16-N, the value of the seismic force amplification

(overstrength) factor, o, is 2.8.

(c) The UBC-97 requires that all structures be assigned
a reliability /redundancy factor that accounts for the
pumber of latersl-force-resisting elements, ground floor
area of the building, and distribution of lateral forces
to lateral-force-resisting elements. This factor can be
calculated from Eq. 6.7 {equivalent to UBC-97 Formula

30-3).
20

p= | J———
Tmacy/ AB 2

Based on the UBC-97 [Sec. 1630.1.1], the element-story
shear ratio (r) is the ratio of the design story shear in
the most heavily loaded single element divided by the
total design story shear. For shear walls,

(maximum wall shear} (-10—)
Iw.l't;

T =
max total story shear

For this building, the shear walls equally resist the seis-
mic shear forces. Thus,

roex = (05) Gg)

10
09 (%)
=0.0833 ft!

Ag = (60 f£)(120 ft)
= 7200 ft?
e 20
(0.0833 £7)v/7200 fi2
=2-283
=-0.83

However, p should not be less than 1.0 and need not be
greater than 1.5 (L0 p < 1.5). Therefore, pmin = 1.0.
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ST Solution

(s) This structure is a one-story, light, wood-framed
bearing wall. Based on UBC-7 Table 16-N, for bearing
wall systems with lateral-force-resisting elements which
are wood structural panel walls and three stories or less
in height, the value of the response modification factor
(R) is 5.5. '

(b) Overstrength as a characteristic of a structure oc-
curs when the actual strength is greater than the design
strength. The degree of overstrength greatly depends on
structural material and system. According the UBC-97
Table 16-N, the value of the seismic force amplification
(overstrength) factor, 2o, is 2.8.

(c) The UBC-97 requires that all structures be assigned
a reliability/redundancy factor that accounts for the
number of lateral-force-resisting elements, ground floor
area of building, and distribution of lateral forces to
lateral-force-resisting elements. This factor can be cal-
culated from Eq. 6.7 (equivalent to UBC-97 Formula

30-3).
6.1

p=tm—
Tmax AB,m’

Based on the UBC-97 [Sec. 1630.1:1}, the element-story l

shear ratio (r) is the ratio of the design story shear in
the most heavily loaded single element divided by the
total design story shear. For shear walls,

(maximum wall shear) ( ﬂfj)

Iw,m

Tmax =

total story shear

For this building, the shear walls equally resist the seis-
mic shear forces, Thus,

e = (0.5) (3—0—5)
bum
3.05
=(05) (18.3 m)
=0.0833 m™!

Ap = {18.3 m)(36.6 m)
= 669.78 m*
6.1
p=2—
(0.0833 m~=1)v/669.78 m?
=2-283
=—0.83

However, p should not be less than 1.0 and need not be
greater than 1.5 (1.0 € p < 1.5). Therefore, pin = 1.0.

eI A R e

6-23 REGULAR/IRREGULAR
STRUCTURES

In designing a structure, selection of the structure’s
basic plan, shape, and configuration is a critical step.
The decision will influence the ability of the structure
to withstand earthquake ground shaking. While con-
figuration cannot be presumed to be the sole reason
for building inadequacy, it is usually a significant con-
tributor. Previous earthquake performance of buildings
clearly illustrates that all other parameters being iden-
tical, the simpler the building is, the better its seismic
performance will be.

A structure is an assemblage of framing members de-
signed to support vertical (gravity) loads and resist lat-
eral forces. For building structures, there are many
types and configurations, and a dominant ideal con-
figuration for any particular type of building structure
does not exist. Despite the relationship between con-
figuration and seismic performance, it wasn't until the
1973 edition of the UBC that building configuration
was addressed in a specific provision. In the UBC-97,
Sec. 1629.5 provides guidelines for classifying building
configuration for & structure. In Sec. 1629.5, structures
are classified as either structurally regular or structurally

irreqular.

Regular structures in accordance with the UBC-97 [Sec.
1629.5.2] are described as structures having no signifi-
cant physical discontinuities in plan or vertical configu-
ration or in their force-resisting systems. Besed on the
UBC-97 [Sec. 1629.5.3), irregular structures are defined
as structures having significant physical discontinuities
in configuration or in their lateral-force-resisting sys-
tems.

Regular structures have a uniform and continuous dis-
tribution of mass, stiffness, strength, and ductility with
no significant torsional forces or Jarge height-width ra-
tio or large changes in plan area from floor to fioor.
They have relatively shorter spans than irregular struc-
tures, simple structural subsystems, and balanced stiff-
ness and strength between members, connections, and
supports. The code permits static analysis for a regular
structure with few exceptions (see Sec. 6-33).

Structures with irregular shapes, changes in mass from
floor to floor, variable stiffness with height, and un-
usual sethacks historically have not performed well dur-
ing earthquakes. This is unfortunate from aesthetic and
creative perspectives, because such buildings are gener-
ally among the most pleasing in appearance and inter-
esting to design. With few exceptions (see Sec. 6-33),
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the code specifies that a dynamic aﬁalysis is required
for an irregular structure.3®
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Figure 6.9 Structural Configuration

30gince the code is specific, some of the design criteria were set
primarily by judgment, as neither historical nor empirical data
were available. Thus, the criteria are somewhat “Inpse,” and the
intent is to penalize only the worst cases of structural irregularity
and to allow less severe structurzl configurations.

To identify UBC-97 requirements affecting irregular
structures, Table 6.11 (equivalent to UBC-97 Tables
16-L and 16-M, combined) lists major physical disconti-
nuity types along with corresponding UBC-97 reference

sections,

Table 6.11

Plan and Vertical Structural Irregularities
[UBC-97 Tables 16-L and 16-M]

- physical UBC-97
structural irregularity reference
irregularify type section

stiffness irregularity— 1629.8.4,
soft story Jtem 2
weight (mass) 1629.8.4,
irregularity Item 2
vertical geometric irregularity 1629.8.4,
Item 2
in-plane discontinuity 1630.8.2
discontinuity in capacity—
weak story 1629.8.1
torsional irregularity 1633.2.9,
Item 6
reentrant corners 1633.2.9,
Items 6
and 7
plan diaphragm discontinuity ~— 1633.2.9,
Item 6
out-of-plane offsets 1630.8.2;
1633.2.9,
Item 6;
2213.8
nonparellel systems 1633.1

Reproduced from the 1857 edition of the Uniform Building Code,
copyright () 1897, with the permission of the publisher, the In-
ternational Conference of Building Officials.

6-24 VERTICAL STRUCTURAL
IRREGULARITIES

UBC-97 Table 16-L lists and defines the following five
types of vertical structural irregularities.

1. A soft story has a stiffness less than 70% of the
story immediately above, or less that 80% of the
average stiffness of the three stories above. (The
requirement of UBC-97 [Sec. 1620.8.4, Item 2]
should be considered.) '

2. A story has a mass (weight) irregularity when
its mass is more than 150% of the effective mass
of & story above or below. (Roofs lighter than
the floor immediately below are excluded.) (The
requirement of UBC-97 [Sec. 1620.8.4, Item 2]

should be considered.)
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3. A story has vertical geometric irregularity when
the horizontal dimension of a story’s lateral
force-resisting system is more than 130% of that
in an adjacent story. (One-story penthouses are
excluded.) (The requirement_of UBC-97 [Sec.
1629.8.4, Item 2] should be considered.)

e moment framag ———— shearwall
(a) irregular stiffness

LA A AN

/’////// AV
heavy mass\

(A ALV

(b) irregular mass

{c) irregular geometry

discontinuous

shearwall
braced

‘ frame N

{d} in-plane discontinuity

{e) discontinuity In capacity

Figure 6.10 Vertica! Irregularities

4. An in-plane discontinuily exists at a story when
there is an in-plane offset of the lateral load-
resisting elements greater than the length of
those elements. (The requirement of UBC-97
[Sec. 1630.8.2] should be considered.)

5. A weak story (discontinuity in capacity) exists
when the story strength is less than 80% of that
in the story above. The story strengih is defined
as the strength of all of the seismic resisting el-
ements sharing the story shear in the direction
of the earthguake. (The requirement of UBC-97
[Sec. 1629.9.1] should be considered.)

A structure that meets one of the five conditions of
UBC-97 Table 16-L (corresponding to the five condi-
tions listed above) would normally be considered ir-
regular. However, a structure that would otherwise be
considered irregular under the first two conditions listed
can be considered regular if the story drift ratio (as cal-
culated from the design lateral forces and neglecting
torsional effects) for each foor is less than 1.3 times the
story drift ratio for the floor above. (The story drift
ratio is the ratio of the actual drift relative to the floor
below and the floor-to-floor height.) Furthermore, this
condition does not even have to be satisfied by the top
two stories as long as all stories below the top two sat-
isfy it [UBC-97 Sec. 1629.5.3, Item 2].

< <S> O < < < <

Ezample 6.8

Two 150-ft (45.7-m) building structures in Californis
are shown in elevation. Structure I has a reinforced con-
crete shear wall for lateral loads in one direction and a
special steel moment-resisting frame system in the or-
thogonal direction. Structure IT has a combined special
steel moment-resisting frame with reinforced concrete
shear wall in each direction, but the shear wall is dis-
continuous at the second floor. (2) What is the appli-
cable response modification factor, R, for structure I?
(b) What is the applicable response modification factor,
R, for structure I1? (c) Which, if any, of the building
structures would be classified as irregular by the UBC-
97 and what are the implications?

L

(W gy 1 o5t

YN NSNS
structure II

TN IS NN

structure I
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Solution

(a) StructureIis 2 building frame system with concrete
chear walls in one direction and a special steel momient-
resisting frame in the orthogonal direction. Where com-
binations along different axes exist, the UBG-97 [Sec.
1630.4.3] permits any combination of lateral systems for
buildings less than 160 ft in height, and restricts R only
for systems in combination with a bearing wall system
in one direction. Based on UBC-87 Table 16-N,

For a building frame system with concrete
shear walls, R = 5.5.
For special steel moment-resisting frame,
R=28.5.
Thus, R should be 5.5 for the elevation shown, and
R = 8.5 should be used in the orthogonal direction.

(b) Structure I is a dual system in both directions.
Where combinations along the same axes exist, the
UBC-97 [Sec. 1630.4.4] requires that the value of seis-
mic modification factor R for design in that direction
not be greater than the least value for any of the struc-
tural systems utilized in that same direction. Based on
UBC-97 Table 16-N,

For reinforced concrete shear wells, R =4.5
For special steel moment-resisting frame,

R=85.

Thus, R should not be greater than 4.5 (least value of
R for any of the structural systems), and the comhined
value of the seismic modification factor R = 4.5 should
be used.

(c) Based on the UBC-97 [Sec. 1629.5.3], irregular
structures bear significant physical discontinuities in
configuration or in the lateral-force-resisting systems.
Structure I is a regular structure based on given in-
formeation and visual observation, whereas structure II
has vertical irregularities. The observed irregularities
are stiffness (soft story) and in-plane discontinuity in
vertical lateral-force-resisting elements,

By inspection, the first story of structure IT is consid-
ered a soft story. Based on the UBC-97 [Sec. 1629.8.4.,
Item 2], & soft story's lateral stiffness is less than 707%
of that in the story above or less than 80% of the av-
erage stiffness of the three stories above. Also, it can
be seen that the vertical lateral-force-resisting system
is discontinuous. According to UBC-97 Table 16-L,
this irregularity is categorized as an in-plane discon-
tinuity in vertical lateral-resisting elements. The UBC-
97 [Sec. 1630.8.2] requires concrete, masonry, steel, and
wood elements (existing shown columns) supporting
such discontinuous systems to have the design strength
to resist the special seismic load combinations [UBC-97
Sec. 1612.4]. - .
< < < < <S> O <

6-25 PLAN STRUCTURAL
IRREGULARITIES

UBC-97 Table 16-M lists and defines the following five
types of plan structural irregularities.

1. Torsional irregularity exists when the maximum
story drift {caused by the lateral load and the
accidental torsion) at one end of the structure
transverse to its axis is more than 1.2 times the
average story drifts calculated from both ends.
Only buildings with rigid diaphragms are affected
by this type of irregularity.?’ (The requirement
of UBC-97 [Sec. 1633.2.9, Item 6] applies here.)

A2>1.2(A1;“A2)

The UBC-97 [Sec. 1633.1] specifies that earthquake
forces should be considered from any direction other
than the principal axes if torsional irregularity exists
for both major axes.

9. A building has reentrant corner irregularity when
one or more parts of the structure project beyond
a resntrant corner & distance greater than 15% of
the plan dimension in the given direction. (The
requirement of UBC-97 [Sec. 1633.2.9, Items 6

and 7] applies here.)

projecting wing D > 0.15D;
projecting wing L > 0.15L;

3. Diaphragm discontinuity occurs with diaphragms
having sbrupt discontinuities or variations in
stiffness, including when there are cutout, or
open, areas greater than 50% of the gross di-
aphragm area, or when the stiffness of the dia-
phragm changes more than 50% from story to
adjacent story. (The requirement of UBC-97
[Sec. 1633.2.9, Item 6] applies here.)

opening area > 0.50LD

4. An out-of-plone offset is a discontinuity in the
lateral force path—an out-of-plane offset of the
vertical elements. (The requirements of UBC-97
[Secs. 1630.8.2; 1633.2.9, Item 6; and 2213.8) ap-

ply here.)

314 defined in UBC-97 Sec. 1630.6, & flexible diaphragm is one
that hos o maximum lateral deflection at a story more than two
times the average story drift at that story.
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Figure 6.11 Plan Irregularities

5. A nonparallel system is one for which the ver-
tical load-carrying elements are not paralle]l to
or symmetrical about the major orthogonal axes
of the lateral force-resisting system. This in-
cludes buildings in which a column is part of
two or more intersecting lateral force-resisting
systems (as would most likely occur in a corner
column at the ends of two orthogonal frames),
unless the axial eolumn load due to seismic forees
is less than 20% of the column allowable load.
(The requirement of UBC-97 [Sec. 1633.1] ap-

plies here.)

6-26 BUILDING PERIOD: T

The UBC-97 gives two methods for determining the
. building period, T. The first is an approximate method

that implies that the natural period increases as the
height of the structure increases (see Sec. 3-8). Equa-
tion 6.8 (corresponding to UBC-97 Formula 30-8) can
be used for all buildings.®? In Eq. 6.8 (known as Method
A), hy is the actual height (feet or meters) of the build-
ing above the base to the nth level. (The maximum
allowable heights of the various types of structural sys-
tems are summarized in Table 6.10, Sec. 6-21 of this
book, corresponding to UBC-97 Table 16-N.)33

32T his first method will probably be used for almost all prelimi-
nary designs and many final designs.

337'he 1988 Blue Book recommended that masonry bearing wall
systems in zones 3 and 4 be limited to 120 f (36.6 m). The
1988 UBC set the limit at 160 ft (49 m). Thus, it is apparent
that height limits are somewhat subjective. The diserepancy was

eliminated in the 1990 Blue Book.
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C, is 0.035 (0.0853) for steel moment-resisting frames,
0.030 (0.0731) for reinforced concrete moment-resisting
frames and eccentrically braced frames (see Sec. 7-8),
and 0.020 (0.0488) for all other buildings.™

T = Cy(ha)/* [6.8]
The UBC-97 {Sec. 1630.2.2, Item 1] contains an alter-

nate method to be used in finding C; for structures with
concrete or masonry shear walls.*®

0= —22 US] [6.9a)]

s [6.9(b)]

A, is the combined effective area of the shear walls in
the first story of the structure in square feet {square
meters), The value of A; can be obtained from Eq. 6.10
(equivalent to UBC-97 Formula 30-9). '

A=) A {0.2 + (f—n) 2} [6.10]

A, is the horizontal cross-sectional area of a shear wall
in the first story, and D, is the length of a shear wall
in the first story in the direction parallel to the applied
forces. In Eq. 6.10, the value of D/hy, should be equal

to or less than 0.9.

Another method for finding the period, T, known as
Method B, is based on the deformation characteristics of
the resisting elements and is a more rational determina-
tion. The UBC-97 Method B (UBC-97 Formula.30-10)
is referred to by some engineers as the Rayleigh method.
In addition to the UBC-97 method of determining the
period, any other substantiated analysis method can be
used. If a dynamic analysis is performed, the first modal
period should be used for T

If Method B is used to find the period, T, the UBC-
97 [Sec. 1630.2.2, Item 2} requires that the value of T
cannot be more than 30% greater than the value of T
determined from the empirical period given by Eq. 6.8
(ie., method A) in seismic zone 4 and 40% in seismic

zones 1, 2, and 3.

341 fast of the data supporting these values came from the 1971
San Fernando earthquake.

35 When Eq. 6.8 Is used with shear wall structures, the base shear
formula may be overly conservative in the lower seismic zones.

<> < < <> <> <> <>
Ezample 6.4

In designing a 72-ft (21,95-m) steel frame structure with
cast-in-place concrete shear walls, the natural period is
caleulated to be 0.8 sec using the UBC-97's rational
analysis. Utilizing the UBC-97's approximate method,
what is the natural period for this building?

e
N Tg=0.8sec

72 ft
(21.96 m)

Z

Customary U.S. Solution

The approximate formula (Method A) is given in the
UBC-97 [Sec. 1630.2.2, Item 1}. UBC-97 Formula 30-8

18
T = Cy(ha)*/*

C, is 0.020 for the building structure shown, and A, is
the building height. :

T = (0.020)(72 )4
= (.49 sec

ST Solution

The approximate formula (Method A) is given in the
UBC-97 [Sec. 1630.2.2, Item 1]. The UBC-97 Formula

30-8 is
T = Cy(hna)¥/*

C, is 0.0488 for the building structure shown, and &y, is
the building height.

T = (0.0488)(21.95 m)*/*
=049 s

< < <> < < <
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6-27 EARTHQUAKE LOADS: E, AND E,

In designing structures, the load effects of the horizon-
tal and vertical components of the earthquake ground
motion should be considered. The earthquake load is
a function of horizontal and vertical seismic-induced
forces. This load on an element of the structure is de-
noted as E and should be determined from Eg. 6.11
{equivalent to UBC-97 Formula 30-1).

. E=pE;, +E, [6.11)
F, represents the forces associated with the horizontal
component of the earthquake load. Horizontal earth-
quake forces are due to the base shear (V) or the design
lateral force (Fy or F:). FE, represents loads resulting
from the vertical component of the earthquake ground
mation. Vertical earthquake effect may not be con-
sidered (E, = 0) if the allowable stress design (ASD}
method is used for proportioning structural elements.
For strength design (LRFD), the vertical earthquake
effect is equal to an increase of 0.5C,I.D over the dead
load effect D, where C, and I are the seismic response
coefficient and importance factor, respectively, and p is

the redundancy/reliability factor.

Based on the UBC-97 [Sec. 1630.1.1}, the estimated
maximum earthquake force (En) that can be devel-
oped in a structure should be determined from Eq. 6.12
(equivalent to UBC-97 Formula 30-2).

En=00E), ) {5.12]
Qp, as defined in the UBC-97 [Sec. 1630.3.1], represents
the seismic force amplification factor that is required to
account for structural overstrength. The seismic force
amplification factor provides an upper bound approxi-
mation of actual seismic load acting on a structure with

inelastic response capacity.

6-28 LOAD COMBINATIONS

For a structure, the basic contributing design loads are
floor tive load (L), roof live load (L,), dead load (D),
earthquake lood (E), estimated mazimum earthquoke
force (Em), snow load (S), and wind loed (W).® These

36The other loads are; load due to fuids (F); load due to lat-
eral pressure of soil and water in soil (H); ponding load (P};
self-straining force and effects arising from contraction or expan-
sion resulting from temperature change, shrinkage, or moisture
change; cresp in component materials; movement due to differ-
ent settlement; or combinations thereof (7). The applicable load
factors are given in the UBC-87 [Secs. 1612.2.2 and 1612.3.3].

ioads are referred to as the design loads. The UBC-37
requires members to be designed for the most critical
and unfavorable combination of loads. Thus, all com-
binations must be checked to find the controlling load

combination.

The fundamental change from working stress (ASD) to
strength design (LRFD) principles in the UBC-97 has
resulted in s new load combination section of the UBC-
97 [Sec. 1612). The equations provided are consistent
with 1997 NEHRP provisions. Basic factored load com-
binations and other loads are given in the UBC-87 for
both strength design (load and resistance factor) and
allowable stress design (working stress) [Secs. 1612.2.1
and 1612.3.1, respectively]. Both formats are given to
accommodate the preferences of engineers to work with
one or the other design method.

Beside providing basic load combinations, the UBC-97
permits that the alternate basic factored load combina-
tions be used in designing structures and portions for
the most critical effects resulting from the certain load
comhinations. In addition, for both allowable stress
and strength design methods, the UBC-97 requires the
use of special load combinations for seismic design of
certain elements. The intent in specifying the special
seismic load combinations is to cover conditions where
ductility is lacking. Table 6.12 contains the basic, al-
ternate, and special seismic load combinations using
allowable stress and/or strength design methods as ap-
plicable and UBC-97-appropriate reference sections.
The design loads are multiplied by appropriate load fac-
tors as given in Table 6.12. A load factor of 1.0 implies
that the specified forces are at desipn levels and require
no further amplification,

The parameter E,, in the special seismic load combi-
nations represents the maximum earthquake force that
can be developed in the structure based on UBC-97
Sec. 1630.1.1. It should be noted that for strength de-
sign, (1) for masonry and concrete elements, the fac-
tored basic loading combinations should be increased
by & factor of 1.1 where load combinations include the
seismic forces, and (2) for concrete elements, UBC-97
Sec. 1909.2 provides the appropriate load combinations
for combinations with no seismic component.
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Table 6.12
Combinations of Loads
[UBC-97 Sec. 1612.3.2)

UBC-97
design combination
method of loads section formula
hasic load combinations
14D (12-1)
1.2D +1.6L +0.5(L, or 5) (12-2)
LRFD 1.2D+1.6(L; or S)+{fiL or 0.8W) 1612.2.1 (12-3)
1.2D + 1.3W + fi L+ 0.5(L, or 5) {12-4)
12D + 1.0E + {fi L + f25) (12-5)
0.9D £ (1.0F or 1.3W) (12-6)
D (12-7)
ASD D+ L+ (LrorS) . (12-8)
(no 1.33 _§_ ;
allowance D+ |[War T 1612,3.1 (12-9)
for stress E
increase) 00D £ 14 (12-10)
D+0.75 [L + (L or S} + (W or %)} (12-11)
alternate basic load combinations for ASD
D+ L4 (L, orS) (12-12)
ASD D+L+ (W or 1—E4) (12-13)
{1.33 allowance B
for stress D+L+W+ 3 1612.3.2 (12-14)
increase w
permitted) D+L+5+ > (12-15)
E
D+L+S+L (12.16)
0eD+ (1216-1)
special seismic load combinations
LRFD 12D+ AL+ 10E, 1612.4 (12-17)
& ASD 0.9D +1.0E, (12-18)
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P PSP SR SR~ R e

Ezample 6.5

A special steel moment-resisting frame is located in seis-
mic zone 3 of California. This site is not near active
seismic sources, and its soil profile is Sg. Assume that
the importance factor (I) and reliability/redundancy
factor {p) are both equal to 1.0. (a) What is the earth-
quake load effect Fj on column A in the axial direction
due to design base shear (i.e., resulting from the hor-
izontal component of the earthquake ground motion)?
(b) What is the load effect of the vertical component
of the earthquake ground motion (i.e., vertical accel-
eration effect B,) on the column? (c) What is the
earthquake load effect, E, on one column in the axial
direction resulting from the vertical and horizontal com-
ponents of the earthquake ground motion? (d) What is
the estimated maximum earthquake force that can be
developed in the structure at the column?

) 201t )
18 kips | (6.1 m] l
Pl e —
{80 kNJ
10 ft
{3.05 m}
12 kips
———— —
{53.4 kN)
101t
\ column A {3.06 m)
column B :
30 kips
T B (132.4 kN)

DL = 135 kips (600.5 kNJ

Customary [L.5. Solution

(2) The earthquake load effect of the horizontal acceler-
ation (design base shear) is found by summing moments
about column B's footing.

SRk,
By = p
(18 idps)(20 ft) + (12 kips)(10 ft)
B 20 ft
= 24 kips

In copsideration of the structural redundancy in seismic
zone 3, By, will be

pEy = (1.0)(24 kips)
= 24 kips

(b} The earthquake load effect of the vertical accelera-
tion is '

E, =0.5C,ID
With soil-profile type Sp and seismic zone 3 (Z = 0.3),
the seismic response coefficient €, can be obtained from
Table 6.9 (equivalent to UBC-97 Table 16-Q). Thus,

- C, =0.30.

135 ldps + 155 kips

D
2

= 145 kips
For strength design, E, is

E, = (0.5)(0.30)(1.0)(145 kips)
= 21.75 kips \
However, for allowable stress design, £y = 0 based on
the UBC-97 [Sec. 1630.1.1].
(Notice that E, is the considered vertical effect in excess
of the dead load.)

(c) The earthquake load (E) is a function of horizontal
and vertical seismic-induced forces and can be deter-
mined from Eq. 6.11 (equivalent to UBC-97 Formula

30-1).
E= th. + Eu

For strength design, F is

E = 24 kips + 21.75 kips
= 45.75 kips '

For allowable stress design, F is

_ & _ 24 kips
T 147 14
=17.14 kips
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(d) The estimated maximum earthquake force can be
computed from Eq. 6.12 (equivalent to UBC-97 Formula
30-2).

B =80ER

The earthquake force amplification factor {lp can be
obtained from Table 6.10 (equivalent to UBC-97 Table
16-N). For special steel moment-resisting frame, {lp is

equal to 2.8,
E.r, = (2.8)(24 kips)

= 67.20 kips

SI Solution
(a) The earthquake load effect of the horizontal accel-
eration (design base shear) is

YF.h
E, = T
(80 kN)(6.1 m) + (53.4 kN)(3.05 m)
- 6.1 m
= 106.7 kN

In consideration of the structural redundancy in seismic
zone 3, pEy, will be

pEy = (1.0)(106.70 kIN)
= 106.7 kN

(b) The earthquake load effect of the vertical accelera-
tion is
E,=05C.ID

With soil-profile type Sp in seismic zone 3 (Z = 0.3),
the seismic response coefficient C, can be obtained from
Table 6.9 {equivalent to UBC-97 Table 16-Q). Thus,

C, = 0.30.

600.5 kN + 689.5 kN
D= 5

= 645 kN

For strength design, By is

E, = (0.5)(0.30)(1.0)(645 kN)
=96.75 kN

However, for allowable stress design, B, = 0 based on
the UBC-97 [Sec. 1630.1.1).

(c) The earthquake load (E) is & function of horizontal
and vertical seismic-induced forces and can be deter-
mined from Eq. 6.11 {equivelent to UBC-97 Formula

30-1).
E=pEy+E,

For strength design, E is

E =106.7 kN + 96.75 kN
=203.45 kN

For allowable stress design, E is

_ By _1067IN
T14 14
~="76.21 kN

1t should be noted that simultaneous maximum response
to horizontal and vertical accelerations should be re-

garded as improbable.

(d) The estimated maximum earthquake force can be
computed from Eq. 6.12 (equivalent to UBC-97 Formula

30-2).
En=00Fh

The earthquake force amplification factor (o, which
provides a reasonable approximation of actual forces
acting in an inelastically responding structure, can be
obtained from Table 6.10 (equivalent to UBC-97 Table
16-N). For special steel moment-resisting frame, Qp is

equal to 2.8.

En = (2.8)(106.7 kN)
= 298.76 kN

e R - - - RS " =

6-20 TOTAL SEISMIC DEAD LOAD: W

The weight, W (in pounds or newtons), used to cal-
culate base shears and building periods is normally the
total seismic dead load of the structure.3” This includes
the weight of the ceiling, partitions, pipes, ducts, and
equipment that are normally attached. W does not in-
clude full design roof and live loads. The objective in
summing up seismic weight W is to include all conri-
butions to mass likely to be present at the time of an
earthquake. However, applicable portions of other loads
should be included as follows {UBC-97 Sec. 1630.1.1].

o A minimum of 25% of the floor live load (i.e., stor-
age) is added in warehouses and storage buildings

[UBC-97 Sec. 1630.1.1, Item 1].

37 Ag part of normal practice, ell of the foundation weight and half
of the first-story wall weight are commonly omitted in the analysis
of seismic diaphragm loads. (Sez Sec. 6-34.) However, such &
provision is not explicitly defined in the UBG-97 for calculating
base shear, nor is such a provision mentioned in the Blue Book

commentary.
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o No less than 10 Ibf/ft? (0.48 kN/m?) must be
added when partition loads are used in the design
of the floor [UBC-97 Sec. 1630.1.1, Ttem 2].

o Design snow loads exceeding 30 1bf/ft? (1.44 kN/
m?) must be included, but may be reduced by up
to 75% if approved by the local building official

[UBC-97 Sec. 1630.1.1, Item 3].

o The total weight of permanent equipment must be
- included [UBC-97 Sec. 1630.1.1, Item 4].

The units of seismic dead load, W, will determine the
units of base shear, V. Thus, if weight is expressed
in kips, the base shear will be in kips. Mass is sel-
dom, if ever, used in practice, as all weights are given
in pounds or kips. However, care must be taken in the
unlikely event that the structure mass, as opposed to
the structure weight, is specified. Equation 6.13 shows
that the weight in pounds-force (Ibf) is numerically the
same ag the mass in pounds-mass (Ibm), although this
is not true if other units of mass are used.

Wibt = Mipm (E) [6.13]
4
Wibt = Malugd [6.14]
g = 32.2 ft/sec?
ge = 32.2 ft-Ibm /Ibf sec’
Wnewtnns = Mypd [615]

g =9.81 m/s*

For design of a multilevel structure, the total seismic
dead load W is the sum of the seismic dead loads of all

levels.

W= i We [6.16]

=]

6-30 SEISMIC BASE SHEAR COEFFICIENT

The formula V' = C,W, found in the 1997 NEHRP,
determines the seismic base shear in a given direction.
The seismic base shear coefficient (C,) is a function of
the natural period of structure {T') and the soil profile
type and represents a point on the design response spec-
tra, which is defined by the site-specific values of C; and
Cy. From UBC-97 design base shear Formula 30-4, the
corresponding expression for C, may be obtained.

o= i6.17]

Equation 6.17 can be used for structures having a longer
(velocity response) period. Base shear values will be

_ greater for structures having natural periods of less than

T, = C,/2.5C;, whereas the natural period greater than
T, will result in a lower value. Coeflicients C,; and O,
which are site-dependent seismic response coefficients,
are given in UBG-97 Tables 16-(} and 16-R.

For shorter (acceleration response} period structures,
the seismic base shear coefficient is

_25C.T

= [6.18]

Cs

In addition to the natural period of the structure, 7', the
importance factor, I, and response modification factor,
R, influence the value of the seismic base shear coeffi-
cient. An increase in the value of I increases the seismic
base shear coefficient, whereas &n increase in the vaiue

of R decreases it.

Cul 2.5C,1
RT R
velocity-controlled < acceleration-controlled
seismic seismic

base shear coefficient base shear coefficient

short-period long-period
strictures structures
N I
25C,1
C= —f—

s 1/ ,
3 [ !
£ L/ I
3.5 |! i c...gL[
g%" : I / STRT
=8 I I
- |
@ i I
@ I |
| ]
i 1
T, Ts

structure period (sec)

Figure 6.12 Minimum Design Base Shear
Coefficient

From UBC-97 [Sec. 1630.2.1] and Formula 30-5, the
maximum vaiue of the seismic base shear coefficient is

2.6C,1

Comax = = [6.19]

In Eq. 6.19, in all seismic zones for short period struc-
tures, C, represents effective peak acceleration at grade
with a maximum natural period of 1 see. :
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For long-period structures based on the design base
shear requirements of the UBC-97 [Sec. 1630.2.1] and
Formula 30-6, the minimum seismic base shear coeffi-
cient in all seismic zones is specified as

Comin =011C, I [6.20)

In addition, for seismic zone 4, the UBC-97 requires
that the minimum seismic base shear coefficient be fur-
ther limited to account for near-source effects.3® Based
on UBC-97 Formula 30-7 [Sec. 1630.2.1], this minimum
seismic base shear coefficient in seismic zone 4 is

0.82N,1
Cs,min,zone 4= Tu' [6.21]

short-period long-period long-period
structures structures , structures
| in seismic
wone 4
3
G .1
25 C= 2=
[*]
2g (081041, !
£8 TR
8° f
& I
structura period (sec) Ta C,
a (0.8){0.4)N,,

Figure 6.13 Minimum Design Base Shear
Coefficient, Zone 4 Only

<> <> <> < <> <> <
FEzample 6.6

In designing & ten-story steel special conceatrically
braced frame for a shelter in an emergency-preparedness
center in seismic zone 4, a location about 3.1 mi (5 km)
from an active seismic source with an undetermined soil
profile is being considered. Determine (a) the seismic
base shear coefficient, (b) the minimum seismic base
shear coefficient, and (c) the maximum seismic base

shear coefficient.

3BIn ceismic zone 4, near-source effects will be significant at lo-
cations leas than 9.3 mi (15 km) from a potential seismic source

(fault).

T‘

120 ft {36.58 m)

" AR
LANTLANT I ANT FANT A ANT FANT AN AN

undetermined sofl profile

Customary U.5. Solution

(a) The seismic base shear coeficient (C;) can be de-
termined from Eq. 6.17,

c.I
Co=%7

The natural period (") can be determined from Method
A of the UBC-97 [Sec. 1630.2.2, Item 1].

T = Cy(ha)*/*

For steel special concentrically braced frame, C; = 0.02
and b, =120 ft. Thus,

T = (0.020)(120 ft)*/*
= (.725 sec

Trom Table 6.10 for steel special concentrically braced
frames, K = 6.4. From Table 6.5, the importance factor
for strnctures and shelters in emergency-preparedness
centers, I = 1.25. Based on the UBC-97 [Secs. 1629.3
and 1636.2), when the soil properties are not known in
sufficient detail to determine the soil-profile type, type
Sp should be assumed. (Type Sp has stiff soil-profile
properties.} From Table 6.9, for soil-profile type Sp and

 for seismic zone factor Z = 0.4, the applicable accelera-

tion and velocity-controlled seismic response coefficients

are
Ca = 0.44N,
C, = 0.64N,
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From Table 6.7, for an active seismic source (fault), the
seismic source type is A. From Table 6.8, for = site
3.1 mi (5 lan) from a known seismic source, the ap-
plicable near-source factors are N, = 1.2 and N, = 1.6.
(Note that linear interpolation is permitted, so smaller

values could have been used.)

C. = 044N, = (0.44)(1.2)
=0.53

C, = 0.64N, = (0.64)(1.6)
=1.02

Therefore, the seismic base shear coefficient is
0. = Gl (1.02)(1.25)
= RT - (6.4)(0.725)
=0.2748

(b) Based on UBC-97 Formula 30-6 [Sec. 1630.2.1], the
minimum seismic base shear coefficient is
Csmin = 0.11C, 1 = (0.11)(0.53)(1.25)
=0.073

For seismic zone 4, the minimum value of the seis-
mic base shear coefficient according to UBC-97 Formula

30-7 [Sec. 1630.2.1] is
0.8ZN,I

Gs.min,zone 1= R

_ {0.8)(0.4)(1.6)(1.25)
- 6.4

=010

Comingzone 4 = 0.10 is greater than Cymin = 0.073.
Hence, the seismic base shear coefficient C, cannot be

less than 0.10.

(c) Based on UBC-97 Formula 30-5 [Sec. 1630.2.1], the
maximum seismic base shear coefficient is :

o _ 20T _ (25)(0.53)(1.25)
g8,max — R - 6.4

= {.2588

C, = 0.2748 is greater than Cj max = 0.2588. Conse-
quently, C, = 0.2588 is the governing seismic base shear
coefficient for this structure.

ST Solution
() The seismic base shear coefficient (C}) can be de-
termined from

_ Gl

C’RT

The natural period (T) can be determined from Method
A of the UBC-97 [Sec. 1630.2.2, Item 1}.

T = Cy(he)*/*

For steel special concentrically braced frame, C; =
0.0488 and h, = 36.58 m. Thus,

T = (0.0488)(36.58 m)3/*
=0.725 s

From Table 6.10 for steel special concentrically braced
frames, R = 6.4. From Table 6.5, the importance factor
for structures and shelters in emergency-preparedness
centers, I = 1.25. Based on the UBC-97 [Secs. 1629.3
and 1636.2], when the soil properties are not known
in sufficient detail to determine soil-profile type, type
Sp should be assumed. (Type Sp has stiff soil profile
properties.} From Table 6.9, for soil-profile type Sp and
for seismic zone factor Z = 0.4, the applicable accelera-
tion and velocity-controlled seismic response coefficients

are
Cp =0.44N,
C, = 0.64N,
From Table 6.7, for an active seismic source (fault}, the
seismic source type is A. From Table 6.8, for a site 5 km
from & known seismic source, the applicable near-source

factors are N, = 1.2 and N, = 1.6. {Note that linear
interpolation is permitted, so smaller values could have

been used.)
Co = 0.44N, = (0.44)(1.2)
=0.53

C, = 0.64N, = (0.64)(L.6)
=1.02

Therefore, the seismic base shear coefficient is
o = g_t_,_{ _ (1.02)(1.25)
* " RT ~ {6.4)(0.725)
= (L.2748

(b} Besed on UBC-97 Formula 30-6 [Sec. 1630.2.1], the
minimum seismic base shear coefficient is
Cg'min = D-IICQI = (0-11)(0-53)(1.25)
=0.073
For seismic zone 4, the minimum value of the seis-
mic base shear coeflicient according to UBC-97 Formula

30-7 [Sec. 1630.2.1] is
0.8ZN,1
Cs,min,zune 4= R -

_ (0.8)(0.4)(1.6)(1.25)
- 6.4

=(.10
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Csminzane ¢ = 0.10 is greater than Cymin = 0.073.
Hence, the seismic base shear coefficient O, cannot be

less than 0.10.

{c) Based on UBC-97 Formula 30-5 [Sec. 1630.2.1], the
maximum seismic base shear coefficient is

c _ 2.5C.I _ (2.5)(0.53)(1.25)
amex = T p T 6.4
= 0.2588

C, = 0.2748 is greater than Cjmax = 0.2588. Conse-
quently, Cs = 0.2588 is the governing seismic base shear
coefficient for this structure.

PR T T B = B & e

6-31 LATERAL FORCE PROCEDURES

There are three alternate methods of determining the
lateral forces in the UBC-97. The selection of the appro-
priate lateral-force procedure primarily depends on the
type of structure (i.e., regular versus irregular), pumber
of stories, and height, among other factors. These pro-
cedures are: (1) simplified static, (2) static (equivalent),
and (3) dynamic lateral-force procedures.

Any structure may be designed using the dynamic
lateral-force procedures of the UBC-97 [Sec. 1631]. Cer-
tain structures such as those defined in the UBC-97
[Sec. 1629.8.4] should be designed using only the dynam-
ic lateral-force procedures. These structures include
all structures, regular or irregular, with fundamental
periods greater than 0.7 sec that are located on soil
profile Sy after site-specific evaluation and considera-
tion of soil-structure resonance based on the UBG-97
[Sec. 1631.2, Item 4]. The dynamic lateral-force pro-
cedure should also be used for those structures that
have irregular features not characterized in the UBC-97
Tables 16-L or 16-M except as permitted by the UBC-97
[Sec. 1630.4.2), vertical combination.

6-32 STATIC LATERAL-FORCE
PROCEDURE

The static force procedure is also referred to as the equiv-
clent static lateral-force procedure. The structures con-
sidered for this procedure are mainly regular structures.
UBGC-97 Sec. 1630.2 provides the provisions for deter-
mining base shear by the static lateral-force procedure.
The total design base shear in a given direction should
be determined in accordance with Eq. 6.22 [UBC-97

Formula 30-4].
) C-uI
V= (ﬁ) W [6.22]

Equation 6.22 can be written in the form of base shear
formila V = C,W described in UBC-97 Sec. 1630.2,
where C, is the seismic base shear coefficient. Fxamin-
ing UBC-97 Formula 30-4, the seismic base shear coef-

ficient is ol
Cs =77

Based on the design response spectra identified in
Sec. 6-30, the C,I/RT portion of the spectrum is ve-

" locity controlled and is representative of longer period

structures. The equation is capped for the acceleration-
controlled portion of the spectrum, which controls short-
er period structures. The code sets this limit by way of

UBC-97 Formula 30-5.

V= (2‘5&1 ) W 16.23]

From UBC-97 Formula 30-5, the equivalent of C, (sefs-
mic base shear coefficient) is

2.5CI
R

Cy=

In Eq. 6.23, in all seismic zones for short-period struc-
tures, C, represents the effective peak acceleration ab
grade with a maximum natural period of 1 sec. For
long-period structures based on the design base shear
requirements of the UBC-97 [Sec. 1630.2.1] and Formula
30-6, the minimum total design base shear in all seismic
zones can be determined from

Vmin = C_glminw = (0-110EI)W [6‘24]

In addition, for seismic zone 4 only, the UBC-97 requires
that the minimum total design base shear be more con-
trolled to account for near-source effects. This mini-
mum total design base shear in seismic zone 4 can be
determined from UBC-97 Formula 30-7.

0.8ZN,I
Vmin,zune 4= Ga,minW = ( R -

) W [6.25]

< < < < < < <

Erzample 6.7

A 100-ft (30.48-m), ten-story office building has a fo-
tal weight of 15,000 kips (66723 kN). The building is
in seismic zone 4 at a location 3.11 mi (5 km) from a
seismic source with a high rate of seismic activity. It
is designed with a special moment-resisting steel frame
system and is constructed on rock (soil type Sp). Use
the UBC-97 static lateral-force procedure to calculate
the total design base shear.
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B4

special moment-resisting steel frame
W= 15,000 kips {66 723 kN]

(W 81°08) ¥ 0OL

wast coast rock

Customary U.S. Solution
The total design base shear (V) can be determined from

Eq. 6.22,
_(CI
V= ( ) w

To compute V, the natural period (T, seismic response
modification factor (R), importance factor (I), seismic
response coefficient (C,), and total seismic dead load
(W) for this structure must be determined. The natural
period (T) can be determined from Method A of the

UBC-97 [Sec. 1630.2.2, Item 1].
T = Cy(hn)*/*

For special moment-resisting steel frame systems, C; =
0.035 and h, = 100 ft.

T = (0.035)(100 ft)3/4
= 1.11 sec.

From Table 6.10, for special moment-resisting steel
frame systems, R = 8.5. From Table 6.5, the impor-
tance factor for office buildings is I = 1.00. The total
seismic dead load (W) is 15,000 kips. From Table 6.9,
for soil-profile type S5 and for seismic zone factor Z =
0.4, the applicable acceleration and velocity-controlled
seismic response coefficients are

Ca = 0.40N,
Cy = 040N,

From Table 6.7, for a seismic source with high rate of
seismic activity, the seismic source type is classified as

type A. From Table 6.8, for a site 3.11 mi from a known
seismic source, the applicable near-source factors are

- N.=12and N, =1.6.

C, = 0.40N, = (0.40)(1.2)
=0.48

0, = 0.40N, = (0.40)(1.6)
= 0.64

Therefore, the total design base shear is

CoI
v=(5)w

[ (0.64)(1.00) ,
= [(8.5)(1.11 sec)} (15,000 kips)
= 1017.49 kips

Based on UBC-97 Formula 30-6 [Sec. 1630.2.1], the min-
imum total design base shear is

Vinin = 0.11C,IW
= (0.11)(0.48)(1.00)(15,000 kips)
= T792.0 kdps

In addition, for seismic zone 4, the above minimum
value of total design base shear ig further limited ac-
cording to UBC-97 Formula 30-7 [Sec. 1630.2.1].

0.8ZN,I
Vmin,zune 4= ( B ) w

- [(0'8)(0“’2(51'6)(1'0)J (15,000 ips)
~ 903.53 kips

Vinin,zone 4 = 903.53 kips is greater than Vi, = 792.0
kips. Therefore, the total design base shear V' cannot be
less than 903.53 kips. The calculated design base shear
V = 1017.49 kips must be used in designing this struc-
ture because it is greater than Vi, zone 4 = 903.53 kips.

Based on UBC-97 Formula 30-5 [Sec. 1630.2.1), the to-
tal design base shear need not exceed the maximum to-
tal design base shear. The maximum total design base

shear i3 '

_ [WJ (15,000 kips)

= 2117.65 kips
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The calculated design base shear V = 1017.49 kips is
not greater than Vinae = 2117.65 kips. Consequently,
V = 1017.49 kips is the controlling total design base

shear for this structure.

51 Solution
The total design base shear (V) can be determined from

Eq. 6.22.
c,I
V= ( RT) W

To compute V, the natural peried (T), seismic response
modification factor (R), importance factor (I}, seismic
response coefficient {C,), and total seismic dead load
(W) for this structure must be determined. The natural
period (T) can be determined from Method A. of the

UBCL07 [Sec. 1630.2.2, Ttem 1].
T = Cy{hn)*/*

For special moment-resisting steel frame systems, Ci=
0.0853 and ki, = 30.48 m.

T = (0.0853)(30.48 m)*/*
=111s

From Table 6.10, for special moment-resisting steel
frame systems, R = 8.5. From Table 6.5, the impor-
tance factor for office buildings is I = 1.00. The total
seismic dead load (W) is 66 723 kN. From Table 6.9, for
soil-profile type Sp and for seismic zone factor Z = 0.4,
the applicable acceleration and velocity-controlled seis-
mic response coefficients are

C, = 040N,

C, = 040N,
From Table 6.7, for & seismic source with high rate of
seismic activity, the seismic source type is classified as
type A. From Table 6.8, for a site 5 km from a known
seismic source, the applicable near-source factors are
N, =1.2and N, = 1.6. ~

G, = 040N, = (0.40)(1.2)
= (.48

C, = 0.40N, = (0.40)(L.6)
=0.64

Therefore, the total design base shear is
Cyl
V= ( RT) W
_ [ (0.64)(1.00)

B [(8.5)(1.11 )
= 4526 kN

] (66723 kN)

Based on UBG-97 Formula 30-6 (Sec. 1630.2.1], the min-
imum total design base shear is

Vigin = 0.11C,IW
= (0.11)(0.48)(1.00)(66 723 kN)
= 3523 kN

In addition, for seismic zone 4, the above minimum

. value of total design base shear is further limited ac-

cording to UBC-97 Formula 30-7 [Sec. 1630.2.1).

0.8ZN,I
Vmin,zone4 = ( B * ) w

_ [(0.8)(0.4)(1.6)(1.0)] (66723 )

B 8.5
= 4019 kN

Vininzone 4 = 4019 kN is greater than Vinin = 3523 kN.
Therefore, the total design base shear V' cannot be
less than 4019 kN. The calculated design base shear
V = 4526 kN must be used in designing this structure
because it is greater than Viin zone 4 = 4019 kN.

Based on UBC-97 Formula 30-5 [Sec. 1630.2.1], the to-
tal design base shear need not exceed the maximum to-
tal design base shear. The maximum total design base

shear is

Vo = ( 2.5C,I ) w

R
_ [(2.5)(oéﬁ)(1.oo) ] (66723 1)
= 0419.72 kN

The calculated design base shear V' = 4526 kN is not
greater than Vi, = 9419.72 kN. Consequently, V=
4526 kN is the controlling total design base shear for
this structure,

e TR R - = -

6-33 WHEN THE UBC PERMITS A STATIC
ANALYSIS

The UBC-97 [Sec. 1629.8] permits two methods to be
used in determining the seismic loading: static and dy-
namic. (See Sec. 4-1.) The UBC-97 is very specific
about when the static method can be used. In gen-
eral, any structure may be designed using the dynamic
method at the option of the structural engineer, and

. some structures must use the dynamic method [Sec.

1629.8.4],
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The static method may be used for buildings with the
following characteristics:

o Structures in seismic zones 1 and 2 (see Sec. 3-2)
with standard occupancy categories 4 and 5 (see
UBC-97 Table 16-K), whether they are regular or
irregular (see Sec. 6-23) [Sec. 1620.8.3, Item 1]

o Regular structures under 240 ft (73 m) in height
using one of the lateral force-resisting systems
listed in Table 6.10, Sec. 6-19 of this book (equiva-
lent to UBC-97 Table 16-N) except regular struc-
tures located on soil profile Sp (see Table 6.6)
which have patural periods greater than 0.7 sec
[Sec. 1629.8.4, Item 4]

o Irregular structures less than or equal to five sto-
ries or 65 ft (20 m) in height [UBC-97 Sec. 1620.8.3,
Item 3] '

o Structures with flexible upper portions (e.g., tow-
ers) supported on a rigid lower portion if three
conditions are met: (1) both portions, when con-
sidered individually, are regular, {2) the average
story stiffness of the lower portion is at least ten
times the average story stiffness of the upper por-
tion, and (3) the period of the entire structure is
no more than 1.1 times the period of the upper
portion considered as a seperate structure fixed
at the base {UBC-97 Sec. 1629.8.3, Item 4]

All structures not meeting these requirements, includ-
ing irregular buildings (see Sec. 6-23), must be designed
using the dynamic method [UBC-97 Sec. 1629.8.4].

6-34 SIMPLIFIED LATERAL-FORCE
PROCEDURE

As an alternative to using the UBC-97 static lateral-
force procedure, the total design base shear may be de-
termined by & simplified lateral-force procedure, which
is given in UBC-97 Sec. 1630.2.3. The simplified lateral-
force procedure is only applicable to structures with
occupancy categories 4 and 5 (e.g., apartments, single-
family residential dwellings, hotels, office buildings,
garages, carports, and wholesale/retail commercial
buildings) in any seismic zone of any construction mate-
rial not exceeding two stories in height, or three stories
in height of light-frame wood or steel construction ma-
terials, In general, this procedure is not intended for
routine nse by design engineers.

The total design base shear in a given direction should
be determined in accordance with Egq. 6.26 (UBC-97

Formula 30-11). :
V= ( 3'00“) w 16.26]

R

The simplified lateral-force procedure is a simple way to
compute base shear and provides conservative results
when compared to other UBC-97 lateral-force proce-
dures. The following spectrum is provided to illustrate

this comparison.

total design base.shear

period, T{sec)

Figure 6.14 Simplified Design Base Shear

C, in Eq. 6.26 is the site-dependent seismic response
coefficient given in UBC-97 Table 16-Q. In earthquake-
resistant design of a structure if soil profile is unknown,
soil-profile type Sg in seismic zones 1 and 2 (A or B)
or soil-profile type Sp in seismic zones 3 and 4 can be

presumed.

From UBC-97 Table 16-5, the minimum value of the
near-source factor, N, is 1.0. However, the maximum
value of the near-source factor, IV;, in the same table is
1.5, which applies to structures located 1.24 mi (2 km)
or closer to a type A seismic source. In determining the
total design base shear for a structure in seismic zone
4 by the simplified lateral-force procedure, the value of
the near-source factor, Ny, need not be greater than 1.3
if the structure does not contain structural irregularity
types 1, 2, or 5 of UBC-97 Table 16-L, and/or types
1 or 4 of UBC-97 Table 16-M. Therefore, structures
in seismic zone 4 must be regular in order to use the
simplified lateral-force procedure.

e IR e .~ I - I > S

Ezample 6.8

A single-family, light-framed wood residentie! dwelling
i located on a site with very dense soil and soft rock
soil profile. This house has a total weight of 45 kips
(200.17 kN). Using the UBC-97 simplified lateral-force
procedure, determine the total design base shear for this
structure, assuming that () it is located in seismic zone
3, (b) it is located within 1.24 mi (2 km) of an active
fault in seismic zone 4, and (c) it is underlain with an
undetermined soil profile in seismic zone 2B.
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Customary U.5. Solution

The total design base shear (V) for any occupancy (in-
cluding single-family dwelling) using the simplified
lateral-force procedure can be determined from Eq. 6.26.

3.0C,
v=(32)w

To compute V, the seismic response modification factor
(R), seismic response coefficient (C.), and total seismic
dead load (W) for this structure must be determined.

(a) From Table 6.10, for light-framed wood structural

bearing systems for structures three stories or fewer,
R = 5.5. The total seismic dead load (W) is 45 kips.
Based on the UBC-97 [Secs. 1629.3 and 1636], the S¢
soil profile is defined as very dense soil and soft rock.
From Table 6.9, for the soil-profile type S¢ and for seis-
mic zone factor Z = 0.3, the applicable acceleration-
controlled seismic response coefficient is C, = 0.33.

Therefore, the total design base shear is

3.0C;

= [——-(30;(233)} (45 kips)
= 8.10 kips

(b) R = 5.5 and W = 45 kips. From Table 6.9, for
soil-profile type S¢ and for seismic zone factor Z = 0.4,
the applicable acceleration-controlled seismic response
coefficient is
C. = 040N,

From Table 6.7, for a seismic source with potential seis-
mic activity, the seismic source type is A. From Table
6.8, for a site 1.24 mi from a known seismic source, the
applicable near-source factor N, = 1.5. However, N,
need not exceed 1.3 for regular structures. Therefore,
N; = 1.3. Thus,

C. = 0.40N, = (0.40)(1.3)
=0.52 -

Therefore, the total design base shear is

3.0C,
v=(25)w

- [0 5

=12.8 kips

(¢) R =55 and W = 45 kips. Based on the UBC-97
[Secs. 1629.3 and 1636], when the soil profile is unknown
in seismic zone 2B, the soil-profile type Sp should be
used. From Table 6.9, for soil-profile type Sp and for
seismic zone 2B, the applicable acceleration-controlled

seismic response coefficient is C; = 0.28.

Therefore, the total design base shear is

(340,
V—( & )W

= [_—(3'0% Fg.zs)} (45 kips)

= 6.87 kips

ST Solution

The total design base shear (V) for any occupancy (in-
cluding single-family dwelling) using the simplified
lateral-force procedure can be determined from Eq. 6.26.

Ve (3.00.,) W

R

To compute V, the seismic response modification factor
(R), seismic response coefficient (Ca), and total seismic
dead load (W) for this structure must be determined.

(2) From Teble 6.10, for light-framed wood structural
bearing systems for structures three stories or fewer,
R = 5.5, The total seismic dead load (W) is 200.17 kN.
Based on the UBC-97 [Secs. 1629.3 and 1636], the S¢
soil profile is defined as very dense soil and soft rock.
From Table 6.9, for the soil-profile type S¢ and for seis-
mic zone factor Z = 0.3, the applicable acceleration-
controlled seismic response coefficient is C, = 0.33.

Therefore, the total design base shear is

3.0C,
= (M%)

= [——(3'0)(0'33)] (200.17 kN)

9.5
=36.0kN .
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(b) R =55 and W = 200.17 kN. From Table 6.9, for
soil-profile type S¢ and for seismic zone factor 2 =04,
the applicable acceleration-controlled seismic response

coefficient is
¢, =040N, -

From Table 6.7, for a seismic source with potential seis-
mic activity, the seismic source type is A. From Table
6.8, for a site 2 km from a known seismic source, the
applicable near-source factor N, = 1.5. However, N
need not exceed 1.3 for regular structures. Therefore,

N, = 1.3. Thus,

C, = 0.40N, = (0.40)(L.3)
=0.52

Therefore, the total design base shear is

3.0C,
V= (_R ) W

= [Lm_%(gs__zl] (200.17 kN)

= 56.8 kN

(¢) R =5.5and W = 200.17 kN. Based on the UBC-97
[Secs. 1629.3 and 1636}, when the soil profile is unknown
in seismic zone 2B, the soil-profile type Sp should be
used. From Table 6.9, for soil-profile type Sp and for
seismic zone 2B, the appliceble acceleration-controlled

seismic response coefficient is C; = 0.28.

Therefore, the total design base shear is

Ve ( 3.;00) W
- [@%(t;_zglJ (20017 kN)

= 30.6 kN

e N R~ - e R =S

6-35 VERTICAL DISTRIBUTION OF
BASE SHEAR TO STORIES

In the absence of a justifiable more rigorous approach,
the base shear, V, is distributed to the n stories in ac-
cordance with Eq. 6.29 (corresponding to UBC-97 For-
mula 30-15). The F; forces increase linearly with height
above the base, as Fig. 6.15 illustrates. F; is an addi-
tional force that is applied to the top level (ie., the
roof) in addition to the F; force at that level. The F;

accounts for higher-mode effects. It is zero for T' < 0.7
sec. If T > 0.7 sec, F; can be obtained from Eq. 6.27

. (corresponding to UBC-97 Formula 30-14). The story

shear, Vi, is the sum of the top force, Fy, and the forces
F. above that story. [UBC-97 1630.6]

Fy=007TV [F <0.25V] [6.27]
Fy=0 [T<0.7sec] [6.28]
F = w&i [6.29]
Y uh;
i=1
"
Ve=F+ ZFz [story shear] [6.30]
Fy
<t i
O O
L O
h
| "o
O O
v
——

{a) ioading diagram {b} cumulative diagram

Figure 6.15 Vertical Distribution of Story Shears

As Fig. 6.15 shows, the distribution of the F; is linear.®
This distribution depends on the following assumptions.
Structures that do not meet these requirements must

receive a dynamic analysis.
1. 'The building is regular and nearly symmetrical.
2. The lateral stiffnesses of each floor are approxi-
mately the same.
. The lateral stiffnesses of each floor are uniformly
distributed in plan.

4. The weight of each floor is approximately the
same and is uniformly distributed in plan.

(4]

5. There is a continuous load path between mem-
bers.

6. Torsional components of drift are small compared
to translational components.

7. The first deflection mode (see Sec. 4-16) can be
approximately represented as a straight line.

387 here have been some mttempts, such as in the ATC and
NEHRF documents, to intreduce an exponent that varies from
linear to quadratic as a function of the building period. There is
no consensus that this improves the results, although it certainly

increases the complexity.
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Ezample 6.9

A fivestory building is constructed with I12-ft
(3.7-m) story heights. The base shear has been cal-
culated as 160 kips (0.71 MN). Each story floor has a
weight of 800 kips (3.6 MN), and the roof has a weight
of 700 kips (3.1 MN). The natural period of oscillation
ia 0.5 sec. What are the story forces?

Customary U.5. Solution

The top force, Fi, is zero since T' < 0.7 sec.

A table is the easiest way to set up the data for calcu-
lating and recording the story shears.

he Wz hawy hews F;
levelz (ft) (kips) (ft-kdps) ) h.w. (kips)
5 (roof) 60 700 42,000 0304 486

4 48 BOD 38,400 0278 445
3 36 800 28,800 0.209 334
2 24 800 19,200 0139 22.2
1 12 800 9,600 0070 11.2

TOTALS 3000 138,000 1.000 160.0
The value of Fj is given by Eq. 6.29.

_ vy [ Yshs
Fﬁ - (V FE) (Ew;h,-)
= (160 kips — 0 kips)(0.304)

= 48.6 kips
W5 = 700 kipS
Fg = 48.6 kipsv———>" - -
\ | wy = 800 kips
Fy=445kKps ‘>
\ = 800 kips
Fy=334kps ] A g @
‘ \ | Wy = 800 HPS g
R=222kps O , 2
wy = 800 kips
Fy =112 kips Ay : o
\
N7 NN S/ AN/ N TN/ N/ N A
e Sl
V=160 kips
ST Solution

The top force, F,, is zero since T’ < 0.7 s.

A table is the easiest way to set up the data for calcu-
lating and recording the story shears.

h.  wg hotr hows F
levelz (m) (MN) (m-MN) } hgw, (MN)
5(roof) 183 31 5673 0304 022

4 146 3.6 5256 0278 0.20
3 11.0 3.6 3960 0209 015
2 73 3.6 2628 0.139 0.08
1 3.7 3.6 1332 0070 0.05

TOTALS 17.5 18849 1.000 0.71
The value of F; is given by Eq. 6.12.

Fs=(V-F) (T;;—h;:)
— (0.71 MN — 0 MN)(0.304)

=(.216 MN
Ws = 3L1MN
Fy=022MNT 3"‘; 5 nN -
Wy =J.
Fa=020MN T—> -
\ =3.6 MN .
Fi=QIEMN =] e 3
N wy= 3.6 MN' w
F, = 0.09 MN o w3
\ w; =3.6MN iy
Fy = 0.05 MN , 3
\)
A A A AN RN A AT AT RN AN
e
V=071 MN

IR - - I = R

6-36 SIMPLIFIED VERTICAL
DISTRIBUTION OF BASE SHEAR
TQ STORIES

Once the total design base shear (V') for simple struc-
tures (see Sec. 6-34) is determined by the simplified
lateral-force procedure, the lateral forces at each level
may be determined from Eq. 6.31 (corresponding to

UBC-97 Formula 30-12).
3.0C,
F= ( 7 )wg [6.31]

w; is the portion of W (total seismic dead load) at level
i. The seismic response coefficient, Cy, can be found
from UBC-97 Table 16-Q for a soil-profile type based
on the UBC-97 [Sec. 1630.2.3.2]. From UBC-97 For-
mula 30-11, the 3.0C, /R coeflicient simply equates to
V/W. Therefore, Eq. 6.31 (corresponding to UBC-97
Formula 30-12) can be rewritten as Eq. 6.32.

F, = (%) w [6.32]

PROFESSIONAL PUBLICATIONS, INC.

www.EngineeringBooksPDF.com



SEISMIC DESIGN OF BUILDING STRUCTURES

90

In the simplified static procedure, F forces do not in-
crease linearly with height above the base as they doin
the standard static procedure. For the simplified ver-
tical base shear distribution, natural period (T}, P-A
effects, and story drift consideration may not be re-

quired.

Lo R e " = - e R

Ezample 6.10

A two-story office building in Los Angeles, CA, with a
masonry bearing shear wall system is located on a site
with a stiff soil profile. The nearest distance between
this site to a known seismic source is 6.21 mi (10 km).
This particular seismic source is capable of producing
earthquakes with moment magnitude greater than 7.0.
Determine (a) the total design base shear using the sim-
plified static lateral-force procedure, and (b) the vertical
distribution of base shear to stories,

w= 350 Kips T a0

(1556.87 kN) EEesermmie Hiam)

(2446.51 kNJEL 15| 4m
e R F A e, R 2 g

’:A;,’_:_:g._-;._{ﬁ;ﬂ,-.:;:.‘ A AAN T
3 -g.fﬁ'-ﬂ;‘_ﬂ_v‘m ; A

Customary U.S. Solution

(a) The total design base shear (V) for any occupancy
using the simplified lateral-force procedure can be de-
termined from Eq. 6.26.

3.0C,
V= (-—R )W

To compute V, the seismic response modification factor
(R), seismic response coefficient (Cy), and total seismic
dead load (W) for this structure must be determined.

From Tzble 6.10, for a masonry bearing shear wall sys-
tem, R = 4.5. Los Angeles is in seismic zone 4. Based
on the UBC-97 [Secs. 1629.3 and 1636], the Sp soil pro-
file is defined as stiff soil. The total seismic dead load

(W) for this building is

W = 550 kdps + 350 kips
= 900 kips

From Table 6.9, for soil-profile type Sp and for seis-
mic zone factor Z = 0.4, the applicable acceleration-

controlled seismic response coefficient, is

C, = 0.44N,

From Table 6.7, for a seismic source with capability of
producing earthquakes with moment magnitude greater
than 7.0, the seismic source type is classified as A. From
Table 6.8, for & site 6.21 mi from the seismic source A,
the applicable near-source factor is N, = 1.0. Thus,
C, = 0.44N, = (0.44)(1.0)
=0.44

Therefore, the total design base shear is
3.0C,
V= ( 0c. ) w

R
- [__.(3‘03;2'44)} (900 kips)
= 264 kips

(b) Because the simplified static lateral-force procedure
is used to determine the design base shear, the vertical
distribution of base shear to stories is also based on the
simplified vertical force distribution procedure of the
UBC-97 [Sec. 1630.2.3.3]. The forces at each level can
be obtained from Eq. 6.31.

3-00“
Fz == ( R )'LU{

Fy= [—-—(3'0‘)1_(?44); (550 kips)

= 161.33 kips

By = [-(M-J (350 kips)

4.5

= 102.67 kips

T
i
2

102,67 kips S P
LRt o
ot ff"g,ﬁ
e R ““‘.q
161.33 kips i
ey

i — )

V=264 kips

ST Solution
(a) The total design base shear (V') for any occupancy

_ using the simplified lateral-force procedure can be de-

termined from Eq. 6.26.

_ (3400, i
v=(2E)w
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To compute V, the seismic response modification factor
(R), seismic response coefficient (C), and total seismic
dead load (W) for this structure must be determined.

From Table 6.10, for a masonry bearing shear wall sys-
tem, R = 4.5. Los Angeles is in seismic zone 4. Based
on the UBC-97 [Secs. 1629.3 and 1636], the Sp soil pro-
file is defined as stiff soil. The total seismic dead load

(W) for this building is

W = 2446.51 kN + 1556.87 kN
= 4003.38 kN

From Table 6.9, for soil-profile type Sp and for seis-
mic zone factor Z = 0.4, the applicable acceleration-

controlled seismic response coefficient is
C, = 0.44N,

From Table 6.7, for a seismic source with capability of
producing earthquakes with moment magnitude greater
than 7.0, the seismic source type is classified as type A
From Table 6.8, for a site 10 km from the seismic source
A, the applicable near-source factor is N, = 1.0, Thus,

C, = 044N, = (0.44)(L.0)
= 0.44

Therefore, the total design base shear is

3.0C,
v- (35w

- 900991 5

=1174.32 kN

(b) Because the simplified static lateral-force procedure
is used to determine the design base shear, the vertical
distribution of base shear to stories will also be based
on the simplified vertical foree distribution procedure of
the UBC-97 [Sec. 1630.2.3.3]. The forces at each level
can be obtained from Eq. 6.31,

3.00;
Fm = ( R ) i

_ [(3.0)(044)
b= [—zr‘

=T17.64 kN

_[0)04)
E 2‘[ 45
= 456.68 kN

} (2446.51 kN)

] {1556.87 kN)

456,68 kN—»=

717.64 KN—3=F

?R‘:‘a R 0y +e 5
R RLS /L 7 K?‘(//QQ’//N//X‘(/W)AX(.
V=1174.32 kN

"R B - TR e " = G g

6-37 UBC PROVISIONS FOR VERTICAL
GROUND ACCELERATION

For distant earthquakes, the vertical component of
ground motion may be taken two-thirds of the corre-
sponding horizontal acceleration. When the near-source
factor N, exceeds 1.0, the UBC-97 [Sec. 1631.2, Item 5]
requires that the site-specific vertical response spectra
be used in lieu of the factor of two-thirds. Alternative
factors may be used if they can be rationally substan-

tiated.

The UBC-97 [Sec. 1630.11] provides for determining the
effects of vertical acceleration on cantilever components
and long-span prestressed components only in seismic
zones 3 and 4. Specifically, horizontal cantilevers must
be designed for a net upward force of 0.7C,IWy. For
gravity load, alone or in combination with the lateral
force effects, only 50% of the dead load of horizontal
prestressed components can be used or considered in
their design (i.e., the dead load may be removed, driving

- the upper surface of horizontal beams into the tension

region).

6-38 UBC PROVISIONS FOR DIRECTION
OF THE EARTHQUAKE

In Sec. 1630.1.1, the UBC-97 requires that the ground
motion producing structural response and seismic forces
in any horizontal direction (ie., z- and y-direction} be
gvaluated for structures. Usually directions parallel and
perpendicular to the major structure faces, regardless of
the structure’s orientation with respect to a major fault,
will be used. It is assumed that a structure will have
enough lateral strength to resist an obligue earthquake
when tequirements for these two orthogonal directions

have been met.
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A simultaneous application of earthquake forces from
two directions could overstress parts of the lateral force-
resisting system in certain cases, such as when there is
torsional irregularity or a nonparallel structural system,
or when a given member—usually a corner column—is
part of two intersecting lateral force-Tesisting systems.
UBC-97 Sec. 1633.1 requires an analysis of such direc-

tional effects.

The UBC-97 seems to require an infinite number of ana-
lyses by requiring the structure to be designed for
forces coming from “ .. any horizontal direction” [UBC-
97 Sec. 1630.1.1]. However, later in the same section,
the code clarifies the concept by specifying that, except
for certain types of irregular buildings, the “... seismic
forces may be assumed to act nonconcurrently in the
direction of each principal axis..." The UBC-97 does
not generally require the structure to be designed for
earthquakes coming from more than these two orthog-

onal directions.

6-39 UBC PROVISIONS FOR HORIZONTAL
TORSIONAL MOMENT

The UBC-97 provisions for torsion apply to rigid dia-
phragms only (see Sec. 7-4), where increased shears re-
sult from horizontal torsion. When the center of mass
(Cp) does not coincide with the center of rigidity (Cr)
of the vertical resisting elements in a story, a torsional
moment is induced. For nonflexible diaphragms, the
UBC-97 [Sec. 1630.7) requires that & certain amount of
accidental torsion (see Sec. 5-14) be planned for, even
in regular buildings. Specifically, the center of mass at
each level is assumed to be displaced from the calcu-
lated center of mass in each direction a distance of 6%
of the building dimension at that level perpendicular to
the direction of the seismic force. Thus, the acciden-
tal eccentricity will be different for the two orthogonal

directions.

seismic loading —aw

g, = £5%L

Figure 6.16 Torsional Moments

The accidental torsion is not & minimum value as it
was in-earlier UBCs. It is a value to be either added
to or subtracted from the actual calculated eccentricity.

“The term “design eccentricity” is used to represent the

algebraic sum of the actual and accidental (5%) eccen-
tricities (ez + €q).

Based on the UBC-97 [Sec. 1630.7), the accidental tor-
sion may have to be increased above the 5% level for tor-
sionally irregular structures by use of an amplification
factar (A;), determined from UBC-87 Formula 30-16.

2
Ax _ Jma.x
1260

A, <30

[6.33]

S.nnx i8 the maximum displacement at level z, and dayg is

. the average of the displacements at the extreme points

of the structure at level z.

6-40 UBC STORY DRIFT DETERMINATION

Story drift is the lateral displacement of one level of a
structure relative to the level above or below. In the
UBC-97, drift requirements are based on the strength
design method to conform with newly developed seis-
mic base shear forces. In that regard, complete in-
elastic response drifts rather than force level drifts are
used. Based on the UBC-97 [Sec. 1630.10.1], story drifts
should be determined using the maximum inelastic
response displacement, Ajps, which is defined as the
maximum total drift or total story drift caused by the
design-level earthquake. Displacement includes both
elastic and inelastic contributions to the total deforma-
tion. The maximum inelastic response displacement,
Ay, should be computed from Eq. 6.34 (corresponding
to UBC-97 Formula 30-17).

Ay =0.TRAg [6.34]

Ag is & design level elastic response displacement found
from the elastic static analsysis of UBC-97 Sec. 1630.2.1
or the elastic dynamic analysis of UBC-97 Sec. 1631
The resulting deformations (Ag) should be determined
at all critical locations in the structure under consider-
ation. In calculation of Ag, translational and torsional
deflections should be included. Figure 6.17 illustrates
the concept behind determination of the elastic and in-
elastic response deformation A from elastic deforma-

tion Ag.
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alastic

earthquake force

inelastic

0.7RAg

w T

response displacement

Figure 6.17 Elastic and Inelastic Response
Deformation to Design
Earthquakes

Table 6.13 provides UBC-97 limitations imposed on the
calculated story drift using Aps. These limitations are
intended to control inelastic deformations and poten-
tial instabilities in both structural and nonstructural
elements that could affect life safety.

Table 6.13
UBGC-97 Story Drift Limitations

structure’s calculated story
natural drift using UBC-97
period Ay provisions
T<07sec Ay <0.025h
(short period (2.5% of story height)

structures)

Sec. 1630.10.2

T>07Tsec Ap <0.0204
(long pericd  (2.0% of story height)

skructures)

If both structural and nonstructural elements can tol-

erate greater drift without threat to life safety, the drift
limitations presented in Table 6.13 may be exceeded.
There is no story drift limitation for single-story steel
frame structures with primary use as storage facilities,
factories, workshops, and warehouses. 10

40pgp example, many prefabricated, single-story steel buildings
(commonly referred to as “Butler buildings") do not meet the
code drift limit. Such deviations from the code may be permitted,
particularly in industrial or warehouse space.

Furthermore, based on UBC-97 Sec. 1630.2.3.4, when
the simplified static lateral-force procedure is used to
determine the total design base shear, the UBC-07's
drift and story drift limitation provisions need not be
applied, except at the request of the building official, for
structures having relatively flexible structural systems.
When the simplified analysis is used, the maximum in-
elastic response displacement (Aps) can be obtained

from Eq. 6.35.
Ay = 0.010 [6.35]

P IR - TR e SRS - S

Ezample 6.11

A 4-story special moment-resisting steel structure is lo-
cated on = site with roclelike soil in seismic zone 4.
This structure has equal story heiglits of 12 ft (3.66 m)
at each story and a natural period (T) of 0.70 sec. The
displacements at each story are indicated in the follow-

ing figure.

By
l*_'j/'d,; =22in

{56 mm}

F
\ e
3

) By=1701n
Fg l'.______, —’f‘/ {43 mm])

\ 5{.‘/52 =1000n
Fy T’..___- / {256 mm)

! 5.
} § _-5,=040in
A = ,”/_ {10 mm)

Determine (a) the design level response displacement
in the third story, (b) the maximum inelastic response
displacement: in the first story, (c) the design level re-
sponse story drift ratio in the top story, (d) the max-
imum allowable design level response story drift ratio,
and (e) the design level response story drift that can
be tolerated if architectural cladding panels are to be
installed at the second story, which can accommodate
only 0.71 in (18 mm) of movement.

Customary U.S. Solution

(a) The design level response displacement (Ag) in the
third story is

A.Eu',thin:l story = 53 - 62
=17in—1.0in

=0.7in
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(b) The maximum inelastic response displacement
{Ap) in the first story can be obtained from Eq. 6.34.

Ay = 0-7RAS,ﬁrst story

From Table 6.10, for special moment-resisting steel
structures, R = 8.5. The design level response displace-
ment (Ag) in the first story is

A.S',ﬁr.‘:t story = 61
=04in _

Ay = (0.7)(8.5)(04 in)

Based on the UBC-97 [Sec. 1630.10.2), for structures
with natural period of 0.7 sec or greater, the calculated
story drift using Aps should not bhe greater than 0.020

times the story height. Thus,

An £ 0.020h,
12in
= (0.020)(12 ft) (_1?)
=288 in

Because Ajps = 2.38 in does not exceed Ay; = 2.88 in,
it is considered permissible. Of course, it should be
noted that the drift limits may be exceeded when it
can be shown that greater drift can be tolerated by
both structural elements and nonstructural elements
with due consideration of P-A effects. Any instability
in structure can affect life safety.

(c) The design level response story drift in the top
story is
A.E-',tt:'p story = 54 - 53
=22in-17in

=051in

According to the UBC-97 [Sec. 1627), the story drift ra-
tio is the story drift divided by the story height. Hence,

05 in
(12 ft) (llz—f-t“—‘)

= 0.0035

Agp =

(d) The meximum allowable design level response story
drift ratio for each story is

Ayn= U.OEDh,
8

=10.020

(e) The external architectural cladding panels and their
connections for this structure are designed to accommeo-
date 0.71 in movement (§ = 0.71 in). The corresponding
design level response story drift in the second story is

b= AM = OATRAS,secund story

. & 07lin
5 second story = 0.7TR ((],7)(8.5)
=0.12 in

dp — 61 = 0.6 in > 0.12 [no good)

ST Solution

(a) The design level response displacement (Ag) in the
third story is

Ag, third story = 03 — 8y
=43 mm — 25 mm

= 18 mm

(b) The maximum inelastic response displacement
{Aar) in the first story can be obtained from Eq. 6.34,

AM = 0-7RA.S',ﬁrst story

From Table 6.10, for special moment-resisting steel
structures, R = 8.5. The design level response displace-
ment (Ag) in the first story is

AS,first story = 6
=10 mm

Ay = (0.7){8.5)(10 mm})
= 60 mm

Based on the UBC-97 [Sec. 1630.10.2), for structures
with natural period of 0.7 sec or greater, the calculated
gtory drift using Ays should not be greater than 0.020
times the story height. Thus,

Apr < 0.0204,
1000 mm
= (0.020)(3.66 m) ( o )
=73 mm

Because Ajr = 60 mm does not exceed Ay = 73 mm,
it is considered permissible. Of course, it should be
noted that the drift limits may be exceeded when it
can be shown that greater drift can be tolerated by
both structural elements and nonstructural elements
with due consideration of P-A effects. Any instability
in structure can affect lifa safety,
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(c) The design level response story drift in the top story

15 .
AS,tl:m story = 54 == 53

= 56 mm — 43 mm

=13 mm

According to the UBC-97 [Sec. 1627], the story drift ra-
tio is the story drift divided by the story height. Hence,

13 mm B

1000 mm
(3.66 m) (“—I—IIT_)

= 0.0036

Agp=

(d) The maximum allowable design leve! response story
drift ratio for each story is

_ 0.020h,
MR= h,

= (.020

(e) The external architectural cladding panels and their
. connections for this structure are designed to accommo-
date 18 mm movement {§ = 18 mm). The correspond-
ing design level response story drift in the second story

18

g = AM = O-TRA.S.',second stary

A _ § 18 mm
§,second story = 0.7TR - (07)(8.5)
=3 mm

‘62 —06; =15 mm >3 mm [nogood]

<> < < < O < <

6-41 UBC PROVISIONS FOR BUILDING
SEPARATIONS

The UBC-97 requires all structures to be separated from
adjoining structures. Separations should permit struc-
tures to react to seismic forces independently, so that
damaging impact between adjacent structures’ ele-
ments will be avoided. According to the UBC-97 {Sec.
1633.2.11], the separation should allow for the maxi-
mum inelastic response displacement (Apy). The min-
imum code requirement for separation of two adjacent

buildings on the same property can be computed from

Eq. 6.36 (corresponding to UBC-97 Formula 33-2).

Ayr = V(B ) + (D) [6.36]

AMT — —s
{minimum}

VSN FINTINTI NN
Figure 6.18 Building Separation

Ay and Apgg are the maximum inelastic response dis-
placements of the adjacent buildings given by Eq. 6.34

(UBC-97 Formula 30-17).

When computing building separations, the UBC-97 re-
quires the following.

o Structures thet adjoin a property line not com-
mon to a public way must have a minimum sethack
from the property line equal to the displacement
A of that structure.

o Rational analyses based on maximum expected
ground motions can justify smaller separaticns or
property line setbacks.

Figure 6.19 Inadequate Building Separation

PR SR e TR R e R e

Ezample 6.12

Two office buildings will be built adjacent to each other
on the same property in Northern Californie. A spe-
cial concentrically braced dual system consisting of steel
and special moment-resisting steel frames is proposed
for structure L. It is decided that structure IT will be
a special concentrically steel braced frame. The elastic
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displacements for the two buildings are known. What
should be the sufficient distance between all parts of
these two buildings to avoid damaging impact while the
buildings are responding to earthguake motion, inde-
pendently?

7777

SII‘UCILIIB H

/As- 2.6in /?
N s
R DORDDR PRI,

Customary U.S. Solution

Based on the UBC-97 [Sec. 1633.2.11], all structures
are required to be separated from adjoining structures
on the same property, and the separation should al-
low for the maximum inelastic response displacement
(Apr). The minimum required separation can be com-
puted from Eg. 6.36.

Apr = v(Anr1)2 + (Apz)?
Ay =0.7TRA5
Ay =0.TRA g,

The displacements of these structures are 2.0 in and
2.6 in, respectively, From Table 6.10, for a special con-
centrically braced dual system consisting of steel and
special moment-resisting steel frames, B = 7.5. For
a special concentrically steel braced frame, B = 6.4.

Thus,

Ay =0.7RAg
= (0.7)(7.5)(2.0 in)
=10.50 in

Apyo =0.TRAg:
= (0.7)(6.4)(2.6 in)
=11.65 in

The minimum required separation is
Ayt = V(A1) + (Auz)?

= /(10.50 in)? + (11.64 in)?
=15.71n

ST Solution

Based on the UBC-97 [Sec. 1633.2.11], all structures
are required to be separated from adjoining structures

on the same property, and the separation should al-
low for the maximum inelastic response displacement
(Aps). The minimum required sepa.ratlon can be com-

- puted from Eq. 6.36.

Ayt = (Au1)? + (App2)?
A1 =0.TRA5
AMz = 0.7RA5'2

The displacements of these structures are 51 mm and
66 mm, respectively. From Table 6.10, for a special
concentrically braced dual system consisting of steel and
special moment-resisting steel frames, R = 7.5. For
a special concentrically steel braced frame, R = 6.4.

Thus,
Apn =0.TRAg;

= (0.7}(7.5)(51 mm)
= 267.75 mm

Apro = 0.TRA g,
=(0.7)(6.4)(66 mm)
= 295.68 mm

The minimum required separation is

Apr = (Arn1)? + (Aps2)?
= /(267.75 mm)? -+ (295.68 mm)2
= 399 mm

R e " - R I - R -

6-42 UBC PROVISIONS FOR
OVERTURNING MOMENT

The UBC-97 requires that every designed structure be
capable of resisting overturning effects induced by earth-
quake forces. At any level, the overturning moment
must be determined using the seismic forces (F; and
F.) that act on all of the levels above the level under
consideration [UBC-97 Sec. 1630.8.1]. These forces are
F; end Fy as defined in Eq. 6.27 and 6.29. The over-
turning effects on every lateral-force-resisting element
must be carried down to the foundation,

The incremental increases of the design overturning mo-
ment at each higher level should be distributed to the
various lateral-force-resisting elements. The distribu-
tion should be in the same proportion as the distribu-
tion of the horizontal shears to those resisting elements.
The effects of uplift caused by seismic loads must also
be analyzed. Any net tension must be resisted by in-
teraction with the soil (e.g., by use of friction piles that

resist uplift).
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In regular structures, the top force, Fi, can be omit-
ted in calculating the overturning effects at the soil-
foundation interface, including the calculation of soil
pressure under typical footings and the soil-pile fric-
tional forces during uplift [UBC-97 Sec. 1809.4]." This
omission is permitted because the F force represents
higher mode forces, and the moments at the base as-
sociated with the higher modes are unlikely to occur
simultaneously with mode 1 response.

OTM = 2F,h, + Fih,

Figure 6,20 Overturning Moment at the Base

§-43 UBC PROVISIONS FOR P-A EFFECTS

The P-A effect is defined as the secondary effect on
shears, axial forces, and moments of frame members
induced by the gravity loads acting on the laterally dis-
placed structure frame. The UBC-97 [Sec. 1630.1.3] re-
quires that the resulting member forces and moments,
and the story drifts, be used to evaluate the overall
structural frame stability caused by the P-A effects.
For the overall structural frame stability evaluation, it
is required that the forces producing the displacements
of Ag, design level response displacement, be used.

The 1997 NEHRP presents the concept of a stability co-
efficient, 8, which is the ratio of secondary moments to
primary moments.*? If this stability coefficient is equal
to or less than 0.10, the P-A effects can be disregarded.

4lgowever, the omission of F is oot permitted in the design
of structural or foundation elements, including the design of the
footings and piles that resist uplift and of their connections with

the building.

42The ratio may be evaluated for any story as the product of the

total dead load, floor live load, and snow load above the story
and the selsmic drift In that story, divided by the product of the
seismic shear in that story and the height of that story.

Otherwise, a rational analysis must be used to evaluate

the P-A effects.
g L=B [6.37]

P, (dead and live
loads abovs story)

- leval x+1

—————————— lavel x—1

vertical axis of structure
deformad by selsmic
design forces

Figure 6.21 Stability Coefficient Variables

Based on the UBC-97 [Sec. 1630.1.3], P-A effects need
not be considered when the following are true.

o The ratio of secondary moment (M,) to primary
moment (M) does not exceed 0.10.

o In seismic zones 3 and 4, the ratio of story drift
to story height (story drift ratio) does not exceed

0.02/R.

Based on the UBC-97 [Sec. 1630.2.3.4, when the sim-
plified lateral-force procedure is used to determine the
total design base shear, the UBC-97's P-A effects pro-
visions need not be considered for structures having rel-
atively flexible structural systems, except at the request

of the building official.

<> < <> < < <> <
Erample 6.13

The columns of an ordinary moment-resisting steel
frame (OMRF) and a special moment-resisting steel
frame (SMRF), shown, are in seismic zones 24 and 4,
respectively. Should the P-A effects be considered for
(a) the detailed ordinary moment-resisting steel frame?
(b) the detailed special moment-resisting steel frame?
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98
P =120 kips {533.3 kN) The ratio of the secondary moment to the primary mo-
l A,=0.8n (20 mm) ment is M,  8fkips
10 kips (44.5 kN) 1 M, 160 ft-kips
Fr— 7 =0.05

16 t (4.9 m)

R
L ST

i
B B o

I
{OMRF} /
stasl ,’

P =200 kips {889.6 kN}
Ag= 0.6 in {156 mm}

1

—_——

8 kips {35.6 kN)

F—r> ; ”
!

!
!I {SMRF) {

!
M”-
e T

14 ft {4.3 m}
=]

PR

Customary U.5. Solution

(a) Structure I is located in seismic zone 2A. Based on
the UBC-97 [Sec. 1630.1.3], the P-A .effects (i.e., the
effects of the secondary moments) should be considered
in the evaluation of overall structural stability when the
ratio of secondary moment to primary moment exceeds
0.1 for any story.

For structure I, from Teble 6.10, for ordinary moment-
resisting steel frames, B = 4.5. The design level re-
sponse displacement, Ag, is 0.80 in, and h, = 16 ft.
The lateral seismic force, F, is 10 kips, and the axial
load, P, is 120 kips. The primary moment (M) and
secondary moment (}M,) are

M, = Fh,
= (10 kips)(16 ft)
= 160 ft-kips

M, = PAg

11t

Thus, for structure I in seismic zone 24, the P-A effects
nead not be considered.

(b} Based on the UBC-97 [Sec. 1630.1.3], in seismic
zones 3 and 4, the P-A effects need to be considered
in the evaluation of overall structural stability if the
story drift ratio exceeds 0.02/R for &ll stories.

From Table 6.10, for special moment-resisting steel
frames, R = 8.5. The design level response displace-
ment, Ag, is 0.60 in, and h, = 14 fi. The story drift

ratio (Ag/h,) is

Ag 0.60 in
R e (2B
1t
= 0.0036
002 _ 002
R 85
=0.0024
Agr <0.02/R to neglect P-A
0.0036 > 0.0024

Thus, for structure II in seismic zone 4, the P-A effects
should be considered.

SI Solution

(a) Structure I is located in seismic zone 2A. Based on
the UBC-97 [Sec. 1630.1.3], the P-A effects (i.e., the
effects of the secondary moments} should be considered
in the evaluation of overall structural stability when the
ratio of secondary moment to primary moment exceeds
0.1 for any story.

For structure I, from Table 6.10, for ordinary moment-
resisting steel frames, = 4.5. The design level re-
sponse displacement, Ag, iz 20 mm, and h, = 4.9 m.
The lateral seismic force, F, is 44.5 kN, and the axial
load, P, is 533.3 kN. The primary moment (M) and
secondary moment (M,) are

M, =Fh,
= (44.5 kN)(4.9 m)
=218 kN'm

M, =PAg

= (533.3 kN) (20 mm) (

Im
1000 mm

= (120 kips)(0.80 in) (Iz"l_n)

= 8 fi-kips

=10.7 kN'm
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The ratio of the secondary moment to the primary mo-
ment is

M, _ 10.7kN-m
M, 218 kN-m
=0.05

Thus, for structure I in seismic zone 24, the P-A effects
need not be considered.

(b) Based on the UBC-97 [Sec. 1630.13], in seismic
zones 3 and 4, the P-A effects need to be considered
in the evaluation of overall structural stability if the

story drift ratio exceeds 0.02/R for all storfes.

From Table 6.10, for special moment-resisting steel
frames, R = 8.5. The design level response displace-
ment, Ag, is 15 mm; and hg = 4.3 m. The story drift

ratio (Ag/h,) is

Acn = -A_g' _ 15 mm
SR T (43 m) 1000 mm
’ lm
= (0035
002 _ 002
R ~ 85
=0.0024
Agg < 0.02/R to neglect P-A
0.0036 > 0.0024

Thus, for structure 1T in seismic zone 4, the P-A effects
should be considered.

oI~ e B " =

6-44 SEISMIC FORCE ON ELEMENTS OF
STRUCTURES, NONSTRUCTURAL
COMPONENTS, AND EQUIPMENT
SUPPORTED BY STRUCTURES

Examples of nonstructural elements are unbraced para-
pet walls, interior bearing and nonbearing walls, par-
titions, and penthouses. Examples of nonstructural
components are signs, billboards, and exterior and in-
terior ornamentations, chimneys, stacks, storage racks

over 6 ft (183 cm), anchorage, and lateral bracing for.

suspended ceilings and light fixtures. Equipment in-
cludes tanks and vessels with support systems; elec-
trical, mechanical, and plumbing equipment; and
emergency communication equipment.3 Table 6.14

43D85ign of attnchments for floor- or roof-mounted equipment
weighing less than 400 1bm (181 kg) is not required.

(corresponding to UBC-97 Table 16-0) provides a com-
prehensive list of these categories.

To ensure life safety and preserve the functionality of
essential facilities, these components should be designed
to resist the total design seismic forces of the UBC-97
[Sec. 1632.2]. The seismic loading, 7, on these elements
and their attachments can be calculated from Iqs, 6.38
or 6.39 (corresponding to UBC-97 Formulas 32-1 and

32-2, respectively).

F, =4.0G.I,W, [6.38]
Alternatively,
_ a,Caly h_;)
F,= (——Hp )[1+(3)( I

C, is the seismic response coefficient, I, is the impor-
tance factor, a, is the amplification factor associated
with the dynamic characteristics of the component, R,
is the ductility factor associated with the component,
and W, is the weight of the component.

The minimum and maximum values of Fy, are given by
Eq. 6.40 (corresponding to UBC-97 Formula 32-3).

0.7C. LW, < F, < 4.0C.I, W, [6.40]

The value of the seismic response coefficient (accelera-
tion controlled), Ca, is the same as that used for the
building, and depends on the seismic zone, proximity
of the site to active seismic sources, and site soil-profile
characteristics. The value of the seismic importance
factor, I, is either 1.0 or 1.5, depending on the ocen-
pancy or function of the structure. Appendix K of this

‘book (corresponding to UBC-97 Table 16-K) gives the

values of I, for different types of facilities. A value of
I, = 1.5 is used for anchoring machinery and equipment
required for life-safety systems, as well as for tanks con-
taining toxic and explosive substances. W, is the weight
of the elements, components, or equipment. The natu-
ral period of the elements, components, and equipment
is not a factor in calculating the force on the elements,
components, and equipment, except indirectly in the
determination of a,. '

The values of the in-structure component amplification

_factor, ap, are given in Table 6.14 (corresponding to

UBC-97 Table 16-0). The values of a, vary from 1.0 to
2,5. Rigid components experience little amplification
and are assigned an a, of 1.0. Alternatively, dynamic
properties or empirical data of the component and the
structure that supports it may be used to determine
this factor; however, its value may not be less than 1.0.
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. ‘Table 6.14
Horizontal Force Factors, a, and R,
(UBC-97 Table 16-0)

elements of structures and nonstructural
components and equipment® - & By footnote

1, Elements of structures

A. Whlls including the following:
(1) Unbraced (cantilevered) parapets 25 3.0
{2) Exterior walls at or above the ground floor and parapets braced
above thelr centers of gravity 1.0 3.0 2
(3) All interior-bearing and nonbearing walls 1.0 30 2
B. Penthouse (except when framed by an extension of the -
structural frame) 25 4.0
C. Connections for prefabricated structural elements other than walls
{see also Sec. 1632.2) 10 30 3
2. Nonstructural components
25 3.0

A. Exterior and interior ornamentations and appendages
B. Chimneys, stacks, and trussed towers supported on or projecting

above the roof:
(1) Laterally braced or anchored to the structural frame at &
2.5 3.0

point below their centers of mass
(2) Laterally braced or anchored to the structural frame at or

above their centers of mass 1.0 3.0
C. Signs and billboards 25 3.0
D. Storege racka (including contents) over 6 ft (1829 mm) tall 25 40 4
E. Permanent floor-supported cabinets and book stacks (including
contents) more than 6 ft (1829 mm) in helght 10 3.0 5
F. Anchorage and lateral bracing for suspended ceilings and
light fixtures 1.0 3.0 3,678
G. Access floor systems 1.0 3.0 4,69
H. Masonry or concrete fences over 6 ft {1829 mm) high 1.0 3.0
I. Partitions 1.0 3.0
3. Equipment
A. Tanks and vessels (including contents), including support systems 1.0 3.0
B. Electrical, mechanical, and plumbing equipment and associated 5, 10, 11, 12, 13,
10 3.0 14, 15, 16

conduit and ductwork and piping
C. Any flexible equipment laterelly braced or anchored to the structural
frame at & point below its center of mass 25 3.0 58, 10, 14, 15, 16
D. Anchorage of emergency power supply systems and essential
communications equipment. Anchorage and support systems
for battery racks and fuel tanks necessary for operation
of emergency equipment. See also Sec, 1632.2.
E. Temporary containers with flammable or hazardous materials

1.6 30 17, 18

4. Other components
A. Rigid components with ductile material and attachments 1.0 3.0 1
B. Rigid components with nonductile material or attachments 10 15 i
C. Flexible components with ductile materisl and attechments 25 3.0 1
25 15 1

D, Flexihle components with nonductile material and attachments

15eq Sec. 1627 for definitions of flexible components and rigid components.
2See Secs, 1633.2.4 and 1633.2.8 for concrete and masonry walls and Sec. 1632.2 for connections for panel connectors for panels.

3 Applies to seismic zones 2, 3, and 4 only.
4Ground-supported steel storage racks may be designed using the provisions of Sec. 1634. Chapter 22, Div. X, may be used for design,
provided seismic design forces are equal to or greater than those specified in Sec. 1632.2 or 1634.2, as appropriate.

5Dnl'_\r anchorage or restraints need be designed.
ﬁC.'eiling weight shall include all light fixtures and other equipment or partitions that are laterally supported by the ceiling. For purposes

of determining the selsmic foree, a ceiling weight of less than 4 psf (0.15 kN/mz) shall be used.

TCeﬂings constructed of lath and plaster or gypsum board screw or nail attached to suspended members that support a ceiling at one
level extending from wall to wall need not be analyzed, provided the walls are not aver 50 ft (15240 mm) apart.

8Lig‘ht: fixtures and mechanical services installed in metal suspension systems for acoustica! tile and lay-in panel ceilings shall be inde-
pendently supported from the structure above as specified in UBC-97 Standard 25-2, Part HI.

9 Wp, for access floor systems shall be the dead load of the access floor system plus 25% of the floor live loed plus a 10-psf (0.48-kN/m2)
pertition load allowance,

mEquipment includes, but is not limited to, boilers, chillers, heat exchangers, pumps, sir-handling units, cooling towers, control panels,
motors, switchgear, transformers, and lifa-safety equipment. It shall include major conduit, ducting, and piping, which services such
machinery and equipment end fire sprinlder systems, See Sec. 1632.2 for additional requirements for determining e, for nonrigid or

flexibly mounted equipment.
{continued)
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Table 6.14 -

Horizontal Force Factors, a, and By
(continued)

1 geiemic restraints may he omitted from piping and duct supports if all the following conditions are satisfied.
1.1y pteral motion of the piping or duct will not cause damaging impact with other systems.
2y piping or duct is made of ductile material with ductile connections,
11.31 nteral motion of the piping or duct does not cause impact of fragile appurtenances (e-g., sprinkler heads) with any other
equipment, piping, or structural member. )
1LAFateral motion of the piping or duct does not cause loss of system vertical suppart.
11.5p5d- hung supports of less than 12 in {305 mm) in length have top connections that cannot develop moments.

1I‘ESu];)pu:ort members cantilevered up from the floor are checked for stability.
E2gaismic restraints may be omitted from electrical raceways, such as cable trays, conduit and bus ducts, if all the following conditions

are satisfied:

1211 2tera]l mation of the raceway will not eause damaging impact with other systems.

1221 2teral motion of the raceway does not cause loss of system vertical support,

12'3Rcd-hung supports of less than 12 inches (305 mm} in length have tap connections that cannot develop moments.

1_2’4Support members cantilevered up from the floor are checked for stability.
13Piping, ducts and electrice] raceways, which must be functional following an earthquake, spanning between different buildings or
structural systems shalt be sufficiently flexdble to withstand relative motion of support points assuming out-of-phase motions,
14y/ibration isolators supporting equipment shall be designed for lateral loads or restrained from displacing laterally by other means.
Restraint shall also be provided, which limits vertical displacement, such that Interal restraints do not becoms disengaged. op and Ry
far equipment supported on vibration isolators shall be taken as 2.5 and 1.5, respectively, except that if the isolation mounting frame
is supported by shallow or expansion anchors, the design forces for the anchors calculated by Formula (32-1),(32-2) or (32-3) shall be
additionally multiplied by a factor of 2.0.
15Equipment anchorage shall not be designated such that Iatersl loeds are resisted by gravity friction (e.g., friction clips).
16F.bcpu.nsicm anchors, which are required to resist seismic loads in tension, shall not be used where operational vibrating loads are present.
1T\Movement of component within electrical cabinets, rack- and skid-mounted equipment and portions of skid-mounted electromechanical
equipment that may cause damage to other components by displacing, shall be restricted by attachment to anchored equipment or support
frames.
1BRatteries on racks shall be restrained against movement in all directions due to earthquale forces.
195eismic restraints may include straps, chains, bolts, barriers or other mechanisms that prevent sliding, falling and breach of containment
of Bammable and toxic materials. Friction forces may not be used to resist lateral loads in these restraints unless positive uplift restraint

is provided which ensures that the friction forces act continuously.

Reproduced from the 1897 edition of the Uniform Building Code, copyright @ 1997,
with the permission of the publisher, the International Conference of Building Officlals.

computed seismic forces, Fy, are to be used to design
the members and connections that transfer these forces
into the structure seismic-resisting systems.

Values of the component response modification factor,
Ry, are furnished in Table 6.14 (corresponding to UBC-
97 Table 16-0). The maximum value of Ry, 4.0, is re-
served for steel storage racks, Most components and
equipment are allowed an R, of 3.0. A value of fp =
1.5 is used for equipment with shallow anchors, includ-
ing expansion, chemical, and embedded anchor bolis
with an embedment length-to-diameter ratio less than
8. For nonductile anchors and anchors used with adhe-

Esterior cladding panels must resist a seismic force Fj,
calculated from Eq. 6.38 or 6.39, and must accommo-
date movements of the structure based on Aps. Panel
connectors (e.g., bolts, inserts, welds, and dowels) and
connection bodies (e.g., angles, bars, and plates) are de-
signed for the seismic force F, determined from Eq. 6.39,

sive, By = 1.0,

Equation 6.39 includes an amplification factor based on
building height. A. and h, signify elevations with re-
spect to grade. h; denotes the height of element or
component attachment above base, and h. represents
the height of the structure roof above base. The result-
ing factor is 1.0 at the base and 4.0 at the roof.

The design seismic forces obtained from Egs. 6.38 and
6.39 (corresponding to UBC-97 Formulas 32-1 and 32-
2, respectively) should be distributed in proportion to
the mass distribution of the element or component. The

where for connectors, the values of R, and a, are 1.0
for both [UBC-97 Sec. 1633.2.4.2, Item 5], and for con-
nection bodies, the values of R, and a; are 3.0 and 1.0,
respectively [UBC-97 Sec. 1633.2.4.2, Item 4]. Drift,
movement, and other standards also apply [UBC-97
Sec. 1633.2.4.2).

The seismic force on a diaphragm is specified elsewhere,
in UBC-97 Sec. 1633.2.9. Equations 6.38 and 6.39 are
not used. UBC-97 Formula 33-1 specifies the method
to calculate the force on the diaphragm at level z, for -
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diaphragm design. (wp is the weight of the diaphragm
plus any elements tributary to it [Sec. 1633.2.9, Item
2).)

n
F+ ) K
— = |, [6.41]

> w

i=z

Fye =

The diaphragm should be designed to resist force Fpe.
However, Fp,; may not be less than 0.5C, Jwy., nor need

the force exceed 1.0C; Jwg.
<> <> <> < <> < <>

Erample 6.14

A parapet wall extends 4 ft (1.22 m) above the roof line
of a one-story concrete-welled commercial building, as
shown. The walls are 8 in (203 mm) thick. Consider
all connections between the roof, walls, and footings
to be pinned (free to rotate). The building is located
in seismic zone 4 on a site with a stiff soil profile, The
proximity of this site to the San Andreas Fault is 6.2 mi
(10 km). Consider earthquake forces perpendicular to
the wall face. Determine (a) the force that the wall-
to-roof connection must be designed for and (b) the
motment at the base of the parapet wall.

8-in (203-mm) thick
concrata wall (typical) \

parapet wall-\\ F _"

221 141t {1.22 m)
- roof diaphragm  «
E:JUUUUUUUUUUL}; direcftion
: 0
= | earthquaks

"'; 104t {3.05m)

‘.‘:{ ’/- pinned (typical)

NAANANAFHEIN

Customary U.5. Solution

(2) The wall length is not given, so work with a 1-ft
strip of wall. Concrete has a mass of approximately
150 Ibf/ft3, so the distributed weight per foot of width

18

wy = y{volume)
= (width)(height)(thickness)

- (150 %t%f) (1 £)(14 f)(8 in) (11211)

= 1400 Ibf [per foot of wall]

Although only the force on the parapet is wanted, the
entire wall must first be analyzed. From App. K of

this book (corresponding to UBC-97 Table 16-K), the
seismic importance factor, I, is 1.0. From Table 6.3,
the seismic zone coefficient, Z, is 0.40. From Table 6.6,
for stiff soil-profile, the soil-profile type is Sp. From
Table 6.9, for Z = 0.40 and soil-profile type Sp, the
seismic response coefficient, C,, is 0.44N,;. The San
Andreas Fault is capable of producing large-magnitude
events and has a high rate of seismic activity, Thus,
from Table 6.7, the seismic source type is A, From Table
6.8, for seismic source type A and a distance of 6.2 mi to
& known seismic source, the nearest-source factor, Ny,
is 1.0, Thergfore, the seismic response cosfficient Cj, is

Ca = (0.44)(1.0)
=0.44

From Eq. 6.38, the distributed seismic force per foot of
wall width is

F=4.0CTuw,
(4.0)(0.44)(1.0)(1400 1bf)
= 2464 Ibf [per foot of wall]

For the purpese of finding reactions, this force can be
assumed to act at the mid-height of the wall, at

(3)(1414t) =71t
Summing moments about the wall base,

Y M=(Tf) (2464 l}?f) ~ Fanchor{10 ft) =0

Frnenor = 1724.8 Ibf  [per foot of wall]

For seismic zones 1, 2, and 3, the UBC-97 [Secs.
1605.2.3, 1611.4, and 1633.2.8.1] require the roof-wall
diaphragm connection to withstand s minimum force
of 280 Ibf/ft. However, for seismic zone 4, the UBC-87
[Sec. 1633.2.8.1] sets a minimum anchorage force of 420
Ibf/ft. The calculated value of 1724.8 Ibf/ft controls.

(See Sec. 12-9.}

att
17248 Iof ~e—f—{=] ]
° 2484 1f
wor [
. 7it
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(b) The weight of the parapet alone is

1w, = (volume)
= y(width)(height){thickness)

- (150 g) (1 ft)(4 ££)(8 in) (ilz—ff—n)

=400 Ibf [per foot of wall]

From Eq. 6.38, the distributed seismic force per foot of ‘

parapet wall width is

Fp, =4.0C. Lw,
= (4.0)(0.44)(1.0)(400 1bf)
=704 Ibf [per foot of wall]

For the purpose of determining the moment at the base
of the parapet, this force can be assumed to act at the
mid-height, 2 ft up from the base. In effect, the parapet
acts as a vertical cantilaver wall. The pet moment at
the parapet base (i.e., where it joins the roof) is

M = (2 ft)(704 Ibf)
= 1408 ft-1bf [per foot of wall]

roof ling

M = 1408 ft-Ibf

SI Solution

(a) The wall length is not given, so work with a 1-m-

strip of wall. Concrete has a mass of approximately
2400 kg/m?, so the distributed weight per meter of
width is
1, = y(volume)
= -y(width)(height) (thickness)

- (2400 %) (9.81 ;5;) (1 m)(4.27 m)

lm
0 -
x (203 mm) (1000 mm)
=20.4 kN [per meter of wall]

Although only the force on the parapet is wanted, the
entire wall must first be analyzed. From App. K of
this book (corresponding to UBC-97 Table 16-K), the
seismic importance factor, I, is 1.0. From Table 6.3,

the seismic zone coefficient, Z, is 0.40. From Table 6.6,
for stiff soil-profile, the soil-profile type is Sp. From
Table 6.9, for Z = 0.40 and soil-profile type Sp, the
seismic response coefficient, Cy, is 0.44N,. The San
Andreas Fault is capable of producing large-magnitude
events and has a high rate of seismic activity. Thus,
from Table 6.7, the seismic source type is A. From Table
6.8, for seismic source type A and a distance of 10 km to
a known seismic source, the nearest-source factor, Ny,
ig 1.0. Therefore, the seismic response coefficient Cy is

C, = (0.44)(1.0)
=0.44

From Eq. 6.38, the distributed seismic force per foot of
wall width is

Fy = 4.0C.Tyw,
= (4.0)(0.44)(1.0){20.4 kN)
=35.9 kN [per meter of wall]

For the purpose of finding reactions, this force can be
assumed to act at the mid-height of the wall, at

() (427 m) =214 m

Summing moments about the wall base,

S M=(214m) (35.9 g—) — Fynchor(3.05 m) =0

Fonenor =282 kN [per meter of wall]

For seismic zones 1, 2, and 3, the UBC97 [Secs.
1605.2.3, 1611.4, and 1633.2.8.1] require the roof-wall
diaphragm connection to withstand a minimum force
of 4.09 kN/m. However for seismic zone 4, the UBC-
97 [Sec. 1633.2.8.1] sets 2 minimum anchorage force of
6.1 kN/m. The calculated value of 25.2 kN/m controls.
(See Sec. 12-9.)

122m r
26,2 kN ~——1
i 35.9 kN
305m| |+
ol [2.14m
7 Fand
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(b) The weight of the parapet alone is

w, = y(volume)
= y(width){height)(thickness)

ke m 1kN
= (2400 ﬁ) (9‘81 s_z) (1000 N)

x (1 m)(1.22 m)(203 mm) (moloriun)

= 5.83 kN [per meter of wall]

From Eq. 6.38, the distributed seismic force per meter
of parapet wall width is

F, =4.0C, Iyw,
= (4.0)(0.44)(2.0)(5.83 kN})
=103 kN [per meter of wall]

For the purpose of determining the moment at the base
of the parapet, this force can be assumed to act at the
mid-height, 0.61 m up from the base. In effect, the
parapet acts as a vertical cantilever wall. The net mo-
ment at the parapet base (i.e., where it joins the roof)
is

M =(0.61 m)(10.3 kN)
'=6.28 kN-m [per meter of wall]

roof fine

M=6.28 kN:m

R " R - L e e

6-456 UBC PROVISIONS FOR TIES AND
CONTINUITY

UBC-97 Sec. 1633.2.5, Ties and Continuity, is basi-
cally concerned with ensuring continuity in designed
structures, The provisions are intended to provide a
minimum design force for connections tying portions
of a structure together, for example, ties at project-
ing wings, or beam splices. Often, such tie forces are
difficult to caleulate by rational method without sep-
arating the structure or system into two parts at the
tie. The UBC-97 specifies & minimum continuity force
to use in designing such connections. For example, as a
minimum, connections tying any smaller portion of the
structure to the remainder of the structure should have
a minimum strength to resist F;, as defined in Eq. 6.42.

-F:g 2 DA5CnIMmaller porticn B [642]

For beams, girders, or trusses, the UBC-97 [Sec.
1633.2.5] requires that positive connections be provided
to resist horizontal forces acting parallel to the mem-
bers. This horizontal force can be obtained from Eg.

6.43.

Fp 2 0.3C IW sl dend load +live load on the member
[6.43]

6-46 NONBUILDING STRUCTURES

Nonbuilding structures [UBC-97 Sec. 1634] are self-
supporting structures other than buildings that,
nevertheless, come under the jurisdiction of the local
building official.*® Covered by the UBC-97 are non-
building structures that (1) have building-like strue-
tura] systems such as those described in UBC-97 Sec.
1629.6, (2) are rigid structures (i.e., those with natu-
ral period, T, less than 0.06 sec), or (3) are specifically
mentioned in UBC-87 Table 16-P, for example, tanks,
silos, chimneys, signs, and towers. (To qualify as hav-
ing a building-like structural system, the structure must
have one or more levels—floors and roof—at which the
masg is concentrated, and the framing system must ex-

tend between the levels.)

Most nonbuilding structures, even though they are not
designed to accommodate people, are supported by
structural systems traditionally found in occupied build-
ing structures. Nonbuilding structures carry gravity
loads and resist the effects of earthquakes. Conse-
quently, the strength required to resist the displace-
ments caused by the minimum design seismic forces
on nonbuilding structures is calculated in the same man-
ner as those for building structures. For nonbuilding
structures, as opposed to building structures, the stan-
dard building drift limitations need not be met. How-
ever, P-A effects should be evaluated [UBC-97 Sec.
1634.1.5].

There are some differences, however, in the total design
base shear equations for building and nonbuilding strue-
tures. The natural period, T, must be determined by
rational metheds. For example, Method B of the UBC-
97 [Sec. 1630.2.2, Item 2] with UBC-97 Formula 30-10,
or dynamic analysis, can be used. However, the 80%
of the Method A lower limit does not apply [UBC-97

Sec. 1634.1.4).

The total design base shear given in Eq. 6.44 is used
for nonbuilding structures with natural period greater

U0 ther items specificelly not included in the UBC-97 are offshore
platforms, electrical transmission towers, dems, and highway and
rajlrond bridges. These structures are not normally within the
jurisdiction of the local building official. '
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than 0.06 sec. For reduction in these forces, the values
of the response modification factor { R) and seismic force
amplification factor (Qp) are given in Table 6.15 (corre-

sponding to UBC-97 Table 16-P). Generally speaking,

the values of R assigned to nonbuilding structures are
less than for building structures. This is considered jus-
tified because nonbuilding structures do not have struc-
tural redundancy of multiple bays and nonstructural

panels that effectively give buildings greater strength

and damping than is considered in the design process.
The weight, W, includes the weight of the full contents
(if any) of the structure [UBC-07 Sec. 1634.1.3].

V= (i;) W (6.4

The reliability /redundancy factor (p) is calculated from
UBC-97 Formula 30-3. For total design base shear, the
code sets the limit not to exceed UBC-97 Formula 30-5

and not to be less than UBC-97 Formula 30-6.

2.5C,1
Vinax = ( = ) w [6.45]
Vinin = (0.11C. )W [6.46]

Rigid nonbuilding structures, however, are handled dif-
ferently. Rigid nonbuilding structures are structures
with a natural period (T) of less than 0.06 sec. The
natural period is the determining factor of whether the
structure is rigid. An example would be a concrete
pedestal structure at grade level. Rigid structures are
covered in the UBC-97 [Sec. 1634.3], which specifies
that p = 1. The lateral force, V, on rigid structures
and their anchorages is given by UBC-97 Formula 34-1.

V=01CIW . [6.47]

The force, V, is distributed over the height according
to the distribution of the mass, It is assumed to act in
any horizontal direction.

The size of the supporting structural system for some
short {i.e., less than 50 ft (15.24 m) in height) non-
building structures is determined by the footprint of the
structure, vibration limitation, or other operational con-
siderations rather than traditional lateral loadings. In
such cases, the support can be much stronger than re-
quired for seismic resistance, and it can be expected to
remain in the elastic range during a maximum earth-
quake. Therefore, ductility is not a consideration. The
UBC-97 [Sec. 1634.2] permits these applications (with
some restrictions) to be evaluated as intermediate
moment-resisting frames (IMRF). The value R = 2.8
(corresponding to low ductility demand during ground
motion) must be used where this allowance is made

[UBC-97 Sec. 1634,2, Exception].

Table 6.15

Values of R and §p for Nonbuilding Structures
[UBC-97 Table 16-P]

structure type R flo
1. Vessels, including tanks and
pressurized spheres, on braced or
22 2.0

unbraced legs
9. Cast-in-place concrete silos and

chimneys having walls continuous

to the foundation 3.6
3. Distributed mass cantilever structures

such as stacks, chimneys, silos, and

skirt-supported vertical vessels 29 20
4. Trussed towers (freestanding or

guyed), guyed stacks, and chimneys 2.9 2.0
5. Cantilevered column-type structures 2.2 2.0
8. Cooling towers 36 20
7. Bins and hoppers on braced or

2.0

unbraced legs 29 20
8. Storage racks 3.6 2.0
9, Signs and billboards 36 20
10. Amusement structures and
monuments 22 20
11, Al other self-supporting structures
not otherwise covered 29 20

Reproduced from the 1997 edition of the Uniform Building
Code™, copyright (c) 1997, with the permission of the publisher,
the International Conference of Building Officials.

Certain concrete pedestal-type structures can also be
expected to remain in the elastic range during a maxi-
mum earthquake. However, the code recommends that
some ductility be included in the design. Such ductil-
ity is obtained (during the design stage) by providing
sufficient transverse reinforcement to avoid brittle shear
and/or development failures and by providing continu-
ity and development of longitudinal reinforcement.

Tanks with ground support are also provided with
detailed specific provisions [UBC-97 Sec. 1634.4]. Flat-
bottom tanks and other tanks with supported bottoms
at or below grade (as opposed to tanks on legs) are con-
sidered to be nonbuilding structures. Due primarily to
the fact that liquid contents slosh around and add their
own dynamic forces, the seismic performance of tanks
is more complex than their simple appearance would

suggest. 4

The UBC-97 [Sec. 1634.4] allows three different types of
analysis for tanks with supported bottoms. First, the
contents can be assumed to be rigid (i.e., have a period
of less than or equal to 0.06 sec) and the design base

45g10shing has very little damping (i.e., 0.1% or less).
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pressurized spheres
tanks on legs (braced and unbraced)
R=22 R=22
no = 2.0 ﬂg = 2.0
] [ !
freestanding guyad tower stacks derrick-supported
trussed towers and chimneys structures
R=29 B=28 R=28
=20 Q=20 Qg=20

inverted pendulum
structures {can be

modeled as 8
lumped mass
{lolipaph) cooling towers
=22 R=36
no = 2.0 ng = 2.0

i

<]

]

<
7

freestanding

bins and hoppers on legs
storage racks

{braced and unbraced)

R=29 A=36
g=20 Qg=20
—— m
walls distributed
continuous mass cantilever
to the structure
foundation
. .~

'’

o

cast-in-place {CIP}
concrete silos and

non-CIP silos, chimneys,
stacks, and skirt-supported
verticai vassels

chimneys
R=36 R=2%
05=20 =20
7 it
signs and amusement
billboards monuments structures
R=36 A=22 R=22
no = 2.0 ﬂa = 2.0 no-- 2.0

Figure 6.22 Typical Nonbuilding Structures

shear calculated as V = 0.7C, IW [UBC-97 Sec. 1634.3,
Formula 34-1]. Second, a response spectrum analysis
that includes the inertial effects of the tank contents can
be performed. Third, an approved national standard for
design of tank supports can be used.”®

Particular attention must be paid to preventing uplift
of tanks from their cradles or supports. Specifically,

46For exemple, American Petroleum Institute (APT} Publication
650, App. E, is an approved standard.

tanks must be anchored to their foundations, Further-
more, sloshing and freeboard should be considered in
the design of the tank. Sloshing can be reduced by in-
cluding baffles in the tank. Sufficient freeboard should
be included in open tanks to prevent the contents from
spilling ot over the top.

Many nonbuilding structures are bolted to their founda-
tions. In order to ensure ductile response, these bolts
must stretch inelastically without failure and without
being pulled from their concrete embedment. The bolt
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size (diameters and lengths) and placement patterns Customary U.S. Solution

should be chosen so that the bolts achieve their full . . -
. R . . One rational method of determining the sign’s natu-

strength in a maximum earthquake without faflure, us- o . .

i the loads specified in UBC-97 Sec. 1634 ral period is to consider the sign as an SDOF system.
g P ' ' The supporting elements (i.e., the three posts) are es-

sentially uniformly loaded cantilevers. From standard

beam deflection tables, the tip deflection, =, for such a

configuration with distributed load w per unit length is

Nonbuilding structures other than rigid structures and
tanks should be designed to resist design seismic forces
no less than those that are determined in accordance
with the provisions of UBC-97 Sec. 1630, with the ad-
ditional considerations of Egs. 6.48 and 6.49. ‘ .

Viain = 0.56C.IW [6.48]

R

_ wk
T 8EI

Equation 6.48 corresponds to UBC-97 Formula 34-2, The stiffness, £, at the tip is

Additionally, for seismic zone 4, the minimum total de- total load wL 8EI
sign base shear is given by Eq. 6.49 (corresponding to hm - Tl = T
UBC-97 Formula 34-3). T 1 1::::f I
1L6ZN,IW 8) (2 x 108 "uF) (144 F) (0.05ft)
- Vmin = —'—T [649] == (18 &)3
] For other nonbuilding structures, when applicable, the = 19,750 Ibf/ft

seismic zone, occupancy category, soil-profile type, seis-

mic source classification, near-source factor, seismic re- From Egs. 4.11 and 4.12, the natural period of oscilla-

o
! sponse coefficient, and response modification factor are tion is
the same as for building structures. The vertical dis-
e tribution of design seismic forces may be determined 27 W
i either by Eq. 6.31 (corresponding to UBC-97 Formula T= o 2 kg
- 30-12) or from a dynamie analysis [UBC-97 Sec. 1631]. . :
vy -9z 3000 1bf
7] - S R R T =R B
1 | (19,750 E’f) (32.2 —ft—z)
Ezample 6.15 B sec
M A simple billboard-type sign 3.1 mi (5 km) from a seis- =0.431 sec
L mic source is constructed on Sg soil-profile in seismic L. , )
zone 4. It has a total weight of 3000 Ibf (13.34 kN) Th]s is greater .tha,n 0.06 sec, so the billboard is not
] distributed evenly across its width and 18 fi (5.5 m) rigid as defined in UBC-97 Sec. 1634.3.
B of height. The total effective cross-sectional moment From Table 6.15, the response modification factor R =
of inertia at the base of its supports is 0.05 ft4 (4.3 x 3.6. From Table 6.9, for a soil profile Sg and Z = 0.4,
if,‘.‘ 104 mf). .The modéﬂus.of elasticity4 of the three sup- the seismic response coefficient is C, = 0.56N,. From
P port posts is 2 x 10 psi (1.38 x 10* MPa). What is Table 6.7, for a seismic source with a high rate of seismic
the UBG-97 to!tal design bﬂsf" shear for an earthquake  aetivity, the seismic source type is classified as type A.
acting perpendicular to the sign face? From Table 6.8, for this billboard 3.1 mi from a known
seismic source, the applicable near-source factor N, =
1.6. Thus,
C, = 0.56N, = (0.56)(1.6)
T p= 1 = 0.90
~ :
3 The design base shear is determined from Eq. 6.44.
- 18 ft
- {5.5m) : . Cyul
“" N direction of V= (RT) w
o earthquake
4 0.90)(1.
-~ e = -——-———( )(L0) (3000 Ibi)
H ._';'.:,: (3.6)(0-431) .
L = 1740.14 1bf
| . S
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However, based on the UBC-87 requirements,

2.5C,1
Vinax = ( 7 )W

Vinin = 011G IW

From Teble 6.9, for a soil profile S and Z = 0.4, the
seismic response coefficient is €, = 0.40N,. From Table
6.8, the applicable near-source factor is N, = 1.2.

C, = 0.40N, = (0.40)(1.2)
=0.48

_ [(2.5)(0.48)(1.0)
Vimax = [T“

=1000 Ibf

Vinta = (0.11)(0.48)(1.0) (3000 Ibf)
= 158.40 Ibf

J (3000 1bf)

For this biliboard, V. controls. Hence, Vyesign =
1000 Ibf.

ST Solution

One rational method of determining the sign's natu-
ral period is to consider the sign as an SDOF system.
The supporting elements (i.e., the three posts) are es-
sentially uniformly loaded cantilevers. From standard
beam deflection tables, the tip deflection, =, for such a
configuration with distributed load w per unit length is

wl?
BEI

T =
The stiffness, k, at the tip is

_totallosd _ wL _ BEI

]
(8){1.38 x 10" MPa) (1000 —Nk%) (4.3 x 10~*m?)
= (5.5m)3
= 288.5 kN/m

From Egs. 4.11 and 4.12, the natural period of oscilla-
tion is

13.34 kN

(288.5 %—) (9.81 ;i;)

=0.431 s

This is greater than 0.06 s, so the billboard is not rigid
as defined in UBC-87 Sec. 1634.3.

From Tsble 6.15, the response medification factor K =
3.6. From Table 6.9, for a soil profile 5o and Z = 0.4,
the seismic response coefficient is O, = 0.56N,. From
Table 6.7, for a seismic source with a high rate of seismic
activity, the seismic source type is classified as type A.
From Table 6.8, for this billboard 5 km from a known
seismic source, the applicable near-source factor N, =

1.6. Thus,
Cy = 0.56N, = (0.56)(1.6)

=0.90
The design base shear is determined from Eq. 6.44.
CuI
- (@)
_ [ (0.90)(1.0)

B [(3.6)(0.431)
= T7.73 kN

J (13.34 kN)

However, based on the UBC-97 requirements,

2.5C,T
L

Viin = 0110 TW

From Table 6.9, for a scil profile 5S¢ and Z = 0.4, the
seismic response coeflicient is C, = 0.40N,. From Table
6.8, the applicable near-source factor is NV, = 1.2,

C, = 0.40N, = (0.40)(1.2)

—~ 048

Voo = [ﬁ:”l@g%l(iﬂ] (13.34 kN)
= 445N

Vi = (0.11)(0.48)(1.0)(13.3¢ )
~ 071N

For this billboard, V. controls. Hence, Viesign =
4,45 kN.

L Y " e R B e R &4

6-47 UBC PROVISIONS FOR
DEFORMATION COMPATIBILITY

For structural framing elements and their connections
that are not part of the lateral-force-resisting system
but are nonetheless subjected to the deformations re-
sulting from seismic forces, the UBC-97 requires design
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and detailing to be adequate to maintain support of
design gravity (dead plus live) loads under expected
seismic deformations. The UBC-87 provisions [Sec.
1633.2.4] are more rigorous than previous UBC editions.
This is because the importance of deformation com-
patibility has been demonstrated in recent earthquakes
in population regions. For example, many vertical
load-carrying structural framing elements and their
connections performed poorly in the 1994 Northridge

earthquake (see App. L),

When computing expected deformations for the above-
mentioned elements, the UBC-97 requires the following.

o P-A effects on such elements should be consid-
ered.

o Expected deformations should be the greater of -

the maximum inelastic response displacement
(Apr) considering P-A effects or the deformation
caused by story drift = 0.0025h (story height).

o The stiffening effect of such elements should be
neglected.

o The forces induced by the expected deformation
may be considered as ultimate or factored forces.

o For elements constructed with concrete or ma-
sonry, the presumed flexural and shear stiffness
properties should not exceed one-half of the gross
section properties unless a rational cracked-section
analysis is performed.

o Additional deformations that may result from
foundation flexibility and diaphragm deflections
should be considered.

6-48 PENALTIES FOR STRUCTURAL
IRREGULARITY

The so-called “penalty” for some irregular structures is
the requirement of a dynamic lateral-force analysis. For
example, buildings greater than five stories in height in
seismic zones 3 and 4 with vertical stiffness, mass, or
geometry irregularities (types 1, 2, and 3 in UBG-97
Table 16-L) must receive a dynamic treatment.

However, adjustments for other types of irregularity
are not adequately accomplished by a dynamic anal-
ysis. The UBC-97 penalizes irregular structures both
by imposing additional requirements and by eliminat-
ing special allowances given to regular structures. For
example, the total base shear can be reduced by 10%
for regular structures when a dynamic analysis is per-
formed according to the method specified by the UBC-
97 [Sec. 1631.5.4, Items 1 and 2]. When a structure is
irregular, this bonus is not permitted.

Irregularity is also discouraged, for example, where weak
staries are prohibited [UBC-97 Sec. 1629.9.1] in build-
ings over two stories in height when the strength ra-
tio based on the story above is below 65%. Heights
are more limited for irregular structures [UBC-97 Sec.
1630.1.3]. Discontinuous lateral-force-resisting systems
(ie., discontinuous shear walls) must receive special
checking and detailing to ensure ductile behavior [UBC-

97 Sec. 1630.8].

The omission of the higher mode F; force in overturn-
ing moment calculations is not permitted for irregular
structures in calculation of soil pressure and foundation
design [UBC-97 Sec. 1809.4].

Torsional irregularity is penalized by requiring the
use of an increased accidental eccentricity [UBC-97 Sec.
1630.7]. Reduced stress limits are required for connec-
tions of diaphragms to vertical elements and to drag
members and between drag members themselves with
plan irregularities [UBC-97 Sec. 1633.2.9, Ttem 6]. Seis-
mic forces in two orthogonal directions must be evalu-
ated when torsional irregularities exist in both principal
horizontal directions [UBC-97 Sec. 1633.1].

6-49 UBC PROVISIONS FOR SCALING OF
RESULTS

The static lateral-force analysis is influenced by struc-
tural period, ductility, and energy dissipation for vari-
ous structural systems. To reflect these influences on &
consistent basis for dynamic analysis design is difficulf.
For this reason, the UBC-97 [Sec. 1631.5.4] provides
an appropriate scaling factor for a dynamic response.
This scaling depends on a response spectrum construct-
ed either in accordance with design response spectra
of UBC-97 Fig. 16-3 or a site-specific elastic design re-
sponse spectrum. For regular and irregular structures,
Table 6,16 provides scaling factors for corresponding de-
sign base shears.

Table 6.16
Scaling Factors

response spectrum

structure UBC-97 Figure 16-3 site-specific
Kiynamic 2> O-QVEtatic V;iynamic > D-Bvx;'tal:ic

regular scale _ 0.9Viaic  scale _ 0.8Vitatic
factor denamic factor Vr-:lynamic

irregular

dena.mic 2 V;tatic dennmic > Vstatic

A site-specific elastic design response spectrum is as-
sociated with the specific site considering the geologic,
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tectonic, seismologic, and soil characteristics. The de-
sign response spectrum should be developed for a damp-
ing ratio of 0.05. Based on the UBC-97 [Sec. 1631.2,
Ttem 2}, a different value of damping ratio may be shown
to be consistent with the anticipated structural behav-
ior at the intensity of shaking established for the site. If
50, the design response spectrum should be developed

for that damping ratio.

6-50 UBC DYNAMIC ANALYSIS
PROCEDURE

Although the details of how to perform an elastic dy-
namic analysis are beyond the scope of this book, the
basic dynamic analysis procedure required by the UBC-
97 consists of three steps: (1) the static base shear is cal-
culated; (2) a dynamic analysis using an elastic response
spectrum is performed to determine the building period,
base shear, story shears, and drifts; and (8) the results
(with the exception of the period) are scaled upward in
the ratio of the static to dynamic base shears [UBC-97

Sec. 1631.5.4].47

The upward scaling provision of the UBC-97 [Sec.
1631.5.4] is criticized by some structural engineers as
being nonconservative. Depending on the site and ge-
ology, the scaling can double the forces for which the

building must be designed.

Since the results are scaled, the magnitude of the
design response spectrum is not as important as its
shape (i.e., frequency content) and duration. Three
different forcing inputs are permitted. (1) UBG-97
Fig. 16-3 contains an elastic design (representing 5%
damping) that can be used. (2) If available, site-specific
design spectrum from the actual building location can
be used. (3) A spectrum ground motion time history
anglysis using accelerometer data from one or
more actual earthquakes can be performed.®® Enough
modes must be included in the analysis to achieve & min-
imum 90% perticipation factor {UBC-97 Secs. 1631.5.1

and 1631.5.2]. (See Sec. 4-20.)

When performing a dynamic analysis, the minimum
ground input must have a 10% (or greater) probability
of occurring in 2 50-year period [UBC-97 Sec. 1631.2].
This corresponds approximately to a Loma Prieta-sized

4TDownward scaling is permitted but not required. However,
the base shear cannot be scaled to less than 00% (for regular
buildings) or 100% (for irregular buildings) of the static design
value [UBC-97 Sec. 1631.5.4).

48The incremental response of the structure should be digitized
with & time step that is 3 to 10 times smaller than the shortest

effective modal period.

earthquake. More significant events near 8.0 on the
Richter scale {e.g., the 1906 San Francisco and the 1985 -
Mexico City earthquakes) are considered to be excep-

tional situations.

Dynamic analysis is usually performed on a computer.
However, the following steps can be used to carry out a
manual dynamie analysis on a simple multistory struc-
ture when desired. (It is not practical to perform a
dynamic analysis on structures with irregularities by
hand.)
step 1: Construct a lumped-mass, two-dimensional
model of the structure. (i represents the mode
index; z represents the floor index.)

step 2: Calculate the mode shape factors, ¢im. (See
Sec. 4-18.) Normalize the mode shape factors
so that ¢ = 1 at the highest level.

step §: Calculate the period, Ty, for each mode.
step 4: For each mode shape, calculate

Lm= i (%) Bim [6.50]

i=1
f

M :Z (g) - [6.51]
i=1

step 5: Calculate the spectral acceleration (Sa,m) and
seismic design coefficient for each mode from
the UBC-97 normalized response spectra {[UBC-
97 Fig. 16-3].

a Cu
= Samd Gl o)

Con R RT

step 6: Calculate the base shear for each mode.

2
Wn = Lng [effective weight]  [6.53]
™m
Viu = O (-‘fﬁ) 16.54
g
step 7: Celculate the participating mass fraction for
each mode.
I%g

PM,, = —= 6.
S Mmm [ 55]
We=) We [6.56]

step 8: Combine the base shears into the design dy-
namic lateral force, Viynamic, using the SRSS
(i.e., square root of the sum of the squares)
method, with as many modes as are necessary .
to include at least 90% of the participating mass
of the structural (i.e., until }-(PM) > 0.90).
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step 9: Calculate the lateral force, Viatic according
to the static provisions of the UBC-97. Use

Method A to determine the building period for
the first mode.

step 10: Determine the scale factor.

scele factor = (0.9) (Vlsta_t-c_) >1

dynamic

If site-specific spectrum is used or the building
is irreg;ular, dennmic > If‘;tatic-

step 11: Scale Vyynamic upward as is required by the
UBC-97 in Sec. 1631.5.4,

Vaynomic = \/ (VB+VE+-+Va)? [6.57]

step 12: Distribute the scaled-up base shear to each
level. :

_ . Wm¢.~c,m
Fanm = denumlc [_H_H—_E(I’Vi‘ﬁ:,m)] [6-531

step 13: Determine the raw deflections, moments, and
shears for each mode {UBC-97 Sec. 1631.4.1].

step 14: Use SRSS to combine the raw deflections, mo-

ments, and shears into effective values [UBC-97
Sec. 1631.5.3).

6-51 ALLOWABLE STRESS LEVELS

The allowable stress (working stress) method is a meth-

.od of proportioning structural elements, The primary

requirement of this design method is that calculated
stresses produced in the elements by the allowable stress
design load combinations (service level loads) do not
exceed specified allowable stress limits. The calculated
allowable stress is based on the yield stress and a rea-
sonable factor of safety. When the loading combinations
include seismic or wind loads, the UBC-97 permits an
increase (usually cne-third) in the allowable stress‘ be-
cause these loads are transient loads of short duration
in nature that oceur occasionally.

There are two one-third increases in stress when work-
ing in timber design. One is related to wind and seismic
forces, and the other is specific to wood members by
way of the load duration factor, The UBC-97 does not

49Unfm'i'.u.:m.tely, the sections of the UBC-97 that used to clearly
state that a one-third increase was permitted have been obscured
in the transition to move to strength design methods in the UBC-
97. With strength deéign, stresges are not computed.

- AT AT

permit an increase in allowable stresses to be used with
the basic ASD load combinations [Sec. 1612.3.1], ex-
cept as specifically allowed by Sec. 1809.2 (Foundation
Construction). Specifically, UBC-97 Table 18-I-A (al-
lowable foundation and lateral pressure), Ftn. 2, refers
to the permitfed increase.

When using the alternate basic load combinations for all
materials other than wood, the UBC-97 [Secs. 1612.3.2
and 1612.3.3] permits a one-third increase in allowable -
stresses for all combinations including W (wind) or E
(earthquake). Per UBC-97 Sec. 2316.2, Amendment 3,
the one-third increase should not be used concurrently
with the duration of load increase.

The UBC-97 sections governing the use of a one-third
increase in allowable stresses for load combinations in-

cluding W or E are as given in Table 6.17.

Table 6.17
UBC-97 Allowable Stress Sections

structural material UBC-97 section

lightweight metals 2001.1

steel 2209, Amendments, Note 3

masonry 2106.1.3 (indirectly)

concrete not applicable (strength design)

timber 2301.2.1 (indirectly) and 2305.4,
which refers to Chap. 23,
Div. III, in which Part I is
1991 NDS!

The National Design Specification (NDS) for Wood Construc-
tion offers a preferable description of the various factors appli-
ceble to wood design. The UBC-87 {Sec. 2316.2] contains UBC
amendments to the NDS. The NDS has 1.6 load duration factor
for wind and selsmic, coupled with 1.1 factor for diaphragms, but
wind and seismic factors of 1,33 are recognized by the UBC-97
[Sec. 2316.2, Amendment 5 and Table 2.3.2]. For this, the cor-
responding dinphragm factor is 1.3, which gives about the same
result (1.6X1.1~1.33X1.3).

It is important to recognize that in some cases, this
one-third stress allowance has already besn “built in”
to tables provided by the UBC-97 and vendors. For
example, the wood structural panel diaphragm nailing
requirements {as in Table 12.1, UBC-97 Table 23-II-
H) have already considered this increase, as have the
connector/connection/strap/tie recommendations pub-
lished by certain vendors. The table footnotes should
be read to determine if this increase has already been
included in published data.

For elements supporting discontinuous systems, the
UBC-97 [Sec. 1630.8.2] specifies that for allowable stress
design (ASD), the strength design (SD) may be deter-
mined using an increase factor of 1.7 for allowable stress
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with a resistance factor (@) of unity.*® The one-third
gllowable stress increase of the UBC-97 [Sec. 1612.3.2)

does not apply here,

There are exceptions in considering the duration of load
increase and the one-third stress increase permitted in

allowable stresses for elements resisting earthquake '
forces, such as connections of diaphragms to the ver-
tical elements in structures having a plan irregularity
in seismic zones 3 and 4 (see Sec. 6-25) according to the
UBC-97 [Sec. 1633.2.9, Item 6]. For collector elements,
UBC-97 Sec. 1633.2.6 specifies the same conditions as
for elements supporting discontinuous systems.

50f is not sppropriate to apply this reduction in LBFD load . ) .
combinations becsuse most likely it {s taken into account by the . .
verious load combinations. 3
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DIAPHRAGM THEORY

7-1 DIAPHRAGM ACTION

The story shears caleulated by Eg. 6.29 are assumed to
be applied to a lemped mass representing the floor/ceil-
ing layer in a building. The ceiling does not actually
resist the story shear, but it does distribute the force
among the resisting elements (e.g., shear walls, columns,
moment-resisting frames, and other structural systems).

Ceilings and floors that transmit lateral forces to the re-
sisting elements are known as horizontal diaphragms The
diaphragm’s function of distributing the story shears is

known as diaphragm action. It is commen to refer to the .

story shear ss the diaphragm force. However, it should
be recognized that the diaphragm force may include
some of the story shears (including the top force, Fy)
for the level and above [UBC-97 Sec. 1633.2.9, Item 2].

Depending on the displacement of the diaphragm rela-
tive to the supporting shear walls, dmphragms can be
considered either flexible or rigid.

Wood structural panel diaphragms are almost always
considered flexible. Generally, concrete slab floors and
diaphragms are considered to be rigid. Steel deck di-
aphragms and poured-in-place gypsum floors can be ei-
ther rigid or flexible, depending on their design.

7-2 SEISMIC WALL AND DIAPHRAGM
FORCES '

Figure 7.1 shows a simple (regular) one-story box build-
ing with a flexible diaphragm roof. (While this discus-
sion is applicable to larger buildings, Secs. 7-2 through
7-19 are primarily concerned with simple one-story
buildings with masonry or reinforced concrete walls.)
Both walls are identical. An earthquake acceleration
occurs in the direction shown by the ground motion ar-

Tow.

When discussing seismic forces in structures with di-
aphragms (e.g., one- or two-story masonry buildings
with wood structural panel diaphragm floors and ceil-
ings), it is important to distinguish between forces in
the parallel and perpendicular walls. (See Fig, 7.1.)
The forces in the parallel walls are shear forces, while
the forces in the perpendicular walls are normal forces
(i.e., perpendicular to the face of the wall). This sec-
tion is primarily concerned with the shear force in the

parallel walls.

diraction of ground
acceleration, a

Figure 7.1 Simplified Building and
Roof Diaphragm

The seismic shear force acting on the parallel walls de-
pends on the mass being accelerated, which consists of
the diaphragm weight and some portion, usually as-
sumed to be half, of the total wall weight. (It is as-
sumed that the seismic shear force from the remaining
half of the total wall weight passes directly to the foun-
dation without stressing the wall) The story weight
includes the weight of any equipment mounted on the
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roof, anything suspended inside the building from the
roof, and anything mounted on the upper half of the
walls. The wall weight includes all weight of any para-
pet that projects above the roof line,

Forces are calculated from the UBC-97 equations {see
Egs. 6.38 and 6.41).! Both depend on the weight, W, of
the structure. (See Sec. 6-29.) Openings, such as win-
dows and doors, in the walls that reduce the wall weight
are usuelly disregarded when determining wall weight.

The total seismic force resisted by the two parallel walls
near the ground level is the sum of seismic forces result-
ing from the diaphragm and wall weights. In the simple
illustration of Fig. 7.1, the force on one wall is half of
the total force for both rigid and flexible diaphragms.

The portion of seismic load originating from the accel-
eration of the perpendicular walls is given by Eq. 7.1.
The symbols 1. and || refer to “perpendicular” and “par-

allel,” respectively.

Fl it = H{4.0)Col,Wialis [7.1(a)]
W wa.
P = (T22)a ey

The portion of seismic load originating from the accel-
eration of the paralle]l walls is

F][wa.lls = %(4~0)Cafpm1wnlls [7'2(3')]
At =1 (7E2)a 1200

Al of the inertial load from the accelerating walls and
roof masses must be carried by the wall-roof connec-
tions. In calculating the total shear force on the parallel
walls, the total walls and diaphragm weights should be
used in design seismic base shear formulas.

w’totnl = Wdlaphragm + WJ_wa.lls + MIwaﬂa [7‘3]
Frota = §(4.0)Cal; Wiotal [7.4(a)]

R =} (F) 7400

There are two reasons for calculating the forces from the
diaphragm and parallel walls separately. The first rea-
son is to distinguish between the two for the purpose of
subsequent calculations; that is, the parallel wall force
does not contribute to chord loads and diaphragm shear
where the diaphragm is flexible, The second reason is

1}Eiquiat:icu:l 6.22 cannot be used to calculate the seismic force on
walls, which are elements of the structure. Equation 6.38 (for
elements of structures) must be used. )

to emphasize the timing difference that occurs in & real
earthquake,

The perpendicular and parallel walls experience an al-
most immediate force due to ground acceleration, How-
ever, the parallel walls receive the diaphragm force only
after some delay. Unfortunately, an accurate analysis of
this aspect of seismic behavior is almost impaossible. For
simple structures with three or fewer floors, the simple
method of adding all forces together is used for conve-

nience.

As with Elny seismic analysis, the diaphragm force must
be evaluated in both orthogonal directions.

Based on the UBC-97 [Sec. 1633.2.9], floor and roof
diaphragms in multi-story buildings should be designed
to resist the forces determined from Eq. 7.5 (equivalent
to UBC-97 Formula 33-1). (See Sec. 6-44.)

n
R+ )R
"'_ni wp:: [75}
2w

i=x

Foz =

The determined force F,, should be equal to or greater
than 0.5C,Jwyz, and need not exceed Cplwy. The
seismic base shear should be determined in accordance
with the UBC-97 {Sec. 1630.2]. For simple structures,
Eq. 6.26 (equivalent to UBC-97 Formula 30-11) can be
used; however, for other structures, Eq, 6.22 (equivalent
to UBC-97 Formula 30-4) applies.

7-3 WALL SHEAR STRESS

In the simple building shown in Fig. 7.1, the rigidities
(for & rigid diaphragm) and tributary areas (for a flex-
ible diaphragm) are identical for the two walls, There-
fore, half of the total seismic force is carried by each
parallel wall. The shear stress, v, in a parallel wall of

thickness £ is

Fio

Uiotal = ;; [per unit length] [7.6(2)]
Fiotal .

Uiptal = % [per unit area] [7.6(b)]

Shear walls located on adjoining levels should be strue-
turally continnous and should not be offset. There
should be & complete transmission path from a shear
wall on one level to another shear wall below.

Horizontally and vertically stacked openings in shear
walls need special attention. Vertical shears need to be

transferred to adjacent piers or boundary columns.

PROFESSIONAL PUBLICATIONS, INC.

v.EngineeringBooksPDF.com




f:‘z“

5
w3

s

DIAPHRAGM THEORY

115

deflaction due to
vertical shear
failure

deflection
due to
horizontal
shear
 fallure

Pigure 7.2 Stacked Openings

The UBC-07 [Sec. 2107.1.7] requires masonry shear
walls in seismic zones 3 and 4 to be designed to resist
150% of the calculated seismic force.

7-4 RIGID DIAPHRAGM ACTION

A rigid diaphragm does not change its plan shape when
subjected to lateral loads. It remains the same size,
and square corners remain square. There is no flexure.
Rigid diaphragms are capable of transmitting torsion
to the major resisting elements (usually the outermost
elements). The lateral story shear is distributed to the
resisting elements in proportion to the rigidities of those

elements.

Figure 7.3 illustrates & simple arrangement of a rigid
diaphragm distributing the seismic load to two shear
walls,

cotnpression region .
tension region

shear wall
reaction

Figure 7.3 Rigid Diaphragm Action

Since the diaphragm force is distributed to the resist-
ing elements in proportion to the rigidities of those el-

“ements, the rigidities must be determined, In practice,

a few guidelines are needed to do so.

1. The relative rigidities of masonry or concrete
structures can be calculated using Eqs. 4.8 and
4.9. Alternatively, Apps. D and E can be used.
There is no need to use actual values of E and
@, since only relative values are needed.

9. If a wall extends above roof level (ie., has &
parapet), the distance above the roof (ie., the
parapet height) should be disregarded when cal-
culating the rigidity.

3. Shear walls with openings such as doors and win-
dows require special attention. As a first approx-
imation, such a wall can be treated as a solid
shear wall. However, other methods (see Sec. 7-
5) exist for evaluating the overall wall rigidity.

4. The rigidities of transverse walls (i.e., walls run-
ning perpendicular to the direction of the lat-
eral force) are usually disregarded for calculating
direct loads. This is called “omitting the weak
walls.” However, rigidities of all walls must be
known in order to calculate torsional loads.

‘o - R T e - S R

Ezample 7.1

Two walls—wall A with rigidity of 3.278 and wall B with
rigidity of 7895—support a rigid diaphragm roof in a
one-story reinforced masonry building. A total seismic
force of 120,000 Ibf (533.8 kN) is applied parallel to the
walls in such a way that there is no rotation. Determine
the shear carried by each wall.

Customary U.S. Solution

The total seismic force is distributed to the walls in
proportion to the rigidities.

Ry
Vaz (ot | F
4 (RA+RB)

3.278
= (m) (120,000 Ibf)

= 35,210 1bf
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Rg
Vg={———I|F
B (RA+RB)

=( 7.895 )(120,0001bf)

3.278 + 7.895
= 84,790 Ibf

ST Solution
The total seismic force is distributed to the walls in
proportion to the rigidities.

R4
Vi=[=—2—)F
4 (RA +Rp )
3 3.278

~ \3.278 4 7.895

= 156.6 kN

Rp
Va={ o= |F
B (RA+RB)
[ 18%
"\ 3.278 + 7.895

=377.2kN
s " - - R e

) (533.8 kN)

) (533.8 kN)

7-5 CALCULATING WALL RIGIDITY

In order to determine the rigidity of a wall with open-
ings, it is necessary to divide the wall into piers and
beams. A pier is a vertical portion of the wall whose
height is taken as the smaller of the heights of the open-
ings on either side of it. A beam is a horizontal portion
left after the piers have been located.

Figure 7.4 illustrates a wall with two windows. Py, P;,
and Py are piers. By and B; are beams.

By ]
P, /:/,// 4/ s (24
% ',%/ % B,

Figure 7.4 Wal! with Openings

There are several methods of calculating wall rigidity
from the characteristics of the wall’s piers and beams,
all of which yield slightly different answers.? The actnal

2These other methods are approximate and often do not agree.
Also, it is not uncommon for the methods to determine the rig-
idity of & wall—particularly a wall with fixed-pier assumptions—
with openings to be greater than a solid wall (en obvious
impossibility). The rigidity of a wall with openings should be
compared to the rigidity of a solid wall of the same dimensions.

rigidity for any particular wall in a structure is unim-
portant. What is important is the relative rigidity of the
wall compared to all other resisting walls in the struc-
ture. Thus, it is essential that the same method be used
to calculate the rigidities of all walls. Two methods for

calculating wall rigidity are discussed below.

Although it is generally assumed that cantilever condi-
tions (see Sec. 4-4) prevail for the walls in one- and two-
story buildings taken in their entireties, piers within the
wall can be considered either fixed or cautilevered. For
example, piers between openings may be considered to
be fixed at their tops and bottoms although the wall
taken as & whole is cantilevered.

The accuracy in wall rigidity calculations is not great.
Thete are many assumptions made about material
properties and wall performance, and the analysis pro-
cedure, though formalized, is less than rigorous. There-
fore, values with more than three or four significant
digits are unwarranted.

Method A

With this fast and simple method (used only for pre-
liminary analyses), the rigidity of a wall is calculated as
the sum of the rigidities of the individual piers framed
between openings in a wall. All piers are assumed to
be fixed. The pier height is the height of the shortest
adjacent opening.® Beams and wall portions above and
below the openings are not considered.

Method B

By far the most commonly used method of evaluating
wall rigidities calculates “deflections” from standard-
ized values of force, thickness, and modulus of elasticity.
These deflections are recognized as being the reciprocals
of rigidity.

To start, the gross deflection of the solid wall is cal-
culated, ignoring all openings and assuming cantilever
action. Then the strip deflection of an interior strip
having length equal to the wall length and height equal
to the tallest opening is calculated, again assuming can-
tilever action. This strip deflection is subtracted from
the solid wall’s gross deflection.

Next, the rigidities (not the deflections) of all piers
(assuming fixed ends) within the removed strip are
summed, and the pier deflection correction is calculated
as the reciprocal of the sum. The pier deflection cor-
rection is added to the difference of the gross and strip
deflections to give the net deflection. The wall rigidity
i3 the reciprocal of this net deflection.

3A common error is to use the ground-to-ceiling distance.
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The rigidity of the wall must be calculated by this
method one opening at a time, considering the fixed
pier adjacent to the opening and the wall section be-
low the opening. The calculation of the pier deflection
correction becomes recursive when openings in the wall
are of different heights. For this reasor, Method B can
take a long time if the wall is relatively complex.

e R T~ R > S > R v

Example 7.2

The masonry wall shown in Fig. 7.4 and dimensioned
below has a uniform thickness and is part of a one-story
building. Determine the rigidity using the two methods
described in Sec. 7-5.

wall A
AT ';'_-.-":ﬂ-. el s Gl

% \F 7 124t

16 ft {366 181t
VAR (488 r cm) | |i549

em 4ft cm)
% (122 _
” 7

cm}
> L.

201t 101 St 101t

ft )
{152cm) (610 cm) {305 c¢m) {152 em} {305 cm}

Customary U.S. Solution

Method A

The total rigidity of the wall is the sum of all the pier
rigidities. Beams are disregarded.

The rigidities, R, of all piers (assumed fixed) are ob- ‘

tained from Eq. 4.8 or App. D after calculating the
height. /depth ratio, i/d, of each.

element h d h/d R
P 16 32 0236
Py i2 10 12 1.877
Py 12 10 12 1877

In this method, the rigidity of the wall is the sum of the
individual fixed-pier rigidities.

R=0236+1.877+1.877=3.99

Method B

Firét determine the deflection of a solid wall. The
height/depth ratio of the entire wall is

h 181t

1T RE 0.36
Since this is a one-story building, the wall taken as a
whole is assumed to be cantilevered. From App. E, the

* rigidity is 7.895. The “deflection” of the solid wall is

11
Agiia = = = —— = 0.1267

R 7.89

The highest opening has a height of 16 ft, so a “mid-
strip” 16 ft high and 50 ft long is removed. Assuming
a solid wall, the height/depth ratio is

The entire wall was assumed to be a cantilever pier,
and this mid-strip represents the majority of the wall.
Therefore, it also is a cantilever member. Appendix
E gives the rigidity as 9.165. The “deflection” of an
assumed solid mid-strip is

1

Amld-stl’lp = m = 0.109
The mid-strip, however, is not solid. It consists of two
functionsl parts: & 5 ft by 16 ft solid pier (P;) at the
left and a larger section with & small window at the
right. The large window section running floor-to-ceiling
is assumed to contribute no rigidity to the wall. The
rigidity of this mid-strip is the sum of the rigidities of
pier P and the larger section.

mid-strip, 50 ft

164t

4 larger saction, 251t
5ft

For the solid pier, Py, at the left,

h 161t

=%k - F
For the same reason for considering the mid-strip to be
a cantilever, this pier is assumed to act as a cantilever.
From App. E, R = 0.071. (The “deflection” of pier P,
is not needed.)
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The larger section at the right of the wall has dimen-
sions of 16 ft by 25 ft. Taken as a solid cantilever pier,
the gross rigidity and deflection are

h 16 ft
i 0.64
Rlnrger section,gross = 3.37

1
Alarger section,gross = 337 ={(1.297

However, the larger section is not itself solid. There is
a 12-fi-high window. For a 12 ft by 25 ft solid window
strip assumed to act as & cantilever,

h 12§
E—E—ﬁ—OAB

Ryindow strip = 5.31

1

D rindow strip = 53] 0.188

window strip

i2ft

f
end piar, end pier,
10 ft . 10 ft

The window strip contributes stiffness, as there are two
12 ft by 10 ft end piers. Although cantilever perfor-
mance could be argued as well, these two end piers are
assumed to be fixed. Their combined rigidity and de-

flection are

h 12f
T T S
Rend pierg = (2)(1-377) = 3-754
1

Acnd piers = 751 0.266

Now that a1 the pieces have been evaluated, the rigidity
of the entire wall can be built up.

The net deflection and net rigidity of the larger section

13
Alnrger section,net = 0.297 — 0.188 + 0.266

={.375
R =1 o
larger section,net = 0.375 = 4.

(Check that 2.67 is less than the gross value of 3.37.)

Since the highest opening in the mid-strip extends the
full height, the rigidity is merely the sum of the rigidities
of pier P, and the larger section. :

Rm{d-stripmet = 0-071 + 2.67 = 2.74

1

Arnic!-!ltr'ip,ru:t = 2—'7—4' = {0.365

(Check that 2.74 is less than the gross value of 9.165.)

The deflection and relative rigidity of the entire wall is

Acntire wan = 0.127 — 0.109 + 0.365 = 0.383

1
Rentire wall = 'm‘ = 2.61

(Check that 2.61 is less than the gross value of 7.895.)

ST Solution

Method A

The total rigidity of the wall is the sum of all the pier
rigidities. Beams are disregarded.

The rigidities,- B, of all piers (assumed fixed) are ob-
tained from Eq. 4.8 or App. D after calculating the
height/depth ratio, h/d, of each.

element h d hfd R
B 488 152 3.2 0.236
Py 366 305 1.2 1877
P 366 306 1.2 1.B77

In this method, the rigidity of the wall is the sum of the

individual fixed-pier rigidities.

R=0.236 + 1.877 + 1.877 = 3.99

Method B
First determine the deflection of a solid wall. The
height /depth ratio of the entire wall is

_“f._ 549 cm _
d  1524cm

PROFESSIONAL PUBLICATIONS, INC.

www.EngineeringBooksPDF.com




E—‘;. «:E;iu%;;
SR

=]

g eeen

ey
AU

119

DIAPHRAGM THEORY

Since this is a one-story huilding, the wall taken as a
whole is assumed to be cantilevered. From App. E, the
rigidity is 7.895. The “deflection” of the solid wall is

1 1

Agolia = R‘ = _—7895 = 0.1267

The highest opening has a height of 488 cm, so a “mid-
strip” 488 ¢m high and 1524 cm long is removed. As-
suming a solid wall, the height/depth ratio is

h 488 cm

d 1524 cm
The entire wall was assumed to be a cantilever pier,
and this mid-strip represents the majority of the wall.
Therefore, it also is a cantilever member. Appendix
E gives the rigidity as 9.165. The “deflection” of an
assumed solid mid-strip is

=0.32

1

Ami:i-rstrip = ‘——9 165 =0.109

The mid-strip, however, is not solid. It consists of two
functional parts: a 152 cm by 488 cm solid pier ()
at the left and a larger section with a small window at
the right, The large window section running floor-to-
ceiling is assumed to contribute no rigidity to the wall.
The rigidity of this mid-strip is the sum of the rigidities
of pier P and the larger section.

mid-strip, 1524 cm

488 cm

Py larger section, 762 cm
152 cm

For the solid pier, Py, at the left,
h 488cm —39

4 152 cm

For the same reason for considering the mid-strip to be
a cantilever, this pier is assumed to act as a cantilever.
From App. E, R = 0.071. (The “deflection” of pier P

is not needed.)

The larger section at the right of the wall has dimen-
sions of 488 ¢m by 762 cm. Taken as a solid cantilever

pier, the gross rigidity and deflection are
.ff _ 488 cm
d 762cm

Rlarger section,gross = 3.37

1
Jala.rgar section,grogs = é’"g‘,},‘ =(.297

0.64

However, the larger section is not itself solid. There is
a 366-cm-high window. For & 366 cm by 762 cm solid
window strip assumed to act as a cantilever,

_ 366 cm

= oo~ 8

B &

Rwinduw strip = 5.31

1
Ay =—— =0188
window strip 531
window strip
366 cm
end pier, and pier,
305cm 305¢cm

The window strip contributes stiffness, as there are two
366 cm by 305 cm end piers. Although cantilever per-
formance could be argued as well, these two end piers
are assumed to be fixed. Their combined rigidity and

deflection are

h 366 cm
d 305cm 12
Reng plers = (2)(1877) =3.754
1

Aem:l piers = —""3 754 = (.266

Now that all the pieces have been evaluated, the rigidity
of the entire wall can be built up.

The net deflection and net rigidity of the larger section

ls .
Alarger section,net = 0.207 — 0.188 + 0.266

=0.375

1

Rlnrger section,net = m = 2.67

(Check that; 2.67 is less than the gross value of 3.37.)

Since the highest opening in the mid-strip extends the
full height, the rigidity is merely the sum of the rigidities
of pier P; and the larger section.

Rmid-Etﬁp‘net = 0.071 + 2.67 e 2.74

1

Amid-atl‘i[:l,mzt = m =0.365

(Check that 2.74 is less than the gross value of 9.165.)

PROFRSSTONAL PUBLICATIONS, INC.

w.EngineeringBooksPDF.com



120

SEISMIC DESIGN OF BUILDING STRUCTURES

The deflection and relative rigidity of the entire wall is

0.127 — 0.109 + 0.365 = 0.383

1
Rentire wall = {_}-3—83

A‘entire walt =

=261

(Check that 2.61 is less than the gross value of 7.895.)

IR~ R = TR - S S =

7-6 FLEXIBLE DIAPHRAGMS

A flexible diaphragm changes shape when subjected to
lateral loads. Its tension chord bends outward, and
its compression chord bends inward, with a deflection
shape similar to that of a simply supported beam loaded
uniformly. Flexible diaphragms are assumed to be inca-
pable of transmitting torsion to the resisting elements.

(Also, see Ch: 5, Ftn. 9.)

A flexible diaphragm distributes the diaphragm force in
proportion to the tributary areas of the diaphragm, as
opposed to distributing it in proportion to the rigidi-
ties of the vertical resisting elements, as does a rigid

diaphragm.

As defined by the UBC-97, & flezible diaphragm is one
that has a maximum lateral deflection more than two
times the average story drift [UBC-97 Sec. 1630.6]. To
determine if a disphragm is flexible, compare the in-
plane deflection at the midpoint of the diaphragm to the
story drift of the adjoining vertical resisting elements
under equivalent tributary load.

7-7 FRAMING TERMINOLOGY

Figure 7.5 illustrates such common wood framing terms
as sheathing, girder, beam, purlin, and joist (or sub-
purlin), as well as the bridging and blocking that are
used to prevent lateral buckling. Usually blocking (e.g.,
often cut from the same materisl as the joists, although
other blocking techniques are used) frames into joists
or sub-purlins (two-by-sixes, two-by-eights, etc.); joists
frame into purlins (e.g., four-by-eights); purlins frame
into heams (e.g., four-by-fourteens); beams frame into
girders (e.g., glulams); and girders frame into the walls.*

4These terms are not so rigidly defined that they preclude incor-
rect usage.

plywood
sheathing

full depth bridging
{full height blocking)

Figure 7.5 Framing Members

7-8 COLLECTORS

1t is required that collectors (also known as drag struts,
braces, or merely struts or ties) be used to transmit
diaphragm reactions to shear walls at points of discon-
tinnity (irregularity) in the plan [UBC-97 Sec. 1633.2.9,
Ttem 4]. These collectors effectively separate the di-
sphragm into subdiaphragms that are analyzed inde-
pendently. Diaphragm sheathing alone may not be
relied on to transfer loads between chords [UBC-97

Sec. 2315.5.2).

chord

Figure 7.6 Use of a Collector

7-9 COLLECTOR FORCE

The collector force is the product of the diaphragm load
(per unit area) and the areas tributary to the collector.
Tributary areas ere usually taken as some fraction of
the subdiaphragm areas located on either side of the
collector. The force is not the same along the length of
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the collectar but increases to a maximum at the point
where the collector frames into a shear wall.

7.10 COLUMNS SUPPORTING PARTS OF
FLEXIBLE DIAPHRAGMS

An interior or exterior column can be used to support
the vertical roof or floor load, but such a column usu-
ally provides no lateral support when the diaphragm
is flexible. (The seismic response coefficient, A, is 2.2
for systems where the column is presumed to be part of
the lateral system of the building.) A girder that frames
into such » column at one girder end and a shear wall
at the other girder end almost always acts as a collector
for seismic forces parallel to the girder direction.

PR R = SR~ S e S

Brample 7.3

The plan view of an irregular building is shown. (a) De-
termine the tributary areas for an earthquake in the
north-south direction. (b) Determine where the force

in the collector is maximum.

1

Solution

() The walls along sides 1-2, 6-7, and 4-5 will resist
the seismic force. (Walls 1-7, 5-6, and 2-3-4 are per-
pendicular walls. See Sec. 7-2.) The collector between
areas b and ¢ splits the diaphragm into two rectangular
diaphragms: a-b and ¢-d.

Area a is tributary to wall 1-2. Area b is tributary to
wall 6-7. The forces transmitted to the collector are
carried by the collector back to wall 6-7.

Area d is tributary to wall 4-5, Area cis tributary to the
collector, which transmits all of the area ¢ diaphragm
force into wall 6-7.

(b) The collector carries half of ares b’s diaphragm force

and all of area ¢'s diaphragm force. The maximum value
of this force occurs at point 6, where the collector frames

into the shear wall 6-7.
<> <> <> <> <> <> <

7-11 FLEXIBLE DIAPHRAGM
CONSTRUCTION

A flexible diaphragm is a relatively thin structural-ele-
ment such as a roof or floor attached to relatively rigid
walls. It can be constructed as a braced frame with
non-structural covering, or as joists sheathed with wood

structural panel, boards, or gypsum sheets.

Horizontal diaphragms are most common and are the

simplest to analyze. However, diaphragms do not need

to be horizontal in order to resist shear. A plywood roof
can be inclined, peaked (i.e., folded-plate), or curved.
In such cases, the roof trusses act as web stiffeners. A
non-horizontal diaphragm is analyzed according to its
footprint (plan) dimensions.
There are three structural requirements imposed on
flexible diaphragms.
1. The diaphragm must be strong enough to re-
main intact under the action of wind and seismic
lcads.

9. The diaphragm must be securely attached to a
wall in order to resist forces parallel to the wall.

3. The diaphragm must be securely attached to a
wall in order to react to forces perpendicular to

the wall. :

Based on the UBC-97 [Sec. 1633.2.9], flexible dia-
phragms providing lateral supports for walls or frames
of either concrete or masonry should be designed using
a value of seismic response coefficient R not exceeding

4.0.

7-12 FLEXIBLE DIAPHRAGM TORSION

There is no torsional shear stress (see Sec. 5-14) from ec-
centric mass placement in either the walls or diaphragm
because flexible diaphragms are not considered capable
of distributing torsional shear stresses.

7-13 DIAPHRAGM SHEAR. STRESS

In most cases, the criterion by which diaphragm
construction and connections is evaluated® is the di-
aphragm shear siress, vdiaphmgm.s The stress is assumed

57he larger of the seismic and wind shear stresses will be used in

" the design, but not both.

8The maximum allowahle shear stress on wood structurad panel
diaphragms depends on the nail size and spacing, panel thickness,
and width of framing members, and on whether or not the panel
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to exist uniformly across the length b, known as the di-
aphragm depth. (The total force is shared by the two
parallel walls, each of depth b. The perpendicular walls
do not resist the applied seismic force.) The parallel
wall force is not included in the diaphragm shear load-

ing.

E diaphragm

Vdiaphrogm = ob [per unit length) (7.7}

7-14 DIAPHRAGM FLEXURE

A flexible diaphragm is designed to withstand shear in
its plane. It has no bending strength of its own. Rather,
the diaphragm relies on the stiffness of its chords to
limit overall diaphragm deflection. A common analogy
is to assume the diaphragm acts like a girder, where
the flanges (i.e., the chord members) resist the bending
moment, and the web (i.e., the diaphragm) resists the
shear. This is illustrated in Fig. 7.7.

Figure 7.7 . Web and Flange of a Girder

The diaphragm shear stress is assumed to be linearly
distributed from zero at the midpoint (i.e., at L/2) to
Udisphrogm &t the parallel walls. (Distance L in Fig. 7.8
is known as the diaphragm span). At any particular
point, the slhear stress is uniform across the diaphragm
between.perpendicular walls. (The girder analogy fails
here since the shear stress distribution between perpen-
dicular walls is not parabolic.) Edge nailing of the wood

edges are blocked, among other factors. Typical values range
from 100 to 800 Ibf/ft (1460 to 11 675 N/m), with the lower values
(i.e., 100 to 300 Ibf/f (1460 to 4380 N/m)) applying to unblocked
diaphragms. (See Table 12.1.) Refer to the code for exact shear
stress limits and required nail spacing {UBC-97 Table 23-1I-H].

structural panel to the framing keeps the shear resis-

_ tance continuous across the diaphragm.

perpendicular wali

parzllel wall

Figure 7.8 Shear Stress Distribution
on a Diaphragm

7-15 DEFLECTION OF FLEXIBLE
DIAPHRAGMS

A flexible diaphragm will deflect. The beam analogy de-
scribed in Sec. 7-14 is also valid here, as the diaphragm
assumes the deflected shape of a simply supported beam
loaded by a uniform load. The deflection is resisted by
the perpendicular walls. Since the perpendicular wall
deflection is the same as the diaphragm deflection, this
deflection may be the factor that limits the force that
can be safely applied to the diaphragm.

Actual determination of the deflection in a wood strue-
tural panel diaphragm is complex, as it is for any wood/
timber structural member, but procedures are available.
The following equation [UBC-97 Standards 23-2 and
23-3] calenlates the plywood diaphragm deflection as
a sum of flezural distortion (the first term), shear dis-
tortion (the second term), and nail distoriion (the third
term). In some cases, such as in wood-framed perpen-
dicular walls where a wood double-plate serves as the
chord, the fourth term may be added to account for
chord-splice slip values. Such slippage is neglected with
masonry walls,

La
deflection (m) = ;,;}W - ZU_G% + 0.188Len + Z(!;:X)

[US) [7.8(a)]

. 50l  wl TH(AX)
deflection = 7 + m +0.614Le, + ST

51 [7.8(b)]
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» = maximum shear in pounds per foot
(Ibf/ft or N/m)
L = diaphragm length (ft or m)
E = modulus of elasticity of chord
(psi or kPa)
b = diaphragm width or depth (ft or m}
A = section area of chord (in? or cm?)
t = wood structural panel thickness
(in or cm) .
e, = nail slip, at load per nail (in er cm)

Y (AcX) = sum of individual chord-splice slip values
on both sides of the diaphragm, each
multiplied by its distance to the nearest
support

* ¢ = wood structural panel modulus of rigidity
(psi or kPa, typically taken as 90,000 psi
(620 530 kPa) for wood structural panel.
Alternatively, G = E/20 for panels with
exterior glue,)

The nail slip, €,, depends on the nail size, wood struc-
tural panel thickness, load per nail, and type of lumber.
Usually, worst-case green lumber is assumed. Nail slip is
usually obtained graphically from appropriate sources.
Values are typically less than 0.15 in (4 mm), with most
values being half that amount.

The maximum deflection of the diaphragm is the
acceptable limitation of deflection or drift for the per-
pendicular walls directly below the diaphragm. This
limitation will depend on whether the walls are masonry
or concrete and on which authority specifies the limita-
tion. The UBC-97 does not specify actual limitations
on diaphragm deflection, but it limits such deflection
to amounts that maintain the structural integrity and
protect occupants [UBC-97 Sec. 1633.2.9, Item 1].7

TThe California Office of Architecture and Consiruction limits
deflection to 1/16 in per foot of wall height. SEAOC hes devel-
aped the following formula for the maximum allowable deflection.
75he A,
Et

In the above equation, & i3 the wall height (feet), F} is the allow-
shle masonry Aexural (compressible) stress (psi, increased by the
1/3 allowance for seismic loads), E is the masonry modulus of
elasticity (1,500,000 psi for masonry, 2,000,000 psi for concrete),
and t is the wall thickness (in inches). '

deflection (in) =

A similar equation has been proposed by the American Institute
of Timber Construction, in which the 75 is replaced by 95.

The Reinforced Masonry Engineering Handbook suggests the fol-
lowing equation for maximum deflection. This equation can be
derived from the SEAOC equation if £ = 1,500,000 psi and
F, = {4/3)(900 psi) is used. 900 psi is appropriate for concrete
walls but may be too high for masonry walls.
h2
deflection (in) = —
45t

Diaphragm deflection calculations are generally unnec-
essary and are waived if the UBC-97 provisions (Table
23-11-G) for maximum diaphragm tatios for size are fol-
lowed. (See Sec. 12-4.) The span-to-width (L/b) ratio
for most horizontal diaphragms (including edge-nailed
wood structural panel diaphragms) is limited to 4:1, ex-
cept for conventionally constructed diagonal sheathing
(as defined by the UBC-97 in Sec. 2315.3.1) for which
the limitation is reduced to 3:1.

If the deflection is excessive, it can be reduced by
increasing the wood structural panel thickmess, decreas-
ing the nail spacing, adding a collector strut, or placing
an additional shear wall within the building to reduce

the diaphragm span.

7-16 CHORDS

The elements—wall top plates or reinforcement—cap-
able of supporting chord (i.e., compressive and tensile)
forces at the edges of the diaphragm along the perpen-
dicular walls are known as chords. Chords are gener-
ally considered to be tension and compression members,
analogous to the flanges of the beam shown in Fig. 7.7.
A diaphragm will be constructed with chord elements
along all outer edges. The chords that run perpendicu-
lar to the applied force, that is, along the perpendicular
walls, and are stressed during an earthquake are called
the active chords. The chord elements in parallel walls
are known as the passive chords.

{tension)

-u— passiva
chord

1
32 Faiaphropm

diaphragm force

Figure 7.9 Chords

In masonry buildings, reinforcement in the perpendic-
ular walls themselves can (and are intended to) serve
as chords if the force is transferred through solidly at-
tached ledgers (see Sec. 12-9). This assumes that the
masonry walls have adequate tensile reinforcement. Al-
ternatively, a properly spliced wood ledger beam or a
bond beam using an embedded reinforcing bar could
serve as the chord with masonry walls, depending on the
method of attachment. Chords can also be wood (e.g.,
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the double top-plate in conventional wood stud walls),
steel, or any other continuous material connected to the

diaphragm edge.

The diaphragm may be functionally divided into in-
dependent parts, known as sub-diaphragms. In this
case, chords and struts will run through the diaphragm
in addition to around it [UBC-87 Sec. 1633.2.9, Item
4]. One method of supporting internal chord members
in masonry construction is with pilasters, as shown in
Fig. 7.10. A pilaster is constructed as part of the ma-

sonry wall and is designed as a column,

(pl!astar detail}

Figure 7.10 Pilaster

7-17 CHORD FORCE

The diaphragm itself is assumed incapable of support-
ing a normal (bending) stress. Chords are designed to

carry all tensile and compressive forces.

The maximum chord force occurs at mid-span {L/2).
The maximum chord force, C, is calculated as the bend-
ing moment of & simple beam under a distributed load
(i.e., wL?/8, with w in Ibf/ft or N/m) divided by the
depth, b, of the diaphregm. The distributed load is
w = Fyiaphragm/L, where Fyisphrogm i8 in pounds (N).
(For wind loads, w is the wind load alone.)

. M wL? FdlnphragmL
== 8b (7]

Equation 7.9 is derived by equating the applied moment
to the resisting moment. The applied moment is wL?/8.
The resisting moment comes from two sources: the two
chords. One chord is in compression; the other is in

tension. Both act with a moment arm of b/2 (with
respect to a neutral axis passing through the midpoint

of the diaphragm}.

Eaéf —c (E) +C (g) —=Cb  [1.10]

L2
C= 35’-8-5— [7.11]

The minimum chord force is zero and occurs at the
chord ends. At intermediate locations, the force fol-
lows the shape of the bending moment between the two

parallel walls. .

7-18 CHORD SIZE

The required chord size (cross-sectional area) can be
determined from the allowable stress in tension or com-
pression, whichever is less, for the chord material. A
one-third increase is permitted when using ASD because
the loading is seismic. (See Sec. 6-51.)

C
% x allowable stress

Adora = [7.12]

The chord area may be reduced near the parallel walls,
but the reduction must be in accordance with the actual

moment distribution.

The allowable tensile stress for steel reinforcing bar de-
pends on its grade (equivalent to its minimum yield
strength in ksi (MPa)). Allowable tensile stresses are
20 ksi (137.9 MPa) for grades 40 and 50 steel, and 24 ksi
(165.5 MPa) for grade 60 steel [UBC-97 Sec. 1926.3.2,

Ttems 1 and 2].

7-19 OVERTURNING MOMENT

In addition to seismic shear loading, a shear wall (see
Fig, 7.11) will be subjected to overturning moments as
well. Overturning will not be a problem, however, if
there is a larger resisting moment.

The force causing overturning is the seismic force of
Vian at the top of the shear wall. If the shear wall
has a length of ¥, the total overtuming force parallel
to the ground is Visli = Tdiaphragmd’- (b 20d b may
be the same if the parallel wall is one piece, or 5 may
correspond to the length of a tilt-up wall section.) This
total roof load acts with a moment arm of A, the height

of the force above the ground.
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DIAPHRAGM THEORY

Also contributing to overturning is the seismic force

due to self-weight, calculated as either Wyana/g or.

4.0C, I, Wean. This seismic force acts halfway up the
parallel wall, with 8 moment arm of h/2.

Vieth Weanah
Movertuming = Vwallh + "iez_‘ = anllh + w2g
4.0C. LWyt
= Vot + —-——’2’ el [7.13]
1 b' o |
I !
e e
Vit
d
et et ||
point h
2
b A7 P AT P AN AT T AN .

Figure 7.11 Overturning Forces on a
Parallel Wall

The overturning moment is resisted by the weight of the
parallel wall and the distributed roof dead load {calcu-
lated as the roof load tributary.to that panel), both
acting with a moment arm of /2.

B
MresiEtlng = (Druof + anll) (E) [714]

roof dead load, Dyy

NENNENEE

& roof dead
load resultant

bl
2 ; W=mg

RI7TA TR T TATT AT TARS .

Figure 7.12 Resisting Forces on a Parallel Wall

Measures to resist overturning are well known and in-
clude anchoring the parallel wall panels to the foun-
dations and, in the case of tilt-up slab construction,

interconnecting adjacent panels.

D = TR T - TR e

Ezample 7.4

A simple four-walled 40 ft by 50 ft (12.2 m by 15.2 m)
building is part of & hazardous chemical chlorine stor-
age facility located in seismic zone 4. It is constructed

with a wood structural panel sheathed roof on 10-ft-
high (3 m) fully grouted, concrete masonry unit {CMU)
bearing walls 8 in (203 mm) thick. All walls are rein-
forced vertically and horizontally The average weight
of the roof diaphragm and mounted equipment is 20
1bf/ft? (0.96 kN/m?). Al connections between walls,
roof, and foundation are pinned. The building perfor-
mance is being analyzed for an earthquake acting par-
allel to the short dimension. Disregard all openings in

" the walls. The value of the near-source factor, Ng, is

1.0.

(a) Find the unit shear in the diaphragm on line
A-B.

(b) Find the required diaphragm edge nailing spacing
on line A-B. {Assume 6d nails, case 1 plywood layou,
3/8 in (10 mm) C-D wood structural panel on blocked
% in (51 mm) frame members.)

(c) Find the maximum chord force on line B-B'.

(d) Find the horizontal shear stress (in psi or kPa) in
wall A-B at a point 5 ft (1.5 m) above the foundation.

() Determine whether the wall thiclmess is adequate.

(f) 1f wall A-B was to be reduced to only 10 f (3 m)
long and the remaining 30 ft (9.1 m) of roof supported
by a collector, find the collector force at the end of the

wall.

plywood
diaphragm g’

40 ft
{122 m} 81n (203 mm)
thick concrete

wall

|A
50 ft {15.2 m}
plan view
Bin {203 mm)
thick concrete
wall ) 40ft{12.2m) )

I

p i ft
/— pinned \\ _{ {T?Pm)
LS RS L e

alevation view
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Customary U.S. Solution

From Table 6.3, the seismic zone factor for seismic
zone 4 is Z = 0.40. From Table 6.5 for a hazardous
facility, the seismic importance factor, I, is 1.25. From
App. X (corresponding to UBC-97 Table 16-K), I, =
1.50. Inasmuch as the soil type is unknown, soil-profile
type Sp must be used. (See Sec. 6-15.)

From Table 6.10 for & bearing wall system consisting of
concrete shear walls, B = 4.5. From Table 6.9, for & seil-
profile Sp and Z = 0.4, the seismic response coefficient
C, = 0.44N,. With N, = 1.0, the value of C, = 0.44.
Thus, the base shear equation {Eq. 6.26) is

y - 30CW _ (30)(044W
R 4.5
= 0.203W

The weight being accelerated by the earthquake con-
sists of the diaphragm weight and a portion of the wall
weight. The weight of the diaphragm is

Ibf
Wdinphrngm = (20 EE‘) (40 &)(50 ft)

= 40,000 Ibf

Since concrete has a density of 150 1bf/ft3, the weight
of 1 ft? of an B-in-thick wall is

(8in) (150 }&%f)
Y= —t
n
12
= 100 Ibf/$2

For the purpose of determining the diaphragm force, the
upper half (i.e., only the upper 5 ft) of both perpendic-
ular walls (i.e., the chords) is used to calculate the wall
weight. (See Secs. 6-29 and 7-2.) The remaining seismic
force passes directly into the foundation without being
carried by the wall-diaphragm connection. The weight
of half the perpendicular walls (chords) is

Ibf 50 ft
W_qulls = (100 Eﬁ‘) (5 fﬁ) (2 WB.HS) (Wﬁ)
= 50,000 Ibf

(a) Equation 6.26 is for calculating the base shear pass-
ing through to the foundation and should not strictly
be used to calculate the force on connections between
elements in the building. Equation 6.38 is for elements
of structures and their attachments and must be used.
{See Sec. 6-44.) For diaphragms, based on UBC-97
Sec.-1633.2.9, (1) the roof diaphragm is to be designed

to resist a portion of the floor forces above it, as weight-
ed by the floor weights, and (2) the diaphragm force
must be within 0.5C, /W}; and 1.0C,IW,,;. With the
values of C, = 0.44 and [ = 1.25, the limits on di-
aphragm force are 0.276Wp and 0.550Wyz.

Inasmuch as this is a simple one-story building with
only one diaphragm, all of the inertial load from the
accelerating wall and roof masses must be carried by
the wall-roof connection, so Eq. 6.26 with the wall and
diaphragm weights is ultimately used. Checking, 0.275
< 0.203 < 0.550 (ok).

Fgiaphrogm = 0.203W
= (0.293)(40,000 Ibf + 50,000 Ibf)
= 26,370 lbf

The shear per foot of diaphragm width, b, is given by
Eq. 7.7.

2% (2)(40 ft)
= 320.6 Ibf/ft

_ Fisinphrogm _ 26,370 Ibf

(b) Table 12.1 (corresponding to UBC-97 Table 23-1I-
H) gives the nail spacing directly. The allowable shear
is 375 Ibf/ft (> 329.6 Ibf/ft), with a nail spacing of 2.5

.

{c) The distributed seismic force, w, across the face of
the diaphragm is

o= Finphragm _ 26,370 Ibf
- L s50ft
= 527.4 1bf/ft

From Eq. 7.9, the chord force, C, is

Ibf )
o_ult _ (527.4 E) (50 ft)
I (8)(40 ft)
= 4120.3 Ibf

(d) The net effect is to include the inertial force for ac-
celerating the diaphragm mass and half of all the walls.
The diaphragm and perpendicular wall weights have al-
ready been determined. Half the weight of the parallel
walls (i.e., the shear walls) is

Ibf ft
wr[fwalls = (100 Eﬁ') (5 ft) (2 WB.H.B) (40 w)
= 40,000 1bf
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PIAPHRAGM THEORY

The total weight is

Wiatat = Waiaghrogm + Whwalta + Wjwalls
— 40,000 Ibf -+ 50,000 Ibf + 40,000 Ibf
= 130,000 Ibf

The seismic force is

V = 0.203W = (0.203)(130,000 Lbi)
= 38,000 Ibf

Since the perpendicular walls (chords) have no rigidity,

" all of the seismic force is resisted by the two parallel

walls (shear walls). The shear stress is

V. 38,080 Ibf
T A . ft in

= 4,96 psi

(e) Part (d) was an analysis problem, so it was not
necessary to include the 150% term required by UBC-97
Sec. 2107.1.7. {See Sec. 7-3.) However, in determining
adequacy, the increase must be included. At 150% of
the seismic load, the shear stress would be

Vgjesign = (1.5)(4.96 psi) = 7.44 psi

Since this is less than 35 psi, the limit for in-plane shear
reinforcement (see Sec. 11-1(F)), the wall thickness is

adequate,

(f) Since the shear load along the wall was calculated
in part (a) to be 329.6 Ibf/ft, the connection between
the 10-ft stub wall and the collector would have to carry
30 ft of compressive or tensile loading,

Feoliector = (30 ft) (329.6 -l-fb?f) = 0888 Ibf

Notice that eliminating 30 ft of parallel wall (shear wall)
reduces the accelerating mass but does not reduce the
diaphragm force. Only the perpendicular walls affect

the diaphragm force.

. 8T Solution

From Table 6.3, the seismic zone factor for seismic zone
4is Z = 0.40. From Table 6.5 for a hazardous fa-
cility, the seismic importance factor, I, is 1.25. From
App. K (corresponding to UBC-97 Table 16-K), [, =
1.50. Inasmuch as the soil type is unknown, the soil-
profile type Sp must be used. (See Sec. 6-15.)

From Table 6.10 for a bearing wall system consisting of
concrete shear walls, R = 4.5. From Table 6.9, for a soil-
profile Sp and Z = 0.4, the seismic response coefficient
C, = 0.44N,. With N, = 1.0, the value of G, = 0.44,
Thus, the base shear equation (Eq. 6.26) is

Ve 3.0C,W _ (3.0)(0.44)W
- R 45
= 0.203W

The weight being accelerated by the earthquake con-
sists of the diaphragm weight and a portion of the wall
weight. The weight of the diaphragm is

kN
Wdinphragm = (0.95 -IEE) (12.2 [Il)(15.2 m)
=178.0kN

Since concrete has a density of 2400 kg/m?, the weight
of 1 m? of a 203-mm-thick wall is

Kk N
) (203 mm) (2400 1;5) (9.81 k—g)

¥=
mim N
(1000 —a-) (1000 E-N—)

= 4.8 kN/m?

For the purpose of determining the diaphragm force, the
upper half (i.e., only the upper 1.5 m) of both perpen-
dicular walls (i.e., the chords) is used to calculate the
wall weight. (See Secs. 6-20 and 7-2) The remaining
seismic force passes directly into the foundation without
being carried by the wall-diaphragm connection. The
weight of half the perpendicular walls (chords) is

kN m
Wiwslis = G.S -n?) (1.5 m)(2 walls) (15.2 m)

= 219.0 kN

(a) Equation 6.26 is for calculating the base shear pass-
ing through to the foundation and should not strictly
be used to calculate the force on connections between
elements in the building. Equation 6.38 is for elements
of structures and their attachments and must be used.
(See Sec. 6-44.) For diaphragms, based on UBC-97 Sec.
1633.2.9, (1) the roof diaphragm is to be designed to
resist a portion of the floor forces above it, as weighted
by the floor weights, end (2) the diaphragm force must
be within 0.5C, TW and 1.0C,IWp,. With the values of
C, = 0.44 and I = 1.25, the limits on diaphragm force
are 0.275W;; and 0.550Wy.

Inasmuch as this is a simple one-story building with
only one diaphragm, all of the inertial load from the ac-
celerating wall and roof masses must be carried by the

PROFESSIONAL PUBLICATIONS, INC.

www.EngineeringBooksPDF.com



128

SEISMIC DESIGN OF BUILDING STRUCTURES

wall-roof connection, so Eq. 6.26 with the wall and di-
aphragm weights is ultimately used. Checking, 0.275 <

0.293 < 0.550 (ok).

Fdiaphrngm = 0.203W
— (0.293)(178.0 kN + 219.0 k)
= 1163 kN

The shear per meter of diaphragm width, b, is given by
Eq. 7.7.

N
116.3kN) [ 1000 —
— Fdiaphmgm - ( ) ( kN )
25 2)(12.2m)
= 4770N/m

(b) Table 12.1 (corresponding to UBC-97 Table 23-I1-
H) gives the nail spacing. The allowable shear is 5470
N/m (> 4770 N/m), with & nail spacing of §3.5 mm.

(c) The distributed seismic force, w, across the face of
the diaphragm is

_ Finphrogm _ 116.3 kN
L 152 m
=T7.7kN/m

From Eq. 7.9, the chord force, C, is

L (7.7 %) (15.2m)?
=% = @®zem

=18.2kN

(d) The net effect is to include the inertial force for ac-
celerating the diaphragm mass and half of all the walls.
The diaphragm and perpendicular wall weights have al-
ready been determined. Half the weight of the parallel

walls (i.e., the shear walls) is

kN ft
= 175.7kN
The total weight is

l-/‘l;rtlnl:u.l = Wdiaphrngm + WJ_WBJ[S + 1Kf"wr.xll:i
=178.0 kN + 219.0 kN + 175.7kN
=572.TkN

The seismic force is
V = 0.293W = (0.293)(572.7 kN}
= 167.8 kN

Since the perpendicular walls {chords) have no rigidity,
all of the seismic force is resisted by the two parallel
walls (shear walls). The shear stress is

(167.8 k) (1000 %’3)

V=

o<

‘= (2 walls)(203 mm) (12.2 %)

= 33.9 kPa

(e) Part (d) was an analysis problem, so it was not
necessary to include the 150% term required by UBC-97
Sec. 2107.1.7. (See Sec. 7-3.) However, in determining
adequacy, the increase must be included. At 150% of
the seismic load, the shear stress would be

Vdesign = (1.5)(33.9 kPa) = 50.9 kPa

Since this i3 less than 240 kPa, the limit for inplane
shear reinforcement (see Sec. 11-1(F)), the wall thick-
ness i3 adequate.

" (f) Since the shear load along the wall was calculated

in part (a) to be 4770 N/m, the connection between the
3-m stub wall and the collector would have to carry 9.1
m of compressive or tensile loading.

(9.1 m) (4770 E)
F _ m
collector — N

1000
kN

=434 kN

Notice that eliminating 9.1 m of parallel wall (shear
wall) reduces the accelerating mass but does not reduce
the diaphragm force. Only the perpendicular walls af-
fect the diaphragm force.

e e " = R R e
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GENERAL STRUCTURAL DESIGN

8-1 DISTRIBUTING STORY SHEARS TO
MEMBERS OF UNKNOWN SIZE

Chapter 7 dealt with distributing seismic forces in
frames whose resisting elements (fixed columns, shear
walls, etc.} were already designed. (The seismic force
to be resisted is the sum of story shears for a particular
level and all levels above.) If the cross-sectional area
and moment of inertia of these resisting elements are
not kmown (as they will not be initially), assumptions
must be made about the amount of lateral force each

element carries.

There are several approximate methods (e.g., the por-
tal, cantilever, and Spurr methods discussed in the next
sections) that distribute the lateral forces to the re-
sisting elements. These methods eliminate the need
to use indeterminate solution methods such as moment

distribution.!

8-2 PORTAL METHOD

The portal method is ideal for cases where the framing
system is regularly spaced. It assumes that all interior
columns carry the same shear, while exterior columns
carry half the shear of interior columns.? Inflection
points are assumed to occur at mid-span in each girder
and column. Changes in length due to compression,
tension, and deflection are disregarded. FEach bay is
treated independently of adjacent bays.

1gince the member geometries (areas and moments of inertia) are
in.itiallly unknown, a rigorous method cannet be used.

21f the bay sizes {i.e., the distances between columns) are not the
same, the shear may be distributed to the columas in proportion

{o the bay sizes.

inflaction paints

—
— -
e
at mid-height
—

j p

Figure 8.1 Portal Method Frame Deflection

<> <> < < < < <>
Ezample 8.1

The sum of story shears for a particular layer and those
above it is 110 kips (490 kN). Use the portal method to
find the shears in members 2-3 (i.e., the vertical shear
on the horizontal members) and 2-7 (i.e., the horizontal
shear on the vertical members). :

V=110 kips
430 kN} P
n nr " EEYBI'A LY Y
- i
1 2 3 4 5] 121t
LY ~ ~ ] A

| ! | | |
30H 30ft 30 ft 30ft
(9.74m) (9.14m} {9.14m} (8.14m)
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Customary U.5. Solution

Exterior columns 1-6 and 5-10 carry only half the loads
of the interior columns. Therefore, there are a. total of
four full-strength columns. The horizontal shear carried
by member 2-7 and all other interior columns is

110 Hps f‘p S = 27.5 kips

Vinterior =

Column 2-7 carries no axial load.

Forces are assumed to be applied at the inflection points
of the columns and girders. The vertical girder shears,
Vgirder, are obtained by taking a free-body diagram of
joint 2 and summing moments about point 2.

27.5 kips
_..-_+
vgln!ur I 8t
I 2 6ft
Vgirder
27.5 kips
! .l .f
15 ft 15f

3" My = (2)(27.5 kips)(6 £t) — 2Viiraer(15 ) = 0
Vg-irder = 11 I{ipﬂ

ST Solution

Exterior columns 1-6 and 5-10 carry only half the loads
of the interior columns. Therefore, there are a total of
four full-strength columns. The horizontal shear carried
by member 2-7 and all other interior columns is

490 kN
Vinterlor = “E(L'_‘ =123 kN

Column 2-7 carries no axial load.

Forces are assumed to be applied at the inflection points
of the columns and girders. The vertical girder shears,
Veirder, 2re obtained by taking a free-body diagram of
joint 2 and summing moments about point 2.

123 kN

—T
vglrder I -—f" Bm
I 2 j 1.8m

vglrder
————————
123 kN
| | !
46m 46m

) My =(2)(123 kN)(L.8 m)
- 2Vgirder(4>6 m) =0
Veirder = 48.1 kN

Lo R e T R e - IR e e ¢

8-3 CANTILEVER METHOD

Unlike the portal method, which treats each bay inde-
pendently of the others, the cantilever method assumes
the entire floor works together as a unit. Although anal-
ysis of the cantilever method must begin at the roof level
and work down, this method is preferred for buildings
with more than 25 stories. It assumes that the floors
remain plane {though not horizontal) and the force in
a column is proportionsl to the distance of the column
from the frame's center of gravity. As with the por-
tal method, inflection points of columns and girders are
assumed to occur at the mid-lengths.

——

+

/

{

SRR

2R 2R

Figure 8.2 Cantilever Method Frame Deflection

<> < <> <> < <> <
Erample 8.2

The cumulative lateral force at the roof level of the
frame shown is 110 kips (490 kN). Use the cantilever
method to determine the shear in members 2-3 and 2-7.
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V=110kips
{490 kN}
> 2 3 7 5| F12ft
6 7 8 g 10] §@7M
~s -~ i IJII e
. . ! | .
301t W 301t 30t

©9.14m) {9.14m) (9.14m) (9.14m)

Customary U.S. Solution

The center of gravity of this level is located at point Q.
Columnps 1-6 and 2-7 are in tension. Columns 4-9 and
5-10 are in compression. Column 3-8 is along the neu-
tral axis and is not stressed axially.

V=110 kips
> i 12 13 l4 5]
/A A
Ta Tz1 Cis Ce1o

The sum of moments in a member at an inflection point
is zero. Summing moments about point Q {(halfway
between points 3 and 8),

3 Mq = (6 ££)(110 kips) - (60 £t)Ti.
— (30 £t)Ty.7 — (30 ft)Ci
— (60 f)Cs.10
=0

Since the column forces are proportional to the distance
from column 3-8 and all columns are separated by the
same distance, it is apparent that the relationships be-
tween the tension, T', and compressive, C, forces are

Ti-g = 2T2.7 = 2019 = Cs.10
Making these substitutions,

Ti.6 = Cs.10 = 4.4 kips
Ty = Cyg = 2.2 kipa

The vertical shear in member 1-2 is equal to the sum of
vertical loads to the left of its inflection point.

Wi.g = T1.6 = 4.4 kips

Taking the free body of the inflection points and sum-
ming moments about point 1 gives the horizontal shear

in member 1-6,
3 My = (6 6)Vis - (15 ££)(4.4 kips) =0
Vig = 11 kips

4.4 kips

-

—~— Vi3
J 4.4 kips

The vertical shear in member 2-3 is

110 kips
—_—

- Va.3 = 2.2 kips + 4.4 kips = 6.6 kips

(This is approximately half the value caleulated with
the portal method in Ex. 8.1.)

Summing moments about point 2 gives the horizontal
shear in member 2-7.

3" My = (6 ft)Var ~ (15 &)(4.4 kips)
— (15 ££)(6.6 kips) =0
Vor = 27.5 kips
(This is the same as the value calculated with the portal
method in Ex. 8.1.)

4.4 kips 2

6.6 kips

ST Solution

The center of gravity of this level is located at point Q.
Columns 1-6 and 2-7 are in tension. Columns 4-9 and
5-10 are in compression. Column 3-8 is along the neu-
tral axis and is not stressed axially.

V=490kN
T 2 3 4 8l

N B B

Tis Taz Cag Cs10

The sum of moments in a member at an inflection point
is zero. Summing moments about point Q (halfway
between points 3 and 8),

—(9.14 m)Th.7 — (9.14 m)Cyp
- (1828 m)Cs_m
=0

Since the column forces are proportional to the distance
from column 3-8 and all columns are separated by the
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same distance, it is apparent that the relationships be-
tween the tension, T', and compressive, C, forces are

Tyg=2Tp7 =2C10 =Cs10

Making these substitutions,

Tig=Cs10=20kN
Toq=Csg=10kN

The vertical shear in member 1-2 is equal to the sum of
vertical loads to the left of its inflection point.

Vi =T =20 kN

Taking the free body of the inflection points and sum-
" ming moments about point 1 gives the horizontal shear
in member 1-6.

S My = (1.83 m)Vi.g — (4.57 m)(20 kN) = 0
Vi = 50 kN
20 kN

B

——— V1_5
¢20 kN

The vertical shear in member 2-3 is

Va3 = 10 kN + 20 kN
=30 kN

490 kN

(This is approximately half the value calculated with
the portal method in Ex. 8.1.)

Summing moments about point 2 gives the horizontal
shear in member 2-7.

3" My = (1.83 m)Va.7 — (4.57 m)(20 kN)
— (457 m)(30 KN) =0
Vpg = 120 kN

(This is the same as the value calculated with the portal
method in Ex. 8.1.)

20 kN 2

30 kN
Y

- V5

e o o o o o <

8-4 SPURR METHOD

Although the cantilever method assumes that the floor
will remain plane, it does nothing to ensure a plane
floor. Jrregular lengthening and shortening of the
colurens produce secondary bending stresses that can
become excessive in tall structures and disturb the pla-
nar nature of the floor.

If the height-to-bay length ratio is less than 4, the floor
will indeed remain fairly plane. However, when the
height-to-bay length ratio exceeds 4, interior column
elongation and shortening will cause noticeable floor de-

flection.

The Spurr method uses the cantilever method to calcu-
late girder shears, but girders are given specific strengths
in order to justify the assumption that inflection points
are located at mid-span.® Essentially, the girder mo-
ments of inertia are made proportional to the girder
shear times the square of the span length.

8-5 FRAME MEMBER SIZING

Once the column and girder shears and axial loads are
known, these members can be sized by traditional meth-
ods. For example, a girder can be considered to be
loaded at its mid-points (between two sets of columns)
by the vertical girder shear acting in opposite directions.

——f

girder-column
connection

moment diagram

Figure 8.3 Girder Shear and Moment Diagrams

Another method for sizing frame members is to select
the columns and girders so that the drift is limited to
the UBC-97 maximum [Sec. 1630.10.2) under the action
of the horizontal forces. This method, however, requires

3Thia method is nemed for H. V. Spurr, who published the method
in his book Wind Breeing: The Importance of Rigidily in High
Towers, New York: McGraw-Hill, 1930.
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GENERAL STRUCTURAL DESIGN 133

making assumptions about the joint rigidity. For exam-
ple, assuming that a bent consisting of a girder of length
I and two columns of height & must limit the drift to
9.5% of the story height-(T' < 0.7 sec) when a total
shear force of V is experienced, and assuming the joints
are all rigid, the drift criterion is

Vh.z) ( h L )
+ =0025h 8.1
(12E Ico[umn Iglrdar { ]

There are many possible combinations of column and
girder strengths that will satisfy this criterion.

-

BT
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DETAILS OF SEISMIC-RESISTANT
CONCRETE STRUCTURES

9.1 CONCRETE CONSTRUCTION DETAILS

Concrete itself has poor ductility in shear and is there-
fore a brittle material. This limited ductility, combined
with its higher mass compared to steel (higher mass in-
creases the seismic force) and lower tolerance to errors
in design and workmanship, usually makes concrete a
second choice for high-rise construction. However, con-
crete ductile moment-resisting frames now make it pos-
sible to design structures with the ductility and energy
dissipation capability of steel structures. In some cases
(particularly those not requiring seismic provisions), a
concrete building may be less expensive to construct.!
The primary disadvantege of concrete is its weight,

" which increases the seismic forces. Some advantage can

be gained, however, by using lightweight concrete.

Concrete structures can be constructed to behave in a
ductile manner. Such structures are loosely referred to
as having been constructed of “ductile concrete,” “spe-

cial concrete,! or “California concrete” In order to.

make concrete into a ductile structure, much attention
must be given to connection and confinement details.?
“Ordinary concrete,” or concrete construction that does
not behave in a ductile way, cannot be used in Califor-
nia.

The two most important concepts in designing ductile
concrete are (1) continvity and (2) confinement. Con-

crete members must not pull apart, and they must not
disintegrate when the core becomes cracked or crushed.

Y The assumed economic superiority of steel over concrete is tra-
ditional and is a very controversial issue; it is not, by any means,
an absolute fact, '

2}t is not always easy, however, to get all the special stee] reinforc-
ing and confinement into the beam-column connection srea. The
joint congestion, called a “tangle” by some, can be considerable.

column hoops

or spirals
minimum \ -1 distance to point
M2in (64 mml N of inflaction plus
cover to end \ LUl __li | development length
of hooks on [ i
boam bars —| J=—=Il__| joint haop
[Sac. 1912.6.3.2]_L_T__I ‘/ _ I -
r:'- ey I | | Ol | I I
x |NEERE ‘ ]
e ot 4] [
[l
1
I beam hoops
Pl | P

vartical section Y-Y

spandrel
beam
hoops

>

column

hoop
\

minimum

22 in (64 mm}
clearance
toendof
hooks on
beam bars

[Sec, 1912.5.3.2]

Y

L

F—————

interior
beam hoops

™

plan section X-X

Figure 9.1 Typical Ductile Frame Joint for
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The UBC-97 discusses the required details of ductile
concrete in Secs. 1633 and 19212 The following let-
tered iterns list some of the more important provisions.
Because all provisions have been greatly simplified in
this book, the UBC-97 references should be used for
clarification. In almost all cases, other provisions also
apply. (In some of the following cases, the accompany-
ing figures contain additional information about special
seismic provisions.)

The special provisions in Sec. 1921 of the UBC-97 apply
to reinforced concrete frames and shear wall structures
that resist earthquake loading. UBC-97 Sec. 1921.7 still
requires members that are not part of the lateral force-
resisting system to satisfy minimum reinforcement re-

quirements.

The design of concrete structures should be in accor-
dance with the strength design (load and resistance fac-
tor design) or allowable stress design method.

A. Orthogonal Effects [UBC-97 Sec. 1633.1]

Orthogonal effects should be investigated in cases of tor-
siona! irregularity, nonparallel structural systems, and
where & member is part of two intersecting lateral force-
resisting systems (e.g., where the member is a corner
column more than lightly loaded by seismic forces).?

B. Connections [UBC-97 Sec. 1633.2.3]

Connections are elements that interconnect two precast
members or a precast member and a cast-in-place mem-
ber. Connections that resist seismic forces must be de-
signed and detailed by an engineer and shown on the

drawings.

A strong connection is one that remains elastic while
the specified nonlinear action regions (i.e., the member
length over which nonlinear action occurs) endure in-
elastic response under the design basis ground motion.
When a connection employs any of the code splicing
methods to join precast members and utilizes cast-in-
place concrete or grout to fill the splicing closure, it
is referred to as a “wet connection.” A connection used

3The material in UBC-B7 Sec. 1021 is equivalent to the material
contained in Chapter 21 of the ACI (American Concrefe Insti-
tute) publication 318. However, the Blue Book commentary also
contains valuable information, particulerly for selsmic zones 3

and 4. _
47he column is more than lightly loaded if its factored exinl load
due to seismic forces is greater than 20% of the:eolumn axial
strength.

between precast members that does not qualify as a wet
connection is called a “dry connection.”

Based on the UBC-97 [Sec. 1921.2.1.7], in structures
having precast gravity systems, all beam-to-column con-
nections that are not part of the laterel-force-resisting
system should be designed to resist moments in one
direction only, either positive or negative. In design-
ing the connection at the opposite end of the member,
it should be noted that the connection should resist
moment with the same positive or negative sign. The
connections should be allowed to have zero flexural stiff-
ness up to a frame displacement of A,. They should be
designed to develop the strength moment (M) that de-
velops at the connection when the frame is displaced
by A,, assuming fixity at that connection and a beam
flexural stiffness of no less than one-half of the gross
section stiffness.

C. Deformation Compatibility
[UBC-97 Sec. 1633.2.4]

Not all members in a structure are part of the lateral-
force-resisting system. However, members that are not
part of that system and their connections must be ade-
quate to maintain support of design dead plus live loads
when subjected to the expected deformations caused by
seismic forces. The UBC-87 requires that P-A effects
on such elements be accounted for. In determining ex-
pected deformation, P-A effects or the deformation in-
duced by & story drift of 0.0025 times the story height
should be considered, and its value should be the greater
of the maximum inelastic response displacement (Apr =
0.7RA,) [UBC-97 Sec. 1921.0]. For concrete elements
that are not part of the lateral-force-resisting system,
provisions of the UBC-97 [Sec. 1921.7] apply.

For concrete elements that are part of the lateral-force-
resisting system, the accepted flexural and shear stiff-
ness properties should not exceed one-half of the gross
section properties, except on the condition that a ratio-
nal cracked-section analysis is performed. Foundation
fexibility and diaphragm defections may create addi-
tional deformation that should also be considered.

- D. Ties and Continuity [UBC-97 Sec. 1633.2.5]

It is important that structural members do not pull
apart. As a minimum, all smaller portions of a build-
ing must be tied to the rest of the building with ele-
ments having at least a strength to resist 0.5C, [ times
the weight of the smaller portion. Positive connections
for beams, girders, and trusses must resist a horizontal
force parallel to the member not less than 0.5C, I times
the dead plus live loads.
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E. Collector Elements [UBC-97 Sec. 1633.2.6]

Collector elements transfer lateral forces from a portion
of a structure to vertical elements of the lateral-force-
resisting system. Concrete collector elements must rely
on reinforcing steel to carry drag forces into shear walls.

Based on the UBC-97 [Sec. 1921.6.12], when collector
elements in topping slabs are placed over precast floor
or roof elements, the slab thickness should not be less
than 3 in (76 mm) or six times the diameter of the

largest reinforcement (6d;).

F. Concrete Frames [UBC-97 Sec. 1633.2.7]

Concrete frames used in lateral-force-resisting systems
in zones 3 and 4 must be special moment-resisting
frames (SMRF). In seismic zone 2, as a minimum, these
frames should be intermediate moment-resisting frames
(IMRF).

G. Anchorage to Concrete and Masonry Walls
[UBC-97 Sec. 1633.2.8]

To resist the uplift and sliding forces, the roof should
be anchored to the walls and columns, and walls and
columns should be anchored to the foundations. The
provisions of the UBC-97 [Secs. 1605.2.3, 1611.4,
1633.2.8, and 1633.2.8.1] apply. Applying the greater
of the wind or earthquake loads in design, these an-
chorages should be capable of resisting load combina-
tions using strength design [UBC-97 Sec. 1612.2] and
load combinations using allowable stress design [UBC-
97 Sec. 1612.3]. As a minimum, these connections to
and between walls must be capable of resisting the hor-
izontal force of 280 pounds per foot of wall (4.09 kN/m)
substituted for earthquake load (E). When anchor
spacing exceeds 4 ft (1219 mm), walls must resist bend-
ing between the horizontal anchors.

In seismic zones 3 and 4, when diaphragms are anchored
to walls using embedded straps providing out-of-plane
lateral support of the wall, the straps must either at-
tach to or hook around the reinforcing steel or terminate
so that forces can effectively be transferred fo the re-
inforcing stezl. Where fiexible diaphragms are used to
provide lateral support for the walls (out-of-plane wall
anchorage to flexible diaphragms) in seismic zone 4, the
value of total design lateral seismic force {F}) used for
the design of the elements of the wall anchorage system
should be equal to or greater than 420 pounds per foot
of wall (6.1 kN/m) substituted for earthquake load {E).

H. Boundary Elements of Shear Walls and
Diaphragms [UBGC-37 Sec. 1921.6]

The reinforcement ratio cannot be less than 0.0025
along both the longitudinal and transverse axes of shear

wells and diaphragms. Reinforcement spacing cannot
exceed 18 in (457 mm). See Fig. 9.2,

Boundary elements of shear walls must not fail due to
deformations caused by a major earthquake, particu-
larly when the design is governed by flexure. The de-
sign should specify special detailing to prevent tensile
fracture as well as compressive crushing and buckling.
This is accomplished by requiring two curtains of shear
reinforcement for walls with factored shear in excess of
2Acy+/f7 (in ST units, 0.166Ac,/F7). Additional rein-
forcement is required at the edges of all shear walls and
diaphragms, as well as at the boundaries of all openings.

I-[UBC Secs. 1921.6.2.1
and 1921.6.2.2]

N Minimum distributed relnforcement
each way:
)‘-—~ py=0,0025

Spacing is 18 In (457 mm) o.c. maximum
Two curtalns of rainforcemant required
if V, = 24,V T (for SI; 0.166A.,VT7)
- Stagger horizontal reinforcement.

T

— [UBC Sec. 1921.6.6}
Provide boundary member when
A Frax = 0.2F, for factored loads:

[——=1~] (a} boundary member to catry
N alt factored vartical loads

{b} provida confinement
reinforcement as for columns

(c) anchor transvarse reinforcement
in confined core of boundary

—  member

T

Figure 9.2 Requirements for Shear Walls
and Boundary Members

I. Seismic Hooks, Crossties, and Hoops
[UBC-97 Sec. 1921.1]

A seismic hook is a hook on a stirrup that engages the
longitudingl reinforcement and projects into the inte-
rior of the stirrup or hoop. For a seismic hook, the
bend must be at least 135° with an extension past the
bend of at least 6 bar diameters (but not less than 3 in
(76 mm}). A crosstie is a continuous reinforcing bar. It
has a seismic hook at one end and a hook at least 90°
with an extension past the bend of at least 6 bar diame-
ters at the other end. A hoop is & closed tie made up of
several reinforcing elements, each consisting of seismic
hooks at both ends. A hoop can also be a continuously
wound tie having seismic hooks at both ends, The de-
tails of seismic hooks, crossties, and hoops are shown in

Fig. 9.3.
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= 13%°
N
> 135° (ﬁﬁdb
db\
N
N
= Sdb
selsmic hook crasstie
= 135"{'
V|
\ Y
AN
\ = Bdb
e
hoop

Figure 9.3 Seismic Hook, Crosstie, and Hoop
[UBC-9T Sec. 1921.1]

J. Strength Reduction Factor [UBC-97 Sec. 1021.2.3]

In general, the normal strength reduction factor, ¢, de-
fined in UBC-97 Sec. 1909.3 is applicable. For seismic
zones 3 and 4, provisions of the UBC-97 [Sec. 1909.3.4]
apply to strength-reduction factors. The strength-
reduction factor is 0.60 for walls, topping slabs used as
diaphragms over precest concrete members, and struc-
tural framing members (joints are excluded) when their
nominal shear strength is less than the shear corre-
sponding to development of their nominal flexural
strength. The strength reduction factor is 0.85 for cast-
in-place concrete diaphragms and beam-column joints.
The nominal fexural strength should concur with the
most critical factored axial loads, including earthquake
effects. The strength-reduction factor is 0.65 for flex-
ure compression, shear, and bearing of structural plain

concrete.

K. Combined Loading Load Factors
[UBC-97 Sec. 1909.2]

To resist dead load and live load, the required minimum

strength is
U=14D+17L [0.1]

‘When wind load should be included in design, the great-
est required strength is

U =0.75(1.4D + 1L.7L + 1.7W) [0.2)

To determine the more severe conditions, load combi-
nations should include both full value and zero value of
live load; however, the required strength should not be

less than Eq. 9.1.
U=09D4+13W [9.3]

Based on the UBC-97 {Sec. 1612.2.1, Exception 2], re-
quired strength U to resist specified earthquake loads or
forces B considering factored load combinations multi-
plier of 1.1 for concrete should be

U =1.1(1.2D + 1.0E +0.5L) [9.4]
U = 1.1(0.9D — L.OE) [9.5]

In proportioning concrete structural elements using
alternate load-factors combination and strength-
reduction factors [ UBC-97 Sec. 1928.1.2.3, Div. VIII},
the required strength using basic load combinations
should be

U =14D [9.6]
U=12D+16L+05(L.orSor R) [9.7]
U =12D+1.6(L, or S or R)

+ (0.5L or 0.8W) ‘ [9.8)
U =1.2D + 1.3W +0.5L

+0.5(L, or S or R) [9.9]
U=12D+15E + (0.5L or 0.25) [9.10]
U =09D - (1.3W or 1.5E) [9.13]

I. Concrete Strength
[UBC-97 Secs. 1921.2.4.1 and 1921.2.4.2]

The compressive strength, f!, of normal-weight con-
crete may not be less than 3000 psi (20.69 MPa). The

* compressive strength of lightweight concrete may not

exceed 4000 psi (27.58 MPa) unless experimental data
are submitted to show that it has properties equiva-
lent to normal-weight concrete. However, the compres-
sive strength of lightweight concrete used in calculations
cannot exceed 6000 psi (41.37 MPa) under any circum-

stances.

M. Steel Reinforcement [UBC-97 Sec. 1921.2.5.1]

" All reinforcing steel must be of the deformed variety;

plain bars are not permitted. Steel used must be low-
elloy complying with ASTM A706. ASTM A615 grades
40 or 60 may be used if (1) the actual yield strength is
no more than 18,000 psi (124.1 MPa} higher than the

 specified yield, and (2) the actual ultimate tensile stress

is at least 125% of the actual yield strength. Restric-
tions on welding apply.
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N. Frame Flexural Members [UBGC-97 Sec. 1921.3]

(This UBC-97 section is specifically for flexural mem-
bers used in lateral force-resisting systems.) The UBC-
97 imposes a geometric restraint (i.e., a width/depth
ratio greater than or equal to 0.3} and other constraints
[Secs. 1921.3.1.3 and 1921.3.1.4] in order to reduce lat-
eral instability and ensure a transfer of moment during
inelastic response. See Fig. 9.4.

Seismic hoops (confinement) are required in all areas
of fexural members where yielding is expected {e.g., at
the ends of built-in beams and at other plastic hinge
points), The first hoop must be within 2 in (51 mm)
of the face of the supporting member. Maximum spac-
ing must be less than (a) d/4, (b) 8 times the diameter
of the smallest longitudinal bar, (c) 24 times the hoop
bar diameter, and (d) 12 in (305 mm). Where hoops are

Terminate all required top and
hottam bars at the far face of the
column cors, providing minimum
distances, {4, or £y, for tenslon.
No tap splices within tha joint.
[Secs. 1921.5.1.3 and 1921.3.2.3|

not required, stirrup spacing with seismic hooks at both
ends must be spaced at no more than d/2 throughout
the member [Sec. 1921.3.3.4].

0. Top and Bottom Reinforcement
[UBC-97 Secs. 1921.3.2.1 and 1921.3.2.2)

At least two top and two bottom bars must run the
entire length of the member. For both top and bottom
steel, the amount of reinforcement steel must be greater
than 200b,d/f, (for SI, 1.38bud/fy), and Armax <
(Afmax)/5 The maximum steel is 0.025b,d. At the
face of a joint, the positive moment strength cannot
be less than 50% of the negative moment strength. At
any section along the member length, neither the posi-
tive nor the negative moment strengths can be less than
25% of the corresponding strength at a joint.

[ongitudinal reinforcament, top and bottom

minimum A, = 200b,d/f, {for SI, 1.38b,,d/f} [Sec. 1921.3.2.1]
Armax s‘AﬂmaxE

maximum p =< 0.025 [Sec. 1921.3.2.1]

minimum moment strangth = 256%

maximum moment strength at face of either

c%';,r: n joint; +M,, > (0.50)-M,)} [Sec, 1821.3.2.2]
minimum of twa bars, continuous both top and
bottom [Sec. 1921.3.2.1]
& & & ' splice*
1\ | |
4 {f_ d d 2 h {Secs. 1921.3.1.3
21n (51 mm) max ( ‘ [ |and 1921.3.1.4]
[Sase. 1921.3.3.2] | [ py I
n
& & |51 mmy | £ splice*
.| hoops stirrups hoops max |' minimum 2h from|face of
. S s, 5 N joint [Sec. 1921.3.3.1, Item 1)
Lh en k1 en

extend £, straight or £, whera hooked into core [Sec. 1921.5.1.3]

Engineer must provide dimensions
£4: €3 Sy, S,, hoop and stirrup
spacing, anchorage langth, cut-off
points of discontinuous bars, £ or
£, 1f loss than across column core.

¢,= ad [Sec. 1921.3.1.2]

£, = distance required by design for
momaent plus anchorage length

¢, = distancs to point of inflection

maximum hoopttie spacings

In length Sy, spacing for hoops
< df4; Bdj, of smallest bar;

244, of hoop; or 12 in {305 mm).
[Sec. 1921.3.2.2]

*At ap splices, spacing of hoops
= df4 but no greater than 4 in
(102 mm). [Sec. 1921.3.2.3]

plus anchoraga length

d = design depth for-M and +M

In length S,, spacing stirrups < df2,
[Sec. 1921.3.3.4]

Figure 9.4 Special Flexural Member Reinforcement [UBC-97 Sec. 1921.3]
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P. Tension Lap Splices [UBC-97 Sec. 1921.3.2.3}

Lap splices are classified as Class A (with & lap length of
one development length} and Class B (with a lap length
of 1.3 development lengths) [UBG-97 Sec. 1812.15).
(The Class C splice (1.7 development lengths) was elim-
inated in 1989, and (in some cases) the basic develop-

ment length was increased.)

Tension lap splices are prohibited in flexural members
(1) within beam-tolumn joints, (2) within a distance
from the face of a joint equal to twice the member depth,
and (3) where flexural yielding is anticipated.

Lap splices are not permitted where flexural yielding
is expected (i.e., at plastic hinge points) because such
gplices are not reliable when the loading repeatedly ex-
ceeds the yield strength of the reinforcement. Where
permitted, they are proportioned as tension lep splices.
Class B splices must be used unless double (or more)
of the required reinforcement steel is provided [UBC-97

Sec. 1912.15.2).

Q. Welded Splices and Mechanical Connections
[UBC—97 Secs. 1012.14.3 and 1921.2.6)

Welded splices and approved mechanical connections
can be used but must maintain the clearance and cov-
erage requirements of the UBC-97 [Secs. 1907.6 and
1907.7). All welding should conform to UBGC-97 Stan-
dard 19-1. In seismic zones 2, 3, and 4, welded splices
on billet steel A615 or low alloy A706 reinforcement are
not permitted within (1) an anticipated plastic hinge
region, (2) & distance of one beam depth on either side
of the plastic hinge region, or (3) & joint.

Splices with mechanical connections are classified as
type 1 and type 2 splices according to UBC-97-specified
strength capacities. For type 1 splices, a full-welded
splice and full mechanical connection should be capable
of developing 125% of the specified yield strength (f;)
of the bar. Otherwise, these splices are allowed only
for No. 5 bars and smaller when the provided area of
. reinforcement is at least twice that required by analy-
sis. For type 2 splices, mechanical connections should
be capable of developing in tension the lesser of 95%
of ultimate tensile strength or 160% of specified yield

strength (fy) of the bar.

Welding of designed reinforcement for any purpose
other than approved splicing is prohibited. Welding of
stirrups, ties, inserts, and other elements to- the longi-
tudinal bars is prohibited [UBC-97 Sec. 1921.2.6.2].

Alternate side of
crosstie 90° hooks,
except at spandrels.
[Sec. 1921.3.3.6
N /8

NlNE SMP?
A .
A\\ re C_\\ ;/C
ol 0 .0 a b fe

{a} examples of overlapping hoops and stirrups

Place crosstie 90° hooks on
slab-confined side {anchored-
slab bars not shown}.

[{Sec, 1921.3.3.6] J

i

L_..‘—J.._._D

(b} spandrel beam

135°
6d,

I.D. = 4db

g,

@ 135° 135“(\ /
&d, ) crosstie (Sdb
135°
L_J (sdb 6d,, L___‘—“J_..J
{c} detail A {d) detail B {8) detail C

Stirrups required to resist shear shall be hoops. Throughout
the length of flexural members where hoops are not
required, stirrups shafl be spaced at no more than df2

and shail have seismic hooks.

Figure 9.5 Details of Transverse Confinement
Reinforcement in Flexural Members
[UBC-97 Secs. 1921.1 and 1921.3]
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spacing of | but not greater than 4 in

Maximumy o4 for dimension B,
tiesin lap ] {102 mmj}

apm . length. [Sec. 1921.3.2.3]
I?;ssg;nli::\es L_ M. _{ [Joint hcmpsd ma% bsfz spaced at
) 25 for the depth of tha
[Sec. 19214321 —f shallowast beam when beams
L with width = 3/ times the
O“I?' WI:U’I'f" , P width of tha column frame
cf" &r !a 0 inta the four sides of a column,
fl:iz;i" umn For all other canditions, use
[Sec. 1921.4.3.2] ‘ 7 _hc:c;pasu spaced at 5j on center,
SOCIENCE ey e B 6d),
joint | [~ st o (Sec. 1621.334]
hoops} § | % ol s N
L e .0, = 4d, for No. 3,
columnf | g, No,4,NoS
hoops - 0 —-}-S.n. Column hoop hooks at sach end.
Column hooks must be providad
£ in all jolnts and in the colurmns
5 ) Lura distance, £,, above acr|1d
E] i elow joints. Ties required to
‘g ::igLUmn it reslst shear shal be hoops, and
= spacing shall not exceed (1} 4
3 minimum member distance, and
£ 5; 1(2) 41n (102 mm}, [Sec. 1921,4.4.2
8 FWhan welded splices or
< mechanical connections ara
used, not more than altemate
column e hars may be spliced at any
haops a section with vartical distance
R s betwesn splices 24 In (610 mm}
2 Bk 2% 3 [ or mare. [Sacs, 1921.43.2 and
7 :?;1.'.'; _vn_ .o;'.' i1 z [ 1921.26.1]
MRS O YRR

i PRS0 O E?\
é !d ” &
R | 125° § Jor° __j b
}

{Alternate 90° and 135" ends
on consecutive crossties.)
[Sec. 1921.4.4.1, item 3]

S, = Hoop and supplementary crosstie spacing, not to exceed
{1} /4 minimum member dlstance, and {2] 4 in {102 mm)
[Sec. 1821.4.4.2), 8d,, of verticals, 24dy, of ties, or /2f,
{Sec, 1907.105.2]

5, = Column tia spacing, not to excaed 16d;, of verticals, 484
of ties, or 8, [Sec, 1907.10.5.2

B, = Smaller dimension of colums cross section.

¢, = Largest column dimensfon, but not less than one-sixth
clear height, or 18 in {457 m). [Sec. 1921.44.4]

Figure 9.6 Special Beam-Column Reinforcement
[UBC-97 Sec. 1921.4]

R. Members with Bending and Axial Loads
[UBC-97 Sec. 1921.4] ‘

The minimum member dimension is 12 in (305 mm).
The ratio of the shortest-to-longest dimension cannot
be less than 0.4. Class A tension lap splices are al-
lowed within the center half of the member's length
[Sec. 1921.4.3.2]. The total column moment-resisting
strength at a joint must be greater than 6/5 of the
total girder moment-resisting strength at a joint [Sec.
1921.4.2.2]. The longitudinal reinforcement ratio must
be between 0.01 and 0.06, inclusive. (The 6% limit on
column reinforcement ratio is too high for most designs.
Considering the difficulty in designing and fabricating a
joint as well as the joint congestion caused by additional
ductility requirements, a practical upper limit of 4% is
more reasonable,) Special provisions for transverse re-
inforcement (confinement) in the member apply. See
Figs. 9.6 and 9.7.

In Fig. 9.6, distance Sy, is the maximum spacing of the
transverse reinforcement. The UBC-97 [Sec. 1921.4.4.2]
specifies this as the smaller of 4 in (102 mm} or one-
quarter of the smallest member dimension (B, in the

figure).

6dy, extensicn
/ /Sd,, axtansion

. /gdb
el
]

pd

x X x .
x shall not exceed 14 in {356 mm}. [Sec. 1921.4.4,3
Consecutiva crossties shall have

their 30° hooks on opposite sides
of column. {Sec, 1921.4.4.1, [tem 3]

Figure 9.7 Details of Transverse Confinement
Reinforcement in Beam-Columns
[UBC-97 Sec. 1921.4]
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S. Columns Carrying Discontinuous Walls
[UBC-97 Secs. 1921.4.4.5 and 1921.6.8]

Members supporting discontinuous elements (e.g., two
columns supporting & short wall between them) must
have special transverse reinforcement for their full

height. See Fig. 9.8.

o |~ shear wall

\\

special transvarse

rainforcement

through

_{Cd development
length of

longitudinal bars

{Sec. 1921.4.4.5]

[[TH]

special transverse
reinforcament

either for development
length or lead length
of standard hook

LT

S

|
\llli T

special transverse rainforcement
fulf height of column whan
P, = 0.1A f; [Sec. 1921.4.4.5)

Figure 9.8 Columns Carrying a Discontinuous Wall
[UBC-97 Sec. 1921.6.9]

T. Diaphragms [UBC-97 Secs. 1921.6.11 and 1921.6.12]

A cast-in-place topping on a precast floor system can
be considered as the diaphragm as if the cast-in-place
topping functioning alone is proportioned and detailed
to resist the seismic forces. Monolithic concrete di-
aphragms and cast~in-place topping over precast ele-
ments used to resist seismic forces must be at least 2 in
(51 mm) thick [UBC-97 Sec. 1921.6.12, Item 1].

Based on the UBC-97 [Sec. 1921.6.12, Item 2], when me-
chanical connectors are used to transfer forces between
the diaphragm and the lateral system, the anchorage
must be able to develop 1.44,f,. When the collec-
tors and boundary elements in topping slabs are placed
over precast floor and roof elements, the slab thickness
should not be less than 3 in (76 mm) or 6d; (six times
the diameter of the largest reinforcement in the top-
ping slab) [UBC-97 Sec. 1921.6.12, Item 3]. Tendons
that can be wire, cable, bar, rod, or strand, or a bundle
of such elements used to impart prestress to concrete,
should not be used as primary reinforcement in bound-
aries and collector elements [UBC-97 Sec. 1921.6.12,

Ttem 4].

U. Minimum Column Size [UBC-97 Sec. 1921.5.1.4]

In order for a horizontal bar passing through a joint
to develop its full bond strength, the minimum column
size is 20 times the largest longitudinal bar extending
through the joint in the direction of loading for normal-
weight concrete. For lightweight concrete, the minimum

column size is 26 times the bar diameter.

V. Joints [UBC-97 Sec. 1921.5)

Joints must be able to withstand forces of 1.25f, in the
longitudinal reinforcement. Flexural members framing
into opposite sides of a column must have continuous
reinforcement to pass through the column joint. Special
provisions for confinement around the joint apply. See
Fig. 9.1.

A 50% reduction in the amount of reinforcement con-
fining a joint is permitted when all four sides of the
joint are confined by members (beams) framing into
the joint (column). The confinement spacing should
be permitted to be increased to 6 in (152 mm) [UBC-97
Sec. 1921.5.2.2].
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DETAILS OF SEISMIC-RESISTANT

STEEL STRUCTURES

10-1 STEEL CONSTRUCTION DETAILS

The design, construction, and quality of steel compo- .

nents (members and connections) in buildings that re-
sist seismic forces should conform to the requirements
of the UBC-97 Chap. 22 provisions. The design forces
resulting from earthquake motions are determined on
the basis of energy dissipation in the nonlinear range of

response.

A. Design and Construction Provisions

For design, fabrication, erection, and quality control of
structural steel, the UBC-97 permits the use of the load
and resistance factor design (LRFD) method as well as
the allowable stress design (ASD) method, These meth-
ods proportion structural components such as mem-
bers, connectors, connecting elements, and assemblages.
Steel design based on the LRFD method should use the
factored load combinations of the UBC-97 Sec. 1612.2
and the applicable requirements of the UBC-97 Sec.
2205. Design standards for the LRFD method are pro-
vided in UBC-97 Chap. 22, Div. II. As for steel design
based on the ASD method, the factored load combina-
tions of UBC-97 Sec. 1612.3 and the applicable require-
ments of the UBC-97 Sec. 2205 apply. For the ASD
method, UBC-97 Chap. 22, Div. III provides design
standards. UBC-97 Sec. 1612.3, Amendments furnish
allowable stress increase requirements.

B. Seismic Provisions for Structural Steel
Buildings

In addition to the structural steel requirements in UBC-
97 Sec, 2204.2, steel structural elements resisting seis-
mic forces should also comply with the UBC-97 seismic
provisions in Chap. 22, Divs. IV and V. For steel design
based on the ASD method, UBC-97 Chap. 22, Div. V,
provides relevant seismic provisions.

Based on the UBC-97 Sec. 2210, Item 2.1, Div. IV, all
buildings in seismic zones 0 and 1, and those buildings
in seismic zone 2 that are not categorized as essential
and hazardous facilities, do not need to be designed or
detailed according to the structural steel seismic provi-

sions.

C. Loads and Load Combinations

The appropriate critical combination of factored loads,
as required by UBC-97 Sec. 1612.2 at load and resis-
tance factor limits or UBC-97 Sec., 1612.3 at allowable
stress limits with stress increases allowed by UBC-97
Sec, 1612.3.2, should be used in determining the re-
quired strength of the steel structure and its elements.
Where the amplified horizontal earthquake is required,
the following additional load combifations apply [UBC-
97 Egs. 12-17 and 12-18].

12D + fiL+ En, [10.1]
0.9D + E, [10.2]

{f1 is equal to 1.0 for floors in places of public assembly,
for live loads in excess of 100 Ibf/ft? (4.79 kN/m?), and
for garage live loads. For other live loads, f; is 0.5.)

D. Steel Frames

The most common structural system for high-rise build-
ings in seismically active areas is the ductile steel frame.
Ductile frame behavior is much easier to achieve with
steel construction than with concrete construction be-
cause steel is intrinsically a ductile material. Design
emphasis is therefore shifted away from ensuring that
the material itself will behave in a ductile manner to en-
suring that the structural frame will behave in a ductile

manner.

Ductile frame operation is accomplished by extensive
use of moment-resisting connections known as fype [
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connections.!  These connections transmit column
moments to beams and girders, forcing those mem-
bers to carry the moments. It is easier for beams and
girders to resist moments because their lengths (and,
hence, their moment arms) are long. Without moment-
resisting joints, the columns would most likely fail (by
web crippling, for example) before the beams and gird-
ers became fully stressed. Therefore, & beam-column
connection must be able to transmit without failure
a moment equal to the plastic capacity of the beam.
Frames that use joints that do this are known as special

moment-resisting frames (SMRF).?

Figure 10.1 Moment-Resisting Joint for New
Construction Incorporating
SidePlate™ Connection
Technology

SidePlate™ is the trademark of SidePlate Systems, Inc., of Long
Beach, CA.

E. Steel Properties [UBC-97 Sec. 2213.4.]]

With limited exceptions, only certain steels (i.e., A36,
A500, A501, A572 (Grades 42 and 50), A588, and A913
(Grades 50 and 65)) are permitted in seismic force-
resisting frames. Structural steel conforming to A283
(Grade D) can be used for base plates and anchor bolts.
Other steels not listed and those with yield strengths in
excess of 50 ksi (345 MPz) cannot be used.

Based on the statistical data, A36 steel (Grade 36) has
an actual yield strength of approximately 49,000 psi

1'H,-pe IT joints do not develop any appreciable moments. Steel
structures in any seismic zone can use type II joints. This is

typical of braced-frame designs.

29ha term ductile moment-resisting space frame (DMRSF}, once
used extensively, is no longer commonly used.

(345 MPa). ASTM A913 (Grades 50 and 65), which
was recently added to a list of structural steels permit-
ted for lateral-force-resisting systems, has higher yield
strength, increased toughness, and greatly improved
weldability due to a lower carbon equivalent. Under
high seismic demands, use of A913 is recommended.

F. Member Strength [UBC-97 Sec. 2213.4.2)

The term strength (as in “full strength”) means that the

members must be capable of developing the following
forces or moments,
o moment in flexural members M, = ZFy
Z represents plastic modulus of the section,
and F, is specified minimum yield stress
of the steel.
o shear in flexural members V, = 0.55F,dt
d and t denote overall depth and thickness
of the member, respectively.

¢ axial compression in
fexural members P,.=17FA
F, signifies axial design strength, and
A symbolizes cross-section area of the member,

o axial tension in

flexural members Py=FA
o bolis 1.7 x allowable
o full-penetration welds F,A
o partial-penetration welds 175,
¢ fllet welds 1.7F;

F, represents the applicable allowable stress values.
Based on the UBC-97 [Sec. 2213.4.2], the one-third
allowable stress increase is not permitted for the
purpose of determining member or connection
strength.

G. Column Requiremenis [UBC-97 Sec. 2213.5]

Load combinations required by UBC-97 Secs. 1612.2
and 1612.3 must be supported at load and resistance
factor limits or at allowable stress limits. For ASD,
& one-third stress increase is permitted according to

the UBC-97 [Sec. 1612.3.2]. Because the integrity of -

a structural steel system that has experienced ductile
yielding is strongly dependent on the axial capacity of
the columns, with limited exceptions, columns in seis-
mic zones 3 and 4 must have the strength (as defined
in UBC-97 Sec. 2213.5.1) to support the load combina-
tions given [UBC-97 Chap. 22, Div. IV, 3.1].3

1.0D+0.7L+Q,E  [exial compression] [10.3]
085D £ Q. F [axdal tension} [10.4]

3Despit&: appesrances, this is not ultimata streﬁgth {plestic or
limit) design.
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Other UBC-97 specifications relating to column splices
[Sec. 2213.5.2] and slenderness [Sec. 2212.5.3] must also

be met.

H. Ordinary Moment Frames [UBC-97 Sec. 2213.6]

Ordinary moment frames (OMFs) are permitted, but
the Blue Book commentary discourages such use. It is
likely, in any case, that OMFs will be heavier and thus
costlier than SMRFs, since OMFs resist seismic forces
elastically. OMFs may have applications where seismic
forces are low and the design is controlled by wind.

OMFs should be designed to resist the load combina-
tions in UBC-97 Sec. 1612.3. In resisting earthquake
forces, UBC-97 Sec. 2213.6, Items 1-3, list requirements
for the beam-to-column connections in OMFs.

1. Special Moment-Resisting Frames
[UBC-97 Sec. 2213.7]
This UBC-97 section is designed to ensure that joints

and members behave in a ductile manner in SMRFs.
The areas covered are the beams and columns in which

plastic hinges can form and in the joint panel zones

in which shear yielding can occur. The panel zone is
normally the column web central to the beam-column
connection. (SidePlate™ Connection Technology elim-
inates reliance on panel zone deformation by providing
three panel zones: the two side plates, plus the column’s
own web.) With specific limitations, inelastic behavior

in these areas is permitted.

M
™

J’ girder Z

—

column

Al
™

Figure 10.2 Panel Zone

For special moment-resisting frames, the adequacy of
the beam-column connections is crucial to the integrity
of the entire system. Previously, the beam-column con-
nections were required to have minimum strength (i.e.,

strength equal to the beam in flexure). The code said -

this strength was achieved when beam flanges were full-
penetration welded to columns and the beam web-to-
column portion of the connection alone was able to

support the gravity and seismic shear force. Bolted
connections and other methods were also permitted if

justified.
After the 1994 Northridge earthquake in California, new

design guidelines were adopted regarding beam-column
connection configurations, and the current UBC-97 re-

flects these changes (see Sec. 10-1(H)).

. Doubler plates can be used, with restrictions, to reduce

panel zone shear stress or web depth/thickness ratio.
Doubler plates should be welded across the plate width
top and bottom. The minimum fillet weld is 3/16 in
(4.7 mm). Continuity plates (column stiffeners at top
and bottom of the panel zone) must satisfy a certain
width/thickness ratio [Secs. 2213.7.2.3 and 2213.7.4].°

A minimum strength ratio is given in order to prevent
column failures at joints when the beams are “stronger”
than the columns. This is the “strong column-weal
beam" test. Some exceptions are permitted, however

[Sec. 2213.7.5].

Within strength requirements, trusses (see Sec. 10-1(J))
may be used as horizontal members in SMRFs [Sec.

2213.7.6].

In order to withstand reverse bending moments, inter-
secting beams or bottom flange diagonal bracing is re-

quired.

To reduce the earthquake hazards of welded steel mo-
ment frame structures in seismic zones 3 and 4, it is
implied that (1) plastic hinge location should be de-
signed to develop within the beam span at a2 minimum
distance of half the beam depth from the column face,
(2) all elements of frame and their connections should
be designed to develop plastic hinge moment strength,
(3) weld filler metals should be specified with rated
toughness values, (4) connections should be detailed
with beam flange continuity plates, (5) column panel
zones should be designed without doubler plate con-
sideration where practical, {6) backing bars and weld
tabs should be eliminated, (7} connection design should
be proficient through prototype testing or by reference
to tests of comparable connection configuration, and
(8) the quality of material and construction is essential
and should be considered crucial to total frame behav-

10T

4Ehll-penetration welding of beam flanges to columns is expensive
and is not the standard method preferred by erectors.

The Blue Book commentary strongly suggests the use of conti-
nuity plates.
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J. Special Truss Moment-Frames
[UBC-97 Sec. 2213.11]

A special truss moment frame STMF is 2 combination
of a strong column and & ductile girder. STMF is a new
design concept based on extensive analytical and ex-
perimental research at the University of Michigan that
provides ductile behavior of truss girders. STMF should
be designed in accordance with UBG-97 Sec. 2213.11.
In Fig. 10.3, each horizontal truss that is part of the
moment frame is shown with a special segment located
within the middle one-half length of the truss.

Special segments perform inelastically when induced by
earthquake forces. In the fully yielded case, these spe-
cial segments should develop vertical shear strength
through flexure of the chord members and through axial
tension and compression of diagonal web members.

The maximum span length between columns that
include such trusses is 50 ft {15.24 m), and the over-
all depth should not exceed 6 ft (183 cm). The length
of the special segment ranges from 0.1 to 0.5 times the
truss span length. All panels within the special segment
should be either Vierendeel trusses or have bracing, and
their length-to-depth ratio should be equal to or greater

pin rigid
connection connection

/

| B SN .

Figure 10.4 X and Vierendee! Trusses (elevations)

Within special segments, when diagonal members with
identical sections are used, they should be arranged in
an X pattern and be separated by vertical members.
The UBC-97 requires that such vertical members be in-
terconnected at points of crossing and that the connec-
tions have the strength to resist a minimum force equal
to 0.25 times diagonal member tension strength. Con-
nections of all elements in the truss frames, including
those within the truss, should be designed according to

UBC-97 Sec. 2213.11.5. Bolted connections and splic-

ing of chord members within the special segment are

Ty

than 0.67, and less than or equal to 1.5. not permitted by the UBC-97.
) truss girder .
i h
i
! - : \
, e |
’.r spacial segmen.t \\
! \
! \
! A
II f‘_"""_ R \\
Il spscial segment | \\
JI \\
/ \
’I \\ .
/ ,‘i special segment 1\ \
! \
/ ! L \
/ ! \ \
/ 7777 / Y 7777 \
/ / \ \
/ l’ \‘ \
’l P 0.1L = Ly < 0.5L J. \\
} A
oo = 6 ft
{1.83 m}.

L L o

Lin = q 4_| l Lonin = 3

Lme = 50 f {15.24 m)

Figure 10.3 Special Truss Moment Frames (STMF-Steel)
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The maximum axial stress in diagonal web members
due to concentrated dead plus live loads acting within

the special segment is 0.03F,,.

K. Welded and Bolted Connections

Tn response to fractures in beam-column connections of
steel moment frames during the 1994 Northridge earth-
quake in California, the UBC-97 retains the “emergency
code change” provisions as adopted on September 14,
1994,

The Northridge earthquake damaged a considerable
number of welded beam-column connections in moment-
resisting frames. The most common failure involved
cracking of the welded connection from the beam bot-
tom flange to the column flange. In some instances, the
crack propagated into the column flange and/or beam
web. In response, UBC-97 Sec. 2213.7.1.2 specifies that
the connection configurations (e.g., beam-column)
should demonstrate, by approved cyclic load test re-
sults or calculation, the capability to uphold inelastic
rotation and develop the UBC-97 strength criterion for
ASD [Sec. 2213.7.1.1, Ttems 1 and 2] and the UBC-
97 criterion for LRFD [Sec. 2210, Amendment 8.2.c].
Additionally, the effect of steel overstrength (expected
value of yleld strength) and strain hardening should be
considered.

Reasons that contributed to the damage of welded steel
moment frames can be summarized: (1) In resisting
earthquake demands, the number of frame bays ‘were
limited. (2) The actual strengths versus code specified
strengths were conflicting. (3) At beam-column connec-
tions, vast inelastic demands and stress concentrations
occurred as a result of inappropriate detailing practice.
(4) Column panel zones were weak. (5) Weld metal ma-
terials that were low in toughness were utilized. (6) In
the welding procedures, levels of quality control were

inadequate.

—
—
—

@ plestic hinge

——-~ daformad frama

Figure 10.5 Desired Plastic Hinge Behavior

For welded steel moment frames that are expected to ex-
perience significant postelastic earthquake demands, or
in seismic zones 3 and 4 where highly reliable postelas-
tic seismic performance is expected, connections should
be designed so that the plastic hinge location devel-
ops within the beam span at a minimum distence of
half the beam depth from the column face, as shown
in Fig. 10.5. This can be ensured either by reinforcing
the beam at the connection or by decreasing the cross

A section of the beam a distance of half the beam-depth

from the column face.

(a} covar plate

Toeev]

{b) bottom haurch

{c) flange rib

Figure 10.6 Various Connection Configurations
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L. Girder-Column Joint Restraints
[UBC-97 Sec. 2213.7.7]

Restrictions are given to ensure that moment frames
are capable of reaching their seismic design capacity.
Specifically, if the columns remain . elastic, column
flanges require lateral support only at the level of the
top girder flange. (The UBC-97 describes the condi-
tions under which the column can be assumed to remain
elastic.) If the column does not remain elastic, column
flange support is required at the tops and bottoms of
the girder flanges. The UBC-97 [Sec. 2213.7.7.1, Items
1-4] provides acceptable conditions for columns to be

assumed to remain elastic.

M. Braced Frames [UBC-97 Sec. 2213.8 and 2213.9]

Various requirements, including slenderness ratios, are
given for concentrically braced frames (CBF) and spe-
cial concentrically braced frames (SCBF). Different sys-
tems of braced frames are used: diagonal bracing (where
diagonals connect the joints in adjacent levels); chevron
bracing (where & pair of braces terminate at a single
point within the clear beam span); V bracing {a form
of chevron bracing that intersects a beam from above);
inverted V bracing (a form of chevron bracing that in-
tersects a beam from below); X bracing (where a pair
of braces located on one side of & column terminate
at a single point within the clear column height); and
X bracing (where a pair of diagonal braces cross near
mid-length of the bracing members). Chevron brac-
ing can be used when certain conditions are met [Sec.
2913.8.4.1], but the lateral seismic load must be in-
creagsed by multiplying by a factor of 1.5 when design-
ing bracing members [Sec. 2213.8.4.1, Item 1]. When
chevron bracing is used in special concentrically braced
frames, the UBC-97 [Sec. 2213.9.1] requires that any
member intersected by a brace (beam) be continuous
through the connection (columns). With limited ex-
ceptions, K bracing is not permitted in seismic zones 3

and 4 [Sec. 2213.8.4.2).

' inverted V K . X
chevron chevron

Figure 10.7 Types of Braced Frames

The provisions of UBC-97 Secs. 2213.8 and 2213.9 apply
to ordinary and special concentrically braced frames,
respectively. Based on UBC-97 Table 16-N, the re-
sponse modification factors (R) for these frames are
5.6 and 6.4, The higher R value for special concentri-
cally braced frames implies a more ductile system than
ordinary concentrically braced frames. In special con-

 centrically braced frames, all members and connections

should be designed and detailed to resist shear and flex-
ure. Also, any member that is intersected by a brace
should be continuous through the connection.

Based on the UBC-97 [Secs. 2213.8.2.5 and 2213.9.2.4)],
it is required that compression elements in special and
ordinary concentrically braces frames be compact sec-
tions in order to minimize the potentiality of local buck-
ling.

The width-thickness ratio (w/t) of angle sections should
be limited to

Y< -—5% ws] [10.5(=)]
Z s [10.5(b)]

Figure 10.8 Angle Sectioné

The outside diameter-wall thickness ratio (d/t) of cir-
cular sections should be limited to
d _ 1300

n < —F",;" [U.5] [10.6(a)]
d _T7.63FE
SR 5] [10.6(b)]

Figure 10.9 Circular Sections
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The outside width-wall thickness ratio (w/t) of rectan-
gular tubes should be limited to :

%51_1}% [USs] [10.7(a)]
w E
7o 5] [10.7(0)]

Figure 10.10 Rectangular Tubes

10-2 ECCENTRICALLY BRACED FRAMES
[UBC-97 SEC. 2213.1q]

Figure 10.11 illustrates the basic types of eccenirically
braced frames (EBF) in which at least one end of each
bracing member connects to a beam a short distance
from a beam-to-column connection or from another
beam-to-brace connection.® The short section of girder
between the brace end and the column is known as the
link beam. Types (a) and {b) are known as end link
EBFSs, and type (c) is known as the center link EBF.
EBFs may be inverted, and different EBF systems can

be mixed.

ok link haam
410
beam\ !)I
11
{a} end link {b) end link {c} center link

Figure 10.11 Types of Eccentrically Braced Frames

Bhis is exactly the type of design that engineers are taught to
avoid in traditional classes on structures, However, this is an area
pioneered by the works of Egor P. Popov. One of the earliest
Celifornia buildings to use this type of feature ig the 16-floor
Bank of America Regional Office and Branch Bank Building in
San Diego, which Popov assisted in designing.

The concept behind EBFs is that in low-to-moderate
ground shaking, a frame using them performs as a
braced frame rather than as a moment frame. There-
fore; the structure experiences small drifts, little if any
architecbural damage, and no structural damage. The
link beam is specifically designed to yield in a major
seismic event, thereby absorbing large quantities of seis-
mic energy and preventing buckling of the other bracing
members. To limit yielding to the link beam requires

' attention to detail at the connection. Figure 10.12 illus-

trates typical details. (Notice the use of web stiffeners
in the links to keep the web from buckling. These may
not be needed in every instance.)

complete welded

N moment connaction
eccantric link //" stiffenars

: "
+
y J,

r/ +

bolurn eraction

- ‘ boits stiffaner

diagonal

gusset

Figure 10.12  Detail of Original Eccentric
Link Design

There is also some evidence that the beam-to-column
connection should be at the lower end of the diagonal
rather than at the top. Tests seem to show that the
high ends are always stressed to yielding while the links
at the low end remain elastic. This is illustrated in

Fig. 10.13.

Figure 10.13 Typical Deflections of Eccentric Links

Section 2213.10 of the UBC-97 covers the design of
EBFs. Shear in the link beam and bay drift are the
primary design variables. Shear stress in the link beam
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is limited to (0.80)(0.55)F, = 0.44F, [UBC-97 Secs.
9913.4.2 and 2213.10.5]. The braces impose large axial
forces in the beams between two brace points. There-
fore, critical bending/axial stress loads usually occur

outside the link beam.

The shear force on a link beam—either end link or cen-
ter link—is equal to the story shear times the story
height divided by the distance between the column cen-
ter lines (i.e., the bay length). For a given story height
and distance between columns, framea with the same
story shear will have the same link beam shear, regard-
less of their geometries (i.e., end link EBF or center
link EBF). The load in each column is equal to the link
beam shear. (There ere two columns to carry the two

link beam shears.)

- F:h
Wiink beam = "E— [10.8]
Prolymn = Viink beem [10-9]
Hhraca —— Fx
column column
" Vbraca Vbral:u
a_ A i) a
| i " ] Pmlumn
P T |Vllnk baam L ‘l
column Fal g
Y ) L Viink boam

Figure 10.14 End Link Beam

Figure 10.14 illustrates an end link EBF, also known a8
a Type (a) EBF. The lacation of the link beam’s inflec-
tion point initially must be assumed until all member
gizes have been determined.” A location at mid-length
of the link beam is a reasonable initial assumption. The
fraction of the story shear carried by the inclined braces
compared to that cartied by direct moment frame ac-
tion (approximately 0.75) is equal to the ratio of the
distance between the points of inflection on the link
beams (shown in Fig. 10.14 as distance L'} to the bay

length, b.

. /
Ve = sk beem ‘;E“‘“L [10.10]
FL
Hpraee = I [10.11]

TThis iz & direct result of the need to weld the beam-column
connection in order to obtain & moment-resisting condition.

For & center link beam, also known as a Type (b) EBF,
the beam-to-column connection is normally “pinned” in
the frame's plane, and all of the lateral shear is taken
by the braces. The link beam point of inflection is at

the (vertical) centerline of the bay.?

Eh
Viink beam = —.:Er_
i L
Vhrm:a = ______Mlnlczbeum [10.12]
o
E .
Hproce = ?z' [10.13}
Peotumn = Viink beam
L
column 5 r
Hyraca I
b A
2 = 2 Vlink beam
h 1
hrace il
Hbruca :‘\

! frams centerline

TP column

Figure 10.15 Center Link Beam

10-3 STEEL STUD WALL SYSTEMS

Steel stud wall systems used to resist lateral loads gen-
erated by wind or earthquake should comply with UBC-
97 Sec. 2219. For ASD, the allowable shear value should
be determined by dividing the nominel shear value by a
factor of safety. The factor of safety is either 2.5 or 3.0.
For LRFD, the design shear value should be determined
by multiplying the nominal shear value by a resistance
factor (). The resistance factor is either 0.45 or 0.95.
All nominal shear values are given in UBC-97 Tables
99-VIII-A, 22-VIII-B, and 22-VII-C. Special require-
ments for seismic zones 3 and 4 are provided in UBC-97
Sec. 2220.

8:Phis is & direct result of the fect that the beam-column connec-
tion can be pinned.
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DETAILS OF SEISMIC-RESISTANT
MASONRY STRUCTURES

11-1 MASONRY STRUCTURES

The materials, design, construction, and quality assur-
ance of masonry should be in accordance with UBC-97

Chap. 21,

A. Design and Construction Provisions

Masonry structures should be designed by one of the
following methods.

1. Working stress design—For this method,
masonry-designed structures should comply with
the provisions of UBC-97 Secs, 2106 and 2107.

2, Strength design—For this method, masonry-
designed structures should comply with the pro-
visions of UBC-97 Secs. 2106 and 2108.

3. Empirical design—7For this method, masonry-
designed structures should comply with the pro-
visions of UBC-97 Secs. 2106 and 2109.

Masonry should also comply with the requirements of
UBQC-97 Secs, 2101 through 2105, which relate to ma-
terials and construction. Masonry units should be dry
at the time of placement. Specifically, the UBC-97 pro-
hibits wet or frozen masonry units from being laid. For
various temperature ranges, there are special require-
ments outlined in UBC-97 Sec. 2104.3.3. For reinforce-
ment, metal reinforcement should be placed prior to
grouting. Positioning bolts for reinforcement requires
templates or approved equivalent means to prevent dis-
location during grouting.

B. Seismic Provisions for Structural Masonry
Buildings

Special provisions for seismic resistance are given
in UBC-97 Sec. 2106.1.12. In particular, UBC-97 Sec.

2106.1.12.4 is concerned with provision.é for seismic zones
3 and 4.

(. Loads and Load Combinations

Masonry buildings and structures should be designed
to resist the load combinations specified in UBC-97
Chap. 16. Where strength (load and resistance) fac-
tor design is used, structures and all portions should
resist the most critical effects from the combinations
of factored loads provided in the UBC-97 (Sec. 1612.2).
When allowable stress design is used, the most critical
effects from the combinations of factored loads provided
in the UBC-97 [Sec. 1612.3] should be resisted by the
masonry structures. In addition, for seismic design re-
gardless of the applied design method, the special load
combinations of the UBC-97 [Sec. 1612.4] should also

be considered.

D. Masonry Construction Details

The strength of masonry structures is sensitive to ma-
terials, design, construction, and quality control. Qual-
ity assurance ensures that materials, construction, and
workmanship comply with the plans and specifications
and with UBC-97 Sec. 2105. Masonry that is con-
structed under the watchful eye of an expert or other
qualified person (as defined in UBC-97 Sec. 1701.2) is
entitled to higher design stresses. In particular, when
using working stress design, the allowable stresses for
masonry in UBC-97 Sec. 2107 must be reduced by 50%
if special inspection is not provided [UBC-97 Sec.

2107.1.2].

The following important points must be observed in ma-
sonry design for structures in seismic zones 3 and 4:

1. For columns, all longitudinal bars must be encir-
cled by lateral ties. The lateral ties give support
to the longitudinal bars. Based on the working
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stress design and strength design requirements for
reinforced masonry, the minimum and maximum
distance from the surface of the column to the lat-
eral ties and longitudinal bars are 1.5 in (38 mm)
and 5 in {127 mm), respectively [UBC-97 Sec.

2106.3.6].

In columns that are stressed by tensile or compres-
sive axial overturning forces from earthquake load-
ing, column ties should be spaced a maximum of
8 in (203 mm) for the full height of such columns.
In all other columns, column ties should be used
only in the tops and bottoms of the column with
the same maximum spacing of 8 in (203 mm) for
a distance of one-sixth of the clear column height,
18 in (457 mm), or the maximum column cross-
sectional dimension, whichever is greater [UBC-97
Sec. 2106.1.12.4, Item 1.

. Masonry shear walls must be reinforced with both

vertical and horizontal reinforcement. Reinforce-
ment should be continuous around wall corners
and through intersections.

. For masonry shear walls, the minimum require-

ment for the sum of areas of vertical and hori-
zontal reinforcement is 0.002 times the gross
cross-sectional areas of wall. Also, the minimum
ares of reinforcement in either direction must be
less than 0.0007 times the gross cross-sectional
area of the wall [UBC-97 Sec. 2106.1.12.4, Item

2.3].

. #4 bars are the smallest that may be used for

vertical reinforcement at each corner or wall in-
tersection and at the edge of any openings. Max-
jmum bar spacing is 4 ft (122 cm) [UBC-97 Secs.
2106.1.12.3, Item 2, and 2106.1.12.4, Item 2.3].

. {¢4 bars are the smallest that may be used for hor-

izontal reinforcement at the tops and bottoms of
walls and at the tops and bottoms of any openings.
Maximum bar spacing is 10 ft (305 cm) [UBC-97
Secs. 2106.1.12.3, Item 3, and 2106.1.12.4, Ttem
2.3).

. The minimum steel ratio (based on area bt) for

vertical and horizontal reinforcement is 0.0007 for
stack bond (open-end) concrete masonry unils
(CMUs) and 0.0015 for closed-cell CMUs [UBC-97

Sec. 2106.1.12.4, Ttem 2.4].

. Types O and N mortar are not permitted [UBC-97

Secs. 2106.1.12.3, Item 5, and 2106.1.12.4, Ttem 3].

E. Masonry Moment-Resisting Wall Frames

UBC-97 Sec. 2108.2.6.1 provides general requirements
for the design of fully grouted moment-resisting wall
frames constructed of reinforced, open-end hollow-unit
concrete or hollow-unit clay masonry. In designing &
masonry moment-resisting wall frame (MMRWF), the
primary requirement is to ensure a ductile response o

latersal forces.

Fig. 11.1 illustrates piers (columns) and beams in a
CMU wall. Beams interconnect vertical elements of the
lateral-load resisting system. For the beams, clear span
should not be less than twice the depth. The minimum
nominal depth of the beam should be two units or 16 in
(406 mm), whichever is greater. The ratio of nominal
beam depth to nominal beam width should be less than
six. As for piers, the maximum nominal depth is 96 in
(2438 mm). The minimum nominal depth is two full
units or 32 in (813 mm), whichever is greater. These
dimensions ensure that fexural yielding wiil be limited
to the beams at the face of the piers and to the bottom
of the columns at the base of the structure.

F. Allowable Shear Stress

The allowable shear stress in s masonry wall depends on
the compressive strength of the masonry, fr.. When in-
plane flexural reinforcement is present, the maximum
allowable shear stress is 35 psi {240 kPa). Similarly,
with shear reinforcement (i.e., the horizontal steel) tak-
ing all the shear, the maximum shear stress is 75 psi
(520 kPa) {UBC-97 Sec 2107.2.9). The allowable shear
gtress on reinforced walls without special inspection is
always half of what is permitted with special inspection
[UBC-97 Sec. 2107.1.2]. Horizontal steel must be pro-
vided to carry all shear stress higher than the allowable
value. While the horizontal steel is used for shear, it
is normal practice to have the same reinforcement ra-
tio horizontally and vertically. Unreinforced masonry
walls are not permitted in seismic zones 3 and 4 [UBC-
07 Sec. 2106.1.12.4, Ttem 2.3]. Therefore, the empirical
design method [UBC-97 Sec. 2109] and UBC-97 Table
21-M (“Allowable Compressive Stresses for Empirical
Design of Masonry") cannot be used in those zones.
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DETAILS OF SEISMIC-RESISTANT -

WOOD STRUCTURES

12-1 WOOD STRUCTURES

The quality and design of wood members and their
fastenings should be in accordance with the UBC-07

Chap. 23.

A. Design and Construction Provisions

Wood structures should be designed by one of the fol-
lowing design methods.

1. Allowable stress design. For this method, wood
designed structures should comply with the pro-
visions of UB(C-97 Sec. 2305 and Chap. 23, Div. I;
Div, II, Part I; and Div. III.

2. Conventional light-frame construction. For this
method, wood designed structures should com-
ply with the provisions of UBC-97 Sec. 2305 and

Chap. 23, Div. IV,

The Load and Resistance Factor Design (LRFD) meth-
od for wood construction is adopted by reference in
UBC-97 2303.5.54. LRFD currently is an aiternate de-
sign procedure to the traditional allowable stress design
method as prescribed in the National Design Specifica-
tion (NDS). Provisions for the design of wood build-
ings in UBC-97 Chap. 23, Div. III are based on the
1991 NDS. (NDS, published by the American Forest and
Paper Association, is a nationally recognized guide for
wood structural design.) The NDS method incorporates
factored loads and design provisions and guidelines for

' structural lumber, glued-laminated timber, poles and

piles, connections, I-joists, structural composite lumber,
trusses, structural panels, shear walls and diaphragms,
and structural framing connections.

B. Seismic Provisions for Structural Wood
Buildings

Special provisions for seismic load-resisting systems for
all engineered wood structures are provided in UBC-97

Chap. 23, Div. II, Part II. In particular, the UBC-97
Secs. 2315.5, 2319, 23204, and 2320.5 esre concerned
with provisions for seismic zones 3 and 4.

C. Loads and Load Combinations

Wood buildings and structures should be designed to
resist the load combinations specified in UBC-97 Chap.
16. Where allowahle stress design is used, the most
critical effects from the combinations of factored loads
provided in the UBC-97 Sec. 1612.3 should be resisted
by the wood structures. When load and resistance fac-
tor design is applied, structures and all portions should
resist the most critical effects from the combinations of
factored loads provided in the UBC-97 Sec, 1612.2. For
seismic load-resisting systems for all engineered wood
structures, the special load combinations of the UBC-
97 Sec. 1612.4 should also be accounted.

12-2 WOOD SHEAR WALL AND WOOD
STRUCTURAL PANEL DIAPHRAGM
DESIGN CRITERIA

Design of wood shear walls and wood structural panel
diaphragms requires consideration of diaphragm ratios,
horizontal and vertical diaphragm shears, and connec-
tor/fastener values.!

Figure 12.1 illustrates the types of wood structural
panel sheathing used to construct dizphragms. Diag-
onal sheathing, consisting of 1-in (25-mm) (nominal}
sheathing boards laid at an angle of approximately 45
degrees to the supports, can also be used [UBC-97 Sec.

2315.3.1].

IThe UBC-87 also specifies in Sec. 2315.1 that diaphragm deflec-
tion must be limited to the "permissible deflection” of attached
distributing and resisting elements such as walls. Permissible de-
flection 18 defined 83 o deflection that maintains the structural
integrity when loaded, that is, deflection that can support the
loads without endangering the occupants. {See Sec. 7-15.)
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In addition, there are special requirements for seismic
zones 3 and 4, introduced in the following subsections.

load blocking if used

load
[ n |
EEE R g (11T TTEERE]
o i I HIHGE
s e s st A [T
Case 1 diaphragm Case 2

boundary

load load

i
TS g

] ’ L
Case 3 - continuous panel joints -~ Case 4

load load framing
blocking

blocki
a7 4
= o \L _:t
~ N
hy —— ’.’ i + y

Case & X continuous panet <~ Case @

A

Figure 12.1 Types of Wood Structural Panel
Diaphragm Sheathing

A. Framing [UBC-97 Sec. 2315.5.2]

Collectors (i.e., drag struts) are required. Openings in
diaphragms require perimeter framing.k Such perimeter
framing must be detailed to distribute shear along its
length. Diaphragm plywood cannot be used to splice
the perimeter members. Chords must be in the plane
of the diaphragm unless it can be shown that chords in
other locations of the walls will work. (See Fig. 12.2.)

steel reinforcing
serves as chord
to take tension

bond block

roof
woaod structural panel

ledge

Figure 12.2 Chord in the Plane of a Diaphragm

B. Wood Structural Panels [UBC-97 Sec. 2315.5.3|

For types of wood structural panel diaphragm sheathing,
see Fig, 12.1.

Wood structural panels must be of the exterior glue
type. For wood structural panel diaphragms and shear
walls, sheets must be at least 4 ft by 8 ft (122 cm by 244
cm), except at edges of the diaphragm where pieces with
2 minimum dimension of 2 ft (61 cm) may be used.?
Wood structural panel sheathing can be used to splice
members that are not placed in cross-grain tension and
bending from the splicing nails.

Particleboard with type M or better exterior glue can be
used in shearwall construction [UBC-97 Sec. 2315.5.5].

Though wood structural panel can be used for splic-
ing members in shear [UBC-97 Sec. 2315.5.3), it cannot
be used to splice collector and perimeter members that
carry tension and compression [UBC-97 Sec. 2315.5.2].

Per UBC-97 [Sec. 2319.3], in resisting horizontal forces,
horizontal and vertical diaphragms may be sheathed
with wood structural panels; however, the horizontal
forces should be equal to or less than those established
in Table 12.1 {corresponding to UBC-97 Table 23-II-
H) for horizontal diaphragms and App. J of this book
(corresponding to UBC-97 Table 23-T1-I-1} for vertical

diaphragms.

When both faces of shear walls are sheathed with the
wood structural panels in accordance with Table 12.1,
allowable shear for the wall may be taken as twice the
tabulated shear for one side assuming the shear capac-
ities are equal. Otherwise, the aliowable shear should
be taken as either the shear for the side with the higher
capacity or twice the shear for the side with lower ca-

pacity, whichever is greater,

C. Requirements for Resisting Horizontal
Forces in Concrete/Masonry Buildings
[UBC-97 Sec. 2315.2]

In buildings with concrete or masonry walls, wood hor-
izontal foor and roof trusses and disphragms can be
used to resist seismic and wind forces as long as such
forces are not resisted by intended torsion or rotation
of the trusses or disphragms.” Vertical shear walls can
be used to resist horizontal shear in concrete or ma-
sonry buildings up to two stories in height ag long as
certain requirements are met. For example, wall heights

2pieces even smaller than 2 ft (61 cm) may be used if all edges
are properly blocked.

3UBC-97 Sec. 2315.1 states that diaphragms are to b considered
incapable of supporting rotstion (torsion). Also, see Sec. T-12.
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Table 12.1 -

Allowable Shear for Horizontal Wood Structural P

anel Diaphragms with Douglas Fir-Larch

or Southern Pine Framing® (pounds per foot)
(See Fig. 12.1 for cases.)

. [UBC-97 Table 23-1-H]
HILOCKED DAPHAAGMS UNBLOCKED DIAPHRAGMS
Hslt lplcln'u {fnn} st dinphragm boundariss (sfl
-1 casan), st conlincoua panel sdges pacalisl to load
{Cases J and 4) snd ut all panel edges Halls spacad 8 Ia {152 mm) maz,
{Canan Eand 8) Al aupported adgas
® 254 lor mm
MINIMUM "
MINIMUN FOMINAL 8 | & [ aw | 2
MINIMUB NAIL NOMINAL WIOTH OF Nalt npactag {ln.) at clhar pansl sdgea Caza 1 {Na All other
PERETRATION PAMEL FRAMING % 25.4 for mm blocked edges or conflgurstions
IN FRAMING THICKNESS MEMBER Jolnts {Cesan 23,45
CONON finchas) finchea) inches) e | ¢ | & 1 3 paralisfla fosd) and )
PANEL GRADE SIIE * 254 far mm ¢ 0.0148 for Wimm
2 185 250 75 420 165 125
& L e a | 20 | 20 | 40 | 47 185 140
2 270 360 530 600 240 180
Structural Bd %5 % 3 00 | 400 | 660 | 675 265 200
2 ago 425 640 730 285 215
104" s W 3 360 | 480 | 720 | 820 320 240
" 2 170 225 336 380 150 110
1 3 180 250 380 430 170 125
&d 14

3 2 185 250 375 420 165 125
’ 3 210 | 280 | 420 | 475 185 140
2 240 320 480 545 215 180

CD, GG, 3y
Sheathing. a 270 360 540 §10 240 180
and other grades ad " " 2 255 340 505 575 230 170
cavered in UBC 4 1 3 285 380 570 645 255 190
Standard 23-2 or 233 o 2 | 20 | 60 | 530 | 600 240 180
= 3 300 400 B0 675 265 200
W 2 290 85 575 855 255 190
- 1 a 325 430 650 735 290 215
. 2 320 425 640 730 . 285 215
" 3 360 480 720 820 az0 240

along intermediste framing members,
Allowable shear values for nails in framing members of 0

"Thase values are for short-time loads due to wind or earthquake and must be reduced 25 percent for normal loading, Space nails 12 in {305 mm}) on center
ther specles set forth in Part IIT of Division IIf shalf be calculated for all other grades by multiplying the

shear eapacities for nails in Structural 1 by the following fuctars: 0,82 for species with specific gravity greater than or equal to 0.42 but less than 0.48, and 0.65

for specles with a specific gravity less than 042,
TFraming at ndjoining panel edges shall be §-In (76-mm) no

minal ar wider and nails shall be staggered where nails are spaced 2 in (61 mm) or 2'4 in (64 mm) on

center.
3Framing ot adjnining panal edges shall be 3-in (76-mm) nominal or wider and nails shall be staggered where 10d nails having penetraticn into framing of more

than 1% in (41 mm) are spaced 3 in (76 mm) or less on center.

Reproduced from the 1997 edition of the Uniform Suilding Code™, capyright () 1997,
with the permission of the publisher, the International Conference of Building Officials.

must be less than 12 ft (366 cm), and deflection/drift
cannot exceed 0.5% (0.005 times story height as de-
fined in Sec. 1630.10). Per UBC-97 [Sec. 1633.2.9], de-
sign seismic forces for flexible diaphragms that provide

lateral support for shear walls of masonry or concrete

should be determined using a structure response modi-
fication factor (R) of 4 or smaller, Other requirements

apply.

12-3 WOOD STRUCTURAL PANEL

SHEAR WALLS

The design of wood structural panel-sheathed shear

walls is covered in UBC-97 Sec. 2315, and in partic-
ular, Sec. 2315.5. Appendix J of this book, “Allowable

Shear for Wind or Seismic Forces for Wood Structural
Panel Shear Walls with Framing of Douglas Fir-Larch
or Southern Pine” (corresponding to UBC-97 Table 23-
II-I-1), gives the nailing schedule and other details for
the design and analysis of such walls.

In seismic zone 4, unblocked shear walls are prohibited.
Shear walls may suffer major damage or complete fail-
ure in the event of severe earthquakes due to inadequate
nail edge distance into 2-in (51-mm) nominal framing
members. For seismic zones 3 and 4, where allowable
shear for shear walls exceeds 350 Ibf/ft (5.11 N/mm),
foundation sill plates and all framing members receiv-
ing edge nailing from abutting panels should be 3-in
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(76-mm) nominal members [UBC-97 Teble 23-I-1-1,
Fto. 3]. :

12-4 DIAPHRAGM RATIOS

Maximum aspect ratios of diaphragms are limited to
the values listed in Table 12.2 {corresponding to UBC-

97 Table 23-11-G).

Table 12.2

Maximum Diaphragm Dimension Ratios
[UBC-97 Table 23-II-G]
(This table is not applicable to subfioor-underlayment.)

HORIZONTAL SHEAR
DIAPHAAGMS WALLS

MATERIAL
Maximum Maximum
Spen-Width Hefght-Width
. Asllos Astion
1. Dingonal sheathing, conventional a1 11
2. Dingonal sheathing, special 4:1 21
3. Wood structural panels and 41 2:1%
particleboard, nafled all edges
4. Wood structural panels and 41 4
particlebonrd, blocking omitted ot
intermediate joints

¥ Seismic Zones 0, 1, 2 and 3, the maximura ratio may be 2:1.

31 Selsmic Zones 0, 1, 8 and 3, the maximum ratio may be 3¥x:1.

3y Seismic Zone 4, the maximum ratio may be 3%1 for walls not
exceading 10 ft (3048 ram) in height on one side of the door to o
one-story Group U Occupaney.

‘Not permitted.

Reproduced from the 1997 edition of the Uniform Building
Code™, copyright @ 1997, with the permission of the publisher,
the International Conference of Building Officials.

12-5 WOOD STRUCTURAL PANEL
DIAPHRAGM CONSTRUCTION DETAILS

A wood structural panel must be nailed continuously
along its edges (edge nailing) and throughout its interior
(field nailing) to achieve full development of the sheet.
Table 12.1 (UBC-97 Table 23-II-H) specifies the edge
nail spacing required to carry a particular shear load.
The plywood is nailed to joisis, blocking, and ledgers,
s shown in Fig. 7.5.

All force elements must have a full transmission path
across the diaphragm. Collectors must frame into suit-
able walls or other collector elements. Continuity ties
are required between adjacent edges of sheathing where
edge nailing from the sheathing places the framing
member below in cross-grain tension (see Sec. 12-9).

Figure 12.3 illustrates how ties can be used to transmit_

tension and compression forces through a perpendicular
girder. .

glulam beam or purlin

WS Y -
purlin oF / additianal holdowns
special tls members where required
-~ T T~
[y SN SO Ry Hp~
- | J ) (R I, I — 1 -~
= gk 1@&_&;,%
holdowns \ tie bolt
plan
z| o o 0O © J:
sectlon

Figure 12.3 Typical Seismic Tie

12-6 BLOCKING

Beams, rafters, and joists should be supported laterally
to prevent rotation or lateral displacement. The shear
transfer action is provided by blocking (see Fig. 12.1).

Bloclding in accordance with UBC-97 Sec. 232(.12.8 pro-
vides lateral support and prevents long joists from
buckling—that is, “rolling out" or rotating out from
under the members the joists support. When & joist
buckles, its moment of inertia in the plane of support
decreases significantly. Blocking is typically toe-nailed
to the joists.

A blocked diaphragm is one in which all edges of the
wood structural panels not falling on structural framing
members are supported on and connected to blocking.

12-7 SUBDIAPHRAGMS

A subdiaphragm, as defined in UBC-97 Sec. 2302, is “a
portion of a larger wood diaphragm designed to anchor
and transfer loecal forees to primary diaphragm struts
and the main diaphragm.” For example, in Fig. 12.4,
the lateral forces from the masonry wall are transferred
to the subdiaphragm through the anchor ties. The sub-
diaphragm span is the distance between the end shear
wall and the center diaphragm strut. The anchor ties
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run the full depth of the subdiaphragm. The subdi-
aphragm should be designed as if it acts alone in trans-
ferring the tie forces developed in the anchor to the

shear wall and strut.

main diaphragm span

1 1 L 1 1 T 1 I 1 L
o shear wall || - shearwall
= i |~ diaphragm -
o direction of strut H
o earthquake {or cross
g forces ties)
=1
‘E. | subdiaphragm{|
2 | \ I
£{ i
'E" ’ | | subdiaphragm
1 dapth
anc:;:; - subdiaphragm span
subdiaphragm masanry
chords wall

Figure 12.4 Subdiaphragm

The maximum length-to-width ratio for a wood struc-
tural subdiaphragm is 2.5:1 [UBC-97 Sec 1633.2.9].
Therefore, the subdiaphragm depth limits the length of
anchor ties required. The lengths of diaphragm struts
and cross ties at diaphragm discontinuities are similarly
limited, as shown in Fig. 12.5.

subdiaphragm
strut or achar tie

( /subdlaphragm
! sub- |
diaphragm
depth
<( ! f \diaphragm
shearwalls Subdiaphragm span strut
direction of

aarthquaka forces

Figure 12.5 Subdiaphragm Limiting Strut Length

12-8 CONNECTOR STRENGTHS

Connectors, or fasteners, for wood are typically nails,
lag bolts (i.e., pointed bolts installed in pilot holes from

one side), and machine bolts (i.e., nutted bolts). Con- -

nectors can fail in one of several ways, Connectors,
particularly nails, can pull out; wood in shear connec-
tions can fail in bearing; connectors can fail in shear
or bending. (Since they are much stronger than the
wood pieces they connect, the connectors seldom fail in

tension.)

It is generally unnecessary to deal with properties of the
connectors such as yield strength in shear, longitudinal
friction factor, and so on. The UBC-97 provides tables
of allowable loads for various types of connectors.! (See
Tables 12.3 and 12.4.)

A. Nails [UBC-97 Sec. 2318.3]

Tables 12.3 and 12.4 {corresponding to UBGC-97
Tables 23-111-C-1 and 23-1I1-C-2) give the allowable
lateral force design values, Z, when a nail (box or com-
mon) is driven the specified distance perpendicular to
the grain. These tables apply to sinkers, smooth fram-
ing nails coated for easy penetration, only when values
are adjusted for wire diameter and penetration. Note
that values may be increased 30% for use in wood di-
aphragm calculations, although it is conservative not to
take the increase. The allowable lateral loads are two-
thirds of the table's values when nails are driven paral-
lel to the grain, Toe-nails may be used to support up
to five-sixths of the lateral load. However, toe-nailing
may not be used to connect diaphragms supporting con-
crete or masonry walls to ledgers in seismic zones 2,
3, and 4. In seismic zones 3 and 4, toe-nails may not
transfer lateral forces in excess of 150 Ibf/ft (2188 N/m)
from diaphragms to shear walls, drag struts (collectors),
or other elements [UBC-97 Sec. 1633.2.9, Item 5, and
Sec. 2318.3.1].

Table 12-5 (corresponding to UBGC-97 Table 23-III-D)
gives the maximum withdrawal loads for nails driven
perpendicular to the grain. Nails driven parallel to the
grain of the wood are not permitted to support with-
drawal loads. Other requirements for spacing and edge
distances are given.

Nails are to be driven so that their heads are flush with,
but do not fracture, the surface of the sheathing [UBC-
07 Sec. 2315.1],

B. Bolts [UBC-97 Sec. 2318.2]

Allowable lateral design values for bolts loaded in shear
in wood-to-wood connections are given in Tables 12.6
and 12.7 .(corresponding to UBC-97 Tables 23-1I1-B-1
and 23-ITI-B-2). The shear force permitted in members
used to connect wood to concrete or masonry is one-
half of the double-shear values in the table for a wood
member that is considered twice as thick as its actual
thickness. The values may be increased by one-third for
seismic loadings. ,

414 is also important to recognize that connector forces used in
wood-to-concrete and wood-to-masonry are limited by the
strength of the concrete and masonry. Inasmuch as the wood
is the weaker material, it seems logical that the wood provisions
wonld determine the design, but there is no guerantee of this.
Limitations are covered in UBC-97 Sec. 1923 for concrete and
Secs. 2106.2.14 and 2107.1.5 for masonry,
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160 SEISMIC DESIGN OF BUILDING STRUCTURES
Table 12.3 )
Box Nail Design Values (Z) for
Single-Shear {Two-Member) Connections???
{with both members of identical species)
[UBC-97 Table 23-I11-C-1]
side member . G = 055 G = 0.50 G =042
thickness t, neil length L nail dismeter D southern pine  Douglas-fir larch spruce-pine-fir
{inches) (inches) {inches) 2 Iba. Z Iba. 2 iba.
%25.4 for mm penny-weight %x4.45 for N
o 2 0.099 6d 55 48 38
2z 0.113 ad &7 59 47
3 0,128 10d 82 73 59
3l 0.128 124 82 73 59
32 0.135 16d 89 79 85
4 0.148 20d 101 90 73
4 0.148 30d 101 90 73
5 0.162 404 117 105 87
Yy 2 0.099 6d 61 55 47
21/ 0,113 8d 9 72 57
3 0.128 10d 101 87 68
3l 0.128 12d 10 87 68
342 0.135 16d 108 94 74
4 0.148 20d 121 105 83
4z 0.148 30d 121 105 83
5 0.162 40d 138 121 98
1 2l 0.113 Bd 79 72 81
3 0.128 10d 101 03 78
34 0.128 12d 101 93 79
342 0.135 16d 13 103 B6
4 0.148 20d 128 118 g6
4l 0,148 30d 128 118 96
5 0.162 40d 154 141 109
1%z 3 0.128 12d 101 93 79
31/ 8.135 16d 113 103 88
4 0.148 20d 128 118 100
42 0148 30d 128 118 100
7 5 0.162 40d 154 141 120
Yfyhulated laternl design values (Z) for nailed connections shall be multiplied by all applicable adjustment factors (see Division III,
Part I). -
2Tyhulated lateral design values (Z) sre for box nails inserted in side grain with mall axis perpendicular to wood fibers and with the
following nail bending yield strengths (Fys):
F,5=100,000 psi (690 N/mm?) for 0.099- (2.5-mm), 0.113- (2.8-mm), 0.128- (3.3-mm) and 0.135-inch-diameter (3.4-mm)
box nails,

F,5=090,000 psi (621 N/mm®) for 0.148- (3.8-mm) and 0.162-inch-diameter {4.1-mm) box nails.
3or other species and configurations, see Division i1, Part I

Reproduced from the 1997 edition of the Uniform Building Code™, copyright @ 1997,
with the permission of the publisher, the International Conference of Building Officials.
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Common Wire Nail Design Values (Z) for
Single-Shear (Two-Member) Connections

Table 12.4

1,23

(with both members of identical species)

[UBC-97 Table 23-111-C-2)
side member G = 0.55 ¢ =050 G = 0.42
thickness 25 nail length & noil diameter D southern ping Douglas-fir larch spruce-pine-fir
{inches) (inches) {inches) Z lba. Z lbs. Z lbs.
x25.4 for mm penny-weight x4.45 for N
1 2 0.113 6d 67 59 47
2l 0.131 8d 85 76 61
3 0,148 10d 101 90 73
al/s 0.148 12d 101 g0 73
32 0.162 16d 117 105 87
4 0.192 20d 137 124 103
4 0.207 30d 148 134 112
5 0.225 40d 162 147 123
51/ 0.244 50d 166 151 127
6 0.263 aod 188 171 144
34 2l 0,131 8d 104 80 70
3 0.148 10d 121 105 83
3l 0.148 124 121 105 83
3l 0.162 18d 138 121 96
4 0.192 20d 157 138 111
4 0.207 30d 166 147 119
5 0.225 40d 178 158 129
5Ya 0.244 50d 182 162 132
6 0.263 60d 203 181 149
1 3 0,148 10d 128 118 94
3 0.148 12d 128 118 96
Hh 0.162 16d 154 141 109
4 0.192 20d 183 159 124
41/ 0.207 and 192 167 131
5 0.225 40d 202 177 140
52 0.244 50d 207 181 143
g 0.263 60d 227 199 159
1Y 3 0.162 16d 154 141 120
4 0.192 20d 185 170 144
42 0.207 30d 203 186 158
5 0.225 40d 224 203 172
542 0.244 50d 230 211 175
6 0.263 s0d 262 240 191

Iahulated lateral design values (Z) for nailed connections shall be multiplied by all applicable adjustment factors (see Division III,

Part I).

I Tuhutated lateral design values (2) are for common wire

with the following nail bending yield strengths (Fys):

Fy,=100,000 psi (690 N/mm
F,4=90,000 psi (621 N/mm?) for 0.148- E
F,5=B0,000 psi (552 N/mm?) for 0.192-

Fyx=70,000 psi (482 N/mm

3) for 0.113- (2.9-mm), 0.131- (3.3-mm)

%) for 0.244- (6.2-mm) and 0.263-inch-dismeter (6.7-mm

SFor other species and configurations, see Division III, Part L

Reproduced from the 1997 edition of the Uniferm Building Code™, copyright (c) 1997,
with the permission of the publisher, the International Conference of Building Officials.
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3.8-mm) and 0,162-inch-diameter (4.1-mm) common wire nails,
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Table 12.5
Nail and Spike Withdrawal Design Values (W)!?
(UBC-97 Table 23-111-D]
Tabutated withdrawal design values { W) are in pounds per inch of penetration into side grain of main member.
specific common wire nails, box nails and common wire spikes diameter, D
gravity,
G ' 0.009" 0.113" 0.128" 0.131" 0.135” 0.148” 0.162" 0.192" 0.207" 0.225" 0.244" 0.263" 0.283" 0.312" 0.375"

southern
pine 0.58 31 35 40 41 42 46 50 59 64 70 76 81 88 97 116
Douglas-fir
larch 050 24 28 31 32 33 35 40 47 50 55 &0 64 69 7% 6l
spruce-pine-
fir 042 16 18 20 21 21 23 26 it} 33 35 38 41 45 49 59

!Tabulated withdrawal design velues (W) for nail or spike connections shall be multiplied by all applicable adjustment factors

ssee Division ITI, Part I).
For other specles and configurations, see Division I, Part L

Reproduced from the 1997 edition of the Uniform Building Code™, copyright (c) 1997,
with the permission of the publisher, the International Conference of Building Cfficials,

Table 12.6
Bolt Design Values (Z) for Single-Shear
(Two-Member) Connections*>*
(for sawn lumber with both members of identical species)
[UBC-97 Table 23-T1-B-1]

G = 0.55 southern pine G = 0.50 Douglas fir-larch G = 0.42 spruce-pine-fir

thickness
main member lm side member {s bolt diameter D
(inches) {inches} {inches}) Zy ba. Zoy lbs. Zmy lbs Zplbs. Z,0 lba. 2, lbs. Zy lbs. Z,; Ibs. 2y Ibs.
x25.4 for mm x4.45 for N
11/ 1Yz 1/ 530 330 330 480 300 300 410 240 240
5 660 400 400 600 360 360 510 290 200
Y 800 460 460 720 420 420 610 340 340
fa 930 520 520 850 470 470 710 380 380
1 1080 58¢ 580 970 53D 530 B10 430 430
3l 12 e/ 660 400 470 610 370 430 540 320 370
8/g 940 560 620 B8O 520 540 780 410 430
34 1270 660 690 1200 580 810 1080 450 480
s 1680 720 770 1590 630 680 1340 490 540
1 2010 770 830 1830 680 740 1530 530 580
542 1Y 5/ 940 560 640 880 520 590 780 410 520
Iy 1270 660 850 1200 590 790 1080 450 690
/a 1680 720 1090 1500 630 980 1440 490 760
1 2150 770 1190 2050 680 1060 1760 530 830
iz . 1Y 5 940 560 640  BSOD 520 580 780 410 520
Y 1270 660 B50 1200 590 790 1080 450 540
/s 1680 720 1090 1580 630 1010 1440 460 890
1 2150 770 1350 2050 6BO 1270 1760 530 1110

'Tohulated lateral design values (Z) for bolted connections shall be multiplied by all applicable adjustment factors (see

Division III, Part I}.
*Tabulated lateral design values {2) are for “full diameter” holts with & bending yield strength {Fys) of 45,000 psi {310 N/mm®).

3For other species and configurations, see Division ITT, Part I

Reproduced from the 1997 edition of the Uniform Building Code™, copyright (c) 1997,
with the permission of the publisher, the International Conference of Building Officials.
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Table 12.7
Bolt Design Values (Z) for Double-Shear
(Three-Member) Connections® %2
(for sawn lumber with all members of identical species)
[UBC-7 Table 23-T11-B-2]

G = 0,55 southern pine G = 0.50 Douglas fir-larch G = 0.42 spruce-pine-fir

thickness
main member fm side member Is bolt diameter D
(ll:lchBE) (inches) (mches) Z|| Ibs, Z,y Ibs. Zmx Ibs. Zy Ibs. Z,5 lbs. 2y Ibs. Z" Ibs. Z,3 lbs. Z2ma lbs.
3 %25.4 for mm x4.45 for N
' 12 - 1Y/ i 1150 800 550 1050 730 470 880 640 370
5/ 1440 1130 610 1310 1040 530 1100 830 410
34 1730 1330 660 1580 1170 590 1320 aa0 450
s 2020 1440 720 1840 1260 630 1540 970 490
1 2310 1530 770 2100 1350 680 1760 1050 530
o 3t 1Y Ya 1320 800 940 1230 730 860 1080 640 740
3 5a 1870 1130 1290 1760 1040 1190 1570 830 950
e 31 2550 1330 1550 2400 1170 1370 2160 a00 1050
fa 3360 1440 1680 3280 1260 1470 2880 970 1130
l~— 1 4310 1530 1790 4080 1350 1580 34530 1460 1230
" 5Ya 1Ya 5 1870 1130 1200 1760 1040 1190 1570 830 1040
57 2550 1330 1680 2400 1170 1580 2160 900 1380
. s 3360 1440 2170 3180 1260 2030 2880 870 1780
1 4310 1530 2700 4080 1350 2480 3530 1050 1530
72 1Ya 5 1870 1130 1290 1760 1040 1180 1570 830 1040
- Yy 9550 1330 1690 2400 1170 1580 2160 900 1380
ok /g 3360 1440 2170 3180 1260 2030 2880 970 1780
i " 1 4310 1530 2700 4080 1350 2530 3530 1050 2240
I Tabulated lateral design values () for bolted connections ghall be multiplied by all applicable adjustment factors (see
a Divislon [, Part I). .
; ITuhulated lateral design values (Z) are for “full diameter” bolts with & bending yield strength {F,,) of 45,000 psi (310 N/mm?).
L 3For other species and configurations, see Division IT, Part L
: Reproduced from the 1997 edition of the Uniform Building Code™, copyright (c) 1997,
td with the permission of the publisher, the International Conference of Building Officials.
i
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C. Ties

Allowable loads on proprietary structural straps and
ties, as shown in Fig. 12.6, must be given by the man-

ufacturer of those ties. .

Figure 12.6 Typical Tie Installation

12-9 FLEXIBLE DIAPHRAGM TO WALL
CONNECTION DETAILS

There are many acceptable ways that flexible dia-
phragms can be connected to shear walls. (There are
even more methods of making connections to wood-
framed walls.) All acceptable methods provide an ua-
broken path for the force to follow from the diaphragm
to the foundation. (Any detail where the joists, ledgers,
or diaphragm merely sit on supports without positive
connection is unsatisfactory. Toe-nailing and nailing
subject to withdrawal are not permitted in seismic zones
2, 3, and 4 [UBGC-97 Sec. 1633.2.9, Item 5)).

wood structural edge nall

panel diaphragm\

joist

Ak /m'asonrywall

o

4

~ o2 T~ ladger bolting

ik

Figure 12.7 Inadequate Joist-Wall Framing

jolst hanger
continuous wood ledger

Figure 12.7 shows a detail for a wall into which the joist
{which meay also be called a purlin or other framing
member term) ends the frame. The lateral force from

the diaphragm travels from the plywood through the
edge nails into the ledger. (A ledger may also be called
-a nailer or sill) A diaphragm shear force parallel to
the masonry wall will continue through the ledger bolts
into the masonry wall and through the paralle] wall to

the foundation and ground.

wood structural
pane! diaphragm\

clipangle

: -._v.‘./masonrvwall

1 oo
.
-
|+
L

joist/';, L
[

{

bolt

o3
; :_.-"*!edgerbolting

Figure 12.8 Adequate Joist-Wall Framing for
Tension Forces

The framing method shown in Fig. 12.7 is not adequate
(nor is it permitted [UBC-97 Sec. 1633.2.9, Item 5]} for
forces perpendicular to the wall because of cross-grain
bending, (See Sec. 12-10.) Additional tension con-
nection straps, as shown in Figs. 12.8 and 12.9, must
be added [UBC-97 Sec. 1633.2.9, Item 4]. The ten-
sion connection should be continuously nailed back (i.e.,
strapped) a considerable distance into the diaphragm to
eliminate the high local tensile stress that would other-

wise occur.

Figure 12.9 illustrates the typical details of a connec-
tion using both anchor bolts (for the ledger) and an
embedded tie (for the joist®). Figure 12.6 illustrates
.yet another opticn.

wall tie at each joist
with three 1-in (13-mm)
diameter machine bolts

Add 1no. 4
horizontal bar ~
at anchors.

4-in {102-mm)
minimum

joist
anchor boits as shown

A
Il

{

15-in (38-mm) ([
|-

clearance
]

fedger
Contractor’'s option:
Wall tie may be placed
at bottom of ledger,

Figure 12.9 Ledger and Joist Tie

5 Ag Sec. 7-7 implies, the term joist may be replaced by purlin or
other framing member term.
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The framing for a wall parallel to the joists is shown in
Fig. 12.10. The design (i.e., using a ledger) is basically
the same as for the connections at the ends of the joists.
(Notice that the detail as shown places the ledger in
cross-grain bending. (See Fig. 12.11.) Ties would also
be required between the diaphragm and wall.)

waocd structural
panel diaphragm \

masoniy wall
I
I i d

b 17~ ledger bolting
Yl s

o

roof joists ledger

Figure 12.10 Joist-Parallel Wall Framing

The UBC-97 [Secs. 1605.2.3, 1611.4, and 1633.2.8.1]
require that (1) the connection between concrete and
masonry walls and floor and roof diaphragms must be
designed to resist the load combination of UBC-97 Secs.
1612.2 or 1612.3, using the greater of wind or seismic-
induced forces or a minimum horizontal force of 280
pounds per foot (4.09 kN/m) of wall, (2) the anchor
spacing cannot exceed 4 ft (122 ¢m) unless the well
is designed to resist bending between anchors, and (3)
the anchors must be grouted in place when they are em-
bedded in hollow masonry blocks or cavity walls.® For
flexible diaphragms (the usual case with wood-framed
diaphragms) in seismic zone 4, the minimum horizontal
force is increased from 280 to 420 pounds per foot (6.1
kN/m) of wall. (See Sec. 6-44 for special provisions re-
garding the connector design force in the center of the

diaphragm.)

12-10 CROSS-GRAIN LOADING

Cross-grain -bending and cross-grain tension in ledgers
and joists, as illustrated in Fig. 12.11, are not permitted
[UBC-97 Sec. 1633.2.9, Item 5].

B¢ i5 usually easier to specify a 4-ft {122-cm} anchor spacing than
to design the wall connection for bending.

concrate wall %
100,

sheathing

ledger

{a) cross-grain bending

) sheathing
3 m———

g [ B

waood joist

(b} cross-grain tension

Figure 12.11 Cross-Grain Bending and Tension

12-11 FRAMING FOR DIAPHRAGM
OPENINGS

It is not uncommon for a diaphragm to have openings
for skylights, furnace flues, stairwells, and so on. In
Sec. 2315.5.2, the UBC-97 requires that such openings
be completely blocked around the opening edges, with
such blocking framing into joists and other structural
members. The purpose of the framing is to redistribute
shears from areas adjacent to the openings around, or
past, the openings to other collection elements.

An opening in the diaphragm impeses the following two
requirements if the diaphragm is to operate correctly.

o The blocking arourid the perimeter of the opening
must transfer the unequal loads on each side of

the opening.

o The members around the perimeter of the open-
ing must run from wall to wall, with tension straps
used at corner connections to maintain continuity
of the members. (See Fig. 12.12.) It is common to
use double members for perimeter blocking. This
eliminates the prohibited practice of using the di-
aphragm wood structural panel to splice perimeter

woad.
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Figure 12,12

Framing an Opening

12-12 CRIPPLE WALLS

When the first level of a structure is constructed above
the original ground (i.e., raised foundation), the space
between the first level and the ground is referred to as
craw! space. The created crawl space varies in size de-
pending on the length of wooden stud walls used on
the top of an exterior foundation to support a build-
ing. These stud walls are termed cripple walls. The
UBC-97 provisions for the cripple walls are given in Sec.
2320.11.5. Bracing these short walls in accordance with

. UBC-97 Sec. 2320.11.3 prevents their failures during

earthquakes, which would cause damage to the entire
structure.

Solid blocking or wood structural panel sheathing may
be used to brace cripple walls having a cripple stud
height of 14 in (356 mm) or less. For those cripple
walls with stud heights exceeding 14 in (356 mm), the
UBC-97 requires that they be braced in accordance with
UBC-97 Table 23-IV-C-2.

PROFESSIONAL PUBLICATIONS, INC.
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TILT-UP CONSTRUCTION

A tili-up building typically uses precast structural pan-
els, a wood structural panel diaphragm roof supported
on wood joists or purlins, and either steel or glued-

laminated (glulam) wood girders.

Analysis of tilt-up concrete shear walls is essentially the
same as for cast-in-place concrete walls except that the
panel-to-panel, panel-to-ceiling, and panel-to-floor de-
tails become critical. Shear between two panels must
be developed by shear keys, dowels, or welded inserts.
Contact joints are assumed to develop no strength in
shear or in tension.

Tilt-up wall construction used in one-story industrial
and commercial buildings fared poorly in the 1971 San
Fernando and 1987 Whittier earthquakes. The main
weaknesses were found in the connections, or anchor-
ages, between the roof and walls, particularly between
main girders, purling, and joists and the walls, the con-
nection of the perimeter wood ledger to the wall, and the
nailing of the wood structural panel diaphragm to the
ledger. Basically, the walls moved outward, the girders
and purlins detached from the ledgers, and the roofs fell

to the ground.

Another problem with tilt-up construction occurs be-
cause each panel in a line (i.e., as part of a wall) is
separate from the other panels and therefore resists a
seismic load parallel to the panel in proportion to its rel-
ative rigidity. Since all of the panels are connected at
their tops and bottoms, al! will deflect the same amount.
However, solid panels will resist the seismic load in shear
(i.e., as a shear wall) while panels with large openings
such as windows or doors will resist the seismic load in
bending (i.e., as a beam).

caulk pracast panei
{typleal} // anchor boltm
N \ .

-t : !—-:: — d

Z

‘ \\ T shim /
plata as required

——5t0el column =,

typical
angle 2]
shim h
(a) (b}
castin pl
/ precast Pﬂnef\ Taillgs?eice

\!
————u

I
i

3I4Iin
{19 mm)

- typlical  extend alternate
r:asiti ]tg flﬁc& bars through
pilaster joints inta column

slab reinforcing

(c) {d}

precast [?anel
- | refn;f)?cm FN_
—k

] I \ slab reinforcing

cast in piace ‘extend alternata
bars through joints
into pour strip

dowels as required

(el {f)

Figure 13.1 Details of Tilt-Up Construction
Connections
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Connections, such as those at weld plates, to shear walls P
should be numerous and regular, with & maximum spac-
ing of approximately 4 ft (122 cm) along the top of the
shear wall, and such connections should be capable of -
transferring three times the expected lateral load. It is [
also necessary for each panel to be attached to the floor . i
to counteract the overturning moment. (See Sec. 7-19.) :
These details will prevent the poor performance that {
has been experienced in some previous earthquakes.

Openings in tilt-up walls have become so numerous that
a wall, with its openings and spandrels, is sometimes
more like a frame. The UBC-97 [Sec. 1921.1] defines a
wall pier as “a wall segment with a horizontal length-
to-thickness ratio between 2.5 and 6, and whose clear
height is at least two times its horizontal length.”

In the 1989 Loma Prieta earthquake, a number of “well-
designed” tilt-up buildings experienced differential
movement between the panel pilasters and the glulam
roof beams that sat atop the pilasters. Greater atten-
tion should be given to detailing the tie spacing at the
top of the pilaster to keep the anchor bolts from spalling
the pilaster concrete.
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SPECIAL DESIGN FEATURES

14-1 ENERGY DISSIPATION SYSTEMS

Various active and passive devices that reduce the mag-
nitude or duration (or both) of the seismic force are in
use or evaluation. These devices include active mass
systems, passive visco-elastic dampers, tendon devices,
and base isolation. Such devices may be incorporated
into a design when approved by the building official

[UBC-97 Sec. 1629.10.2].

14-2 BASE ISOLATION

The base shear experienced by a structure is, simplis-
tically, the product of the structure mass and the ac-
celeration (i.e., ¥ =ma). Little can be done to reduce
the mass of a structure in an earthquake, but the accel-
eration can be reduced if the structure is not attached
rigidly to its foundation. Application of this concept
is known as base.isolation or decoupling, and the con-
nections between the structure and the foundation are
known as isolation bearings. Base isolation is applicable
to bridges as well as to buildings.!

¢ is generally accepted that only bridges supported on box-
girders, less than 300 fi (31.4 m) long, and whose superstructures
are supported at avery pier (rather than being monolithic) are
true candidates for base isolation. Longer monolithic bridges are
already so flexible that their natural period is long enough fo
reduce stresses significantly. It is also usvally cheaper to design
the bridge pler foundations as moment-resisting members than to
specify base isolation in new construction (as opposed to retro-
fitting old bridges). The first new.bridge to use base isolation
was the Sexton Creek Bridge near Cairo, Dllinois, installed by the
Ilinois Department of Transportation. In 1986, the Metropolitan
Water District (MWD) of Southern Californin used base isola-
tion on its Santa Ana River crossing of the Upper Feeder pipe-
line. California’s Department of Transportation (CALTRANS)
has retrofitted several bridge structures in this manner.

In effect, the ground is allowed to move back and forth
under a building during an earthquake, leaving the
building “stationary.” Since the building theoretically
does not accelerate, it does not experience a seismic
force. In most cases of base isolation, the building is
partially constrained, but the concept is the same. This
can be done by “skewering” the base isolator with a
vertical rod surrounded by a clearance hole. It may-
be necessary to excavate a trench (or “moat") around
the building to allow for differential movement.2 Other
nonstructural considerations include attaching utility
service with flexible pipes and cables, as well as sus-
pending elevator pits from the basement.

» . ..,, -
N 16in {41-cm)

%se!smic-isolation %base isolator under:
N

SANAADN
N

Figure 14.1 Base Isolation (Foothill Center,
San Bernardino County, California)

gap each column

?Bvery building is different, but a seismic isolation gap of ap-

" praximately 12 to 16 in (31 to 41 cm) should be used, slthough

differential motion may need to be limited to less than the full
gep size. After that, the deflection control element takes over
and the building follows the earthquake motion. Refer to UBC-
97 Secs. 1633.2.11 and 1661.3.2 (Appendix Chapter 16, Div. IV).
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Bearings consisting of elastomeric (e.g., neoprene} alone
may be suitable for absorbing horizontal {thrusting)
loads, but metal is incorporated into designs that sup-
port vertical loads. There are three primary methods of
base isolation. These are supporting the building on (1)
large ball bearings sandwiched between plates, (2) elas-
tomeric bearings consisting of alternating layers of steel
(or lead) and rubber, and (3) traditional structural ex-
pansion joints consisting of a layer of Teffon and a layer
of rubber sandwiched between two steel plates. Com-
binations of these three methods (e.g., some bearings
and some expansion joints) are desirable from a cost
standpoint, since true bearings are costly. Some com-
binations work nearly as well as “pure” base isolation

systems.
holes through cuter

shims only—to receive
studs

rubber

__~ cylindrical
gfam core of lead &

:

cutaway showing thick auter
shims and thin inner onas

Figure 14.2 One Type of Isolation Bearing

Most base isolators consist of alternate layers of some
elastomer (i.e., rubber) and steel plate. Another type of
isolator i a Teflon-coated slider. Teflon sliders, though
capable of isolation, do not provide significant damping,
so it must be provided elsewhere.

The number of isolators necessary in an existing build-
ing depends on the type of foundation. A structure
with a continuous foundation eround its periphery may
require hundreds of small isolators to spread out the
building weight. However, a structure with a column-
like support system might require only one isolator per

column.
‘While base isolation is not yet in widespread routine
use, there is significant evidence that the technique is

successful.3 Natural building periods of structures us-
ing base isolation of the earliest designs have been more

3The firat now building to use base isolation wes the 1983 Foot-
hill Communities Law and Justice Center in San Bernardino,

than doubled, moving the structures into areas on the
response spectrum of lower acceleration. (See Sec. 5-
1.) In several recent earthquakes, most buildings ex-
perienced maximum accelerations at the roof well in
excess of the ground acceleration. However, buildings
using base isolation experienced accelerations from 25%
to 50% lower than the ground acceleration. Building
and bridge periods were 2 to 10 times larger than their

original values. '

It has been suggested that a building fitted with base
isolation will experience a Richter magnitude 8 earth-
quake as & magnitude 5 or 5.5 earthquake.4 Instrumen-
tation in the four-story Foothill Center illustrated in
Fig. 14.1 was operational during the April 1990 mag-
pitude 5.5 earthquake epicentered approximately 7 mi
away. {See App. C.) The base isolation system reduced
the seismic forces by almost-helf. The foundation ac-
celeration was 0.15 g but was only 0.08 g above the
isolators. Acceleration was 0.16 g at the roof. The ac-
celeration at two similar buildings spproximately 6 mi

“from the epicenter was 0.13 g at the ground and 0.39 g

at the roof.

One concern is that no base-isolated building has expe-
rienced a truly significant earthquake. Some engineers
are concerned that the elastomer will deteriorate, per-
haps due to atmospheric ozone or other contaminants in
the building, or that the bearing will “freeze up” after

mMany years.

Another possible problem with base isolation derives
from its very benefit—that of lengthening the natural
period of the building. A natural soil period on the
order of 3 or more seconds {as in cases where the soil is
“soft") may coincide with the lengthened period of the
building. This will produce resonance effects, such as
those that occurred in the 1985 Mexico City and 1989

Loma Prieta earthquakes.

Bage isolation is not suitable, economically or practi-
cally, for every building. One reason is that the base
isolation bearings must all, within reason, be located at
the same elevation. Buildings with footings that step
down hillsides, for example, are poor candidates for base
isolation. -

Only & short time ago, seismic isolators were “outside”
the provisions of the UBC and were considered exotic
and experimental. Now they are installed routinely as

California. (See Fig. 14.1.) Base isolstlon is commonly used
in the “ssismic-proofing” of existing historical structures, such as
the Salt Lake City and County Building (which opened in 1989),
since it 13 one of the few methods that does not require extensive

exterior worle.

4Time will tell.
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retrofit devices to add seismic protection to buildings
and bridges. Base isolation is now specifically permitted
(subject to the approval of the building official) [UBC-

97 Sec. 1629.10.2).

14-3 SEISMIC-ISOLATED DESIGN DETAILS

UBC-97 App. 16, Div. IV, “Earthquake Regulations for
Seismic-Tsolated Structures,” provides requirements for

every seismic-isolated structure. These requirements

are partly parallel to UBC-97 Chap. 16 [Sec. 1629),
“Barthquake Design Criteria Selection.” This appendix
defines the design lateral force for buildings and ele-
ments of structures based on a design displacement.
Design displacement is described as the deslgn-basis
earthquake (i.e., having a 10% probability of being ex-
ceeded in 50 years) lateral displacement, excluding addi-
tional displacement due to actual and accidental torsion
required for design of the isolation system. In addition,
the seismic-isolated structures should be designed to
withstand the maximum capable earthquake. In seis-
mic zones 3 and 4, the maximum capable earthquake
has a 10% probability of being exceeded in a 100-year
time period.

For the design of seismic-isolated structures, there are
some exceptions to the procedures and limitations pro-
vided by the UBC-97 [Sec. 1629] when considering seis-
mic zones, occupancy, site characteristics, structural
configuration, structural system, vertical acceleration,
and structural height. These exceptions are given in
UBC-97 App. 16, Div. IV [Sec. 1657].

For a seismic-isolated structure, the importance fac-
tor, I, is always 1.0 regardless of its occupancy cate-

 gory [UBC-97 Sec. 1657.3]. The stability of the vertical

load-carrying elements of the isolation system should be
properly substantiated by analysis and tests. The struc-
tural designation (regular or irregular} should be based
on the structural configuration above the isolation sys-
tem in accordance with the UBC-97 [Sec. 1629.5). The
response modification factor for the seismic-isolated
structures that primarily ensures elastic response of the
structure is denoted as R;. The values of R, are pro-
vided in UBC-97 Table A-16-E of App. 16, Div. IV, The
R values of the fixed-based structures are greater than
the R; values of the seismic-isolated structures,

As for the selection of a lateral response procedure, any
seismic-isolated structures can be designed by the dy-
namic lateral response procedure of the UBC-97 [Sec.
1659). The static lateral response procedure of the
UBC-97 [Sec. 1658] can only be used for design of
seismic-isolated structures that are listed in the UBC-
97 [Sec. 1657.5.2]. Mainly, these listed seismic-isolated
structures are required {1) to be structurally regular

in configuration, (2) not to be located within 6.2 mi
(10 km) of any active seismic source, (3) not to be con-
structed on soil-profile types Sg or Sp, (4) to be limited
to a maximum of four stories or 65 ft (19.8 m) in height,
and (5) to have an isolated effective period, T, greater
than three times the elastic fixed-based period of the
structure above the isolation system, while not exceed-
ing the maximum three-second limit of isolated effective
period, Ty

Based on the UBC-97 [Sec. 1658.4.3], the total design
base shear of the seismic-isolated structures, V;, deter-
mined by the static lateral response procedure should
be equal to or greater than the base shear for a fixed-
based structure having the same weight and period, the
design wind load, or the lateral seismic force required
to completely activate the isolated system factored by
1.5. The UBC-97 [Sec. 1658.5] provides for the distribu-
tion of the total design base shear over the height of the
seismic-isolated structure above the isolation interface
in accordance with UBC-87 Formula 58-9.

The maximum interstory drift ratio of the structure
above the seismic-isolated structure should not exceed

0.010/R,.

14-4 DAMPING SYSTEMS

Passive and active damping systems, like base isolation,
are in their infancy, at least in terms of large-scale use.
These systems increase the damping ratio of the build-
ing and, in so doing, decrease the amplitude of sway-
ing. Some involve moving blocks and counterweights,
while others, such as passive visco-elastic dampers or
friction dampers, are not much more than large shock
absorbers.> Those that require power for motors and
information from sensors for computers are known as
active systems; those that do not are passive systems.

Already used in some high-rise buildings to reduce wind
drift, active mass dampers are nothing more than multi-
ton blocks, usually of concrete or steel, suspended like a
pendulum by a cable or mounted on tracks in one of the
building’s upper stories. When the wind or an earth-
quake makes the building sway, a computer sensing the
motion signals a motor to move the weight in the op-
pasite direction, thereby minimizing or neutralizing the

motion.

Only a specific size of block will work in a building,
because the weight of the block depends on the build-
ing's weight, the location of the block, the lag time,

5Priction dampers heve more in common with devices used to ab-
sorh coupling shocks in railway rolling stock than with automobile
shock sbsorbers. .
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and the mode to be counteracted. Therefore, the mass
is “tuned” to the structure, and the systems are also
known as tuned mass dampers (TMD).

Active tendon and active pulse systems are similar, ex-
cept that the building is moved by hydraulic pistons in
the foundation or between stories instead of by a mass
at the top. The energy pulse usually only needs to be
applied once or twice each building motion cycle.

These devices typically reduce the lateral forces by one-
third to one-half while increasing the building weight
approximately 1%. They are also suitable for torsion
control when placed off-center in a structure.

The most significant drawback to active systems is the
fact that they require external power not only for the
computer but also for the motors driving the masses.
Further, the large masses currently in use ride on oil
bearings that take up to four minutes to pressurize.
Thus, while active systems are useful in reducing drift
during a predicted and slowly increasing windstorm,
such devices are not yet substitutes for proper seismic

design.

Active damping systems remain largely experimental,
An exception is located in Tokyo in the Kyobashi Seiwa
Building known for its extraordinary shape (11 stories
high and only 13 ft (396 cm) wide).

Most damping devices installed in buildings are pas-
sive. (One-of the best-known passive systems is located
on the top floor of the 59-story Citicorp Building in
Manhattan, where a 400-ton concrete-tuned block is

located.)

An Added Demping and Stiffness (ADAS) element is
p passive damping system that generally consists of a
combination of steel plates and spacers. The plates are
bolted to structural bracing at the plate tops and bot-
toms. As the top and bottom structural bracing mem-
bers displace relative to one another, the ADAS plates
bend (i.e., yield) and dampen vibrations. The advan-
tage of ADAS elements over conventional damping sys-
tems or shock absorbers is that ADAS elements contain
no moving parts and require no maintenance.

14-5 ARCHITECTURAL CONSIDERATIONS

Due to planned yielding, the inter-story deflections in
a major earthquake will be several times larger than
the elastic deflections that are calculated from the base
shear equation in the UBC-97. Therefore, damage to ar-
chitectural (i.e., nonstructural) items is likely. Even for

lesser-magnitude events, however, nonstructural items
must be properly detailed.®

Proper architectural detailing means providing proper

clearances for exterior cladding, glazing (i.e., glass),
wall finishes (e.g., marble veneers), interior partitions,
and wall panels. Chimneys in residential buildings must
be properly reinforced internally and securely strapped
to the building at the roof line. Some elements can be
free-floating—that is, they can move independently of
the building. Proper attention must be given to the
connection of these elements to the building.

To ensure that the occupants are able to get out of the
building, doors should be designed to remain functional.

Floor coverings must be capable of three-dimensional
movements.

All elements capable of falling and causing damage or
injury must be rigidly attached to structural members.
For example, suspended ceilings (e.g., tee-bar) and
lights in drop-in ceilings must be tied to ceiling members
above. Partitions, particularly those that do not run
floor-to-ceiling, require special attention.

Columnps in traditional moment-resisting frames are typ-
ically spaced 10 to 20 f (3 to 7 m) apart. This spac-
ing presents a challenge to architects when they try to
provide uncbstructed occupant space in high-rise build-
ings. Designers who want exterior column spacings
greater than this must use other techniques o increase
the strength of their buildings. Use of high-strength
concrete, braced cores, ductile frames, ductile outrigger
framing, and bandages are some of the techniques used.

Most trusses contain numerous axial members that are
arrenged in triangular sections. These triangular sec-
tions, though effective, make it difficult to include cor-
ridors (when in the core of the building} and windows
(when on the perimeter of the building) in the design.

With the ability to create efficient moment-resisting
joints, an increasing number of engineers are designing
trusses comprised of rectangular sections. Bridge-like
trusses comprised of rectangular sections with moment-
resisting joints are known as quadrangular girders, open-
web girders- or trusses, ductile frames, or Vierendeel
girders. In addition to providing unobstructed access
through the openings in the truss, these structures are
economical to build.

6This sentence probably should begin “Particularly for lesser-
magnitude events” because nobody wants architectural damage,
even in the more common small events,
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Figure 14.3 Vierendeel (Quadrangular) Girders

In-fill panels can either be given sufficient clearance so
that they are not crushed by the deflection of adjacent
structural elements, as in & panel forming a wall be-
tween two columns, or short sections of the panel (usu-
ally at its vertical edges) can be designed to be flexible
or much weaker and replaceable.” Buttresses—short
panel tees or wall returns—should be used to prevent

the panel from failing over.

Computer room floors that are raised on pedestals and
placed on unbraced stringers have fared poorly in past
earthqualees.

Equipment such as air-conditioning devices, motors,
pumps, tanks, piping, and air ducts must be securely
bolted to their foundations to prevent sliding and over-
turning. Mere use of clamps or clips to prevent over-
turning is inadequate because the equipment can slide
out from under the clips during an earthquake,

14-6 UPGRADING EXISTING
CONSTRUCTION

Structures built in prior years can be upgraded with
new features to make them more resistant to seismic
forces. Such an activity is known as refrafitting. Bridges
(some of which were heavily damaged in the 1971 San
Fernando and 1989 Loma Prieta earthquakes) can be
fitted with cable restraints and increased-capacity shear
keys to restrict longitudinal motion.

Nonductile concrete columns with rectangular cross
sections, built before the ductility requirements were
added to the UBC in 1973, have beer upgraded by being

T Care must be taken when using Hexible materials that they re-

msin flexible indefinitely. Foamed polyethylene and polysulfide .

products zppear not to meet this requirement.

wrapped in steel plates. Columns with round or non-
rectangular cross sections can be wrapped with steel
or composite fiber wire to give them greater ductility.
Carbon fibers are probably too brittle to be used to
wrap columns as a means of achieving spiral strand con-
finement. However, Kevlar fibers (the same material
used in most bullet-proof vests) show promise to wrap

columns.

Steel jackets are comprised of two semicircular portions
welded up the seams. Grout is injected inte the space
between the jacket and colump. Thickness of the steel
jacket depends on the loads expected.

The proper application of flat steel plates (“Vierendeel
bandages,” “Vlasovian bandages,” or just “bandages”)
at selected exterior locations on a structure can in-
crease resistance to seismic forces. Bandages do this
by increasing the torsional moment of inertia of the
structure (when the bandages are connected to core
framing members) and by providing alternate vertical
load paths (when the bandages are connected to load-
carrying members at different levels). Inasmuch as only
portions of a structure are covered, bandages are not
effective in containing concrete. Therefore, this tech-
nigue should not be confused with the encasement of
concrete columns in steel jackets.

Belting, as a means of upgrading an unreinforced ma-
sonry building, is a technique that extends long steel
rods horizontally from corner to corner, where the rods
are attached to plates on the building's corners. The
resulting “girdled” nature of the building is supposed
to keep the building’s walls from pulling away from the
building core during an earthquake. For this technique
to worlk, the rods must placed relatively close together,
and they must extend all the way up the building.

Although California has adopted seismic retrofit stan-

dards for hospitals, there are no national codes spe-
cifically governing the methods of retrofitting or
upgrading existing structures, For that matter, no one
rezlly knows how successfully retrofitted structures will
fare in an earthquake. Approximately 40% of the un-
reinforced masonry buildings that had been retrofitted
sustained damage in the 1987 Whittier earthqualke,
During the 1989 Loma Prieta earthquake, a four-story
unreinforced masonry building in San Francisco that
had been seismically retrofitted by belting suffered ma-
jor seismic damage.
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PRACTICE PROBLEMS

15-1 EARTHQUAXKES IN GENERAL

1. What is the lowest acknowledged numerical Richter
magnitude that would identify a major earthquake?

Answer

This is an ambiguous question since different people
would interpret the word “major” differently. In gener-
al, 2 moderate earthquake would have a Richter magni-
tude of 5, 2 strong earthquake would have a magnitude
of 7, and a great earthquake would have a magnitude

of 8 or higher. (See Sec. 2-3.)

2. What is the theoretical upper numerical limit on the
Richter magnitude scale?

Answer

There is no theoretical upper limit on the Richter mag-
nitude scale. (See Sec. 2-3.)

3. What does the Richter magnitude scale measure?

Answer

It is not clear what is intended by the word measure.
The Richter apparatus detects earth movement. The
numerical magnitude describes earthquake strength.
The numerical value represents a measure of energy re-
lease on a logarithmic scale. (See Sec. 2-3.)

15-2 BUILDINGS

1. What is the difference between stiffness and rigidity
as used in seismic consideration?

Answer

Stiffness is the force that will deflect a structuré elas-
tically a unit amount in a given direction. Rigidity—
strictly relative rigidily—is a normalized stiffness.
Whereas the stiffness of a single member can be used
in numerical calculations, rigidities can only be used
when forces are being distributed among several mem-
bers. (See Secs. 4-3 and 4-4.)

9. What is the difference between ductility and flexi-
bility s used in seismic consideration?

Answer

Flezibility is the reciprocal of stiffness. It is the elastic
deflection obtained when a unit force is applied. (See
Sec. 4-3.) Ductility is the ability of a material to dis-
tort and yield without fracture or collapse. (See Sec.
5-5.) Since flexibility deals with elastic deformation and
ductility deals with inelastic deformation, there is little
connection between the two concepts. .

3. What is the relationship between rigidify and the
variables of pier height, depth, and thickness?

Answer

Roughly, rigidity is proportional to the first power of
thickness and to the cube of pier depth and is inversely
proportional to the cube of pier height. (See Sec. 4-4.)

4, What is ductility?

Answer
Ductility is the ability of a material to distort and yield
without fracture or collapse. (See Sec. §-5.)

5. What is the ductility factor?
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Answer

The ductility factor of a material is the ratio of its strain
energy at fracture to its strain energy at yield. There
are other similar and related definitions. (See Sec. 5-6.)

6. What factors influence the ductility factor?

Answer

From a metallurgical perspective, temperature and pre-
vious stress-strain history influence the ductility of a
ductile material such as steel. The higher the temper-
ature, the greater the ductility. The more the material
has been worked or stressed in previous cycles or events,
the more brittle (the opposite of ductile} it becomes.
From a structural perspective, ductility depends on the
type of construction (i.e., steel or concrete), the struc-
tural system, the quality of construction, the detailing,
and the redundancy. (See Secs. 5-5 and 5-6.)

The strain rate can embrittle certain steels and welds,
a3 can the welding procedure and post-weld heat treat-
ments. Member orientation during rolling processes ean
glter stress-strain behavior, particularly in rolled plates.

7. What is the minimum recommended ductility fac-
tor?

Answer

It is not possible to specify a minimum recommended
ductility factor exactly because it depends on the type
of structure, construction material used, intended use
of the structure, and many other factors. However, the
ductility factor should be well in excess of 1.0 and seems
to be no less than approximately 2.2-2.5 for modern
structures. {See Secs. 5-5 and 5-6.)

8. What is ductile framing?

Answer

In its simplest interpretation, a structure with ductile
framing will not collapse even though its structural
frame has sustained significant distortion, misalign-
ment, and other yielding damage. (See Sec. 9-1.)

9. What is the principle reason for specifying a mini-
mum ductility factor?

Answer

The principle reason for specifying a minimum ductility
factor is to obtain a ductility margin (i.e., the ductility
between yield and collapse) sufficient to ensure surviv-
ability in a design earthquake.

10. Why will a theoretical analysis of elastic response
of a structure usually overestimate the stresses resulting
. from an earthquake? '

Answer

A structure will not behave totally elastically during an
earthquake. Local yielding at high stress locations re-
duces the seismic energy (i.e., the energy of oscillation)
initially present in the structure.

11. Describe the two components of drift.

Answer

Shear drift is the sideways deflection of a building due
to lateral (sideways) loads. Chord drift is the sideways
deflection due to axial (vertical) loads. (See Sec. 5-12.)

12. What is the P-A effect?

Answer

The P-A effect is an additional column bending stress
caused by eccentric vertical loads. (See Sec. 5-13.)

13. How are drift and the P-A effect related?

Answer

‘When a structure drifts, its vertical loads become eccen-
tric. The eccentric loading increases the column stress,
and the stress increase is called the P-A effect. (See
Secs. 5-12 and 5-13.)

14. What is the natural period of a building?

Answer

The natural period of a building is the time it takes the
building to complete one full swing in its primary mode
of oscillation. (See Sec. 3-8.)

15. What does the term redundancy mean as it is used
in the context of modern high-rise buildings?

Answer

Redundancy, as used in a seismic context, is synony-
mous with distributed ezcess capacity and multiple load
paths. A redundent design has a safety factor, but the
converse statement is not necessarily true. For exam-
ple, if a vertical 100-kip (445 kN) load is supported by
a single column having a 120-kip (534 kN) capacity,
the design will have excess capacity but no redundancy
since the structure will collapse if the column fails. If
the 100-kip {445 kN) load is supported by 12 columns,
each with a 10-kip (45 kN) capacity, the design will have
both redundancy and excess capacity.
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16. Has the recent trend in high-rise buildings been
toward increased or decreased redundancy? Why?

Answer

Redundancy is incressingly seen as a crucial character-
istic of high-rise designs. Multiple redindant load paths
greatly increase the reliability of a structure.

Since building members (e.g., columns, girders, and
shear walls) and details (i.e., column-girder joints) do
not always behave as intended (due to our meager
knowledge of the behavior of so-called ductile designs,
design or construction errors, and higher-than-expected
loading), the design should allow for the unintended loss
of all capacity in a small fraction of the members. The
tolerable loss of this excess capacity is the principle of
redundant design.

17. What causes torsional shear?

Answer

Torsional shear occurs when an earthquake acts on a
structure whose centers of mass and rigidity do not co-
incide. (See Sec. 5-14.)

18. What is negative torsional shear?

Ansuer

Negative torsional shear is the torsional shear on one
side of a structure that is opposite in sign to the shear
force, or direct shear, induced by the base shear. (See

Sec. 5-15.)

19. How should negative torsional shear be treated?

Answer

Inasmuch as the direction of an earthquake is not lmown
in advance, negative torsional shear should be disre-
garded—it may not be used to decrease the size of a
wall or other member. (See Sec. 5-15.)

20. What is the Rayleigh method and where would it

be used?

Answer

The Rayleigh method is a method determining the
mode shape of a multiple-degree-of-freedom system
through an iterative process. (See Sec. 4-19.)

21, Explain critical damping.

Answer

Critical damping is the amount of structural damp-
ing that causes oscillation to die out and return to the

equilibrium position faster than any other amount of
damping. (See Sec. 4-7.)

22. What is the damping ratio?

Answer

The damping ratio is the ratio of the actual damping
coefficient to the critical damping coefficient. {See Sec.
4-7.)

23. What is the practical range of damping ratios?

Answer -
Damping ratios of typical buildings range from approx-
imately 0.02 for steel-frame construction to around 0,15
for wood-frame construction. {See Sec. 4-9.)

24, To what extent does damping affect the natural
period of vibration of a structural frame?

Answer

Damping increases the actnal period of vibration slight-
ly, compared to the natural period of vibration. How-
ever, even with highly damped structures, the increase
is usually 1% or less. Therefore, the natural period is
used in the UBC-97 calculations and the effect of damp-
ing is disregarded. (See Sec. 4-10.)

25. What is a response spectrum?

Answer

A response spectrum is a graph of the maximum re-
sponse (acceleration, velocity, or displacement) to a
specified excitation of a single degree of freedom sys-
tem plotted as a function of the SDOF system’s natural

period. (See Sec. 5-1.)

26. How does the portal method deal with the effects of
column lengthening and shortening?

Answer
The portal method disregards changes in column length.
{See Sec. 8-2.)

15-3 STRUCTURAL SYSTEMS

1. Distinguish between a moment-resisting frame and
a special moment-resisting frame.

Answer

A moment-resisting frame has rigid connections be-
tween members (e.g., between girders and columns)
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such that moments applied to columns are partially
resisted by girder bending and vice versa. With suffi-
ciently large moments, however, even the elastic capac-
ity of such structural systems that share loads between
girders and columns can be exceeded. The integrity
and load-carrying ability of a special maoment-resisting
frame (previously known as a ductile moment-resisting
frame) will remain intact even after yielding has been
experienced. (See Sec. 6-21.)

9. What are bearing wall systems and boz systems?

Answer

Boz system is another name for bearing wall system.
A bearing wall system relies on shear and load-bearing
walls to carry dead, live, and seismic loads. (See Sec.

6-21.)

3. Generally speaking, which is more likely to have a
smaller natural frequency of vibration, a steel moment-
resisting frame or a concrete moment-resisting frame,
given equal heights and moments of inertia?

Answer

While the performance of both steel and concrete
frames are similar in this regard, some theoretical gener-
alizations are possible. The steel frame may be slightly
more flexible (smaller stiffness), producing a smaller fre-
quency and longer period. Also, the concrete frame
may have greater mass, producing & smaller frequency
and longer period. (The effect of damping on the pe-
riod is minimal.) The UBC-97 equation for period (see
Eqg. 6.8) clearly indicates that steel buildings generally
are expected to have longer periods (smaller frequen-

cies). (See Sec. 6-26.)

4. Which is more likely to have a larger damping ratio,
a steel or concrete moment-resisting frame?

Answer
Concrete construction generally hes a greater damping
ratio. (See Sec. 4-9.)

5. Are plastic hinges designed in columns, in girders,
or in both?

Answer

A plastic hinge forms when a member yields. The yield-
ing of 2 girder or of a girder-column joint may produce
distortion, floor and roof sagging, and misalignment
without collapse. The yielding of a column, however,
may lead to structural collapse. Therefore, unlike gird-
ers, columns should not be designed to form plastic

hinges.

6. What is the structural system called that does not
have a complete vertical load-carrying space frame?

Answer
Bearing wall systems, or box systems, use walls, not
frame members, to carry the vertical loads. (See Sec.

6-21.)

16-4 UBC

1. Describe how base shear is calculated according to
the UBC-97 equation.

Answer

The base shear is calculated as an equivalent static load-
ing based on a fraction of the structure weight. Terms
are included to account for the seismic zone, building
occupancy, building period, soil-profile type, proximity
to known faults, and structural system. (See Sec. 6-30.)

9. Which of the terms in the base shear equation can
be equal to 1.07

Answer

The importance factor (I} can have a value of 1.0. It is
also possible for the natural structure period (T) to have
a calculated value of 1.0 sec. The near-source factors
N, and N, can have values of 1.0, but these are not in
the base shear equation. However, they are needed for
calculating the site-specific velocity and acceleration-
controlled seismic base shear coefficients (C, and Cj).
(See Secs. 6-14, 6-17, 6-18, and 6-26.)

3. In the application of the base shear formula, what
factor of R should apply if a structure is a steel
eccentrically braced frame in one direction and a con-
crete shear-wall building in the orthogonal direction?

" Answer

Since the structure's performance is analyzed indepen-
dently for earthquakes in the two orthogonal directions,
the structure is treated as an eccentrically braced frame
building (R = 7.0) for an earthquake in one. direction
and as a shear-wall building (R = 4.5) for the orthogo-
nal direction. (See Sec. 6-21.) -

4. Explain in general terms how the base shear is dis-
tributed in a horizontal plane to the various resisting

elements.

Answer
The base shear is distributed to the resisting elements
in proportion to their rigidities. (See Sec. 4-4.)
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5. Draw the seismic force diagram acting on a multi-
story building.

Answer

Refer to Fig. 6.15(a), Sec. 6-35, or Fig. 6-20, Sec. 6-42.

6. Draw the cumulative shear diagram acting on a
multi-story building.

Answer

Refer to Fig. 6.15(b), Sec. 6-35.

7. What is the UBC-97 building height limit for or-
dinary shear-wall construction in & bearing-wall struc-
tural system located in seismic zones 3 and 47

Answer
Shear wall construction may not be used in buildings
higher than 160 ft {49 m). (See Table 6.10.}

8. Which has a smaller R value, a steel or concrete
special moment-resisting frame?

Answer

Steel and concrete structures with special moment-re-
sisting frames have the same R value, 8.5. {See Table
6.10.)

9. What possible values can R take on for a moment-
resisting frame?

Answer

R can have values of 8.5 (SMRF of steel or concrete),
5.5 (concrete IMRF), 4.5 (steel OMRF), 3.5 (con-
crete OMRF), 6.5 (masonry MMRWF), and 6.5 (steel
STMF). (See Table 6.10.)

10. What R value would be used for (a) a large football
grandstand with bleachers and (b) & tall vertical tank
supported on a raised platform supported by a braced
framework?

Answer

(a) A football grandstand with bleachers is a self-sup-
porting nonbuilding structure falling under the juris-
diction of the local building official. Its mass can be
considered to be lumped at the various spectator lev-
els, and the supporting system continues between floors.
Therefore, it is covered by the UBC-97. However, it is
not specifically mentioned in Table 6.15. (See Sec. 6-
46.) It would probably have an R value of 2.9.

{b) The framework-supported vertical tank is specifi-
cally mentioned in the Blue Book commentary as a case
not covered at all by the code provisions. The combined

tall structure and frame base does not meet the require-
ment of a distributed supporting system, and mass can-
not be considered lumped at various levels. (See Sec.
6-46.) Therefore, no R can be assigned.

11. What is the absclute UBC-9T limitation on drift?

Answer

The key word in this question is “absolute.” There is no
absolute limitation on drift in the UBC-97, as any drift
that can be shown to be “tolerable” is permitted. Other
limitations apply, however, when drift is not tolerable.

(See Sec. 6-40.)

12. What percentage of the seismic load should be car-
ried by a special moment-resisting frame in a building
taller than 160 ft (49 m)?

Answer

All of the seismic load is carried by a special
moment-resisting frame. (See Sec. 6-21.) There is no
height limit for special momeni-resisting frames.

13. What percentage of the live load in a warehouse
should be added to the dead load when calculating base

shear?

Answer
A minimum of 25% of the warehouse live load should
be added. (See Sec. 6-29.)

14. What are the various seismic zones in California?

Answer
California has two seismic zones: 3 and 4. (See Sec. 3-
2.)

15. What are the approximate maximum design accel-
grations in the California seismic zones?

Answer

Referring to Table 3.1, the approximate maximum ac-
celerations in zones 3 and 4 are 0.3 g and 0.4 g, re-
spectively. These correspond to the zone factors, Z, in

Table 6.3.

15-5 CONCRETE AND MASONRY
STRUCTURES

1. What are the possible modes of failure due to seismic
forces if the lateral force-resisting system of a high-rise
building is constructed of reinforced concrete?
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Answer

(See Sec. 9-1.) This question does nat specify whether
the concrete is specially reinforced or whether the con-
crete is used in a frame or shear-wall structure. In
general, a reinforced concrete frame will have failed if
the concrete spalls or crushes before plastic yielding of
the steel reinforcing occurs, or if the steel reinforcing is
stressed plastically. Feilure can be expected to occur:

(2) at the ends of well-designed columns when there is
insufficient shear resistance (i.e., such that the column

breaks out of its supports)

(b) in poorly designed columns with insufficient con-
finement

(c) in shear walls due to inadequate vertical reinforcing

(d) at construction joints due to inadequate bonding
between members

(€) in beams due to inadequate shear reinforcing

(f) in columns due to excessive drift and over-
turning moment

9. What are the most important considerations in
achieving ductility in concrete frames?

Answer

The most important considerations are confinement and
continuity. (The steel in confined, or specially rein-
forced, concrete should yield before the concrete crush-
es.) Adequate bonding between steel and concrete must
be ensured. Steel must be capable of developing its full
tensile strength. Members must be adequately tied to-
gether at joints. (See Sec. 9-1.)

3, What is meant by confined concrete?

Answer

Confined concrete is also called ductile concrete or spe-
cially reinforced concrete. The steel in ductile concrete
will yield before the concrete crushes. This enables
the concrete member to develop its full compressive
strength without yielding, (See Sec. 9-1.)

4, Why is concrete confined at joints and in members?

Answer

The confining steel in ductile concrete enables the con-
crete to develop its full compressive strength without
yielding. {See Sec. 9-1.)

5. What are some of the construction methods used to
ensure ductile behavior of concrete?

Answer

To confine concrete, columns are spiral wrapped at clos-
er intervals and additional hoops are used ‘at joints and
other locations. Continuity of reinforcement is achieved
by special attention to splices. Special attention is given
to reinforcement of shear walls. Hooks, ties, stirrups,
and hoops are detailed to prevent pull-out. (See Sec.

91

6. With regard to resistance to seismic forces, which is
better in steel-reinforced concrete columns, spiral ties
or horizontal hoops? Why?

Answer

Spiral transverse reinforcement is the most efficient
confinement, but it may not be possible to use it. From
n construction standpoint, spiral reinforcement for
gmaller columns is easier to form in the field. From a
seismic standpoint, spiral reinforcement provides slight-
ly better confinement. Larger columns, however, can-
not be wrapped in the field, and extending apirals into
beam-column joints is difficult, so individual factory-
fabricated hoops must be used.

7. What is the function of the spiral and individual ties
used in a concrete column?

Answer .
Ties confine the concrete and keep it from crushing.
(See Sec. 9-1.)

8. Do special reinforcement hoops replace regular ties
in beams and columns? -

Answer

Special reinforcement (primarily in the form of addi-
tional hoops) is used in addition to regular beam stir-
rups and column ties. In beams, special reinforcement
is required at points of expected yielding (i.e., at plas-
tic hinges). In columns, hoops are required at column-
girder connections. (See Sec. 9-1.)

0. What is the effectiveness of stirrups in deep concrete
beams?

Answer

After inclined cracks form at the ends of deep beams,
the load is carried in & “tied arch” configuration that
has considerable remaining strength. Stirrups in the
center of & deep beam are not particularly effective.

10. What is the maximum permitted shear stress (psi
or kPa) for a masonry wall with special inspection?

PROFESSIONAL PUBLICATIONS, INC.

EngineeringBooksPDF.com




PRACTICE PROBLEMS

181

Answer

The maximum shear stress is 35 psi (240 kPa) when in-
plane flexural reinforcement is present. The maximum
shear stress is 75 psi (520 kPa) when steel takes all of

the shear stress. (See Sec. 11-1(F).)

15-6 STEEL STRUCTURES

1. What are the possible modes of failure due to seismic
forces if the lateral force-resisting system of a high-rise
building is constructed of steel?

Answer
In general, steel will be considered to have “failed” if it
yields. (See Sec. 10-1.)

3. Where is a steel-framed building with a properly de-
signed special moment-resisting frame most likely to
yield in an earthquake?

Answer

Yielding and formation of plastic hinges in a steel struc-
ture can be expected at points where the moments are
greatest, such as at girder ends and at column-girder
connections. Columns can buckle due to bending and
eccentric effects. Flanges and webs of members can
buckle from local stresses and fail from fatigue loading.
(Girder-column connections should not fail, however,
through weld and bolt failure. All connections should
be able to sustain the full plastic moment of connected

memhers.)

15-7 SOILS AND FOUNDATIONS

1. Given a soil engineering report, what would you pro-
pose in order to improve the seismic response of the
building?

Answer

Devastating resonance effects can be avoided if the nat-
ural building period does not coincide with the site pe-

ried. (See Secs. 3-6, 3-8, and 4.13.) If the site has fine
sand, soil liquefaction effects must be considered. (See

Sec. 3-7.)

15-8 DESIGN PROBLEMS

_ 1, The roof of the structure shown is rigid. A

10-kip (44.48-kN) load is applied at the roof. What
are the resisting shears in each column?

10,000 Ibf
(44.48 kN}
_+.
20 ft I=100in% 1= 400 in4 I=600in%
(610 cm} {4162 cm?) (16649 cm®) | {24974 cmd)

AR IRNY 7 )\\)’i/ PNV T\)’z

w7 _ 25ft
{1128 cm} {762 em}

Customary U.5. Selution
The total rigidity is proportional to the sum of the mo-
ments of inertia. The total is

hta=h+hL+13
=100 in* + 400 in* + 600 in*
= 1100 in?

The load carried by the first (left) column is

. 100 in*
Vi = (101ips) (1100 in4)
= 091 kips

The load carried by the second {middle) column is

. 400 in*’
Vy = (10 kips) (m)
= 3.64 kips

The load carried by the third (right) column is

. 600 in?
Vs = (10kips) (W)
= 5.45 kips

ST Solution

Since column lengths and materials are the same, the
total rigidity is proportional to the sum of the moments
of inertia. The total is

hatw=5-+hL+13
= 4162 cm® + 16649 cm* + 24974 e
=45785 cm*

The load carried by the first (left) column is

4162 em?

45785 cm4) = 404kN

Vi = (44.48 kN) (

The load carried by the second (middle) column is

; (16 649 cm*

mRARAASTARTAT TFTOT TOATTANG  ThO
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From Eq. 4.10, the frequency is
1

1
= — = —— I H
f=F=TExn2s - P He

(c) It is assumed that all flexibility comes from the tube.
The flexibility of other elements in the structural system
decreases the stiffness, which increases the period. It is
also assumed that the tube is massless. Increasing the
vibrating mass also increases the period.

(d) From Eq. 4.17, the logarithmic decrement, d, is
Tn 1
= = — | =0.12

(e} From Eq. 4.17, the damping ratio is solved directly.
2né
1-¢2
£ =0.02 (2%)

8 =0126=

(f) From Fig. 5.4 with 2% damping (determined in part
(e)),

§a=(2.2in) (0.0254 g) =56x102m

S, = (28 5) (0.0254 -I—n) =0.71 x10~% m/s
3 g

m
5.=(09g) (9.31 ;z'—g)

= 8.83 m/s?

{g) The vertical response is 50% of the horizontal re-
sponse.

Sy={0.5)(56x10"2m)=28%x10"2m
8, = (0.5) (0.71 x 1072 ?) =0.36x 10~ m/s

5, = (0.5) (8.83 SE;-) = 4.42 m/s?

(h) The meximum shear by quasistatic approach is
given by Eq. 3.1.

Vhorizontal = rn.S’a
m
= (517.1 ke) (8.83 3
=4570N
m
Voerical = (517.1 kg) (4.42 3_2)
=2000N

(i) As determined in part (c), the assumptions
result in a smaller period. Since lower values of period
give a higher acceleration {see Fig. 5.1), the assump-
tions result in the structure being designed for higher
forces. Thus, the assumptions are conservative.

(j) Failing by inelastic bending, as opposed to fracture
or collapse, is one of the indications of & ductile struc-

ture.

3. A two-story jail uses concrete shear walls as shown.
None of the shear walls has openings, but only the east
wall covers the entire length. The story height is 12 ft
(366 cm). The thickness of the roof, wall, and floor slabs
are 5, 10, end 5 in (127, 254, and 127 mm), respectively.

- Assume all walls shown can be considered fixed piers.

25 ft 35 ft 201t
(762 cm} {1067 cm) {610 cm}

l |

20 # B
(610 cm)

20 ft 60 ft
{610 cm}) {1829 crm)

201t
{610 cm)

I e

251t  30ft  25ft
(762¢cm} (914 cm) (762 cm)

first floor North

D

sacond floor
{a) What are the relative rigidities of the second story
walls A, B, C, and D? .
(b) Where is the center of rigidity?

{c) How would the shears in the second floor be deter-
mined? (Do not actually calenlate the shears.)

(d) What is the effect on the first floor of offsetting wall
A as shown?

Customary U.S. Solution

{a) As stated in the problem, the walls are fixed piers.
Use App. D to determine the rigidities of the fixed piers.
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The rigidities of perpendicular walls are taken as zero
without regard to the /d values.

h h
w (), (), w
d B-W N-S

A - 0.6 0 4.96
B - 0.2 0 16.447
C 0.34 - 9.44 0

D 0.40 - 7.911 0

(b} The center of rigidity is located at {zg, yg). Dis-
tances are measured from the southwest corner.

_ (0)(4.96) + (BOR)(16.447) _ o o

TR= 4.06 + 16.447
_(0ft)(7.911) + (B0 £)(9.44)
Yr= 7.911 4 9.44 =326 ft

(c) The wall shears are distributed in proportion to the
second-floor wall rigidities.

(d) The second-story shear from the outside (west) wall

will have to be transferred through the second-story -

floor (first-story ceiling) slab to wall A below. Failure
may occur in the slab if it is not properly detailed.

ST Solution

(a) As stated in the problem, the walls are fixed piers.
Use App. D to determine the rigidities of the fixed piers.
The rigidities of perpendicular walls are taken as zero
without regard to the A/d values.

(), (), o
d E-W d N-§

A - 0.6 ] 4,96
B - 0.2 0 16,447
C 0.34 - 9.4 0

D 0.40 - 7911 0

{b) The center of rigidity is lpcated at (zp, yr). Dis-
tances are measured from the southwest corner.

_ (0cm)(4.96) 4 {2439 cm)(16.447) _

TR = 1.96 + 16.447 = 187 em

_ (0cm)(7.911) 4- (1830 cm){9.44)
R= 7911+ 9.4

=096 cm

(c) The wall shears are distributed in proportion to the
second-floor wall rigidities.

(d) The second-story shear from the outside (west) wall
will have to be transferred through the second-story
floor (first-story ceiling) slab to wall A below. Failure
may occur in the slab if it is not properly detailed.

4. The structure shown is subjected to a lateral load-
ing of 0.3 g. The columns are set in hard rock con-
crete footings, but the tops can be considered to be
pinned to the slab. The reinforced concrete slab is 6 in
(152 mm) thick and has a finished density of 150 lbm/ft3
(2400 kg/m®). The columns are rectangular A500
Grade B steel tubing, TS 5 x 5 x % in. Disregard the
dead load of the columns, all live load, slab rotation,
axial column compression, combined stresses, and col-
urmn deflection. Determine if the columns are adequate.

} 2 £(0.61 m)

e RN Y 2 061 m)
NN
7 > 21061 m)

o ln_"_;....'_n_.ﬂ.q:_.l,.'_‘p_y.a ..',Pl

pinned A pinned A
connaction connaction
Bft
{244 m)
fixed
7//)} | {’/N’ fixed 1f{0.3 m}
A \Y\\\f | NN | fixed 11t (0.3 m)
W TR 777,

,__
==

Customary U.S. Solution

The properties of A500 Grade B TS 5 x 5 x 3% in
square structural tubing are found in the AISC manual.
The modulus of elasticity is approximately 28 x 108 psi.

A =5.61in?
I =I,=20.1in*
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Although the tubing is oriented 45° from the plane of
the principal axis, the moment of inertia per tube is still
90.1 in? in the direction of Bending. This is because the
tube is symmetrical and the product of inertia is zero.

Although the lower ends of the columns are fixed, the
tops are pinned. Therefore, simple cantilever curvature
occurs. From Table 4.1, the stiffness is

There are three different column lengths, so there are
three stiffnesses.

(3) (29 x 108 %) (20.1in%)

(8 f)? (12 %) )

_ 175 x 10° inIbf
T 8.847 x 109 ind
= 1977 Ibf/in

(2 columns)({1.75 x 10° in®-bf)
. )
3102
(9 £) (12 ft)
= 2778 Ibf/in
1.75 x 10% in%-Ibf

3=

ka.g =

ko.re =

kio-re = 1013 Ibf/in

(10£6)? (12 E)

The total stiffness consists of the sum of these three
terms. (Notice that the stiffnesses for the two 9-ft col-

umns were calculated as one sum.)

ktotﬂ.l = 1977 g + 2778 :t.—b'f" + 1013 }-b—f
m n m

= 5768 Ibf/in

The slab mass is

(16 £)(16 )(6 in) (150 %3)

m=—=
e in ft-Ibm
. (12 ﬂ:) (32'2 lbf-secz)

= 596 slugs

The seismic force is

ft
= (596 slugs)(0.3 2) [ 32.2
F=ma (59591155)(033)(2 secz-g)
= 5760 Ibf

The resisting force in each tube is proportional to ifs
relative rigidity (stiffness). The shortest tube has the

highest stiffness, hence the shortest tube experiences
the highest stress. The prorated portion of the force
carried by the shortest tube is :

1977 Ef

Fyp= i
. 5768 l—b—f
in

(5760 1bf) = 1974 Ibf

The moment at the bese of the shortest tube is

M = FL = (1974 1bf)(8 ft) (12 %)
=1.895 x 10° in-Ibf

The bending stress is
(1,895 x 10° in-Ibf) [ 22
p=tC= vz
BT 20.1int

— 33,333 Ibf/in? (psi)

The minimum yield strength of normally stocked A500
Grade B square steel tubing is 42 ksi. AISC Sec. F3.1
specifies the maximum allowable bending stress as 0.66
times the yield stress. Using the one-third increase in
allowable stress from seismic loads, the maximum al-
lowsble seismic bending stress is

F, = (1.33)(0.66)F, = (1.33)(0.66)(42,000 psi)
= 36,868 psi

Since f; < F}, the design is acceptable.

ST Solution

The properties of A500 Grade B TS 5 x 5 X 75 in
square structural tubing are found in the AISC man-
ual. The modulus of elasticity is approximately 2 x 10°
MPa.

A=3.62x10"%m?

I =I,=837x10%m*

Although the tubing is oriented 45° from the plane of
the principal axis, the moment of inertia per tube is
still 8.37 x 10~¢ m* in the direction of bending. This
is because the tube is symmetrical and the product of
inertia is zero. :

Although the lower ends of the columns are fixed, the
tops are pinned. Therefore, simple cantilever curvature
occurs. From Table 4.1, the stiffness is
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There are three different column lengths, so there are

three stiffnesses.

(3)(2 % 10° MPa)(8.37 x 10~° m*)
(2.44 m)?

kaqam =

_ 5022 MPa-m"
T 14527 m®

= 0.346 MN/m

(2 columns){5.022 MPa-m?)
274 m)?

= 0.488 MN/m

ky74m =

5.022 MPa-m*
k3.05-m = ——(W

= 0.177 MN/m

The total stiffness consists of the sum of these three
terms. (Notice that the stiffnesses for the two 2.74m

columns wera calculated as one sum.)

MN MN MN
Kigta = 0346 — + 0.488 — + 0.177 —-
m m m

= 1011 MN/m

The slab mass is

m=Vp

— (4.88 m)(4.88 m)(152 mm) (_—lm-ﬁ)
' 1000 ™y

X (2400 Egi)
m

= 8687 kg

The seismic force is

F = ma = (8687 ke)(0.3g) (9.31 g;ig)
= 25566N (25.6 kN)

The resisting force in each tube is proportional to its
relative rigidity (stiffness). The shortest tube has the
highest stiffness, hence the shortest tube experiences
the highest stress. The prorated portion of the force
carried by the shortest tube is

0.346 MN

Foqam = ——--ﬁ (25.6 kN) = 8.76 kN

1.011 ——
m
The moment at the base of the shortest tube is

M = FL = (8.76 kN)(2.44 m)
= 21,37 kN-m

The bending stress is

Me
o=
(21.37 kN-m)v/2 (1272“1“‘)

(8.37 x 10-6 m*) (1000 %’—‘)
=229,300 kPa (220.3 MPa)

The minimum yield strength of normally stocked AS00
Grade B square steel tubing is 200 MPa. AISC Sec. F3.1
specifies the maximum allowable bending stress as 0.66
times the yield stress. Using the one-third increase in
allowable stress from seismic loads, the maximum al-
lowable seismic bending stress is

F, = (1.33)(0.66)F, = (1.33){0.66)(290 MPa)
= 255 MPa

Since fy, < Fy, the design is scceptable.

5. An eight-story (including penthouse) office building
is supported by an ordinary steel chevron-braced frame
intended to carry all vertical loads and resist all seismic
loads. There are no other load-supporting walls. The
weights and heights of each floor are as given in the
illustration. The building is located in seismic zone 4
on S, soil-profile. Perform & seismic analysis consistent
with the UBC-97, and determine (a) the base shear and
(b) the seismic force at the third floor. The site is posi-
tioned 4.65 mi {7.5 km) from a type A potential seismic

source.
weight

[_I penthouse 30 kips (133 kN)
eighth floor 100 kips (445 kN)

saventh floor 100 kips {445 kN}
sixth fioor 100 kips (445 kN)
70 ft fifthfloor 100 kips {445 kN)
{21.3a m} fourth floar 100 kips (445 kN)
101t third floor 100 kips {445 kN}

{3.05 m) )
(typical} second floor 100 kips (445 kN)

PRANYANNY

Customary U.S5. Solution

(a) The natvral period (T) can be determined from
Method A of the UBC-97 [Sec. 1630.2.2, Item 1]. From
Eq. 6.8, the natural building period is

3
T = Gf(hn)i
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For the third floor (level 2),

howy _ (6.10)(445)
Show, 40820 = 0.0665

From Eq. 6.28,

7= (V — Fjwaha
2 Ew,-h-

= (507.5 kN — 0)(0.0665) = 33.7 kN

6. The owner of a building is considering adding a north
wing to increase the size of the building. The existing
floor plan and planned wing are shown in the figure
below, along with structural walls and relative rigidi-
ties, All walls have the same thickness and height, The
roof mass is to be disregarded. The owner is concerned
sbout the lack of symmetry that the remodeled building
will have, It has been determined that the base shear
on the existing building is 90,000 Ibf (400.3 kN), parallel
to the long (150-ft {45.72-m)) dimension. An additional
15,000 Ibf (66.7 kN) of base shear will be added by the

new wing,

75 ft {22.86 m}
V=15 kips
North .
o 70 ft (66.7 kN}
(21.34 m) plannad wing
- S
A
V=190 kips
70 ft existing (400.3 kN)
(2134 m)| §A=5 ~
R =3 each way
\eC | jwoft
{3.06 m)
x | |} baselina X
36/t BOft(2438m) 25ft |[10ft
10.67 m) (7.62 m} |(3,06 m)

150 ft {45.72 m}
{(a) Where will the center of mass be located when the
wing is installed?

(b) Where will the center of rigidity be located when
the wing is installed? ‘

(¢} What will be the torsional moment?

(d) Which active walls experience a negative torsional
shear? :

Customary U.5. Solution

(a) The wall masses are proportional to their lengths
since their thicknesses and heights are all the same. Us-
ing the 150-ft east-west wall as the baseline, for earth-
guakes in the east-west direction, the center of mass is
located at & distance of

Emiy
Yem. = '2_1:3"
(70 £t)(35 ft) 4- (80 £t)(0) + (10 ££)(0)
+ (10 £t){5 ft) + (70 £t)(70 &+ 35 ft)
_ (75 #)(70 ft -+ 70 ft)
TT0f+80f+10f+10F+T0 ft 4+ 75 fi

20,350 ft2
T 315t

= 64.6 ft (up from the baseline)

(b} Walls running north-south do not contribute to rig-
idity for east-west earthquakes. Only walls B, C.(part),
and E are active, The center of rigidity is located at a
distance of

_ IRy

Yer. = TR,
(8)(0) +(3)(0) + (6)(70 ft 4 70 ft)
B+3+6
_ 840 f

- = 49.4 ft (up from the baseline)

(c) The actual eccentricity is

Epctual = Yeum, — Yer. = 064.6 ft — 40,41t = 15.2 ft

The accidental eccentricity required by the UBC-97 is
5% of the transverse building direction.

€accidental = (0-05) (70 ft+70ft) =71t

The total eccentricity is

€ = Epctunl = €accidental = 1528t L 7H
Emax = 22.2 ft
€min = 8.2 ft

The torsional moment is

Mmax = Ve = (90 kips + 15 kips)(22.2 ft)
= 2331 ft-kips _
Mpin = Ve = (90 kips + 15 kips)(8.2 ft} = 861 ft-kips

(d) Walls B, C, and E resist the direct shear and are
active. The base shear acts through the center of mass,
tending to cause counterclockwise rotation about the
center of rigidity. This is resisted by all walls (A, B,
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C, D, and E with clockwise direction forces). For walls
B and C the clockwise direction opposes forces due to
direct shear. Walls B and C have negative torsional

shear components.

SI Solution
(a) The wall masses are proportional to their lengths
since their thicknesses and heights are all the same. Us-
ing the 45.72-m east-west wall as the haseline, for earth-
quakes in the east-west direction, the center of mass is
located at a distance of
_ Tmiyi
Yem. = _E_—mi
(21.34 m)(10.67 m) + (24.38 m)(0)
+ (3.05 m)(0) + (3.05 m)(1.52 m)
+(21.34 m)(21.34 m 4 10.67 m)
_ +(2286 m)(21.34 m + 21.34 m)
T 91.3dm+ 2438 m+3.05 m+3.05m
42134 m+22.86 m

_ 189109 m?

96.02 m
=19.69 m {up from the baseline)

(b) Walls running north-south do not contribute to rig-
idity for east-west earthquakes. Only walls B, G (part),
and E are active. The center of rigidity is located at a
distance of

Yoy, = LRy
c.t. ER;
_(8)(0) + (3)(0) + (6)(21.34 m + 21.34 m)
B 8+34+6
_ 256.08 m
I

= 15.06 m {up from the baseline)

(c) The actual eccentricity is

—Yor, = 19.69m —15.06 m = 4,63 m

€actual = Yem,

The accidental eccentricity required by the UBC-97 is
5% of the transverse building direction.

€accidental = (0:05)(21.34 m + 21.34m) = 2.13m
The total eccentricity is

€ = Epctual & accidental = 4.63m =213 m
Emax = 0.76 m
€min = 215 m
The torsional moment is
Maax = Ve = (400.3 kN + 66.7 kN)(6.76 m)
= 3157 kN-m
Mo = Ve = (400.3 kN + 66.7 kN)(2.156 m)
= 1004 kN-m

(d) Walls B, C, and E resist the direct shear and are
active. The base shear acts through the center of mass,
tending to cause counterclockwise rotation about the
center of rigidity. This is resisted by all walls (A, B, C,
D, and E with “clockwise” direction forces). For walls
B and C, the clockwise direction opposes forces due to
direct shear. Walls B and C have negative shear due to

torsion.

7. A one-story, 55 ft by 70 ft {16.76 m by 21.34 m)
masonry-walled building with a rigid diaphragm roof is
constructed in the shape of a rectangle. One side of
the building has two doors, There are no other open-
ings. The rigidities of each wall are shown. Each wall
is 10 in (254 mm) thick. Disregard the mass of the roof

diaphragm.

wall B
R=8

baseline

70 ft{21.34 m)

-V
wall A
s 06 1 it
e (3.05 m) (4.27 m)
|

R IR, 20k 10k 1W0f 10f
(305305 m)  (A0m}  (3.05mH3.05 mK3.05 m)

(a) What is the location of the center of rigidity?

(b) What is the torsional moment due to a total lateral
force of 50,000 Ibf (222.4 kN)?

(c) If 19,000 Ibf (84.5 kN) of the lateral load are dis-
tributed to wall A, what loads are carried by each of
the piers in wall A?

Customary U.5. Solution

(a) For earthquakes in the direction shown, only walls
A and C contribute to rigidity. The center of rigidity is
located along a line parallel to baseline y-y and located
a distance away of

. _ LRz _ (00 +(0(E5R) 50
T YR 6+10 T
=344 ft
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(b) Although the openings could be disregarded, enough
information is given to determine the location of the
center of mass considering the openings. The mass of
each wall is proportional to its area.

wall | area (mass)
A | (70 ) (14 f£) — (3)(10 f6)(10 ft) = 680 &2
B | (55 ft)(14 ) = 770 2
C | (70 £)(14 ft) = 980 &2
D | (55 ft)(14 ft) = 770 2

The center of mass is located at

_ LT
c.m. E mi

(680 ££2)(0) + (770 ft2) (?)

r

+ (980 £t2)(55 &) + (770 2) (55—@)

2
680 ft2 4- 770 £t2 + 980 £t2 4 770 ft?
96,250 ft3
=g~ 0T

The actual eccentricity is

Epctusl & mg;_r. —ZTem. = 34-4 ft —_ 30-1 ft = 4.3 ft

The accidental eccentricity is
Eaccidental = (0.05)(55 ft) = 2.8 ft
The total eccentricity is
€ = Enctual = Enccidental

Emax =43t +28ft =711t
emin =43t —28f =151

The torsional moment is
M=Ve
Miax = (50,000 Ibf){7.1 ft) = 355,000 ft-1bi
My = (50,000 1bf)(1.5 ft) = 75,000 ft-1bf

(c) There are three piers in wall A. Due to the effect of
the beam running along the top, assume the piers are
fixed. The rigidities are found from App. D.

heam
piar 1 pier 2 pier 3
RTT 0k 107
. h
pier | h (ft} l d (ft) l 5 l R
1 10 0 (1 |25
2 10 20 | 0.5 6.154
3 10 011 2.5

The fraction of the total wall shear taken by piers 1 and
3eachis 08

2546154+ 2.5
The fraction taken by pier 2 is

1.00 - (2)(0.22) = 0.56

=0.22

The pier shears are

Vi = Vs = (0.22)(19,000 1bf) = 4180 Ibf
V, = (0.56)(19,000 1bf) = 10,640 Ibf

ST Solution
(a) For earthquakes in the direction shown, only walls

A and C contribute to rigidity. The center of rigidity is
located along & line parallel to baseline y-y and located

a distance away of
. _EDRm_ (6)(0) + (10)(16.76 m) _ 167.60 m
oM 6+10 16
=10.48 m

(b) Although the openings could be disregarded, enough
information is given to determine the location of the
center of mass considering the openings. The mass of
sach wall is proportional to its ares.

wall area (mass) -
A | (21.34 m)(4.27 m) — (3)(3.05 m)(3.05 m)
= 63.21 m*

B | (16.76 m){4.27 m) = 71.57 m?
C | (21.34 m)(4.27 m) = 91.12 m?
D | (16.76 m)(4.27 m) = 71.57 m?

The center of mass is located at

_ 2 T

Tem =
m = S
(63.21 m?)(0} + (71.57 m?) (
+ (9112 m2)(16.76 m)

+(71.57 m?) ( 16.76 m)

16.76 m
2

_ 2
" 63.21 m? + 71.57 m? + 91.12 m? + 71.57 m?

_2726.68 m®
T 297.47 m?

The actual eccentricity is

=0.17Tm

Eactual = Ter, — Toum, = 10»48 m— 9-17 m= 1.31 m

The accidental eccentricity is

Eaccidentol = (0.05)(16.76 m) = 0.84 m
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The total eccentricity is

€ = Eactual T Eaceidental
emax = 1.31m+ 0.84m =2.15m
min = 1.31 = 0.84 m = 0.47m

The torsional moment is

M=Ve
o = (222.4 KN)(2.15 m) = 478.2 kN-m
Min = (222.4 kN){0.47 m) = 104.5 kN-m

(c) There are three piers in wall A. Due to the effect of
the beam running along the top, assume the piers are
fixed. The rigidities are found from App. D.

__ ____beam ]
pier 1 ’ pler 2 pier 3
205 m  610m 3.05m

. h
pier | h (m) | & (m) p R
1 3.06 | 3.05 2.5
2 305 { 610 ! 0O.B| 6194
3 306 | 305 | 1 2.5

The fraction of the total wall shear taken by piers 1 and
3 each is 25

2.546.154 + 25
The fraction taken by pier 2 is

=022

1.00 — (2)(0.22) = 0.56

The pier shears are

Vi = Vs = (0.22)(84.5kN) = 18.6 kN
Vp = (0.56)(84.5 k) = 47.3 kN

8. A one-story building with masonry walls is con-
structed in a box shape. All walls are 24 ft (7.32 m)
high. The walls have a weight of 50 1bf/ft? (2.4 kN/m?).
The wood structural panel roof and roof skylights have
a weight of 25 Ibf/ft? (1.2 kN/m?). The roof carries
a 20-1bf/ft? (0.96-kN/m?) live load of permanent air-
conditioning equipment. The seismic load in the north-
south direction is 15% of the participating building -
weight. Do not consider east-west earthquake perfor-
mance.

80 ft (24.38 m}
Bft T 7777 f/ T T
(2.44 m) V/////a}ﬂﬁz/ ////
Bft MNorth
{244 m)
skylight
p!ywood-—-\l
96 ft
(29.26 m}
v |
purling -
™
i =
(2.44 m)
skylight
! L
16 ft 48 ft 161t
{4.88 m} {14.63 m) (4.88 m)

(a) What is the diaphragm force?
(b) What is the maximum wall shear force?

(c) What is the maximum chord force in the diaphragm
for a north-sourh earthqualke?

Customary U.5. Solution

(2) For a north-south earthquake, the diaphragm force
results from the acceleration of the roof mass and half
of the short (80-ft) wall masses. The roof weight (in-
cluding the air-conditioning equipment weight) is

Weaof = area X loading
= (B0 ft)(96 ft) ( 1ot = +25 :g)
= 345,600 1bf

The weight of the perpendicular walls is

Wiwas = (80 ft)(24 ft)(2 walls) (50 ;‘Ezf )
= 192,000 Ibf

Only the top half of the perpendicular walls contributes
to the diaphragm force. Since the seismic load is given
as 15% of the building weight,

Fdiuphrngm = (0-15) (Wrouf + %W.Lwalls)

- (0.15) (345,6.00 Iht + &[’goﬁf)

= 66,240 Ibf
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(b} The weight of the parallel walls is

1bf
Wijwaiis = (96 ft){24 ft)(2 walls) (50F)
= 230,400 Ibf

Only the top half of all the walls contributes to shear
in the parallel walls.

Feotal = {0.15) (Wroot + 5 Wt satis + 1 Wiwatis)

2,000 Ibf
=(0.15) (345,600 Ibf + EJ%E}E

. 230,4209 lbf)

= 83,520 Ibf

Since there are two parallel walls, the maximum wall
shear force is

83,520 Ibf

Vi[wnll = —2“”"_8.115— = 41,760 1bf/wa.ll

(c) From Eg. 7.9, the chord force in the perpendicular
walls is

o = Faiuptragml _ (66,240 1bf)(80 ft)
T8 (8)(96 ft)
= 6900 Ibf

ST Solution

(a) For a north-south earthquake, the diaphragm force
results from the acceleration of the roof mass and half
of the short (24.38:m) wall masses. The roof weight
(including the air-conditioning equipment weight) is

Woaot = area x loading
kN kN
= (24.38 m}(29.26 m) (0.96 -3 +1.2 EE)

= 1540.9 kN

The weight of the perpendicular walls is

W Lwans = (24.38 m)(7.32 m)(2 walls) (2.4 I;-—Ni) :
= 856.6 kN

Only the top half of the perpendicular walls contributes
to the diaphragm force. Since the seismic load is given
as 15% of the building weight,

Fd[nphrngm = (015) (I’Vruof + %WJ_wnlls)
856.6 kN)

= (0.15)'(1540.9 KN+ —

=2954 kKN

(b) The weight of the parallel walls is

Wi = (2926 10)(7.32 m)(2 walls) (2.4 g)
= ]028.1 kN

Only the top half of all the walls contributes to shear
in the parallel walls.

Fiotar = (0.15) (Wroo + W Lwalls + § Wiiwells)

= (0.15) (1540.9 kN + 856‘26 wl
1028.1
N _kli)
2
=372.5 kN

Since there are two parallel walls, the maximum wall
shear force is

372.5 kN

Viwan = 5= = 186.3 kN /wall

{c) From Eq. 7.9, the chord force in the perpendicular
walls is

C= FainphragmD _ (295.4 IN)(24.38 m)
T8 (8)(29.26 m)

=30.8 kN

9. The plan view of a one-story, 12-ft (3.66-m) high
masonry-walled retail shop is shown. Windows cover
most of the front and half of one side. The building has

. & flexible wood structural panel roof diaphragm with

continuous roof struts (shown as lighter lines) criss-
crossing and dividing the roof into small diaphragms.
Each strut is designed to serve as a chord, if neces-
sary. The masonry shear walls have a dead weight
of 55 Ibf/ft? (2.6 kN/m?). The wood structural panel
roof has a dead weight of 15 Ibf/ft? (0.7 kN/m®). For
the purpose of the UBC-97 base shear equation, V =

0.183W.
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masonry T
shear wall North
....._3 A —r——
25 ft
{7.62 m)
1, 50 ft
{15.24 m}
26 ft
struts (7.62 m)
— o —1
_— | |
25ft 25ft 26t 25t s (3
(7.62m) (7.62m} (7.62m} {7.62m) wood posts (3)
100 ft
- {3048 m) | [
| I l
A B Cc ] E

(a) What is the maximum diaphragm shear along lines
A and E?

(b) What is the maximum chord or drag force at point
C-17

(c) What is the maximum drag force at point B-1 due
to an east-west earthquake?

Customary U.8. Solution

Notice that the earthquake direction is not given for
parts (a) and (b) in this problem and must be consid-

ered variable.

(a) For north-south earthquakes, the roof is effectively
divided into two subdiaphragms. One diaphragm is
bounded by points {moving clockwise) A-1, A-3, G-3,
and C-1. The other is bounded by points C-1, C-3, E-
3, and E-1. Although each diaphragm is the same size,
the accelerating masses are different.

For line A,

50 ft

W-—»-E

The weight of the roof is

Weaar = (50 £t)(50 ft) (15 %) = 37,500 lbf

The weight of the 50-ft wall (full-height) is

The weight of the two 25-ft walls totals 33,000 Ibi also.
Was 1w = 33,000 1bf

The seismic effect from the roof and the 50-ft wall is
shared equally between walls A and C. Since the two
remaining walls extend only halfway between A and C,
a rational method of allocating their seismic effects to
walls A and C must be used. Consider a simply sup-
ported beam loaded uniformly along the first half of its
length. The reaction closest to the uniform load will
carry i— of the total load. Therefore, assume that wall
A carries 3 of the seismic effect from the two short
walls. (Other assumptions may be valid, depending on
construction details.) Finally, assume that only the top
half of the walls contribute to diaphragm shear.

The diaphragm reaction at line A is

Fy =0183W

= (0.183)

37,500Ibf  (%)(33,0001bf)  (2)(33,0001bf)
X + +
2 2 2

= 7210 1bf

For line E,
B0 ft

Wiaot = 37,500 Ibf

Wew wan = (12 f£)(50 £) (55 %) = 33,000 Ibf
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The east-west wall weight tributary to the roof level is

33,000 168 _ 16,500 1ot

Fg =0.183W

= (0.183) (
= 4940 Ibf

37,500 Ibf 16,500 Ibf
2 T 2

{b) The earthquake direction is not given.

North-south earthquake

25 ft

directlon of
sarthquake .

Drag force at point C-1 (line C)

All diaphragm shear would frame into point C-2 since
the wooden post at point C-1 can be szssumed to have
no lateral stiffness. Therefore, the maximum drag force
at point C-1 due to a north-south earthquake is zero.

Chord force at point C-1 (line 1)

Half of the roof mass (corresponding to the tributary
area bounded by points A-1, A-2, E-2, and E-1) and
the upper half of the east-west walls in the tributary
area. contribute to the chord forces along lines 1 and
2. (Other interpretations might also be justified. For
example, the entire roof might be considered.)

Ibf
Wroot = (25 ££)(100 &) (15 Et—z) = 37,500 Ibf

Ibf
Waw waits = (12 ft) [26 f6+ (1) (25 ££)] (55 E)
= 24,750 1bf

Notice that only half of the east-west wall along line 2
is used. This is because the other half is tribufary to
the adjacent area bounded by points A-2, A-3, C-3, and
C-2.

Only the upper half of the east-west walls is effective in
loading the diaphragm.

2470068 975 1hf

The diaphragm force is

Fﬂiaphragm = (.183W
= (0.183)(37,500 Ibf + 12,375 Ibf)
= 9130 Ibf

From Eq. 7.9, the chord force is

C= Fdia.phrng-mL - (9130 1bf)(100 ft)
B @)@ )
= 4565 1bf

EBast-west earthquake

direction of
earthquake

Drag force at point C-1 {line 1)

The collector along line 1 transfers half the diaphragm
loading from the area bounded by points C-1, C-2, E-2,

- and E-1 into point B-1. (The other half is transferred

to point B-2.) Since there are no north-south walls in
this area, the only contribution to collector force is the
tributary roof weight. Between lines C and E, the roof
weight is

Ibf

Wicor = (25 ££)(50 £) (15 —ﬁ-) = 18,750 Ibf

The diaphragm force is

F = 0.183W = (0.183)(18,750 Ibf)
= 3430 Ibf

Half of this is transferred along the strut on line 1. At
point C-1, the drag force is

_"3430 Ibf

D =1715 Ibf
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Chord force at point C-1 (line C)

While there is a chord force along line C, the chord
force at C-1 is zero because point C-1 is at the end of

the chord.

(c) This is similar to part (b), except that the tributary
roof area is 75 ft long instead of 50 ft long. Scaling up
from the answer derived in part (b),

75 ft
D= (m) (1715 Ibf) = 2570 Ibf

ST Solution

Notice that the earthquake direction is not given for
parts (a) and (b) in this problem and must be consid-
ered a variable,

(a) For north-south earthquakes, the roof is effectively
divided into two diaphragms. One diaphragm is bound-
ed by points (moving clockwise) A-1, A-3, C-3, and C-
1. The other is bounded by points C-1, C-3, E-3, and
E-1. Although each diaphragm is the same size, the
accelerating masses are different.

For line A,

15.24m

The weight of the roof is
KN\
Wit = (15.24 m)(15.24 m) (0.7 F) = 162.6 kN
The weight of the 15.24-m wall (full height) is
kN
Wis 2t m = (3.66 m)(15.24 m) (2.5 E) =145.0kN

The weight of the two 7.62-m walls totals 145.0 kN also.

W’Lﬁz m = 145.0kN

The seismic effect from the roof and the 15.24-m wall
is shared equally between walls A and C. Since the two
remaining walls extend only halfway between A and G,
o rational method of allocating their seismic effects to
walls A and C must be used. Consider a simply sup-
ported beam loaded uniformly along the first half of its
length. The reaction closest to the uniform load will
carry 3 of the total load. Therefore, assume that wall
A carries % of the seismic effect from the two short
walls. (Other assumptions may be valid, depending on
construction details.) Finally, assume that only the top
half of the walls contribute to diaphragm shear.

The diaphragm reaction at line A is

Fy=0.183W
= (0.183)-
1626 kN (3)(145.0kN) = (2)(145.0kN)
X +
2 2 2
=315kN
For line E,
16.24 m

Wioor = 162.6 KN

Wi wanl = (3.66 m)(15.24 m) (2.6 g) =145.0 kN

The sast-west wall weight tributary to the roof level is

145.0 kN

= 72.5 kN
Fg=0.183W
— (0.183) (162.6 kN + 72.5 kN)
2 2
=21.5 kN
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{b) The earthquake direction is not given.

North-south earthquoke

direction of
earthquake

Drag foree at point C-1 (line C)
All diaphragm shear would frame into point C-2 since
the wooden post at point C-1 can be assumed to have

no lateral stiffness. Therefore, the maximum drag force
at point C-1 due to a north-south earthquake is zero.

Chord force at point C-1 (line 1)

Half of the roof mass (corresponding to the tributary
area bounded by points A-1, A-2, E-2, and E-1) and
the upper half of the east-west walls in the tributary
area contribute to the chord forces along lines 1 and
2. (Other interpretations might also be justified. For
example, the entire roof might be considered.)

Wioot = (7.62 m)(30.48 m) (0.7 ElkNg) = 162.6 kN

kN
We-w walls = (3.66 m)(7.62 m -+ (}) (7.62 m)) (2.6 Ef)
=108.8 kN

Notice that only half of the east-west wall along line 2
is used. This is because the other half is tributary to
the adjacent area bounded by points A-2, A-3, C-3, and

C-2.

Only the upper half of the east-west walls is effective in
loading the diaphragm.

108.8 kN

— =544 kN
The diaphragm force is
Fiaphrogm = 0.183W
= (0.183)(162.6 kN + 54.4 kN)

=39.7 kN

From Eq. 7.9, the chord force is
FainphragmL  (39.7 1N)(30.48 m)
C= =
8b (8)(7.62 m)
=199 kN

East-west earthquake

direction of
earthquake

Drag force at point C-1 (line 1)

The collector along line 1 transfers half the diaphragm
loading from the area bounded by points C-1, C-2, E-2,
and E-1 into point B-1. (The other half is transferred
to point B-2.) Since there are no north-south walls in
thig area, the only contribution to collector force is the
tributary roof weight. Between lines C and F, the roof

weight is

Weaor = (7.62 m}(15.24 m) (0.7 r%) =813 kN
The diaphragm force is
F =0.183W = (0.183)(81.3 kN)
=149 kN

Half of this is transferred along the strut on line 1, At
point C-1, the drag force is

14.9 kN

5 = 7.45 kN

D=

Chord force at point C-1 (line C)

While there is a chord force along line C, the chord
force at C-1 is zero because point C-1 is at the end of
the chord.

(c) This is similar to part (b), except that the tribu-
tary roof area is 22.86 m long instead of 15.24 m long.
Scaling up from the answer derived in part (b),

_[2286m
T \1524m

) (7.45 kN) = 11.2 kN
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10. A 120-ft (36.58-m) wide by 240-ft (73.15-m) long
warchouse in seismic zone 4 is oriented with its long
dimension in the north-south direction. The natural
period is 0.38 sec. This structure is underlaid with soil-
profile type S4 and is 9.3 mi (15 km) from a potential
seismic source type A. The walls are solid cast-in-place
concrete, 10 £t (3.05 m) high and 12 in (305 mm) thick,
with no significant openings, The warehouse floor has a
live load of 200 bf/ft? (9.6 kN/m?). The roof consists of
a 19/32-in (15-mm), C-D plywood blocked diaphragm
with an average weight of 15 1bf/ft? (0.7 kN/m?) nailed
to & 3-in (76-mm) (nominal) ledger (Douglas fir-larch})
with 10d nails. Do not use the simplified lateral-force
procedure, and consider only north-south earthquake

motions.

() What diaphragm edge nail spacing is required along
the 240-ft (73.15-m) wall?

(b) Sketch the method of interconnecting the diaphragm,
ledger, and wall.

(c) Size the ledger bolts if they are spaced every 3 ft
(91.4 cm).

(d) What size grade 60 steel rebar should be used as
the diaphragm chord?

(e) Where should the chord be located?

!

North
120 ft
{36.58 m)
240 ft
{73,155 m)
glrders

Custornary [.5. Solution

From Table 6.3, Z = 0.40. From Table 6.5, I = 1.00.
From Table 6.10 for a concrete shear wall (bearing wall)
system, the response modification factor 2 = 4.5. From
Table 6.9, for soil-profile type S4 and for seismic zone

factor Z = 0.0, the applicable acceleration and
velocity-controlled seismic response coefficients are

C.=0.32N,
C, = 032N, .

From Table 6.8, for this site 9.3 mi from a potential seis-
mic source type A, the applicable near-source factors,
N, and N, are both equal to 1.00. Therefore,

C, =G, = (0.32)(1.0)
=032

Thus, from Eq. 6.22, the total design base shear is

V=(&UW’

RT
_ [(0.32)(1.00) W
(4.5)(0.38)
={(,187W
Viesign Should be greater than the minimum total de-

sign base shear obtained from Eq. 6.24 [UBC-97 Sec.
1630.2.1, Formula 30-6].

Vi = 0.11C,TW
= (0.11)(0.32)(1.00) W
= {.035W
Tor seismic zone 4, the above Vi, should be further

limited according to Eg. 6.25 [UBC-97 Sec. 1630.2.1,
Formula, 30-7]. ‘

0.8ZN,I
Vmin,zuned = ( R - ) W

_ [{0.8)(0.4)(1.0)(1.0)
”[ 45 JW

= 0.071W

The calculated Viesign = 0.187W can be used since it
exceeds the controlling value of Vininzone 4 = 0.071W.
Based on the UBC-97 [Sec. 1630.2.1], however, this
design base shear value should not exceed the maxi-
mum total design base shear calculated from Eg. 6.23

[UBC-97 Formula 30-5]. Vnax is

2.5C. I
e (2]

_ [(2.5)(05?(1.90)] -

=0.178W

The calculated Vgesign = 0.187W appears to be greater
than Vs = 0.178W. Thus, the maximum allowable
design base value for this warehouse is

Vdasign = (0.178W
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(2) The roof weight is

1
(120 £t)(240 ft) (15 %f)

1000 —
0o ap

The east-west walls contribute to diaphragm loading.
Concrete has a weight density of approximately 150

Ibf/ft3.

(10 £t)(2 walls)(120 £t)(12 m)(150 g)

in Ibf
(12 ?t-) (1000 icT)

Only the top half of the east-west walls are effective in
loading the diaphragm.

WE-W walls =

= 360 kips

= 180 kips

360 kips
2

Since this is a warehouse, a minimum of 25% of the live
load must be added to the building weight. (See Sec.
6-20. It could also be argued that the storage sits on
grade and does not add to the inertial mass.} Consider
instead the case where racks are braced at the top and
2 portion of the live load is tributary to the roof.

Ibf
Wive = (0.25)(120 ft)(240 ft) (200 F)

= 1.44 % 10° 1bf {1440 kips)

The base shear is

V =0178W
= (0.178)(432 kips + 180 kips + 1440 kips)

=365 kips

The shear force is resisted along two sides of the di-
aphragm, each 240 ft in length. The shear force per
unit length along each of the north-south walls is

(365 kips) (1000 }PE)
ki
(2 walls) (240 a.ll)

From Table 12.1, 2-in nail spacing provides 820 Ibf/ft
of shear resistance.

= 760 Ibf/ft

V=

(b)
nail spacing per
l strap strap manufacturer
concrete
wall / nailing . wood
er part {a structural
/ / per part (2 panal
} | [ I
I | ]
anchor-\ J
bolt H: Joist ‘f

", steel angle (optional)

\ 3-in {nominal) member

(c) The ledger is nominally 3 in thick. Doubling this
gives 6 in. Since the actual thickness is less than the
nominal thickness, use the 5§-m row. The shear loading
is paraliel to the grain. Since the bolts are spaced every

3 ft, the shear load is

ft Ibf
Voolt = ( - 11;) (760 E) = 2280 Ibf/bolt

Doubling this in order to use the table in & concrete-

wood connection, and multiplying by % (the reciprocal
of %) to reduce the seismic load to a normal duration

load,

V=(2 (2280 51%) (3) = 3420 Ibf/bolt

Use a 1-in diameter bolt that has a table strength of
4090 1bf/bolt. (See Table 12.7.)

(d) From Eq. 7.9, the maximum chord force along the
short walls will be

FdiaphragmL

C=""%
(365 kips) (1009 L—f) (120 t)
= (8)(240 ft)
=22,800 lbf

Since the allowable stress for grade 60 rebar is 24,000
psi (see Sec. 7-18), the required bar size is given by

Eq. 7.12.
C

% ¥ allowable tensile stress

bf
L =0.713 in®

) (3) (24 000 — lbf)

A=
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Use a no. 8 bar (diameter, 1 in; area, 0.78 in?).

(e) The chord should be located in the plane of the
diaphragm. See Fig. 12.2.

ST Solution

From Table 6.3, Z = 0.40, From Table 6.5, I = 1.00.
From Table 6.10 for a concrete shear wall (bearing
wall) system, the response modification factor R = 4.5.

From Table 6.9, for soil-profile type Ss and for seismic
zone factor 7 = 0.40, the applicable acceleration and
velocity-controlled seismic response coefficients are

C. = 0.32N,
C-u = 0'32N‘U

From Table 6.8, for this site 15 km from a potential seis-
mic source type A, the applicable near-source factors,
N, and N,, are both equal to 1.00. Therefore,

C, = C, = (0.32)(1.0)
=0.32

Thus, from Eq. 6.22, the total design base shear is
CuI
V= (RT) v

_[(0.32)(1.00)
= [ (@5)(0.38) ] w

=0.18TW

Viesign should be greafer than the minimum total de-
sign base shear obtained from Eq. 6.24 [UBC-97 Sec.
1630.2.1, Formula 30-6].

Vo = 0.11C,IW
= (0.12)(0.32) (1.00)W
— 0.035W

For seismic zone 4, the above Vi, should be further
limited according to Eq. 6.25 [UBC-97 Sec. 1630.2.1,
Formula 30-7].

0.8ZN, I
Vmin,zune 1= ( R ) W

_ [(0.8)(0‘4)(1.0)(1.0) ] w

4.5
=0.071W

The calculated Viesign = 0.187W can be used since it
exceeds the controlling value of Vipin zone 4 = 0.071W.
Based on the UBC-97 [Sec. 1630.2.1], however, this

design base shear value should not exceed the maxi-
mum total design base shear calculated from Eq. 6.23

[UBC-97 Formula 30-5). Vinux 1s

Viax = (25;:“1) %

_ {(2.5)(05?(1.00)] -

=0.178W

The calculated Viesign = 0.187W appears to be greater
than V,a = 0.178W. Thus, the allowable design base
value for this warehouse is

I/dgsign = O.ITSW

(a) The roof weight is
kN
Wiget = (36.58 m)(73.15 m) (0.7 E) = 1873 kN

The east-west walls contribute to diaphragm loading.
Concrete has a density of approximately 2400 kg/m%.

(3.05 m)(2 walls)(36.58 m)
x (305 tm) (2400 ET%) (9.81 Si‘;-)

mm N
(1000 —m—) (1000 ﬁ)

= 1602 kN

WEw walls =

Only the top half of the east-west walls are effective in
loading the diaphragm.

1602 KN _ g01 1y

Since this is a warehouse, 2 minimum of 25% of the live
load must be added to the building weight. (See Sec. 6-
29. It could also be argued that the storage sits on
grade and does not add to the inertial mass.) Consider
instead the case where racks are braced at the top and
a portion of the live load is tributary to the roof.

Wirve = (0.25)(36.58 m)(73.15 m) (9.6 g)
= 6422 kN

The base shear is

V =0.178W
= (0.178)(1873 kN + 801 kN + 6422 kN)
= 1619 kN
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The shear force is resisted along two sides of the di-
aphragm, each 73.15 m in length. The shear force per
unit length along each of the north-south walls is

N
(1619 kN) (1000 EN')
- m
(2 walls) (73.15 @)
=11100 N/m (11.1 N/mm)

From Table 12.1, 50.8 mm nail spacing provides 11.97
N/mm of shear resistance.

(b)
nail spacing per
strap strap manufacturer
concrete
wall nailing woad |
structura
/ / per part (a) panel
| i
] I
anchor
bolt \ﬂz joist <

"’I stesl angle {optional}
\\ 76-mm {nominal} member

(c) The ledger is nominally 76 mm thick. Doubling this
gives 152 mm. Since the actual thickness is less than
the nominal thickness, use the 140-mm row. The shear
loading is parallel to the grain. Since the bolts are
spaced every 91.4 cm, the shear load is

(91.4 'E&I‘.{I) (11 100 g)
V= p— ~ 10100 N/bolt
(100 —)
m

Doubling this in order to use the table in a concrete-
wood connection, and multiplying by 3 (the reciprocal
of 4) to reduce the seismic load to a normal duration

load,

= N 3 .
V=(2 (10 100 bolt) (3) = 15200 N/bolt

Use a 25-mm diameter bolt that has a table strength of
18200 N/bolt. (See Table 12.7.)

(d) From Eq. 7.9, the maximum chord force along the
short walls will be

= FdinphrngmL
8b

(1619 kN) (1000 %) (36.58 m)

= (8)(73.15 m)
=101000 N

c

Since the allowable stress for grade 60 rebar i3 165.5
MPa. (see Sec. 7-18), the required bar size is given by

Eq. 7.12.
C

% x allowable tensile stress
101000 N

= Pa
(4) (165.5 MPa) (1 000000 m)
=4

A=

6% 107* m? = 460 mm®
Use a no. 8 bar (diameter, 25 mm; area, 503 mm?).

(e} The chord should be located in the plane of the
diaphragm. See Fig. 12.2.

15-9 QUALITATIVE PROBLEMS

1. List the numbers corresponding to the types of in-
dividuals who have the legal authority in California to
perform the functions listed.

1} any licensed civil engineer
2) civil engineer licensed before January 1, 1982
3} civil engineer licensed after January 1, 1982
4) licensed civil engineer specializing in structures
5) licensed (California) soils engineer
6) licensed structural engineer
7} engineer licensed in any field
8) unlicensed civil engineer specializing in strue-
tures, under the responsible charge of a licensed
civil engineer
9) any unlicensed civil engineer
10) licensed architect
11) licensed land surveyor
12) licensed photogrammetric surveyor

13) licensed contractor

14) licensed building designer
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15) any member of the general public

16) no one
(a) use the title “consulting engineer” publicly
(b) use the title “civil engineer” publicly
(c) use the title “structural engineer” publicly
(d) use the title “soils engineer” publicly
(e) use the title “land surveyor” publicly
(f) personelly perform civil engineering work
(g) solicit civil engineering work for others
(h) perform architectural work

(i) sign, stamp, and seal civil engineering design plans
developed by an unlicensed engineering subordinate un-
der the individual’s direct engineering control

(i) sign, stamp, and seal civil engineering design plans
developed by an unlicensed engineer in the individual’s
company whose paycheck the individual signs

(k) sign, stamp, and seal civil engineering design plans

developed by a qualified, unlicensed, moonlighting en-
gineer who pays the individual

(1) sign, stamp, and seal civil engineering design plans
developed by a qualified, unlicensed, engineer who does
not pay the individual

(m) allow a qualified, unlicensed person to use a regis-
tered civil engineer’s stamp, seal, or registration number

(n) design a single-story, wood-framed residence
(o) design a two-story, wood-framed residence
(p) design a five-story, concrete-framed building
(q) design a five-story, steel-framed building

(r) design an above-ground water tower structure
(s} design a hospital building

(t) design a new public school building

(u) design a new private school building

(v) design a steel bridge

(w) inspect an earthquake-damaged building within 30
days of the event, without payment, when requested by
the local building official

(x) supervise the construction of designed structures
(y) perform land surveying work for hire

(2) solicit land surveying waork for others

(aa) perform a survey of public lands

(bb) perform a survey of private lands to be subdivided

}

(cc) lay out a construction site using surveying knowl-
edge, methods, and equipment

{dd) gather in the field information to be placed on a
deed or record-of-survey map

(ee) file a record-of-survey map with the county

(ff) administer oaths, certify oaths, and take testimony
under oath to identify lost corners

Answers

Unless noted otherwise, references in parentheses are to
the California Business and Professions Code, Chapters
7 (Professional Engineers) and 15 (Professional Land

Surveyors).

(2) 1, 5, 6, 7, 12 (6704, 6732)
(b) 1, 5, 6 (6704, 6732, 6734)
(c} 6 (6703, 6704, 6732, 6736)
(d) 5 (6704, 6732, 6736.1, 6763)
(e) 11 (6731, 8708, 8725, 8731)
(f) 1, 5, 6 (6731.2, 8726.1)

(g} 15

(h) 10 (6737)

(i) 1, 5, 6 (6730.2, 6735, 6740)
(j) 16 (6703, 6735)

(k) 16 (6703, 6735)

(1) 16 (6703, 6735)

(m) 16 (6732, 6735)

(n) 15 (6737, 6737.1)

(o) 15 (6737, 6737.1)

(p) 1, 5, 6, 8, 10 (6737)

(a) 1, 5, 6, 8, 10 (6737)

(r) 1, 5, 6, 8, 10 (6737)

(s) 6 (Refer to Health and Safety Code, Div. 12.5,
Chap. 1 Hospitals, Sec. 15048}, 10

(t) 6, 10

(u} 6, 10 (6737)

(v}1,5,6,8

(w) 1, 5, 6, 7 (6706)

(x) 1, 5, 6 10, 13 (6731, 6731.3, 6735.1)
{y) 2, 11, 12 (6731.2, 8726.1, 8731, 8775)
(=) 15
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(ar) 2, 11, 12 (8708, 8731, 8775)

(bb) 2, 11, 12 (8708, 8726, 8731, 8775)
{ec) 12, 15 |

(dd) 2, 11, 12 (8726, 8731, 8775)

(ee) 2, 11, 12 (8731, 8762, B775)

(f) 1, 2, 5, 6, 11, 12 (8760, 8775)

2. How does the UBC-97 cover the design of bridges?

Answer

The UBC-97 covers only the design of buildings and
some other building-like structures. Design of bridges
is not covered in the UBC-97. This subject is covered
in CALTRANS and American Association of State and
Highway Transportation Officials (AASHTO) publica-

tions.

3. What provisions does the UBC-97 meke for buildings
subject to landslides, liquefaction, subsidence, gross dif-
ferential settlement, or for those built close to a major

ground-breaking fault?

Answer

None. The UBC-97 provides rules for the design of
buildings that will resist typical ground shaking. The
UBC-97 assumes the engineer will use good judgment
in avoiding inherently dangerous locations.

4. What type of information will generally be supplied
by the geotechnical engineer working on 2 building de-

sign team?
Answer

The geotechnical engineer will determine the (a) type
of soil (i.e., sand, clay, or rock); (b} depth of water
table; (c) depth to bedrock; (d) proximity to & fault;
() maximum credible earthqueke; and (f) likelihood of
liquefaction, slides, subsidence, and differential settle-

ment.

5. Which structural system resists lateral loads by flex-
ure in members and joints?

Answer
Only moment-resisting frames resist lateral loads in this
manner.

6. What is the meaning of the term “secondary stress”
as it relates to a moment-resisting frame?

Answer

Primary stresses are the compressive and tensile forces
that act uniformly on the cross section of the member.
Secondary stresses are bending stresses that result from
distortion of the frame when resisting lateral loads by

flexure.

7. (a) What structural elements transfer lateral loads to
vertical elements? (b) What structural elements trans-

fer lateral loads to lower levels and the foundation?

Answer

(a) Horizontal elements such as diaphragms, horizontal
bracing, and beams in moment-resisting frames transfer
horizontal loads to vertical elements. (b) Vertical ele-
ments such as shear walls, braced frames, and columns
in moment-resisting frames transfer lateral loads to

lower levels.

8. A building site with soil-profile Sp is located 2.17 mi
(3.5 km) from a potential seismic source type A. In cal-
culating the seismic source of the building,

(2) What is the maximum moment magnitude, M, for
seismic source type A?

(b) What acceleration-controlled near-source factor
should be used?

(c) What velocity-controlled near-source factor should
be used?

Answer

(a) For seismic source type A, the maximum value of
the moment magnitude is equal to or greater than 7.0.
{See Table 6.7.)

(b) The values of the near-source factors that are accel-
eration-controlled (N, ) vary based on the seismic source
type and the closest distance to known seismic source.
From Table 6.8 [UBC-97 Table 16-5], N, is equal to
1.35 based on the linear interpolation of values (1.5
and 1.2) for distances other than those indicated in the

table.

{c) N, represents velocity-controlled near-source factor.
N, values also vary depending on the seismic source
type and the closest distance to a known fault. From
Table 6.8 [UBC-97 Table 16-T], N, is equal to 1.8 based
on the linear interpolation of values of 2.0 and 1.6 for
the seismic source type A because the indicated 2.2 mi
(3.5 km) distance is not shown in the table.

9. A site contains soil that is vulnerable to potential
failure or collapse under seismic loading.
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(a) What types of soils are vulnerable to potential fail-
ure or collapse under seismic loading?

(b)-What'. is the soil-profile type for this site?

(c) Should a site-specific evaluation be conducted for
this site?

(d) Under what circumstance can soil-profile type Sp
be assigned to this site?

Answer

(a) Under seismic loading, liquefiable soil, quick and
highly sensitive clays, collapsible weakly cemented soils,
peats and highly organic clays of 10 ft (305 cm) or more
in thickness, very high plasticity clays of 25 ft (762 cm)
or more in thickness and having plasticity index greater
than 75, and very thick soft/medium stiff clays of 120 ft
(36.6 m) or more in thickness are types of soils vulnera-
ble to potential failure or collapse [UBC-97 Sec. 1636.2].

(b} According to the UBC-97 [Sec. 1636.2], this site
corresponds to the definition of soil-profile type Sp.

{c) Based on the criteria given, soil-profile type Sr re-
quires site-specific evaluation [UBC-97 Sec. 1629.3.1].

(d) Each site should be assigned a soil-profile type ac-
cording to appropriately documented geotechnical data.
The UBC-97 site categorization procedure of Sec. 1636,

Div. V, and Table 16-J should be used for that pur- '

pose. In determining the soil-profile type when the soil
properties are not identified in adequate detail, the soil-
profile type Sp can be presumed. The building official
or others may “determine” that the site contains soil-

profile type Sg or Sp.

10. What is the meaning of the term “soft (weak)
story”? Give an example.

Answer

A soft story does not have as much lateral force resis-
tance as the stories ebove. An example is a moment-
resisting frame supported by long columns over an open

plaza below.

11. What restriction does the UBC-97 place on situ-
ations where the type of structural system is different
for different levels of a multistory building? What is

the exception?

Answer

The value of R used in the design of one level must
be less than or equal to the value of R used to design
the level above. An exception is where the story above
constitutes less than 10% of the total structure weight
(i.e., is very light) [UBC-97 Sec. 1630.4.2].

12. In determining the total design lateral seismic force
(F,) on elements of structures, nonstructural compo-
nents, and equipment supported by structures, the
UBC-97 has introduced the 2, coefficient.

(a) What does this coefficient represent?
(b) How are the values of this coefficient obtained?

(c) When determining the anchorage force of a concrete
or masonry wall to a flexible diaphragm, what vahie for
the a, coefficient should be applied?

Answer

(a) ap is a numerical coefficient representing the in-
structure component amplification factor that varies
from 1.0 to 2.5. The minimum value of this factor is
equal to 1.0. (See Sec. 6-44.)

(b) Table 6.14 [UBC-97 Table 16-0] provides values for
this coefficient. Dynamic properties or exﬁpirical data
of the component and the structure that supports it can
determine this factor as well.

(c) Based on the UBC-97 [Sec. 1633.2.8.1], in seismic
zones 3 and 4 where flexible diaphragms provide lateral
support for the walls, elements of the wall anchorage
system should be designed using an a, factor equal to

1.5.

13. What is the meaning of the term “irregular build-
ing"? Give two examples.

Ansuer

For the purpose of the UBC-97, an irregular building
meets one or more of the characteristics in UBC-97
Table 16-L. Examples are (1) a three-story, L-shaped
building and (2) a five-story, square building with an
open plaza comprising 60% of the floor area on level 3.
(See Sec. 6-23.)

14. What is the meaning of the word “pounding”?

Answer

Pounding refers to adjacent buildings coming into con-
tact with each other. One building can sway into an-
other and pound it, The danger is greater when floor
slabs of one building pound the columns of another;
the danger is less when the floor slabs are at the same
elevation. Up to 20% of the building failures in the
1985 Mexico City earthquake are thought to have been
caused by pounding. Some of the buildings damaged in
the 1989 Loma Prieta earthquake in the Watsonville-
Santa Cruz area were only 6 in (152 mm) apart and
were damaged because they pounded each other. (See

Sec. 6-41.)
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15. Consider determining the seismic force on a build-
ing using the UBC-97's simplified static lateral-force

procedure.

() Which structures qualify for use of this design
method?

(b) When using this design procedure for structures in
seismic zones 3 and 4, what soil-profile type should be
used assuming the soil properties are not known in suf-

ficient detail?

(c) When using this design method in seismic zone 4,
what are the limitations for the values of near-source

factor N,?

Answer

(a) The simplified static lateral-force procedure is given
in the UBC-97 {Sec. 1630.2.3]. This design method can
be used for light-frame structures of any occupancy with
the maximum height of three stories excluding base-
ments. Single-family dwellings can be included when
they conform to this criterion. Other structures that
are designated as standard occupancy (category 4) and
miscellaneous occupancy (category 5) can also be de-
signed by this procedure when they are no more than
two stories in height excluding basements. (See Sec.

6-34.)

(b) In determining the seismic force on a structure
in seismic zones 3 and 4 using the UBC-97's simpli-
fied static lateral-force procedure, soil-profile type Sp
should be used.when the soil properties are not known
in sufficient detail to classify the soil-profile type. In
seismic zones 1, 2A, and 2B, however, soil-profile type
S should be used when the above condition exists.

(c) With this procedure in seismic zone 4, the values
of near-source factor N, need not be greater than 1.3
unless types 1, 4, or 5 of UBC-97 Table 16-L (verti-
cal structural irregularities), or types 1 or 4 of UBG-97
Table 16-M (plan structural irregularities) are present.
(See Table 6.11.)

16. When can the UBC-97's dynamic analysis method
be used to determine the seismic force on a building?

‘When can it not?

Answer

The dynamic method described by the UBC-97 [Sec.
1631] can always be used. It is the static method that is
limited and that must satisfy certain conditions [UBC-
07 Sec. 1629.8]. (See Sec. 6-33.)

17. What is the maximum span-to-width ratio for a
wood structural panel roof diaphragm?

Answer

The maximum span-to-width ratio for a roof diaphragm
is 4:1 [UBC-97 Table 23-11-GJ.

18. When using ASD, what factor should be applied
to the dead load when designing for overturning effects
caused by earthquake forces?

Answer

Every structure should be designed to resist the over-
turning effects caused by earthquake forces. Based on
the UBC-97 [Secs. 1630.8 and 1612.4], when designing
for overturning effects, a factor of 0.9 should be applied
to the dead load when using ASD.

19. It is generally stated and understood that flexible
diaphragms cannot transmit torsional shear stress to
vertical resisting elements. Is this true for a flexible
diaphragm that is cantilevered off of a vertical wall?

Answer

This is & tricky question. Any eccentric mass can cause
tarsion. A cantilevered flexible diaphragm, when acted
upon by a seismic force perpendicular to its cantilevered
dimension, will cause the wall to twist. However, this is
different than transmitting torsion caused by one com-

- ponent to another. A cantilevered flexible diaphragm

can cause torsion; it cannot transmit torsion.

20. It is generally stated and understood that the lat-
eral loads resisted by vertical elements attached to rigid
diaphragms are proportional to the element rigidities,
and the lateral loads resisted by vertical elements
attached to flexible diaphragms are proportional to
tributary areas. How are lateral loads resisted by closely
placed vertical elements that are arranged in-line, are
parallel to an earthquake'’s motion, and are attached to

a single flexible diaphragm?
Answer

Since all of the elements have the same tributary area,
they will resist the lateral load in proportion to their

relative rigidities.

9]. What is the maximum allowable height-to-width
ratio for a vertical wood structural shear wall panel?

Answer

According to UBC-97 Table 23-II-G, the maximum al-
lowable heighi-to-width ratio for a wood structural

shear wall panel is 2:1.
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22. What are the minimum and maximum limits on
force Fp that floors and diaphragms should be designed
for?

Answer

Based on the UBC-97 [Sec. 1633.2.9], floors and dia-
phragms should be designed to resist forces (F,z) caleu-
lated from Eq. 7.5 [UBC-97 Formula 33-1]. Fy should
not be less than 0.5C,fw,., but Fyx need not exceed
1.0C, Jwgz. -

23. Which is more life-threatening: shear cracking in a
seismically-detailed concrete column or flexural cracle-
ing of a seismically-detailed concrete shear wall?

Answer

Cracking in a shear wall is probably more serious than
cracking in a column. A properly-detailed column
should not lose its loadbearing capacity merely because
of cracking. The strict seismic detailing is intended to
keep concrete in a column intact and confined even if it
cracks. However, such confinement is not as complete
in shear walls.

24. A tank on the roof of 2 building contains hazardous
chemicals.

(a) What importance value, I, should be used in calcu-
lating the seismic force on the building?

(b) What importance value, I, should be used in cal-
culating the seismic force on the tank anchorage?

(c) What importance value, I, should be used in calcu-
lating the seismic force on the roof diaphragm-to-wall

" connectors?

Answer

(a) From Table 6.5 [UBC-97 Table 16-K], 7 = 1.25.
(b) From Table 6.5 [UBC-97 Table 16-K], I, = 1.50.

(c) From Table 6.5 [UBC-97 Teble 16-K], I = 1.25. The
1.50 value only applies to the tank and its connections.

25. "What is the basic distinction between ordinary and
special moment-resisting frames?

Answer

A special moment-resisting frame has been carefully de-
tailed to remain ductile. An ordinary moment-resisting
frame does not have this detailing. (See Sec. 6-21.)

26, Two buildings have the same mass, but one build-
ing has a shorter natural period than the other building.

All other factors being equal, which building will expe-
rience the larger seismic force?

Answer

Most response spectra show that the lower the natu-
ral period, the higher the acceleration experienced by
the building. Therefore, the building with the shorter
period will probably experience the larger seismic force.

27, In UBC-97 seismic zone 4, which material is most
likely to be less expensive when building a 30-story
moment-resisting frame: steel or concrete?

Answer

This is a controversial question whose answer may de-
pend on loyalties. However, more high-rise buildings
seem to be built out of steel than out of concrete. All
things being equal, steel is probably less expensive.

28. What consideration should be given to the design
of a building that resists lateral force by a combination
of braced frame and shear wall action?

Answer

Braced frames and shear walls have different stiffnesses
and may deflect different amounts. This will cause a
separation where the two resisting systems meet. The
resisting elements must be proportioned so that the de-
flections are equal for both resisting systems.

29, In an extreme earthquake, what type of fascia
would sustain the most damage: glass or concrete?

Angwer

This is a fairly vague question since only the fype of
fascia material (and not the mounting method) is indi-
cated. Glass has no ductility, so glass fascia probably
would not fare well in an extreme earthquake, Concrete
fascia would probably have been cast with continuous
bar or mesh reinforcing. This reinforcing would help
the concrete fascia remain intact when flexed.

30. For small buildings with only one or two floors,
which of the different structural systems are more cost-
effective? (Limit your discussion to wood structural
panel shear wall construction, masonry wall systems,
steel braced frames, stiff-redundant steel systems, con-
crete moment-resisting frames, steel moment-resisting
frames, and dual systems.)

Answer

Small buildings with only one or two floors can be built
using any of the structural systems listed, although
dual, redundant, and moment-resisting frame systems
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probably would not be used. The systems in order of
increasing cost are
wood structural panel shear wall construction

'|_|

. masonry wall systems
. ordinary steel braced frames

2
3
4. dual systems

5. stiff redundant steel systems

6. concrete moment-resisting frames
7

. steel moment-resisting frames

31. For tall buildings with more than ten floors, which
of the different structural systems are more cost-effec-
tive? (Limit your discussion to wood structural panel
shear wall construction, masonry shear wall (box) sys-
tems, ordinary steel braced frames, stiff-redundant steel
systems, concrete moment-resisting frames, steel mo-
ment-resisting frames, and dual systems.}

Answer

Wood structural panel, masonry, and dual systems
would not be used for a building with ten floors. Ex-
ceptionally tall buildings must be built either excep-
tionally stiff (e.g., the Empire State Building) or must
use moment-resisting frames. Most modern tall build-
ings in California are constructed of steel. The logical
conclusion ia that these are less expensive than con-
crete buildings. Stiffness achieved through multiple re-
dundancy is the most expensive. Though necessary in
the early history of tall building construction, designing
stiffness through redundancy is no longer practiced.

32. The floors in the top half of a tall multistory build-
ing are much smaller (in plan view) than the floors in
the bottom half of the building.

(2) What are the problems associated with this design?
(b) How would you counteract the problems?

Answer

(a) This question is essentially about setbacks. The
main problem is that the upper half would have & dif-
ferent period and different mode shape than the lower
half. The upper floors could oscillate out-of-phase with
the upper foors. This is referred to as “whipping ac-
tion.” Large stresses would be generated when the two
sections were 180° out-of-phase. The stress would be
most severe at the setback points.

(b) The upper half of the building must be desighed
so that, though smaller, it is as stiff or flexible as the
lower half. There are many ways of increasing stiffness,

including adding bracing, changing the spacing or num-
ber of interior members, and increasing member sizes.
(Since the mass of the upper stories is reduced, just
keeping the column and beam sizes the same as in the
lower stories would help.) In some cases, a different
construction material could be used. It is not generally
practical to add stiffness by starting new columns at an

upper floor.

33. An air conditioning unit i3 placed on a wood struc-
tural panel roof diaphragm. What effect does the new
unit have on the damping ratio of the roof?

Answer

None. The damping ratio of the roof is a function of
the roof material, design, and quality of construction.

34. Draw simple diagrams that show how e three-story
frame would fail in (a) beam-hinge mode, (b) column-
hinge mode, and (c) soft-story (also known as “weal-
story”} mode. Show all plastic hinge points.

Answer

Plastic hinges are shown as solid bullets.

4 g

{a) beam hinge: {b} column hinge

£

{c) soft story

35. Draw simple dizgrams that show how a four-story
frame would fail in (a) weak-column mode (i.e., when
the beams were stronger than the columns) and (b)
weal-beam mode (j.e., when the columns were stronger
than the beams). Show all plastic hinge points.

Answer

Plastic hinges are shown as solid bullets.

PROFESSIONAL PUBLICATIONS, INC.

EngineeringBooksPDF.com




ey

oy
-

A T e T S

]

e

PRACTICE PROBLEMS 209

(b)
nails i
"INV N 7 NN =1 ssismic strap
{a) waak column {b} weak beam .
moda mode === AL VR
7 e b2~ anchor bolt
2% blocking ,1 : s
stael
backing et ]
plate — "y reinforcing bar
36. Draw the connections necessary to anchor the floor ledger J
diaphragms shown to the side of a CMU (concrete ma-
sonry unit) wall. Show and label all connectors and LQ"
other elements. No calculations are necessary and no N
. . . ps CMU wall
specific spacings need to be specified. Assume positive
attachment to the wall is spaced approximately every
4 ft (102 mm)}.
(c)

() wood structural panel floor on 2x joists attached to
4 x 10 ledger

(b) wood structural panel supported directly by 4 x 10
ledger

weld to carry shear

(c) corrugated steel decking supported by steel ledger
angle

(d) steel plate supported by steel ledger angle

(e) poured gypsum deck on metal form deck supported
on steel ledger angle CMU wall

Answer

(a) (d)

wood structural . ;
pansai sheathing\ nails L 1 seismic strap weld or bolt
G T . f'.'n .
3 - : -4 anchor balt
stesl plate - N
ledger
- vad angle :
Jmst/ “5— reinforcing bar 4> reinforcing bar
ledger/ :
AR .:.". P Y S
CMU wall ) CMU wall
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(e)
weld angle
to metal deck
poured gypsum L
mesh = dowel
matal
deck
{farm} angla RS
e « o reinforcing bar

CMU wall

37. A wood structursl panel diaphragm is supported
by 2x joists. The joists are supported by a wood ledger
attached to 2 CMU (concrete masonry unit) wall. De-
tail the connection between a joist and the ledger if the
joist does not coincide with a wall anchor bolt or seismic
strap. Assume the ledger strength is adequate.

Answer

This problem is somewhat contrived because if the ap-
plication is really critical, the joint should be connected
directly to the wall. The intent of this problem is to de-
sign a positive connection between the joist and ledger.
In doing so, it must be recognized that (a) provisions
must be made to avoid tension splits in the joist, and
(b} connector pull-out strengths must be considered in
attaching the joist to the ledger. Toe-nailing is obvi-
ously inadequate. If the joist is attached to the ledger
with a commercial henger having a row of vertical nails,
the transmitted force will be limited by edge distance.
The detail shown uses (a) nailing or bolting along the
joist to avoid tension tear-out and (b) leg bolting to
avoid connector pull-out.

wood structural
pansl diaphragm\

F ] . [ ] fl L] - /
joiét -/ / /

strap lag balt
{each side)

CMU wall

38. Detail a connection for a 2x joist supporting a
wood structural panel floor diaphragm sitting directly
on a wall plate on top of a CMU (concrete masonry
unit) wall. How does your connection avoid cross-grain
tension in the wall plate?

Answer

The connection shown avoids cross-grain tension in the
wall plate by avoiding any connection to the wall plate.
Latersl loads are transmitted in bearing through the
anchor bolt. The wall plate remains in vertical com-
pression at all times.

wood structural .
pangl sheathing nalls\

angle bracket
bolted to joist

and anchor
bolted to wall | angla to transfer
+ + blocking shear
: to plate
joist—"
R N wail plate

reinforcing bar —k :
‘st anchor bolt

CMU wall

30. Describe how the connection between the joist and
masonry unit wall shown may fail in cross-grain tension.
How could you retain the besic design and eliminate the
cross-grain tension?

wood structural
panel sheathing

framing clip
(each side

of joist) ~

e blocking

T A plate

CMU wall
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Answer

If the lateral load is from left to right, the plate will be
placed in compression by the anchor bolt reaction acting
to the left. However, if the lateral load is from right to
left, the plate will be placed in cross-grain tension by
the anchor bolt reaction acting to the right. This design
can be “fixed” by adding & second framing clip to the
right of the anchor bolt.

40). Nlustrate how wood structural panel shear walls di-
rectly above each other on two different levels could be
interconnected. (Exterior sheathing cannot be used to

interconnect the walls.)

Answer
The most common method is to use a connecting tierod
(tie down), as shown.

{:. =
¢ connecting
tierod
i hY
' N
floar Joists
H hY
M N
anglse boited to
/ boundary member
i above and below
12 floar

41, Draw and detail three types of column-girder joints
for special moment-resisting frames constructed from

steel.

Answer

The three types shown are {a) a butt-welded joint, (b}
a fillet-welded joint, and (c) a bolted joint. Type (a)
is basically the design that performed poorly in the
Northridge earthguake.

plan view

N / butt weld top and

bottom flanges

..

\erection clip and
backing angle

alevation view
{al

elevation view

/ plate

Iy

1

T

¢

\
X

_J - erection clip and
Ly p
backing angle
butt weld top and

bottom plates

elevation view
{h}

plan view

erection clip and
backing angle

/ filler plate

i B e il el )
\ plate

butt weld top and
hottomn plates

elevation view
{c)
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49, Draw s typical section showing how the end of a
bridge section would be supported by an abutment.

Answer

The most important element in a bridge-to-abutment
connection is a positive connection that prevents the
two pieces from separating. Elements of secondary im-

portance are the bearing, expansion joint, and shock-
ahsorbing element (i.e., the rubber rings). Secondary

cabling (not shown) may be provided as & back-up to
the primary positive connection.

axpansion joint
rubber tings

-7//'

bridge
section

bearing

abutment
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APPENDIX A
Conversion Factors
Multiply By To Obtain Multiply By To Obtain
acre 43,560 fi:2 kg 2,20462 tbm
Btu 778.17 fi-1bf kg 0.06852 slug
Btu 1.055 led kip 1000 1bf
Btu/h 0.293 W kJ 0.9478 Btu
Btu/lbm 2.326 kJ/kg kJ 737.56 ft-1bf
Btu/lbm-°R 4.1868 kJ/kg K kJ/kg 0.42992 Btu/lbm
cm 0.3937 in ki/kg K 0.23885 Btu/lbm-°R.
cm® 0.061024 in? km : 3280.8 ft
erg 7.376 x 1078 ft-Ibf km 0.6214 mi
ft 0.3048 m km/h 0.62137 mi/h
ft3 7.481 gal kPa 0.14504 1bf/in?
ft? 0.028317 m? kW 7376 ft-1bf/sec
ft-Ibf 1.356 x 107 erg kW 1.341 hp
ft-1bf 1.35582 J L 0.03531 ft3
ft/sec? 0.0316 gravities L 0.001 m3
in/sec? 0.002591 gravities Ibf 4.4482 N
gal 0.13368 ft3 Ibf/fi 14.5938 N/m
gal 3.7854x 1078 md Ibf/ft? 144 Ibf/in?
gal/min 0.002228 ft3 /sec [bf/in® 6894.8 Pa
g/cm? 1000 kg/m? Ibm 0.4536 kg
g/em? 62.428 Ibm/ft? {bm/ft? 0.016018 g/em?
gravities 32.2 ft /sec? Ibm/ft3 . 16.018 kg/m3
gravities 386 in/sec” m 3.28083 ft
gravities 9.81 m/s? m? 35.3147 3
hp 2545 Btu/h mm 0.03937 in
hp 33,000 ft-1bf/min m/s? 0.1019 gravities
hp 550 ft-1bf/sec mi 1.609 km
hp 0.7457 kW mi/h 1.6093 km/h
in 2.54 cm N 0.22481 lof
in 25.4 mm Pa 14504 x 107*  Ibf/in®
in? 16.387 cm? slug 32.174 lbm
J 0.73756 ft-1bf w 3.413 Btu/h
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APPENDIX B
Definitions

Base: The level at which the earthquake motions are
imparted to the structure.
Bearing wall system: A structural system without a

complete vertical load-carrying frame. In this system,
the lateral forces are resisted by shear walls or braced

frames,

Braced frame: A vertical truss system. that is provided
to resist lateral forces and in which the members are
subjected primarily to axial stresses.

Confined concrete: Concrete confined by closely-spaced
ties restraining it in a direction perpendicular to the
applied stress.

Critical damping: The amount of damping that results

in the system recovering from an initial deflection in
the minimum amount of time, without an amplitude

reversal.

Damping: The characteristic that reduces the vibra-
tional energy, primerily by friction.

Dip: The angle that a stratum or fault makes with the
horizontal.

Dip slip: The component of the slip parallel with the
dip of the fault.

Ductile moment-resisting frame: A frame with rigid
connections between columns and girders that is ductile
at potential yielding points. See also Moment-resisting
frame.

Elastic rebound theory: A seismic theory, based on the
tectonic plate concept, that proposes that stresses are
created in fault lines by shifting of the tectonic plates,
and that faults resist motion until the accumulated
stress overcomes the internel friction.

Equivelent static load: A single horizontal load, as de-
fined in the UBC, for which an earthquake-resistant
building should be designed.

Essential facility: A facility that must remain functional
after a major earthquake.

Fault: A fracture or fracture zone along which the sides
can move relative to one another and parallel to the
fracture. _

Fault creep: Continuous displacement along a fault at a
slow and varying rate that is usually not accompanied
by noticeable earthquakes.

Fault displacement: Relative movement of the two sides
of a fault, messured in any specified direction (usually
perallel to the fault).

Fault gouge: Filler material that forms between two
plates sliding against each other.

Fuult sag: A narrow tectonic (generally earth-filled) de-
pression commeon in strike-slip fault zones, less than a
fow hundred feet wide and approximately parallel to the
fault zone. See also Sag pond.

Fault scorp: A cliff or steep slope formed by displace-
ment of the ground surface.

Fraciure: A general term for a break, joint, or fault in
the Earth.
Frame: A two-dimensional structural system without

bearing walls thet is composed of interconnected
laterally-supported members and that functions as a

self-contained unit.

Gouge: See Fault gouge.

Graben (plural, graben): A fault block, generally long
and narrow, that has dropped down relative to the ad-

jacent blocks.

Hoop: A one-piece closed tie or continuously wound tie
that encloses longitudinal reinforcement,

Hypocenter: The actual location of the earthquake be-
neath the Earth’s surface.

Igneous rock: Rocks formed by the solidification of
molten magma.

Lateral force-resisting system: The part of the building
that resists earthquake and wind forces.

Left-normal slip: Fault displacement consisting of
nearly equal components of left and normal slips.

Left slip: Strike-slip displacement in which the block
across the faulf moves to the left.

Ligquefaction: The loss of load-carrying ability in loose,
usually saturated, soil or sand.

Moment-resisting frame: A vertical load-carrying frame
in which the members and joints are capable of resisting
forces primarily by flexure.

Normal foult: Any fault (including those with vertical
slip) in which the block above an inclined surface moves
downward relative to the block below the fault surface.

Normal slip: Vertical displacement of a fault.

Oblique slip: A combination of strike slip and reverse
slip.
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APPENDIX B (continued)
Definitions

Parapet: A low wall or railing {including decorative pan-
els) extending, usually vertically, above the roof line.

Plastic hinge: A region where the yield moment
strength of a flexural member is exceeded and that ex-

periences significant rotation.

Reserve energy: Energy that a ductile system is capable
of absorbing in the inelastic region.

Resonance: A condition existing when the frequency of
excitation is the same as the natural frequency of the

building or soil.

Reverse fault: A fault in which the block above an in-
clined fault surface moves upward relative to the block
below the fault surface.

Right-normal slip: Fault displacement consisting of
nearly equal components of right and normal slips.

Right slip: Strike-slip displacement in which the block
across the fault from an observer moves to the right.

Rigid frame: A vertical load-carrying frame in which
the members and joints resist forces by rotation and
flexure. See also Moment-resisting space frame.

Sag pond: A fault sag that has filled with water.

Shear wall: A wall designed to resist lateral forces par-
allel to the plane of the wall.

Slip: The relative displacement, measured on the sur-
face, of two points on opposite sides of a fanlt.

Space frame: A three-dimensional structural system
without bearing walls that is composed of intercon-
nected laterally supported members and that functions
as a self-contained unit.

Special ductile freme: A structural frame designed to re-
main vertically functional after the formation of plastic
hinges from reversed lateral displacements,

Special shear wall: A reinforced concrete shear wall de-
signed and detailed in accordance with the special UBC
provisions.

Stirrup tie: A closed stirrup completely encircling the
longitudinal members of a beam or column’and con-
forming to the definition of a hoop.

Strike: The horizontal direction or bearing of the fault
on the surface.

Strike-skip: The horizontal compcmenﬁ of slip, parallel
to the strike of the fault.

Strike-slip faull: A fanlt in which the slip is approxi-
mately in the direction of the strike.

Supplementary crosstie A tie with a standard 180-
degree hook at each end.

Tectonic: Pertaining to or designating the internal and
external rock structures and features caused from
crustal and subcrustal activity deep in the Earth.

Tectonic creep: Fault creep of tectonic origin.
Transcurrent fault: See Strike-slip fault.
Wrench fault: See Strike-slip fault.
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A-4
APPENDIX C
Chronalogy of Important California Earthquakes
Richter

Date Fault Magnitude Surface Effects and Significance

1836 Hayward 7.0(est.) Ground breakage

1838 San Andreas 7.0(est.) Ground breakage

1852 Big Pine Possible ground breaksge

1857 San Andreas B.0(est.) Right-lateral slip, possibly as much as 30 ft (914 cm)

1861 Calaveras Ground breakage

1868 San Andrees Long fissure in earth at Dos Palmas

1868 Hayward 7.0 (est.) Strike-slip

1872 Owens Valley zone 8.3(est.) Right-lateral slip of 16-20 ft {48B-610 cm). Left-lateral slip may also have
occurred. Vertical slip, down to east, of 23 ft (701 cm).

1860 San Andrees Fissures in fault zone; railroad tracks and bridge displaced

1899 San Jacinto 6.6 (est.) Possible surface evidence

1906 San Andreas 8.3 Known as the “San Francisco earthquake.” Right-lateral slip up to
21 ft (640 cm). Resulted in the formation of the California State Earthquake
Investigation Commission.

1922 San Andreas 6.5 Ground breakage

1925 Mesa/Santa Yoez 6.3 Known s the “Santa Barbara earthquake of 1925.” U.S. Coast and
Geodetic Society was directed to study the field of seismology.

1927 Senta Ynez 7.5 Occurred offshore in 8 submarine trench and was felt on land

1933 Newport-Inglewood 6.3 Known as the “Long Beach earthquake of 1933." Extensive property damage
and losa of life. Many school buildings were destroyed. Resulied in the passage
of the Field Act. The Division of Architecture of the State Department of
Public Works was assigned responsibility to approve new buildings used for
schools. The Riley Act was also passed, which set minimum requirements for
lateral force design.

1934 San Andreas 6.0 Ground breakage

1934 San Jacinto 71 Ground breaknge

1940 TImperial 71 Known 8s the “El Centro earthquake.” 40 mi (64.4 km) of surface faulting. 80% of
Imperial buildings were damaged. However, no Field Act school buildings were
damaged. This was the first major earthquake to yield accelerograph data on
building periods. A maximum acceleration {ground) of 0.33 g was experienced.

1947 Manix 6.4 Left-lateral slip of 3 in (76 mm)

1950 {unnamed) 5.6 Vertical slip, down to west, of 5-8 in (127-203 mm) along the west edge of
Fort Sege Mountains

1951 Superstition Hills 5.6 Slight right-lateral slip

1952 White Wolf 7.7 Known as the “Kern County earthquake,” and the “Arvin-Tehachapi
earthquake.” Extensive building damage to old buildings. Little or nope to
properly designed and Field Act buildings. Confirmed the requirement for
proper degign.

1956 San Miguel 6.8 Right-lateral slip, 3 ft (91 cm); vertical slip, down to southwest, 3 ft (91 cm)

1966 Imperiel 3.6 Right-lateral slip, 1/2 in (13 mm)

1966 San Andreas 5.5 Known as the “Parkfield earthquake.” Right-lateral slip of several inches.
Maximum ground acceleration of 0,50 g—highest recorded to date.

1068 Coyote Cresk 6.4 Right-latersl slip up to 15 in (381 mm)

1971 San Fernando 6.4-6.6 Known as the “San Fernando earthquake,” or “Sylmar earthquake.” Left-

: lateral slip up to 5 ft (152 cm); north-side thrusting up 3 & (91 cm). Massive
instrumentation due to 1965 Los Angeles building code resulted in more than 300
accelerograph plots. 1.24 g experienced at Pacoima dam.

1979 Imperial 6.6 Known as the “Imperial Valley earthquake.” Right-lateral slip up to 21.6 in
(55 cm) with more than 1.6 mi (30 km) of surface rupture. Fxtensive accelerg-
graph data collected. Resulted in the first accelerograph from an extensively '
damaged building (Imperial County Services Building).

1087 Whittier 6.1 Known as the “Whittier earthquake.” Epicenter 10 mi (16 km) east of downtown
Los Angeles. 0.45 g maximum lateral acceleration; 0.20 g vertical acceleration
typical. Strong shaling duration of 4 sec. Six fatalities; unreinforced masonry
structures damaged significantly.

1980 Loma Prieta 7.1 Primarily noted as causing the collapse of the Oakland Interstate 880 Cypress
structure and homes in the San Francisco Marina district, both due to soil ampli-

fication effects despite the large distance from the epicenter. Ground breaknge
at epicenter located in Santa Cruz Mountains; 62 fatalities.
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APPENDIX C (continued)

Chronology of Important California Earthquakes

Richter

Date Fault Magnitude Surface Effects and Significance

1990 Upland 55 Acceleration of 0.23 g horizontally and .13 g vertically. Dozens of after-
shocks. Occurred on the San Antonio Canyon fault, east of downtown Los
Angeles. Most damage in Pomona; some damage to reinforced masonry
structures,

1992 - Yucca Valley 74 One fatality, hundreds of injuries. Buckled and displaced roads, damaged
1400 structures. 43-mi {69.2 km) ground rupture. Followed by magnitude
6.5 quake at Big Bear resort area.

1992 Cape Mendocino 70 Offshore quake notable for largest-yet recorded ground acceleration of 1.85 g.

1994 Northridge 6.6 Previously unknown thrust fault. 40 s of shalking. Extensive damage to
sections of the Santa Monica fresway and fresway overpasses not yet retro-
fitted. Unreinforced masonry buildings damaged, as expected. 60 fatalities,
thousands of injuries. Numerous failures in ateel moment-resisting connections.

2000 West Napa 5.2 Known as the “Yountville earthquake” and the “Napa earthqueke.” Source

was 3 mi west of the West Napa fault on an unknown northwest-oriented, right-
lateral stroke-slip faunlt. Ground acceleration approaching 0.5 g horizontally
recorded in town was higher than expected from this magnitude and is attributed
to amplification by young sediments along the Napa river.
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APPENDIX D
Rigidity of Fixed Piers

(Galculated with F = 100,000 Ibf (445000 N), ¢ = 1.0 in (25 mm), and £'= 1,000,000 psi (6.9 x 10° kPa).)

0.04 0.05 0.05 0.07 0.80 0.08

{hid) Q.00 0.01 0.02 0.03
ape57 10421 18321 17,335

a9053 30481 27645 25497 23655  22.057

p.10

020 | 16447 15543 14911 14242 13267 13061 12508 12053 11602 11,181

p3o | 1788 10419 10073 9.747 8.440 8,150 8.878 8,616 B363 8135
7498 7302 Tn7 5,939 G.769 6,608 G443  6.299

040 | 7911 7.699
050 | 6154 6015 5,880
o.60 | 48960 4.862 4,768
070 | 4093 4,019 3948 3877

5,751 5.628 5,508 5.289 5277 5168 5062
4.673 4,503 4,485 4.410 4.328 4247 4169
3.809 3743 3.678 3615 3553 3493
0.80 3434 3,377 3321 3.266 34.213 3160 3,109 3.060 3011 2863
080 | 2918 287 2826 2,782 2733 2.697. 2,658 2.818 2577 254
1.00 | 2500 2483 2427 2391 2,358 2322 2,288 2255 2222 2191
2,159 2129 2,088 2069 2,040 2012 1.984 1.958 1923 1803

1.10

1.20 { 1877 1.851 1.826 1.802 1717 1.753 1.730 1.707 1.684 1662

1.30 1.840 1.618 1.698 1577 1.556 1.536 1.518 1497 1478 1458

140 | 1440 1422 1.404 1.386 1.389 1.352 1.335 1.318 1302 1286
1224 1.209 1,194 1.160 1.168 1152 1138

1.50 1.270 1.254 1.239

1.60 1124 1.1 1.088 1.085 1072 1.058 1.047 1.034 1022 1010
1.70 0.609 0.987 0.876 0.985 0.954 0,943 0.922 0.821 0011 0801
1.80 |- 0.830 0.860 0,870 0.B61 0.851 0842 0.832 0.823 0814 0805
180! 0796 0.788 0.778 o pyB2 0754 0.748 0.738 0730 0722
200 | 0714 0.707 0.689 0,682 0.885 0.677 0.570 0.683 0658 0540
210 0.643 0.636 n.629 0.623 0817 0.610 0.804 0.598 p.592 0586
220 05680 0.574 0.568 0.552 0.557 0.551 0,648 0.540 0535  0.530
230 0525 0518 4.514 0.509 0.504 0.489 0.495 0.450 0485 0480
240 0.478 0471 0467 0462 0.458 {.453 0.449 0.445 0441 0437
250 | 0432 0.428 0424 0420 0417 2.413 0.409 0.445 0401  0.398
2,60 0.334 0.351 0.387 0,383 0,380 0.377 0.973 0.370 0357 0363
270 | 0360 0357 0.354 0.350 0.347 0,344 0.341 0.338 0335 0232
280 0,330 0.337 0.224 0.321 D318 0,316 0,313 0.310 0307 0305
280 0.302 0.300 0.2a7 0.295 0282 0.200 0.287 0.285 0283 0,280
4.00 0.278 0.278 0273 0271 0269 0.267 0.254 0.262 D260 D258
a.10 0.256 0.254 0,252 0.250 0.248 0245 0.244 242 0240 0238
320 | 023 0234 0.232 0.231 0.2289 0227 0.225 0.223 n222 0220
30 | 0218 0217 0.215 0.213 0.212 0.210 0.208 0.207 0205 0204
340 0.202 0.201 0.199 0.188 0.196 0.185 0183 0.192 0190 0188
350 0.187 0.188 0.185 0.163 0,182 0,181 0.179 o178 0177 0476

160 0.174 0173 0172 0470 0,169 0,168 0.167 0,166 0164 0463
0.156 0.155 0,184 0153 D152 -

3ze | 0482 0.161 0.160 0,159 0.1s7
3.80 0.151 0.150 0.149 0.148 0,147 0.148 0.148 0.144 0143 0142
3.80 0.141 0.140 0.139 0.138 0.137 0,138 0.135 0134 0133 0332
4.00 0132 0.1 0.130 0.129 0.128 0127 0.128 0.128 0,125 0124
4.10 0,123 4.122 0.122 0.421 0.120 0.119 0.118 0.118 617 0116
4.20 0,115 0,115 0114 0.113 a2 0112 0.111 0,110 0110 0109 -
430 | 0,108 0308 0107 0.108 0,106 @105 0.104 0.104 0103 0902
440 0.102 0,101 4100 0,100 0.099 0,039 0.098 o.aa7 0087 0096
4.50 0.085 0,095 0.094 0.094 0.093 0,083 0,082 0.082 0051 0091
4.60 0.050 0.069 0.083 0.0g8 a.088 0.0a7 0.087 0.086 0086 0.085
470 | 0085 0.084 0.084 0.003 0.083 0.082 0,082 0,081 D.081 0.080
488 | 0080 0.080 0.079 0.079 0,078 04078 o.077 0.077 0076  0.076
480 0.078 0.075 04075 0,074 0074 0.073 0.073 0.073 o072 0072
5,00 0.071 .07 0.071 0.070 070 0.069 0.05% 0.069 o068 0.068
5.10 0.068 0.087 0.067 0.066 0.068 0.066 0.065 0.065 0065  0.064
520 | 0.064 0.054 0.063 0.063 0.062 0.082 0.062 0.062 0061 0.061
530 0.061 0.060 0.060 0.060 0,038 0.050 0.059 0.058 0058  0.058
540 0.058 0,057 0,057 0.057 0.058 0,056 0.058 0.056 0055 0055
550 0.055 0,054 0.054 0.054 0.054 0,053 0.053 {.053 0.052 D052
550 0.052 0.052 0,051 0.051 0051 0.051 0,050 0.050 0050  0.050
570 | 0048 0.048 0048 04049 0,048 0.048 0.048 0,048 0048 0047
5B0 § 0047 0.047 0.047 0.6 0.046 0.046 0,046 0.045 0045 0045
5.50 0.045 0.045 0.044 0.044 0.044 0.044 0,044 0.043 0043 0043
5.00 0.043 0.043 0.042 0042 0.042 0.042 .042 0.0H 004 004
610 | 0041 0,041 0.040 0.040 0.040 0.040 0.040 0.039 0038 0039
620 [ 0.030 0.039 0.039 0033 0.038 0.038 0.038 0.028 0.038  0.037
830 0037 0.037 0.037 0.037 0.0a7 0.038 0,036 0.038 0038  0.038
640 0.036 0.035 0.035 D035 0.035 0.035 0.035 0.0 0034 0034
650 | 0.034 0,034 0.034 0.034 0.033 0.033 0.033 0.033 0033 0033
6.50 0.032 0.032 0032 0.032 0.032 0.032 0.032 0.032 0031 0031
470 0.031 0031 0.0:1 0.0 0.031 0.031 0,030 0.030 0030 0030
6,80 0.030 0,030 0,030 0.028 0.029 0.028 0,028 0.029 002g 0029
0,028 po2a  0.028

6.90 0.629 0.029 0.028 0428 0.028 0.028 0.028

740 o027 o027 0.027 o.ozr o027 D.027 0.027 0,027 0027 0026

710 | 0026 0,028 0,028 0.026 0.026 0.026 0.026 0.026 0026 0.025
0.025 0.025 0,025 0.025 0925 0.025 00e5 0024

. 720 0025 0.025 ,
730 ] 0024 0.024 0.024 0.024 0.024 0.024 0,024 0.023 0024 0023
740 0,023 0.023 0.023 0,023 0.023 0.023 0.023 0.023 0023 0.023
7.50 0,023 0.022 0.022 022 0.022 0.022 0.022 0,022 po22 .02
1.60 0.022 0.022 0.021 0.021 0021 0.021 0.021 0.021 0021 0.021
770 0021 0021 0.021 0.021 0021 0.020 0.020 0,020 0020  0.020
780 0.020 0.020 0.020 0.020 0,020 0.020 0.020 0,020 0019 0018
780 | 0019 0.019 0.018 a8 LI 0.m8 0.018 0.019 0019 0M9
8.00 0.9 0.018 0,019 0.018 0.018 0.018 a.018 0.018 poia 0018
8.10 0.018 0.018 0.018 0.018 0.018 0,018 0018 0.018 6017 0017
820 am7 0017 0.017 0017 0.7 0.7 0.017 0.017 0017 0017
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APPENDICES

APPENDIX E
Rigidity of Cantilever Piers

(Calculated with F = 100,000 Ibf (445000 N), t = 1.0 in (25 mm), and E = 1,000,000 psi (6.9 x 10° kPa).)

{hid) 000 0.01 0.02 003 0.04 .05 .06 0.07 0.08 04.08

0.0 | 32895 29822 27355 05076 23200 21575 2046 18.8A0 17.752 16738
020 | 15.823 14892 142331 {3538  12.898 12308 %761 11252 10778 10,335
030 | 8924 9.531 9.165 8.820 8,495 8.187 7.895 7.618 7356 7,106
040 | 6.868 6.642 6.425 6219 6.021 5.833 5.652 5479 8313 5153
050 | 5.000 4.853 4712 4.576 4.445 4318 4,197 4.080 d.858 3859
0.60 | 3.754 3.652 3.555 3.460 3.369 3.280 3,185 a.112 a032 2955
070 | 2880 2808 2738 2.670 2.604 2540 2478 2418 2360 2302
080 | 2248 2,195 2143 2,003 2045 1.997 1.852 1.807 1864 1822
0.80 1} 1781 1.74% 1,702 1.665 1.628 1.593 1.558 1.524 1482 1460
1.00 | 1429 1.398 1.368 1.340 1312 1.285 1.259 1.233 1208 1483
110 | 11460 1.135 1.114 1.082 1070 1.049 1.028 1.008 0989 0570
120 [ 0851 0.933 0.916 0.830 0,881 0.865 0.849 0.833 0818  0.803
130 | 0788 0774 0.760 0.746 0733 0.720 0.707 0.695 0.6683 0671
1.40 | 0.659 0.646 0.638 0.526 0.615 0.604 0.594 0.564 0576  0.565
150 | 0.588 0.548 0.537 0,529 0.520 0.512 0.503 0.495 0487 0480
160 | 0472 0485 0,457 0,450 0.443 0.436 0.430 0.423 0417 0410
170 | 0404 0.398 0,352 0,388 0.360 0,375 0.369 D.364 0358  0.353
1.80 | 0.348 0.343 0.338 0333 0.329 0.324 0.319 0315, 0310 0306
180 | 0302 0.208 0.204 0.29) 0.286 0.282 0.278 0.274 0.270  0.257
200 | 0263 0.260 0.256 0.253 0.250 0.246 0.243 0.240 0237 02H
210 | 0234 0.228 0.225 n.222 0.218 0.216 0.214 0.211 0.208 0205
220 | 0.203 0.201 0,188 0188 0,184 0181 0.189 0.187 0.184  0.182
230 | 0,80 o178 0.176 0174 o.1r2 0170 0.168 0.168 0164 0162
240 | 0180 0.158 01568 0.165 0,163 0.151 0.143 0.148 0148 0,148
250 | 0.143 0141 0,140 0123 0137 0.135 0,134 0,132 0131 018
260 | 0128 o127 0,125 0.124 0,123 0,121 0.120 0.119 0.118 0.1
270 | 0115 0114 0.113 0112 0111 0.108 0.108 0.107 0108 0105
280 [ 0104 0103 0.102 0101 0.100 0.089 0.008 0097 0.008 0.095
290 | 0.084 0.003 0.092 0.091 0.099 0,000 0.068 0.088 0.087  0.086
300 |} 0088 0.085 0.084 0.083 0.082 0.052 0.081 0.0a0 0.078 0079
310 | 0078 0.077 0076 14.076 0.075 0.074 0074 0.073 0072 0072
320 | 0071 0.071 0.070 0.069 0063 0088 0.067 0.067 0066  0.066
330 | 0.0685 0.065 0.064 0.063 0.083 0.062 0.062 0.051 0061 0,080
340 | 0.060 0.059 0.059 0.058 0.058 0.057 0.057 0.056 0056 0055
350 | 0085 0.055 0.054 0.054 0.053 0.033 0.052 0,952 6052 0.051
360 | 003 0050 0.050 0.050 0,049 0048 0.048 0.048 0048 0.047
370 | 0047 0.048 0.046 0.046 0,045 0.045 0.045 0.044 0.044  0.044
380 | 0.047 0,043 0.043 0.042 0.042 0.042 0.041 0.041 0041 0.040
380 | 0040 0.040 0.040 0.039 0,039 0.039 0,038 0.033 0.038 0Q.038
400 | 0037 0.037 0.037 0.037 0.036 0.036 0.038 0.035 0035 0035
410 | 0035 0.034 0.034 0.034 0.034 0.034 0033 0.033 0.033  0.033
420 [ 0032 0,032 1.032 0032 0.031 0.0 0.031 0.03¢ 003t 0.4030
430 | 0.030 0.030 0.030 0.030 0,029 0.029 0.028 0029 0029 0.028
440 1 0.028 0.028 0.023 0.028 0,028 0.027 a.027 0.027 0.027  0.027
450 | 0026 0.028 0.026 0.028 0.025 0.028 0.025 0.025 0025 0.025
4.60 | 0.025 0.025 0.024 0.024 0.024 0.024 n.024 0.024 0.024 0.023
470 | 0023 0.023 0.023 0023 0.023 0423 0022 a.022 0022 Q022
480 | 0022 0.0a2 oga2 0.021 0.029 0.021 0.024 0.0 o021 oo
480 | 0,021 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020
500 | 0018 0.8 0.018 0018 0.019 0.018 0.013 0018 0.019 0018
510§ 0018 0018 0.018 0.018 0.018 0.018 0.018 o.018 0017 0.017
520 | 0017 0.017 o017 0017 0.017 0.017 0017 0.017 0M7 0018
540 [ 0016 0.016 4.016 o418 0.016 0.016 n.018 0.016 0018 0018
540 | 0015 0.01% 0.015 0.015 0.018 0015 0.015 0.015 0015 0015
550 1 0015 0015 0.015 0.014 0.014 0,014 0,014 0.014 0,014 0014
660 | 0014 0.014 0.014 0.014 0.014 0.014 0.013 0,913 0013 0.013
570 | 0.013 0,013 0,013 0013 0.013 0.013 0.13 0.013 0013 0013
580 | 0013 0,012 0.012 6012 0.012 0042 0.012 0.012 0012 0012
580 | 0012 0.012 0.012 0.m2 0.012 0012 a.012 0012 a1 00dt
600 ] 0.011 0.011 s} 0.011 0.011 0.o011 0.011 0011 0011 60N
610 | Q.01 0.011 0.011 0.0t 0.011 oo 0.010 0.010 0.010 0010
6.20 | 04HO 0.010 0.01¢ 0.010 0.010 0.010 0,010 0010 0010 0.010
630 | 0010 0.010 0.010 0.010 0.010 0.010 0.010 0.009 0.008  0.009
840 [ 0.009 0.003 0.009 0.609 0.009 0.009 0.009 0.009 0009  0.009
650 | 0,009 0.000 0.005 0.009 0.009 0.009 0.003 0.008 0005  0.009
6.60 | 0009 0.00% o.008 0.008 6.009 0.008 0.008 0.008 0.008  0.008
670 | ©.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0008 0,008
680 [ 0.008 0.008 0.008 0008 0.008 04000 0.008 0.008 0608 0.008
690 | 0.007 0.007 0.007 0.007 0.007 0.067 0.007 0.007 0007 0007
700 0.007 0007 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0007
70| GO0 0.007 D.007 0.007 0,007 0,007 0.007 0.007 0007  0.007
7.20 { 0.007 0.007 0.007 o007 0.006 0.008 0.006 0.006 0.006  0.005
730 | 0408 0.005 0.606 0.006 0.008 0.008 0006 0.008 0.006  C.006
740 | 0.008 0.008 0.008 0.006 0.008 0.008 0.008 0.008 0.608  0.006
750 | 0.008 0.006 0.006 0.008 0.006 0.006 0.006 0.006 0008 0008
760 | 0006 0.006 0.008 0.006 0.608 0.006 0.005 0.005 0,005 0005
7.70 | 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.0435 0005 0.005
7.80 | 0005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0005 0005
780 | 0.005 0.005 0.005 0,005 0.005 0.005 0,005 0.005 0005  0.005
8.00 | 04005 0.005 0.005 0.005 2.005 0.005 0005 0.005 0,005  0.005
410 | 0.005 0.005 0.005 0.005 0.005 0,005 0.005 0.005 0.005  0.005
8.20 | 0.004 0.004 0.004 0004 0,004 0.004 0,004 0.004 0.004 DO04
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ACCELERATION
ACCELERATION OF GRAVITY
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APPENDIX F
Accelerogram of 1940 El Centro Earthquake
(North-South Component)
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Source: Donald E. Hudsen, “Ground Motion Measurements,” in Earthquake Engineering,
Robert L. Wiegel, ed., (¢) 1970, p. 113,
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APPENDICES
APPENDIX G
Seismic Acronyms

AASHTO American Association of State Highway NBC National Building Code

Transportation Officials NCMA National Concrete Masonry Association
ACI American Concrete Institute NDS§ National Design Specification
ADAS added damping and stiffness (element) NEHRP National Earthquake Hazards Reduction
AFM Air Force Manual {military) Program
AISC American Institute of Steel Construction NRC Nuclear Regulatory Commission
ANSI American National Standards Institute NSF National Science Foundation
API American Petroleum Institute OMT ordinary moment frama
ARS Acceleration Respense Spectrum OMRF ordinary moment-resisting frame
ASCE American Society of Civil Engineers OMRSF ordinary moment-resisting space frame
ASD allowable stress design : {obsolete)
ASTM American Society for Testing and Materials OTM overturning moment
AITC American Institute of Timber Construction PCA Portland Cement Association
ATC Applied Technology Council PGA peak ground acceleration
AWWA American Water Works Association PGD peak ground displacement
AZG acceleration zone graph PGV peak ground velocity
BOCA Building Officials and Code Administrators SBC Standard Building Code

International SBCCI Southern Building Code Congress
CALTRANS California Department of Transportation International
CIP cast-in-place SCBF special concentrically braced frames
CMUu concrete masonry unit SD strength design
cQc complete quadratic combination SDOF single degree of freedom
DAR dynatnic amplification factor SEAOQC Structural Engineers Association of
DM design manual (military) California
EBF eccentrically braced frame SEAOCC Structural Engineers Association of
EPA effective peak ground acceleration Centra! California
EPV effective peak ground velocity SEAONC Structural Engineers Association of
EQ earthquake Northern California
EUS eastern United States SEAQSC Structural Engineers Association of
FEA finite element analysis Southern California
FEMA Federal Emergency Management Agency SH shear horizontal
FP full-penetration {welding) SMRF special moment-resisting frame
HVAC heating ventilating and air conditioning SMRESF special moment-resisting space frame
BC International Building Code (obsolete)
IC important classification SPC seismic performance category
ICBO International Conference of Building Officials SRSS square root of the sum of the squares
ICC International Code Council SSRC Structural Stability Research Council
IDRS inelastic design response spectra STMF special truss moment frames ‘
IEEE Institute of Electrical and Electronic 5V shear vertical _

Engineers T&B top and bottom (welding)
IMRF intermediate moment-resisting frame ™ training manual (military)
IMRSFE intermediate moment-resisting space frame ™™D tuned mass damper

{obsolete) TMS The Masonry Society
LRFD load resistance factor design UBC Uniform Building Code
MDOF multiple degree of freedom USGS United States Geological Society
MM madified Mercalli (intensity) VLLR vertical and lateral load-resisting elements
MMRWF masonry moment-resisting wall frame WUus western United States .
NAVFAC Naval Facilities Engineering Command YDS yield displacement spectrum
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SEISMIC DESIGN OF BUILDING STRUCTURES

APPENDIX H
Standard Welding Symbols of the AISC/AWS
BASIC WELD SYMBOLS
PLUG Groove or Butt
BACK | FILLET| PN lsquame| v |BEVEL| U | 4 |FLAREV iyin

ENIAN NV N VI

SUPPLEMENTARY WELD SYMBOLS

CONTOUR
BACKING | SPACER ‘g’g'é%ﬁg“ e for other baslc and
FLUSH | CONVEX | supplementary weld

symbols, see
AWS A2.4-88

OO | Bl — |~

[STANDARD LOCATION OF ELEMENTS OF A WELDNG SYMBOL

Groove angle orincluded
angle of countersink
for plug welds

Finish symbol

Centour symbol

Root opening, depth

of filling for plug

and slot welds

Effective throat \
Depth of preparation; F

E .
size or strength for A

certain welds

Referance line

Specifications, process

or other referance —\

length of weld

Pitch [c. to ¢. spacing)
of welds

<

Field weld symbol

R /
G 3g Weld-all-around symbol
acd Y
?\ (EJJF,% oalLer A/
£33
@mEg
253

Tail {omitted when ———/ /

reference is not used) Arrow connecting reference
line to arrow side member of

Basic weld symbal joint or arrow side of joint

or detall reference

Note:

Size, weld symbol, length of weld a
along tha reference line, Neither orlenta
this rule,

‘The perpendicufar feg of B, ¥/ I "'weld symbols must be at left.

Arrow and Other Side welds are of the same size unless otherwise shown, Dimensions of
fillet welds must be shown on both the Arrow Side and the Other Side Symbol.

Flag of field-weld symbol shall be placed above and at right angle to reference line of

function with the arrow,

Symbols apply between abrupt changes in welding uniess gaverned by the “all around®
symbo! or otherwise dimensioned,

These symbols do not explicitly provide for the case that frequently occurs in structural
waork, where duplicate material (such as stiffeners} occurs on the far side of a web or gusset
plate. The fabricating industry has adopted this convention: that when the billing of the detail
material discloses the existence of a member on the far side as well as on the near side, the
welding shown for the near side shall be duplicated on the far side.

nd spacing must read in that order from lsft to right
tion of reference line nor location of the arrow alters

Copyright (c) American Instifute of Steel Construction, Inc.
Reprinted with permission. All rights reserved.
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APPENDICES

APPENDIX I

Commercial Wood Framing Straps and Holdowns

Holdowns are used o transfar tenston loads batwaen floors, to s 5
puriing fo masonry or cancrte, stc. Use HDAs and HOs for ovarium A ,
sequiramants and other applications to ransfer tanstan loads. All HDAs @ ! i
and the HD15 are sei|igging, ansuring code-raquired minlmum 7 bo . e [y

;

dlametar spacing from the end of tha wood membar
biolt hole.

HDEA, HDBA, HHDA and HO14A's seat deslgn allows grealar
instatistion adjustabiifty. An overall width of 3%" for the HOBA, HD8A and
HO10A, and 3% for tha HDT4A providas an sasy flt in a standard 4x wall.

HDA /HD Holdowns

" —_
0 Tﬂjo

ta the canter of tha frst

HDA SPECIAL FEATURES: \
« Single placa non-welded dasign rasults in higher capactty. - w/k Thesaced L. Shude ¢
« Load Transfer Piata allminatas the nead for a seat washar, 1 .4
» Fawer Inspaction prablems. HD5A | —'%
MATERIAL: 560 tahia {HD2A similar) Fioor ol 5
FINISH: HD2A, 5A, 6A, 8A, 10A—galvanized, HOBA may be ordared HDG; 1.5, Patant 4,865,672 i
1) Ll )

chack with factory. HO14A, HD15, HD20A—S

INSTALLATION: » Usa aif spacified fastanara. Sas General Notes,

« For an Improved connectlan, usa & steal nylon
thraad adhesive on the ancher boft.

« Holt holes shall be & mintmum of Ya' to 2 maximud of %e®
largar than the bolt diamator (par 1857 NDS, saction 8.1.2.1.),

= Standard washers ars required betwean the basa plate and anchor
nut (HOTS onty), and on stud belt nite against tha waad. The
Load Transfar Fiata Is an Integral part of the HDA Holdown and
no washer Is roquirad. See page 30 for BP/LEP Bearlng Piates.

« Sas SSTB Anchor Bolts, Slmpson's Archoring

Anchorags Daalgns for anchoraga aplions, Tha deslgn englnear may
spectly any aftamata ancharage calculatad o resist the tanslon load

far a specific job.

« Locata on wood membsar to'malntain a minimum distanca of
savan boit dlametars, distanca ks automatically maintainad when and
of wood mamber [s fluch with the battom of the heldown,

» Yo tig double 2¢ membars togather, the deslgnar must datermine

the fastenars raquired to bind members 1o act
without splitting.

« For holdowns Installed an the mudalll, anchor balt nuts shotld ba
finger-tight plus ¥ to ¥ tum with a wrench, with consfdaration
given to possihls futvra wood shrinkage, Gare should be taken to
not over-torqun the aut, which may fsad to prematura anchor

bok faiture,

« Stud bolts should be snugly tightenad (1997 NDS, sastion 8.1.2.4).

CODES: BOCA, 1080, SBCC! NER-353, NER-A69: Clty of LA, AR 24818,
RA 25158 and RA 25263, HDGA and HD14A are not NER listad,

Canada Patan! 1,253,451

mpson gray patnt

locking nutara

HD0A
HD8A, HDBA
HD14A and
HD20A simllar)

Systams and Additional

as ons unlt

Material manslons Fastenary Mlowshle Loads o {133} Haldown =

& n.’m.

"'?g-‘l’&:"g‘." moesa | w | K| B [s0]ce | g | U8 “VWH.W:"PM" i

tly{ Dis | 2| 3 | g | sy |Delonlosl

WAl 7 12 el 2% | 2% | 8 | 2| % | | % [2] % (12150 1555|2085 | 2565 | 2775 | 2775 | 2760 | 0.058
HOSA | 3 110157 | 3 | 9% | o6 | 3% | % | 2% | sjor% [ 2 | 3 [20767| 1870 [ 24853085 | 9705 4010 | 5960 | 0.067
wosA | % | 7 (o | 2 [ 3 [v6] 3 | % | 2% | % | 2| % [27s33) 2275 | 2080 | 3685 | 4405 | 5105 5510 | 0.041
HDoA | % | 7 | 6% | 3% | 3% [ @60 % | 2n | % | 9| % |28667)3220| 4350 /5415|6465 | 7460 | 7910 | 0.1
1ol % | 7 16w | 3% | 3% |8k 3 | % | 2% | % | 4] % |28667] 3045 | 6540 | 6835 8310 9540 | o000 | 0269
HOMA % | 3] 7 | 4 | 3% |2omio% | % |2 1+ j4! 1 [sser] — | — | = | — |11060)13380] 0215
woooAl % | a | 7 | 4 | asfeow] 4] % [ | g |41 (50389 — | — | — | — |11080{13380) 0.250
HOIS | ¥ ) a ] 7§ 4 | 3% [248) & ] 3% | 2% 1;;5155333_._..._'_15305 0.082

1. Allowabla loatfs have besn incraased 33% far
sarthquake or wind loading with no further Incraasa
allowed; reduce whers othar loads gavam,

24015 requires a miaimum &xf nemlaal post.

3.Usx a minimum 4x5 nominal post for the HD14A
and the HDZ0A.

4.The wood mamber must ba sized for the foad-camying
capaclty at tha critics! nat saction, reducing 1ha gross
saction arsz for holes or other removad wood as
spocified In tha coda.

5.HB is the raqulred minlmurm cistance fmm e end of 10, Full fenalon loads apply wher HOSA bs tsad with
tha stud to tha cantsr of the first stud bolt hole, End %" anchor bolt, -
distance may ba Increasad ae nacessary for installation. 11, Sea pgs 4, 5 for tasBing end other Important indormation.

8. Tha detigner must specly snchor ol typs, length 12, Deflection it Highast Aliowabls Design Loac
and smbedment. 588 SSTB Anchor Bolts and The deflaction of a hoklinin measured between the
Additional Anchor Desigra. - anchor bod and the strag portion of tha holdn when

7.502 page 30 fof anchor bot retroft. icaded to the highest aliowalia load Estad i tha catalog

8. Lag bofts wil not davelop tha Ested loads. tabla. This movemant ks sirictly doa to tha holdown

9, Holdowns Installed ralsed oft the mudsil may fuve deformation under a siatic load test conductad on a staet fig.
targar daflection values,
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SEISMIC DESIGN OF BUILDING STRUCTURES .

APPENDIX I (continued)
ST/FHA./PS Strap Ties

A-12

NEW{ METAM 2nd METCM modefe ars designed for wood to masonty 347 elther fitl evary nall hole with 10dx1%" nails or fill every other nail hole with 164
appiications. Saa tables on page 18, commons. Raduca the allowable load based on the size and guantity of fasteners

The MSTG saras, with 2 differant strap sizes, has countarsunk nl slats used. Tha LST! light strap tles ara suftabils wherg gun-nafiing Is necessary thraugh
for a lawer nalling profile, Coined edgas ensura safer izndling. The APS dlaphragm decking and wood chord opan wob trussea.
meets UBC and Clty of Los Angeles coda requirements for notching plates FIKISH: HST—Simpson gray pain; PS—HDG; all athere—(avanized. Same products
whera plumhing, heating or othar pipas are-placed In parlitions. 2m avalable In stainless steef or 2-MAX; sae Corrostan-Hesfstance, paga 6.

install Strap Thes whate plales or salas ara cut, at wall Intarsectlons, IHSTALLATION: Usa all spectilad fastenars. Sae Gansral Notas.
and as ridge tiss. £5TA and MSTA straps aro englnsered for usa on 1%' ~ OPTIONS: Speclal slzes can ba mads to ordar. Ses also HOST.

CODES: BOCA, CBO, SBCCI NER-413, NER-443; [GBO 4935, 5357,

membars, Tha 3° cantar-io-cantar nall spacing reducss the possibilty of
splitting. For the MST, this may ba a prablam an lumbar narrower thaa Dada Courty, FL 95-1126.11. Clty of LA. RR 25119, AR 25148, AR 25281,

wi e M e wd e Wl oy o W
r{—: [ - v ' o 1 . F
0 :0. - E ,} " " 1 & g L r .
.o 'w. ﬁ] ; Mg EEE‘-I ] ' E
e, n i .. Ty ool fey
: il I Al
- 3 T ] - 4 (L
vt § ' ‘J B :
I T. APBEE N & i
A . |
=T [ EE . E E T ! 1L ST2115
i ' . i : %
# E : s : )
¥ sl |+ I 5T 5712,
' E Bl |.L o ST18, 5T22
. , I _‘_l _.u . fe L o
] s o NI o
. E M _g Ji o] ‘ 0 o} . o I
o o 8T MSTAM3G LSTA and MSTA FHA
. BE R (plotholes UGS Pam [O O o o _1
L E i § g e rot shown) B PS pazi8 anePoits | 2w "‘L
H"g ' l._,.._nn _- ‘:’i" e I O PR AW W
o E T ] .. ' ' * Senin | * .l
2 'T- » e | J
.“‘E ¢ B2 [NCOMPLETE AL FRITERA BEIOWY) ——————
. l . RPS
" : ' . ry ]
0 O - R e R
o ‘“ o el pstezs
"o, Typlcal PE720
- .- Inetallation

}
LSTi s!mllzr
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APPENDICES A-13

APPENDIX I (continued)
ST/FHA/PS Strap Ties

L Dimersions|Fastansrs (Total)] _ Allowabls Loads
- Hodol | o o
] Ha, Wt Hailz {100) (133) | (160)
] RP513 1g [18s,| _ t2-16d- | 810 1080 | 1285
; wpson | 16 [k |22 1e-i0d. | 605 { 1205 | 1445
PS8 1 285, 1246d | gt0] 1080} 1205
L5TAD iyl e B10d_| 450 805 | 725
LSTALZ 1y | 12 10-10d_| 565] 755 | B0S
LETAIS 1% 115 12-10d_| 680 | 805 | 1085
LSTAB 1] 18 1410d_| 790 | 1055 | 1285
LSTA21 | o [ 1R ] 218 18-10d_| 6051204 | 1285
- LSTAZ4 iy | 24 18-10d_1 1016 | 1285 | 1285
. 5202 AE? 12-16d_| 7e0] 1055 | 1130
1 sT2122 oy, 112 18-18d_| 1070 | 1425 | 1505
; ST2115 _g_ﬁt 10-16d_ | 450 | 600 | 600
§T2215 25, 163 20-18d | 4270 1605 | 1685
LETA3D TAEN 22-10d | 1255 | 1670 | 1715
L5TAZB 1] 38 26-10d_| 1480 | 1718 | 1715
LSTHY 3y | 49 | de-1Ddwiy | 1455 | 1940 | 2330
L5Ti3 3%, | 73 | 48-10dxiy | 2185 | 2510 [ 3465
e MTAS | o1 1iT 0 B10d | 455] 810 | 730
S MSTA(Z 17112 10-t0d | s70| 780 | @10 Typlcal LSTA Instaltation
AR MSTA1S h115 1240d | 685| 910 | 1005 (hanger not shown)}
] MSTAIR 1y 18 1410d_ | 600 | 1065 | 1275
MSTAZY 1% | 2t 1g-10d_ | 910 1215 | 1460 Typlcal MSTAM3S
N MSTAZ4 |  1p | 24 j8-10d | 1025 | 1370 | 1640 instalistion
| MSTA30 1% { 30 22-10d | 1265 | 1685 | 2025
L MSTA36 1% | 38 26-10d_| 1485 | 1695 | 2135
ST215 2%, | 16%, 20-18d [ 1330 1775 | 2190 . .
- Sreaat ] o 120w, 2a16d | 18001 2520 | 2650 Floor-to-Floor Clear Span Tahla
!  BT0224 .
; B W5 8 G164 | 5304 705 | 880 Modl [Glosr Festaners |Allawabia Load
i sTiz_ |46 |14 (11%]  10-16d | 665] sas | 1085 Koo |apta| (ot |viam) ] o)
, sTig i% 17| 1416d_| 800 1200 | 1200
N 522 1y, [21%] 18-t 1025 | 1370 | 1570 MsTozs |10 (1218 sluker| 920 | 1105
A MSTC26 3 | 28y; [36-18d alkers| 2070 | 2760 | 3310 16 | 16-164d alnkar] 1225 | 1470
] MSTC40 3| 40y, | 52-16d sinkora | 2000 | 30985 | 4740 MSToey |18 [2E-16d sinker| 2145 | 2575
MSTCS2 3 |52y 62-16d slrkem | 8555 | 4740 | 4740 18 |36-16d sinkar| 2455 | 2045
_ MSTCES 3_| 65| 76-16d alnkans| 4350 | 5855 | 5855 wsTCs |18|44-16d sinkar| 3976 | 4050
. MSTC78 | 14 | 3 |77y | 76-16d sinkars | 4ag0 | £BSS | 5855 18 |46-18d sinker] 5680 | 4415
i 516236 2, [33%]  40-16d | 2575 | 3430 § 3430 MsTCog |18 {32164 sinker] 5035 | 6855
ed FHAG W, 8% | 816d | 550|735 | 84S Typical LETA Instatlation 18 | 3416 sinker| 5350 | 5855
Fik V! 8 S-6d | 5501 735 | 685 (hanger not shown) 18 |40-16d sinker| 5855 | 5055
. PHAZ | | W |di%|  e-f6d | ss0| 735 | 865 MSTC78 Ig |40-v6d sinker] 5655 | 5855
ALY iy, |17y 5-16d | 550 735 | 865 w1 2oied I teesT oo
i FHAZe 2yl  Bi6d ) S50 735 | BAS MSRT 1961 221ed | 2100] 2515
FHAD | 12 [ 14 | 30 618d | 550 735 | ees
MSTIZ8 'zi' 26 | 2a-todxiy | 1180 ] 1510] 1610 Modsl | o (Olmessions) Bolls | [MST48 o ﬁ}:ﬁ % g..?f
r MSTi8 | |24, [ 98 | 3e-10ddy | 1565 | 2080 | 2508 Ha. WL [Gyols 16 436 | 4785 | 5740
] METI48 2y, | 49 | 48-10dxiy | 2135 [ 2850 | 9420 ps2ig’ 2 18|48 [MSTBO ST astea | 400 | 5800
Ll MSTIED l2y, [ 80 | 80-10dxiy | 2760 | 3680 | 4415 po4ts’ | 71 411814 18 | s&-1ed | 5800 | 5800
MSTI72 2y, | 72 | 72-10dx1)_| 3310 | 4415 | 4725 PST20° o 20 (8] %] M7 g se16d | 5800 | 6800
f ) Masonry Applicstlon MsTI (o 3;'}32’2,’? g;g '119:55
i Dimamsicas]  Fasteasrs (Total) Aliwabls Loads | 18 | 26-10dki) | 1545 | 1855
= Mol oy T T | T [y o | W e | [T [T toa T eso [ veeo
Scrons | (100) RPS18| 204 | 5% MsTice |-18.|-3& 10k 12330 | 2600
MSTAMZA] 18 | 171 24 | o-10d | 5ypcy | 1025 | 1370 | 1545 3 18 | 40-10dx1); | 2455 | 2045
MSTAM38] 18 | 17 | 86 | 13-10d | B-yp@y,| 1435 | 1816 ] 1815 RP522| 246 | <54 stz 118 | B0-10exiy | 5065 | ssa0
MSTCMA0] 18 | 3 | 40% [27-16d sinkers |14-1c2y;]-2900 | 3285 | 4385 RP528|2x4 | 5 12° 16 | 52-10cxty | 3160 | 3830
o Dimassions) Festenurs (Total) Migwabl Loads 1.Loads have bean Incrazsad 33% and 604% for aarthquake or wind
. Model | o Bolis Nalis [ koading with no further increass tcwed. Roor loads may nol be
Ho. WL | Malls Floor Foor tncreasad tor other load durations.
= Qiy | Dlu ] yqqg) | 1933 | (180} | (yqqy | (139 | (160) z:!og?uuo"wumagmmwmmsdmmmmd
WSt 2% | 27 |30-16d] 4 | 4 | 2070 | 2760 | 2780 | 1265 | 1725 | 2070 .80 of tha table loads. '
. MSTaT | 12 |2, |57 ] 42-16q] 8 | % | 2860 | 6815 | SB15 | 65 | 2805 | 2020 | oy oommeae ey ba st whom 16 sokers rt speied
: MST48 2% | 46 |48-16d] 8 ¥ | 3345 | 4460 | 4460 | 2225 | 2070 | 3560 | 4164 ainkers {9 gauge ¥ 3347} or 10d commons may ba substitutsd
- MST60 10 2y | 60 |58-16d] 10| % | 4350 | 5800 | 5800 | 2670 | 3565 | 4275 whera 154 comumena &re spacifiad et 0.84 of th tabls loads,
M5T72 2y, | 72 |56-16d] 10| % | 4350 1 5600 | 5600 | 2670 | 3565 1 4276 | 5.Allowable boltloads ar basad on puraliel-to-graln foading ind these
- HST2 [ o | 2% oty) — (8|%] — | — | — | 3130 | 4175 | 5008 mmmuu:;mmber‘?lchmusr-mﬁﬂmmasmt
: HS5TH 5 Jaip| — lelg| — | — | — (6385 [8510] 10210 nﬁmmﬂs'nHMmmm for sach
-] Hss | (2 (2sg] — [elx] — { — F - 4645|6185 7435 m“mmw‘“"mﬁ”‘wﬂm‘“‘ﬂm&m
. HSTE 8 |25%] — l12ly| — | — | ~ | 8350 |12465] 14855
: Reprinted with permission from Connectors for Wood Consiruction,
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A-14 : ' SEISMIC DESIGN OF BUILDING STRUCTURES

APPENDIX I (continued)
T and L Strap Ties

Modal
N, Malaral Lleis

45 [ 15 j 5-10d ||
6 | 1% [to16d[
8 | 2 {12484}

551 |16 gagai
68L. |14 gagak
88l |14 gagalv
1212L 14 gagalv 12| 2 |14-16d
1212HL | 7 gapid 122 —
1616HL] 7gaptd |18 | 18 [2% ]| —
65T |1d4gagav] 8 | 6 | 1% [ 8-16d
1287 j14pgageiv| 12 | 8 | 2 |12.16d
12127 |1d4gagah] 12 [ 12 | 2 [12-16d
121247} 7gapid {12 12 |25 | —
1616HT| 7papd [ 18 |16 |25 | —

=] I EI LIRS

xxxmaxaxxa‘é‘l' 15

.mmm-umhhm@.,qo__j;.{g;” sV
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APPENDICES A-15

APPENDIX J
Allowable Shear for Wind or Seismic Forces in Pounds per Foot for
Wood Structural Panel Shear Walls with Framing of Douglas Fir-Larch or Southern Pinel?d
[UBC Table 23-1I-I-1]

PANELS APPLIED OYER 1/2-IHCH (13 HIM)
PANELS APPLIED DIRECTLY TO FRAMING OR S8/8-INCH {18 MM} GYPSUM SHEATHING
e B I e L e e
. | My | toammen ar g | Cmsener 375 |7
PANEL GRADE X 354 for mm Box} » 0.0148 for Nimm Box} « 0.0148 for NNmm
#1n 1 8d | 200 | 300 | 3g0 | s0 Bd | 200 | 200 | 30| si0
n 230 | 960'| 460¢] B10¢
Structural I e 1'% Bd | 2s5'| dos'| o0s'| 670' | dod | 280 | 430 | S50 [ 730
W 280 | 430 | 550 | 730
/ o 100 | a40 | 510 | 665 | em — — T =1 =[] =
us 1 §d | 180 | 270 | as0 | 450 Bd | 180 | 270 | 850 | 450
D, 0.0 " 200 | 300 | 390 | 510 200 | @00 | 880 | 510
Sheathing, plywood % 2a0 | 3200 | 4100 ) 530
gf:;é:g’v‘gr:gdhf““” e 1 Bd | 240¢| os0*| 4a0'] ses* | 104 | =0 [ 380 | 490 | 640
UBG Standard 23-2 o 260 | 380 | 490 | &40
or 233 e 7 od | oo | 4| o | | — | — | — | — | —
19 340 | 510 | 665 | 870
Rall Size Half Sfze
(Galvanlesd [Galvantead
Caalng} Caalng}
Plywood panel siding 3 1 6d 140 | 210 | 275 | 380 8d 140 | 0| 275 | 360
e g, % 1% Bd | 160 | 240 | 310 410 | 104 | 160 | 20 ] 310 | 410

1AH panel edges backed with 2-In (81-mm) nominal or wider framing, Panels Installed either horizantally or vertically, Space nails at 6 In (152 mm) on center
along intermedinte framing members for e-in (8.5-mm) and Yie-In (11-mm) panels installed on studs spacad 24 in (610 mm) on center and 12 in (385 mm) on
center for other conditions and panel thicknesses. These values are for short-time Joads due to wind or earthquake and must be reduced 25 pereent for normal

londing,
Allowshle shenr values for nalls in framing members of other species set forth in Division IIT, Park I shall be calentated for all other grades by multiplying

the shear capacitles for nails in Structural I by the following facters; 0.82 lor species with specific gravity greater than or equal to 0.42 but less than 0.48, and

.65 for specles with a specific gravity less than D.42,
TWhere panels are applied on both faces of a wall and nail spacing is less thon 6 in (152 mmy) on center on either side, panel joints shall be offset to fall an

different framing members or framing shall be 3-In (76-mm) nominal or thicker and nalls on each side shall be staggered.

3n selsmic zanes 3 and 4, where allowable shear values exceed 350 IbER (6.11 N/immy), foundzation sill plates and all framing members receiving edge nalling
from ahutting panels shall not be less than a single 3-in (76-mm) nominal member and foundation sill plates shall not be less than & singla 3-in (78-mm)
nominal mesmber, In shear walls where tnta] wall design shear does not exceed 600 1681t (8.76 N/mm), a single 2-in (51-mm) nominal sill plate may be used,
provided anchor bolts are designed for a Ioad capacity of 50% or less of the allowable capacity and balts have a minimum of 2-in by 2-in by *he-In {61-mm by

51-mm by 5-mm)-thick plate washers Plywood jaint and sill plate nafling shall be staggered in all cases,
“The values far %s-in (9.5-mm) and Ye-in (11-mm) panels applied direct to framing may be increased to values shown for %¥/x-in (12-mm) panels, pravided studs

are spaced a muximum of 16 in (408 mm) on center ar panels are applied with long dimension across studs.
$Galvanized nafls shall be hot-dipped or tumbled. ’

Reproduced from the 1997 edition of the Uniform Building Clode™, copyright @ 1997,
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SEISMIC DESIGN OF BUILDING STRUCTURES-

A-16

APPENDIX K
QOccupancy Category
[UBC Table 16-K]

GCCUPANCY
CATEQORY

OCCUPANGY OR FUNCTIONS OF STRUCTURE

SESMIC
IMPORTANCE
FACTOR, /

SEISNIC
1MPORTANCE!
FACTOR, J,

WihD
IMPORTANCE

1. Essentinl
facllities?

Group 1, Divistan 1 Ocgupancies having surgery and
emergency treatment areas

Fire and police stations

Garages and shelters for emergency vehicles and
emergency aireraft

Structures and sheltars in emergency-preporedness
centers

Avintlon control towers

Structures and equipment in government
communication centers and other facilities required for
ERErgency responsea

Standby power-generating equipment for Category 1
facilltles

Tanks or other structures containing housing or
supporting water ar other fire-suppresaion materinl or
equlpment required for the protection of Category 1, 2
or 3 structures

125

150

L15

2, Hazardous
facilities

Qroup H, Divisions 1, 2, 6 and 7 Cccupancles and
structures therein housing or supporting toxic or
explosive chemicals or substanees

Nanbuilding structures housing, supporting or
containing quantities of toxle or explosive substances
which, If contained within a building, would cause that
building to be classified as a Group H, Diviston 1, 2 or
7 Qrcupancy

1.26

LED

L15

3. Spectal
gccupancy
structures?

Group A, Divisions 1, 2 and 2.1 Oceupancles
Buildings housing Group E, Divisians 1 and 3
Occupancies with o capacity greater than 300 students

Bulidings housing Group B Occupancies used for
college or adult education with a capacity greater than
500 students

Group I, Divisions 1 and 2 Occupancizs with 60 er
mare resident Incapacitated patients, but not inciuded

in Category 1
Group I, Division 3 Occupancies

All structures with an oceupancy greater than G000 persons

Structures and equipment in power-genernting stations;
and other public utility facilities not included n
Categary 1 or Category 2 above, and required for
continued operation

L0

1.00

100

4. Standard
occupancy
structures

All structures housing occupancies or having functions
not listed in Category !, 2 or 3 and Group U
Qcecupancy towers

100

1.00

L.0og

5, Miscellaneous

structures

Group U Oceuponcies except for towers

140

100

104

IThe Lmitation of /, for panel connections in Section 1831.2.4 shall be 1.0 for the entire connector.

2gtructural observation requirements are given in Sections 108, 1701 and 1702,
IFar anchorage of machinery and equipment required for life-safety systems, the value of [, shall be taken as 1.5.

Reproduced from the 1997 edition of the Uniform Building Code™, copyright (©) 1997,
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APPENDICES A-17

APPENDIX L
1994 Northridge Earthquake:
Performance of Steel Moment Frame Connections

SUMMARY

The special moment-resisting frame (SMRF) beam-to-column connection depicted in Fig, L-1 (the bolted web/
welded flange design originally developed by seismic pioneer Egor P. Popov in the early 1970s) is now known to
be fundamentally flawed, This connection, although 100% consistent with the 1994 UBC (Sec. 2710(g}1B) and
previously considered to be seismically invulnerable, does not have sufficient ductility during multiple inelastic
cycling. Although this connection has been the “bread-and-butter” design for new construction for many years, it
is no longer used in areas of high seismic activity (UBC zones 3 and 4).

"stiffener”
continuity plate

field weld beam flange

W: 7z|_
| / - shear tab /
. bolts
. A
: heam £
* wab |—
\\
J\ shop weld
L fisld weld

column

Figure L-1 Connection No Longer Used

NORTHRIDGE EARTHQUAKE

The Northridge earthquake occurred on January 17, 1994. The hypocenter was 11.4 mi (18.4 km) below and 0.6 mi
(1 km) to the south of Northridge in Los Angeles. Its magnitude was approximately 6.6. The Northridge thrust
fault (previously known as the Pico thrust fault and probably a subsurface extension of the Qak Ridge fault) was
involved. This fault was not previously considered to be a seismic danger. Since a thrust fault was involved, the

Northridge earthquake had a significant vertical acceleration component.

The duration of the source rupture was 8 sec—longer than the quick jolts of many previous earthquakes. Horizontal
ground acceleration was measured as high as 0.93 g at one location. A vertical acceleration of 0.25 g was recorded at
one location. Accelerations of 2.3 g horizontally and 1.7 g vertically were recorded at the abutment of the Pacoima
Dam. (Horizontally, 2.5 g was measured at the roof of the Olive View Hospital destroyed in the 1971 San Fernando
earthquake.)

The Northridge earthquake was the second most expensive U.S. earthquake, with costs and losses exceeding $§15
billion. More than 15,000 buildings sustained minor damage, and more than 200 SMRF buildings up to 16 mi
(25 km) from the epicenter were damaged. Some of the buildings were brand new, and others were in various stages
of completion. (Putting the damage fraction into perspective, there are about 1500 SMRF buildings in Los Angeles.)

There were no building collapses, although a few buildings are said to have been close to collapse. There were 61
fatalities and more than 9000 injuries.

Braced-frame buildings performed well, as did base-isolated structures in distant areas. {There were no base-isolated
structures in the vicinity of the actual epicenter.) As expected, reinforced masonry did not perform well. Extensive
damage to bridges (most of which were waiting for retrofitting) and infrastructure improvements (e.g., water lines}
occurred. Retrofitted bridges fared well, and the viability of carbon-wrapped columns was proven.
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A-18 SEISMIC DESIGN OF BUILDING STRUCTURES

APPENDIX L (continued)
1994 Northridge Earthquake:
Performance of Steel Moment Frame Connections

Types of Failures
Although there were some failures in column base plates, this was not a widespread occurrence. Local buckling of
beams was minimal or nonexistent. Most of the attention has been focused on the welded beam-column connections

that failed in record numbers.

Welded connections failed in & variety of ways. There were some laminar tearouts (delamination) where the weld
material pulled out of the column face. There were column-flange divots where the weld was strong enough to rip
out full-thickness pieces {“nuggets”) of the column.

The most common failure involved cracking of the welded connections to various extents. In some cases, small cracks
were observed. In other cases, crack propegation was through the column flange and/or beam web.

Alarmingly, there was no evidence of inelestic beam deformation occurring before the connection failures. Inelastic
failure of the beams is at the core of modern-day seismic protection philosophy.

All of the failures are classified as “brittle failures.” It is problematic that the connections failed in a brittle mode,

since ductility is the primary goal of modern seismic design.

shear
tab
stiffener beam web
beam r—‘“
flanga
back-up b frnqture
uphar {delaminaticn)
fractura naar weld-column
through intarface
column
flange
divot {nugget)

pull-out

_

Figure I-2 Types of Connection Failures

Reasons for Failure

The primary reason for the Northridge failures was lack of ductility. The design shown in Fig. L-1 is now known to be
“fundamentally flawed” in its ability to perform in a ductile manner. The high degree of ductility that was counted
upon to justify the use of an R,, factor of 12 (as specified in the then-current UBC) wes not realized. Tests previous
and subsequent to the Northridge earthquake indicate that the ductility of this connection design is apparently only

2-4.

Unfortunately, there is no single cause of the connection failures experienced. The poor ductile performance has
been blamed on & number of factors: (1) the nature of the earthquake, (2) the materials used, (3) the weld quality,

(4) the weld materials, (5) the overall design, and (6) other miscellaneous factors. All of these factors appear to be
involved in a complex manner not yet fully understood.
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APPENDIX L (continued)
1994 Northridge Earthquake:
Performance of Steel Moment Frame Connections

Cause 1: Nature of the Earthquoke

The Northridge earthquake was longer, stronger, and more vertical than had been expected. The horizontal accel-
eration experienced was, in some cases, twice the design acceleration. The vertical acceleration increased the weight
supported by the connections. . Vertical acceleration was not considered in the original connection designs. _

The large vertical acceleration component of this earthquake placed the connections into a state of triaxial stress.
Ductile failure is more difficult to achieve under triaxiality, while brittle failure is relatively unaffected by triaxislity.
Therefore, fracture is an easier energy-dissipating mechanism than plastic deformation, leading to brittle failure.

Cause 2: Materials

The second suspected factor centers around the beam and column materials. Anisotropy (i.e., different material
properties in different directions) in the ductility and through-thickness strength due to the direction of rolling
during beamn manufacturing has been accused. Some beams had yield strengths higher than 36-ksi material due to
statistical variations in the manufacturing processes. This prevented them from yielding as expected and transferred
the earthquake energy into the connection.

The buildup of residual stresses during welding, particularly when the beam and column have different characteristics,
is also problematic. Typically, designers use grade-50 columns and grade-36 beams to achieve a strong column-
weak beam system where beams yield before the columns yield. (Columr yielding and story-mechanism failure is
considered to be more life-threatening than beam yielding since the column carries the gravity load of the building,.)

The intrinsic weldability of grade-50 steel has been questioned by some, though this may not be a significant factor.

Cause §: Quality
1t is now known that the original welds were notch-sensitive and particularly susceptible to minor imperfections and
flaws. Less-than-adequate workmanship and inspection were cited in some cases.

In cases involving laminar tearouts, it is fairly certain that the thick base material did not receive sufficient preheating

during welding.
Flaws in root weld passes have also been blamed on the difficulty of doing overhead welds on the lower beam flange.

There appears to have been significant notch effects (notch brittleness) caused by the left-in-place backing bars.
Backing bars (placed under the flange when welding from the top) can only be removed by flame cutting, followed
by grinding of the exposed area. Since backing bars are expensive to remove, they are usually left in place. Most
cracks, however, apparently began in the vicinity of the backing bars.

Welding has always been the whipping boy of connection failures. Even the failure of connections during testing at
the University of Texas have been blamed on poor welding. However, although poor quality can contribute to the
failure mechanism, it is now known that even perfect assemblies will fail with this type of connection.

Cause 4: Weld Material

Initially, little attention was given to the weld electrode material itself. However, a 81 billion class action lawsuit
filed against Lincoln Electric Co. in 1997 questioned the use of certain types of welding electrodes. Lincoln Electric
is the manufacturer of E70-T4 electrodes used in a semi-automatic flux-core arc welding process. This process is
used to weld the beams to the column after the beams have been bolted to the column’s shear tab.

The flux-core welding process may produce weld metals with.relatively low notch toughness. (However, high notch
toughness was not a requirement of prevailing codes or American Welding Societies specifications at the time.) There

may be a possible lack of ductility in the E70-T4 electrodes themselves.
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APPENDIX L (continued)
1994 Northridge Earthquake:
Performance of Steel Moment Frame Connections

Cause §: Overall Design
The connection design has an intrinsic inability to ahsorb and dissipate energy in an earthquake with sustained

stropg motion, particularly with a vertical component to acceleration.

The effect of the presence of thick, strong concrete slabs above the beams probably was not considered in most of
the designs. However, these slabs.substantially increase the strength and stiffness of the beams. The slabs also shift
the neutral axis toward the beam top flanges, increasing the stress at the bottom flange. (Most failures occurred at

the bottom flanges.)

Cause 6: Other Factors

Early investigations questioned the use of perimeter framing and the lack of redundancy in some of the damaged
buildings. In early years of steel design where riveted construction was used, almost every connection was a moment
connection. State-of-the-art design prescribes that not all connections need to be moment-resisting, and just a few
selected frames are designed as lateral load-resistance systems.

Current design philosophy requires only a few expansive bays supported by gigantic columns and deep beams. Huge
moment connections are required. In some buildings, perhaps only two or three columns around the perimeter
might have moment connections. Connections of the traditional bolted seated beam variety are used for interior
connections. Thus, in an earthquake, the perimeter connections have to do all the work. In some cases, only six welds
are aveileble to supply sll the moment resistance for a floor. In order to carry all of the moment load, the columns
and beams are made even thicker. This increased thickness just compounds the problem, since full penetration welds

become all the more difficult.
However, as indicated in the next section, a lack of redundancy was not observed in all cases. Some buildings with

SMRF connections across an entire face were damaged.

Similarities in Damage
Most connection foilures had the following common elements: (1) The connections were SMRE. (2) Failures initiated
or were located in the bottom flange, near the left-in-place backing bar. Columns were typically grade-50 steel. (3)

Failures were limited to connections on the building perimeter, at points of plastic hinging.

There has been no statistical correlation between damage and building size, building age, nominal material strength,
structura! regularity, redundancy, number of bays per frame, frame dimensions, or member sizes. Failures occurred
in connections with and without column-flange stiffeners, and with and without return welds on the shear connection
plates, Wide flange ‘and box beams were both affected. Interestingly, most buildings were fairly new, with most
having been completed in the 1980s.

Most, but not all, buildings were two to four stories in height, and a 22-story building suffered connection failures.
The connection failure rate varied from 10 to 100% of the total connections in the building. Also interesting was
that most buildings were fairly symmetrical (i.e., rectangular). Building torsion was apparently not an issue.

History
In retrospect, research over more than 20 years has shown that the problem of brittle failure has always existed.

The connection design was originally developed by Egor P. Popov, who released the results of his initial tests in
1972. He had performed tests on both welded-web/welded flange and bolted-web/welded flange connections using a
limited number of beam and column sizes. He reported that the all-welded connections showed mcceﬂent ductility.

The bolted /welded connections performed well, but were less ductile, he reported.
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APPENDIX L -(continued)
‘ 1994 Northridge Earthquake:
Performance of Steel Moment Frame Connections

the bolted/welded connection was easier and more economical to make in the field, since the beam could
d to a shear tab already shop-welded to the column. Therefore, the bolted /welded
ons much larger than he had actually

However,
be swung into position and bolte
connection was selected, and Popov's parameters were extrapolated to connecti
tested.

In 1986, Popov reported on subsequent testing he had performed, and the news was bad. However, the announcement
did not result in eny changes in design methodology. Additional testing in the early 1990s, this time at the University
of Texas at Austin by Popov's protégé and UT structural engineering professor, Michael Engelhardt, also indicated
that the design was not ductile. However, allegedly sloppy workmanship by Texas welders was cited in explaining
the test results. In 1993, Engelhardt repeated the tests with specimens welded in California. He announced more

bad news just a month before the Northridge earthquake.

Methods of Repair and Remediation

Repair efforts immediately after the earthquake focused on in-kind repair (cleaning, grinding, reweldi
sonic testing) without any substantial reinforcement. In some cases, the existing bolted shear plates (bolted beam
web plates) were also welded. This approach appears to be justified where only a few of the connections failed.

Although the in-kind repair was permitted by the city of Los Angeles, it is now known to be inadequate. Testing at
the University of Texas showed that, although strength is returned to normal, ductility is actually reduced slightly.

Various other repair methods were also tested by the University of Texas, and these tests proved the desirability of
bringing the forces and moments out from the area of the welded connection. (These tests have also been criticized
due to their low budget, use of slowly-applied static loads, absence of axial loeding of the columns, and absence of

concrete decking.)

The most common repair method currently being used is to add ¢riangular horizontal cover plates (“flange plates”)
at the top and bottom flanges. This method, now recommended by the AISC, is the first to be supported by any
significant testing, In the University of Texas tests, this method was able to sustain a rotation of 0.0075 radians,
which is greater than the 0.005 radians exhibited by the simple-reweld solution, but still far below the requirement
of 0.025 radians needed to sustain a magnitude 7 earthquake.

A variation of the flange plate approach is to close the beam sides with vertical plates welded to the column face,
After the damage to the original connection has been repaired and the connection has been rewelded, a 1-in thick
steel side plate, 5 ft long, is fillet-welded to the column and sides of the beam, creating a 5-ft long “box.” (The beam
flanges are the top of the box.) This is known as the MNH system, named after Myers, Nelson, Houghton, Inc.,

which has patented and trademarked a similar “dual strong axes connection” for new construction.

The use of vertical beam-column ribs (gussets), top and bottom, was another connection tested at the University of
Texas. However, this method is difficult to apply in situations where access to the top flange of the beam is limited
by concrete floor slabs.

A tee-support (haunch support) on the bottom flange only was also tested. Access for welding limits the usefulness
of this method for in-field.repairs.

Vertical web straps (vertical plates extending from the column face to well into the beam’s web) are analogous to
flange .p]a.tes. They also have the ability to move the forces away from the beam-column connection. However, such
a repair would be difficult to use where there was a welded shear plate already in place.

ng, and ultra-

Another method, which focuses on the use of bolting instead of welding, has been proposed by the Center for
Ad\'ra.nced Technology for Large Structural Systems (ATLSS) at Lehigh University. This method, designed by David
Bleiman end Kazuhiko Kasai, replaces broken welds with specifically fabricated brackets using high-strength bolts.
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APPENDIX L (continued)
1994 Northridge Earthquake:
Performance of Steel Moment Frame Connections

Types of Connection Repair

Economics of Repair
The costs of “standard” connections, repaired connections, and connections of new designs are quite variable. Costs

can be greatly affected by labor rates, overhead and opportunity costs, and other factors. The costs described here
have been quoted in the literature following the Northridge earthquake, but should be considered as relative and

“Haxible” numbers,

Inspection costs can reach $1500 per connection, mostly for removal and replacement of fireproofing. Repair costs
are typically $10,000 to $15,000 per connection, though some repairs can reach $20,000, including removal and
replacement of finishes, This compares to the approximate $950 cost of making the original moment-resisting

connection.
Ore steel fabricator has estimated the relative costs of repair (using a standard connection as the basis) as 3.7 for

the horizontal flange plates, 8.6 for vertical triangular ribs, and 14.2 for vertical web straps.

Interim Design
Current design and construction is still in a state of flux, but flange plates are being used with many new buildings.

Two different schools of thought have evolved regarding the design of flange plates. The Englehardt approach or
“Texas method” is to use thick and narrow plates, while the Forell-Elsesser approach (nicknamed the “Son of Texas
method” by some) uses wider and thinner cover plates.

Myers, Nelson, Houghton, Inc., (MNH) hes patented and trademarked & "dual strong axes connection” that uses
only fillet welds. Fillet welds are longer, easier, and more redundant than full-penetration welds. The connection
incorporates the side-plate approach, es previously described, but for new construction, shop-fabrication is used to
achieve greater quality control. Column trees are shop-welded. Column and beam flenges are fillet-welded to steel
plates, but not to each other. A “fuse” is created by field-bolting the column tree beam stubs to the beam link
between column trees using hizh-strength energy-absorbing friction bolts in slightly oversized holes. There is no

direct connection between the beam and the column. _
Another design for new construction is the ATLSS new connection design. The ATLSS design uses specifically
fabricated brackets connecting beam and column Wwith high-strength bolts. It has been shown to be as stiff as
older-style connections, but with more ductility during overloads. All welds are done in the shop. One very specific

advantage cited is that bolted connections are not particulatly sensitive to workmanship.
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APPENDIX L (continued)
1994 Northridge Earthquake:
Performance of Steel Moment Frame Connections

Beam Weakening Approaches

It is interesting that beam yielding did not occur in any of the connection failures observed. The connections
absorbed all of the earthquake energy. Various beam weakening methods have been proposed in order to ensure that
beam yielding occurs in the future. (It is popular to refer to a weakened beam as a “structural fuse,” since the beam
yields before the connection fails.) These beam weakening methods can be used with old and new construction.

In a “dogbone” beam, the beam flange is shaved to reduce the interior cross section of the beam so that it will yield
and budde locally, away from the connection.

Seismic Structural Design Associates (SSDA, Los Angeles) has a different approach for repairing existing connections.
The first step is to repair the connection to its original state. The connection is “softened” using horizontal slots in
the beam web, top and bottom, and vertical slots in the column web near the beam flanges.

Changes to the Building Code

Until 1988, the UBC did not even specify the type of connection to be used. Rather, the UBC merely specified the
force the connection had to support. However, based on the SEAQC's 1985 Lateral Force Requirements (the “Blue
Book”), the UBC added the design shown in Fig, L-1. For various reasons, including liability to ICBO and SEAOC,
the bolted web/welded flange connection detail has been stricken from the UBC. It is likely that future building
codes will return to prescribing only the force to be withstood, rather than the method for withstanding the force.

Other Lessons Learned

The Northridge earthquake taught us many important lessons. It may seem obvious, but connections need fo
be inspected after every major earthquake, regardless of whether there is observed damage. In these inspections,
architectural elements and coverings need to be removed. Cracking of the concrete fire-proofing or other telltale
signs cannot be counted on to indicate connection failures.

It has also been learned that ultrasonic testing may not be sufficient to detect weld cracks, particularly when the
back-up bar has been left in place. Bacl-up bars are not consistent with the use of flange plates, but there are many
thousands of old connections with back-up bars still in place.

CONCLUSION

Although the bolted-web/welded flange connection is no longer used in seismically active zones, ongoing research
and development are needed to evaluate the possible replacements. In the short run, economics will have a major
impact in determining which method is adopted for the majority of new designs. In the long run, seismic events
such as the Northridge earthquake will identify which methods are successful.
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50-year earthquake, 44

AASHTO, 54, 204
Abutment, 212
Acceleration
effective peak ground, 15, 19, 12
ground, vertical, 91
peak ground, 12
spectral, 20, 37
spectral pseudo, 20
vertical, 13
Accelerogram, EI Centro earthquake,
A-B
Accelerograph, 15
Accelerometer, 15
Accidental
eccentricity, 46
torsicn, 92
Acronyms, seismic, A-9
Act
Field, 51
Riley, 51
Action

mass damper, 171

pulse system, 172

tendon system, 172
Added damping and stiffness element,

172

Alasla earthqueks, 20, 55
Allowable shear stress, masonry, 152
Allowable stress design, 56
Allowable stress method, 111
Alluvium, 54
Amplification factor

component, 99

deflection, 97

selsmic force, 65, 76
Amplification, soil, 60
Analysis

dynamic, 23, 109, 206

Fourier, 16

static, 23
Anchorage (see Connection)
Anchorage to concrete wall, 137
Angular frequency, 28 -

Architectural

considerations, 172

failure, 43
Aren, projected, method, 87
Arvin-Tehachapi earthquake, A-4
Attachments, 99
Attenuation, 12

equation, 12

ground motion, 14
Authority, 202

Bandages, 173
Base, A-2
Base isolation, 169, 171
Base shear, 21, 31, 58
caleulating, 83, 86
coefficient, 5%, 80, 81
distribution, 88, 83
Bay length, 150
Beam, 116, 120
eenter link, 149, 150
Beam-column, concrete, 141
Beam-hinge failure mode, 208
Beams, concrete, 139
Bearing, isolation, 169
Bearing wall system, 65, 178
Belting, 173
Bending, cross-grain, 165
Bent action, 43
Blocking, 120, 158
Blue Book, 53, 74
Body-friction damping, 27
Bolted connection, 147
Bolts, 159
Boundary elements, concrete, 137
Box system, 178, A-2
Brace, 120
Braced frame, 67, 148, A-2
eccentric, 149
Braced tube building, 49
Brecing
diagonal, 148
K-, 148
V-, 148
X-, 148
Bridge, 54, 104, 204
period, 54
Bridging, 120
Building
Butler, 28
Code, International, 54
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composite, 49
damping ratio, 28
frame system, 67
high-rise, 49, 176
itregular, 70, 205
masa, 80
period, 20, 74
regular, 70
rigid frame, 49
separation, 95
tube, 13, 49
tube-in-tube, 49
weight, 79
Bulge, Palmdale, 16
Butler building, 23

Calibration earthquake, 11
California
concrete, 136
earthquakes, 1, A-4
faults, 5, B
CALTRANS, 54, 204
Cautilever
displacement, 43
method, 130
pier, 256
Cantilevered column system, 68
Capacity, distributed excess, 176
Carbon fiber, 173
Category, occupancy, 59, A-16
Center link, 150
heam, 149, 150
Center of mass, 45, 82
Center of rigidity, 45
Characteristics
earthquake, 17
site, 17
spectral, 20, 21
structural, 17
Chile earthquale, 15
Chimney, 104
Chord, 123
active, 123
drift, 43
force, 124
passive, 123
size, 124
-gplice slip, 122
Circular frequency, 26
Cladding, 101
Classification, seismic source, 61
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CMU (see Concrete masonry unit)
connection to, 209, 210
Code, 53
International Building, 54
Coefficient
base shear, 51, 80
base shear, minimum, 81
critical damping, 28
damping, 28
response, 42, 43
seismic response, 62
stability, 45, 97
Collector, 120
element, concrete, 137
force, 120
Column
cantilevered, system, 68
concrete, 141, 142
flexible diaphragm, 121
-girder joint, steel, 211
-hinge failure mode, 208
retrofit, 173
steel, 144
Combination
CQeo, 33
load, 77
SRSS, 33
Combined
load, 57
loadings, 138
Compatibility, deformation, 108
Complete quadratic combination, 33
Compliance, 24
Component
amplification factor, 99
nonstractural, 59
respanse modification factor, 101
Composite building, 49
Compression wave, 7
Concrete
California, 135
confined, 180, A-2
construction, 135
ductile, 135, 180
masonry unit, 152
pedestal, 105
properties, 25
special, 135, 180
strength, 138
wall, anchorage to, 137
Configuration, 70
Confined concrete, 180, A-2
Confinement, concrete, 136
Connection
between portions, 104
bolted, 147
diaphragm-wall, 164
dry, 138
mechanical, 140
to CMU, 209, 210
type I, 143
type I, 144
welded, 147
wet, 136
Connections to concrete wall, 137
Connector strength, 159
Considered earthqueke, meximum, 18
Constant
Lame's, 7
spring, 24
Construction
concrete, 135
cost, 207
flexible diaphragm, 121
masonry, 151
steel, 143
tilt-up, 167
wood, 156
Content, frequency, 16
Continental drift, 2

Continuity, 104
concrete, 135, 136
plate, 145
ties, 158, 164
Conversion factors, A-1
Cost of construction, 207
Coulomb friction, 27
Counter, scintillation, 16
Crawl space, 166
Credible earthquale, maximum, 54
Creep, 7
fault, A-2
tectonic, A-3
Creepmeter, 16
Cripple wall, 166
Criteria
life-safety, 55 -
survivability, 55
Critical damping, 28, 177, A-2
coefficient, 28
Critically damped system, 28
Cross-grain
bending, 165
tengion, 165
Crosstie, 137
supplementary, A-3
Crust, ocean, 2

Dam, 104
Damage, 17
Damped period, 28
Demper, 27
active mass, 171
friction, 171
passive, 171
tuned mass, 172
visco-elastic, 171
Damping, 27, A-2
body-friction, 27
coefliclent, 28
critical, 28, 177, A-2
external viscous, 27
hysteresis, 28, 41
internal viscous, 27, 28
radiation, 27
gystem, 171
Damping ratio, 28, 177, 178, 208
building, Z8
seismometer, 15
Dashpot, 27
Dead load, 76, 79
Decay
decrement, 28
envelope, 28
Decoupling, 169
Detrement
i:lecay, EIEI 28
ogarithmic
Deep ea.rthque.ir.e, 2
Defined soil profile, 43
Definitions, A-2
Defection
amplification factor, 97
dipphragm, 122, 123
permissible, wood, 155
static, 24, 29
Deformation
compatibility, 108
concrete, 136
raversal, 41
Degree of freedom, 24
multiple, 32
single, 21, 24
DE%HJ B
iaphragm, 122
focal, 1
Design
allowable stress, 56
criteria, survivability, 65
ductility foctor, 42
eccentricity, 92
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level elastic response displacement,
92
lond, 76
load resistanee factor design, 56
procedure, seismic, 58
redundant, 176
respanse spectrum, 38, 42
response spectrum, inelastic, 41, 42
service level stress, 58
ultimate strength, 56
working stress, 56
Diagonal
bracing, 148
sheathing, 155
Diaphragm, 113
action, 113
concrete, 142
deflection, 122, 123
depth, 122
flexible, {5, 73, 120, 206
force, 113, 114
harizontat, 113
irregulerity, 73
normel stress, 122
opening, 165
ratio, 123, 158, 206
rigid, 45, 115
seismic force, 101
shear stress, 121
span, 122
-wall connection, 164
Dilatation, 7
Dilatational source theory, 1
Dilatometer, 15
Dip slip, A-2
Dip-slip fault, 5
Direction, earthquake, 91
Discontinuity, in-plane, 71
Displacement, 12
cantilever, 43
design level! elastic response, 92
ductility, 40 -
fault, A-2
maximum inelastic response, 44, 52
spectral, 20
Dissipation, energy, system, 169
Distortion
flexural, 122 -
nail, 122
shear, 122
Distributed excess capacity, 176
Distribution of base shear, B8, 89
Distribution, Poisson, 14
Doubler plate, 145
Drag strut, 120
Drift, 43, 176
chord, 43
continental, 2
Limit, 26, 42
limitation, 92, 93
maximum, total, 92, 83
ratio, story, 44
shear, 43
story, 35, 43
story, maximum, 92, 93
Dry connection, 136
Dual system, 65
Ductile
concrete, 135, 180
frame, 172, 176
mﬁr;nent-resistmg frame, 144, 178
Ductility, 40, 64, 175
displacement, 40
factor, 40, 41, 42, 175, 176
risk reduction factor, 54
swing, 41
Duhemel’s integral, 30
Duration of shaking, 16
Dynamic anelysis, 23, 109, 206
Dynamic lateral-force procedure, 83, 85
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Earthquake
80-year, 44
Alaska, 20, 55
Arvin-Tehachapi, A-4
calibration, 11
California, 1, A-4
characteristics, 17
Chile, 15
deep, 2
direction, 91
F! Gentro, 15, 39, A-4
energy relea.se. 4
generation, 1
great, 4, 10
Imperml Va.lley. 52, A4
intermediate, 2.
Kern County, A-4
Kobs, 52, 69
load, 78

Loma Prieta, 14, 15, 16, 19, 30, §7,

51, 60, 168, A-4
Long Beach, 31, 51, A4
mejor, 175
maximum considered, 19
maximum credible, 54
maximum probable, 19
MAexico City, 14, 15, 19, 30, 55, 60,
4

moderate, 10
Naps, A-4
nature of, 1
Niigata, 20, 55
Northridge, 52, 69, 108, 147, A4,
A-17
ablique, 91
Parkfield, 52, A-4
prediction, 16
San Fernando, 167, A-4
San Francisco, 31, A-4
Santa Barbara, 31, 51, A-4
shallaw, 1, 4
Sylmar, A4
Whittier, 167, A-4
Yountville, A-4
Fecentric braced frame, 149
Eccentricity, 45
accidental, 46
degign, 92
Edge nailing, 158
Effect
P-a, &44, 45, 97, 176
secondary, 44
Effective
peak ground acceleration, 15, 19, 19
peak velocity, 19
stress, 20
Elastic rebound theory, 1, A-2
Elastic response, 37
displacement, design level, 92
spectra, 37
Elasticity, modulus of, 25
El Centro earthquake, 15, 39, A-4
Element
added damping and stiffness, 172
horizontal, 204
-story shear ratio, 69
vertical, 204
Flements of & structure, 99
End link, 150
Energy
dissipation system, 169
release, 11
release, earthquake, 4
reserve, A-3
strain, 1, 4, 41
Engineer, geotechnical, 204
Engineering authority, 202
Envelope, ecay, 28
EPA, 15,
Epicenter, 1
locating, 8

Equation (also see Formula)
attenuation, 12
Equipment, 99
Equivalent
lateral force, 23
static force, 51
static lateral-force procedure, 83
static load, A-2
Essential facility, 89, 60, A-2
Estimated maximum earthquake force,
76
Exterior cladding panel, 101
External viscous damping, 27

Facility
essential, 59, 60, A-2
hazardous, 58, 60
special cccupancy, 59
standard occupzmcy, 59
Factor
amphﬁcatmn, component, 53
amplification, seismic force, 65, 76
component modification, 101
deflection amplification, 97
design ductility, 42
ductility, 40, 41, 42, 175, 176
ductility risk reduction, 54
impaortance, seismic, 59
magnification, 29
mode shape, 34
near-source, 43, 61, 62
overstrength, 65
participation, 35
relisbility fredundancy, 62, 68
responge modification, 64
seale, 39
strength reduction, 138
structure deflection ductility, 42
zone, 58
Factors, conversion, A-1
Failure
architectural, 43
beam-hinga maode, 208
column-hinge mode, 208
weak beam mode, 208
weak colomn mode, 208
weak story mode, 208
Fascia, 207
Fault, 5, A-2
active, 12
creep, A-2
dip-alip, 5
displacement, A-2
gouge, A-2
left-lateral, 5
major, 204
normal, A-2
oblique, §
reverse, 5§, A-3
right-lateral, 5
sag, A-2
San Andreas, 7
scarp, A-2
strike-glip, 5, A-3
thrust, 5
{ranscurrent, A-3
wrench, 5, A-3
Faults, California, 5, 6
Fiber
carbon, 173
Kevlar, 173
Field
Act, 51
nailing, 158
Fire, ring of, 2
First mode, 32
Fixed pier, 24
Flexibility, 24, 175
Flexible dlaphmgm, 45, 75, 120, 206
column, 121
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construction, 121
torsion, 121
Flexural
distortion, 122
members, concrete, 139
Floor
force, 35
live load, 76
Focal depth, 1
Focus, 1
Force
chord, 124
collector, 120
diaphragm, 113, 114
“equivalent Ia.tera.l 23
floor, 35
normal, method, 57
on diaphragm, 101
selsmic, 20
seismic, emplification factor, 65, 76
top, 88, 97
wall, 114
Forced system, 29
Forcing function, 29
Formula (also see Equation)
recurrence, 14
Fourier analysis, 16
Fracture, A-2
zone, Mendocino, 7
Frams, 67, A-2
braced, 67, 148, A-2
building, system, 67
concrete, 137
ductile, 172
ductile moment-resisting, 178, A-2
eccentric braced, 149
intermediate mament-reststmg, 67
members, _concrete, 139
member sizing, 132
moment-resisting, 67, 177, 178, A-2
ordinary moment, 145
ordinary moment—res:stmg, 67
righd, A-3
space, 67, A-3
special ductile, A-3
special moment-resisting, 67, 145,
177, 178
steel, 143
vertical load-carrying, 67
Framed tube, 49
Framing
ductlle, 176
wood, 156
Freedom'
degree of, 24
multiple degrees of, 32
Frequency, 25, 178
angular, 26
circular, 26
content, 16
occurrence, 14
Friction
Coulomb, 27
damper, 171
Function
forcing, 29
impulse, 29
step, 29
Fundamental made, 32

Gauge )

resistivity, 16

strain, 15
Generation, earthquake, 1
Geometric Irregularity, vertical, 71
Geotechnical engineer, 204
Girder, 120

-column joint, steel, 145, 148

open-web, 172

quadrangular, 172
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L4
transfer, 13 Isolation Magnetite, 2
Vierendeel, 172 base, 169, 171 Megnetometer, 15
bearing, 169 Magnification factor, 29
Magnitude, 9

Global seismicity, 2
Gouge, A-2
fauit, A-2
Governing load, 57
Graben, A-2
Graph, log tripartite, 38
Great earthquake, 4, 10
Ground acceleration
peak, 12 :
vertical, 91
Ground motion attenuation, 14

Harmonic
motion, simple; 23
oscillator, simple, 23
Hezardous facility, 59, 60
High-rise building, 49, 176
Hinge, plastic, 178, A-3
Holdown, A-11
Holzer method, 35
Hooke's law, 1, 24
Hooks, seismic, 137
Hoop, 137, A-2
Horizon, soil, 60
ngzonlliil
iaphragm, 113
earthquake load, 76
element, 204
Hypocenter, 1, A-2
locating, 8
Hypothesia (also see Theory)
selsmic bay, 16
Hysteresis
damping, 28, 41
loop, 41
Hysteretic damping, 41

Igneous rock, A-2
Imperio! Valley earthquake, 52, A-4
Fmportance factaory, seismic, 59
Impulse, 30
function, 29
response, 30
Inelastic
design response spectrum, 41, 42
region, 41
response displacement, 52
response displacement, maximum,

response spectra, 41
Inertia, polar moment of, 45
In-plane discontinvity, 71
Inspection, special, masonry, 151
Tn-structure comporent amplification

factor, 99
Integral, Duhamel's, 30
Intensity, 9
Intensity scale, Mercalli, B
Interaction, shear wall-frame, system,
68

Intermediate

earthquake, 2

moment-resisting frame, 67
Internal viscous damping, 27, 28
International Building Code, 54
Interval

occurrence, 59

recurrence, 29, 59
Irregulsr building, 70, 205
Irregularity

diaphragm, 73

massg, 71

penalty, 109

plen 73

reentrant corner, 73

torsional, 73

vertical, 70, 71

vertical geometric, 71

weight, 71

Isoseismal map, 10

Jacket, steel, 173
Joint
column, 142
girdar-column, steel, 145, 148

Joist, 120, 164

K bracing, 148

Kern County Earthquake, A-4
Kevlar fiber, 173

Kobe earthquake, 52, 69

Lame’s constant, 7
Landslide, 204
Lap splice, tension, 140
Laser, 16
Lateral force
equivalent, 23
procedure, 83, 85
-resisting system, A-2

aw
Hooke's, 1, 24
Newton’s second, 20

Ledger, 123, 164

lateral fault, &
-normal slip, A-2
slip, A-2
Length
active fanlt, 12
bay, 150
fault alip, 12
story, T1
Life-safety criteria, 55
Limit
drift, 26, 43
Richter magnitude, 175
upper, magnitude, 10
Limitation, drift, 92, 83
Linear natural frequency, 25
Link, 149
beam, 149
center, 150
end, 160
Liquefaction, 20, 204, A-2
Lithosphere, 3
Live load
floor, 76
roof, 76
Load (elso see Type)
combination, 77
combined, 57
dend, 76
design, 76
earthquake, 76
equivalent static, A-2
governing, 57
horizontal, earthquake, 76
paths, multiple, 176
resistance factor design, 56
roof, 57
snow, 57, 76, 80
vertical, earthquake, 76
wind, 56, 76
Losdings, combined, 138
Loading, wind, 51 .
Logarithmic decrement, 28
Log tripertite graph, 39
Loma Prieta earthquake, 14, 15, 16, 15,
30, 97, 51, 60, 168, A-4
Long Beach earthquake, 31, 51, A-4
Longitudinal wave, 7
Loop, hysteresis, 41
Love wave, 8
LRFD, 6
Lumped mass, 24
L-wave, 8

L
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limit, Richter, 175
Richter, 10, 11
upper hmit, 10

Major
enrthquake, 175
fanlt, 204

Map, isoseismal, 10

Masonry

allowable shear stress, 152
construction, 151
moment-resisting wall frame, 162
properties, 25
unit, concrete, 152
wall, anchorage to, 137

Maas, BO
center of, 45, 92
damper, active, 171
irregularity, 71
lymped, 24

Maximum
considered earthquake, 19
credible earthquake, 54
earthquake foree, estimated, 76
inelastic response displacement, 44,

a2
probable earthquake, 19
total drift, 92, 93
MDOF system, 32
Mechanical connection, 140
Member
sizing, 132
strength, 144
Mendocino fracture zone, 7
Mercalli intensity scale, 8
Methad
allowable stress, 111
cantilever, 130
cQe, a3
Holzer, 35
normal force, 57
portal, 129, 177
projected area, 57
Rayleigh, 34, 75, 177
spurr, 132
3RSS, 33
Stodola, 35
Method A, T4
Method B, 75
Mexico City earthquake, 74, 15, 18, 30,
55, 60, A-4
Microearthquale, 10
Microzone, 19
Microzonification, 19
Mid-ocean (gee also Submarine)
ridges, 2
Minimum seismic base shear coeffi-
cient, 81
Miscellaneous structure, 59
MMI, 9
MM scale, 9
Mode, 32
first, 32
fundamental, 32
shape, 32, 34, 356
shape factor, 34
Moderate earthquake, 10
Modification factor, response, 64
Modified Mercalli intensity scale, 9
Modulus :
of elasticity, 25
of resilience, 41
of rupture, 41
of toughness, 41
Moment
of inertia, polar, 45
overturning, 45, 48, 96, 124
primary, 44
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restoring, 45
secondary, 45
Moment-frame, truss, special, 146
Moment-resisting frame, 67, 177, A-2
intermediate, 67
ordinary, 67 -
special, 144, 145
Moment—remstmg wall frame, masonry,
152
Mortar types, 152
Motion
attenuation, 14
simple harmonie, 23
Mountains, San Gabriel, §
Muttiple
degrees of freedom, 32
load paths, 176

Nail

distortion, 122

glip, 123
Neailer, 1684
Nailing

edge, 158

field, 158
Nails, 159
Nape earthquake, A-4
Natural .

frequancy, 25

period, 20, 25, 176
Nature of earthquake, 1
Near-source factor, 43, 61, 62
Negative torsional chear stress, 47, 177
Newton’s second law, 20
Niigats earthquake, 80, 55
Nonbuilding structure, 104

rigid, 105
Nonparallel system, 74
Nonstructural component, 99
Normal

fault, A-2

force method, 57

slip, A-3

gtress, diaphragm, 122
Normalized response spectrem, 43
Northridge earthquale, 52, 69, 108,

147, A-17, A-4

Oblique

earthquake, 91

fault, 5

slip, A-2
Occupancy category, 59, A-16
Oc:&urrence 4

equency, 1

interval, 59

probability, 13
Offset, out o pla.ne. 73
Offshore platform, 104
gma.r Chl:.illenger, 2

pening, dinphragm, 165

Openings, stacked, 114
Open-web girder, 172
Ordinary

moment frame, 145

moment-resisting frame, 67
Orthogonal effect, concrete, 136
Qaciilator, 26

simple harmonie, 23
OTM, 48
Out-of-plane offset, 73
Overdamped system, 28
Overstrength factor, 65
Overturning moment, 45, 48, 96, 124

Peleoclimatology, 2
Paleomagnetism, 2

Pabndale bulge, {16

Panel, cladding, exterier, 101
Panel zone, 145

Parapet, 115, A-3

Parkfield earthquake, 52 A4
Part, force an, 99
Partic:patmn factnr 35
Particleboard, 156
Parts.and portlons 94
Passive
chord, 123
darnper 171
P-4 effect, 44 45, 97, 176
Pass, Tejl:lu, 7
Peck ground acceleration, 12, 18
effective, 15, 19
Peslk velocity, effective, 19
Pedestal, concrete, 105
Penalty, structural irregularity, 103
Penetration, standard, 60, 61
Period
bridge, 54
building, 20, 74
damped, 29
natural, 20, 25, 176
site, 19
soil, 19
Permissible deflection, wood, 155
PGA, 12
Pier, 24, 25, 116
cantilever, 25
fixed, 24
wall, 168
Plers, rigidity, A-6, A-7
Pilaster, 124
Plan irregularity, 73
Plastic hinge, 178, A-3
Plate, 3
continuity, 145
dou[:n]er| 145
size, 145
tectonics, 2, 3
Plywood (see Wood structural panel)
Potsson distribution, 1{
Polar moment of inertia, 45
Pand, sag, A-3
Pore pressurs, 20
Portal method, 129, 177
Portion, force on, 99
Pounding, 205
Prediction, earthquake, 16
Premonitory sign, 16
Pressure
pore, 20
wind, 56
Primary
moment, 44
stress, 204
wave, T
Probability, occurrence, 13 -
Probable earthquake, maximum, 19
Procedure
dynamic analysis, 110
lateral force, 83 85
seismic design
simplified lateral force, 85, 86
Profile, soil, 43, 60
Projected area method, 57
Properties
concrete, 25
masonry, 25
steel, 25, 144
Pseudo-acceleration, spectral, 22
Pure tube building, 49
Purlin, 120, 164
P-wave, 7, 15

Quadrangular girder, 172
Quadratic combination, 33

HRadietion damping, 27
Radio wava, ultra;—low frequency, 16
Radon, 16
Ratio
damping, 28, 177, 178, 208,
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damping, building, 28
diaphragm, 123, 158, 206
element-story shear, 69
story drift, 44
strength, 145
width-thickness, 148
Rayleigh
method, 34, 75, 177
wave, §
Rebound theory, elastic, 1
Hecommended Lateral Force Require-
ments, 53
Recurrence
formula, 14
interval, 39, 59
Reduction factor, strength, 138
Redundancy, 68, 119, 176
factor, 62, 68
Redundant design, 176
Reentrant corner irregularity, 73
Region, inelastic, 41
Regular building, 70
Reinforcement
battom, 139
maesonry, 152
steel, 138, 139
top, 138
Relative ngldlty, 24, 116, 175
Release, ener
Rehablhty/re?:mdnucy factor, 62, 68
Reserve energy, A-3
Resilience, modulus, 41
Resistivity gauge, 16
Resonance, 19, 30, 37, A-3
Responss, 32, 37
coefficient, 43, 43
coefficient, seismic, 62
duspla.cement design level elostic, 92
dgtzplacement, maximum inelsstic,

elastic, 37
modification factor, 64
modification factor, compenent, 101
spectra, 39
spectra, elastic, 37
epectra, inelastic, 41
spectrum, 37, 177
spectrum, design, 38, 42
to impulse, 30
Restoring moment, 45
Retrofit, 115, 173
column, 173
Reversal deformation, 41
Reverse fault, 5, A-3
Richter magnitude, 10, 11
limit, 175
Ridges
mid-ocean, 2
submarine, 2, 3
Right
-lateral fault, 5
-normal alip, A-3
slip, A-3
Rigid
disphragm, {5, 115
frame, 49, A-3
nonbuilding structure, 105
Rigidity, 24, 116, 175
center of
of piers, A 5. A-T
relative, 24, 116, 175
Riley Act, 51
Ring of ﬁm.
Risk
microzone, 19
reduction factor, ductility, 54
zone, 17, 18

Rock, igneous, A-2
Roof '

live load, 76
load, 57
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Rassi-Foret scale, 2
Hupture, modulus of, 41

Seg
fault, A-2
pond, A-3
Salton Ses, 7
San Andress fault, 7
San Fernando earthqueks, 167, A-4
San Francisco earthquake, 31, A-4
San Gabriel Mountains, 5
Santa Barbara earthquake, 31, 51, A-4
Scale
factor, 39
intengity, 9

MM, 9
Rossi-Forel, 9
Scaling factor, 108
Scarp, fault, A-2 ~
Scintillation counter, 16
SDOF system, 21, 24
Sea
wave, 4
Salton, 7
Seafloor spreading, 2
Secondary
effect, 44
moment, 45
stress, 204
wave, &
Segment, special, 146
Seismic
acronyms, A-9
base shear coefficient, 80
bay hypothesis, 16
design procedure, 58
force, 20
force amplification factor, 65, 76
force, diaphragm, 101
force of parts, 99
importance factor, 59
response coefficient, 42, 43, 62
sea wave, 4
source classification, 61
gource type, §1
wave, 1, 7
zone, 17, 18
zone factor, 58
Seismicity, globel, 2
Selsmogram, 15
Seismograph, 15
Seismometer, 15
damping zatio, 15
Separation, building, 95
Service level stress design, 56
Setback, 208
Settlement, 204
Shaking
duration, 16
strong-phase, 12
Shallow earthquake, 1, 4
Shape, mode, 32, 34, 35
Shear
base, 21, 31, 68
bese, caleulating, 83, 86
distortion, 122
drift, 43
ratlo, element-stary, 69
story, 35
strength, soil, 20
strength, undrained, 60, 61
stress, allowable, masonry, 152
stress, diaphragm, 121
stress, negative torsionsl, 47, 177
stress, torsional, 45, 177
stress, wall, 114
wall, 65, A-3
wall-frame interaction system, 68
wall, masonry, 152
wall, special, A-3
wall, wood structural panel, 157

wave, 8
wave velocity, 60, 61
Sheathing, 120
diagonal, 1556
5H wave, 13
Side plate, 145
SidePlate Connection Technology, 145
Sipn, 104
premonitory, 16
Silt, 164
Silo, 104
Simple
harmonic motion, 23
harmonic oscillator, 23
Simplified lateral force procedure, B5,
a6
Simpson Strong-Tie Company,
A-11-A-14
Single degree of freedom, 21, 24
Site
characteristics, 17
period, 19
Sige, chord, 124
Sizing frame members, 132
Skyscraper {see High-rise building)}
Slip, 2, 5, 10, A-3
chord-splice, 122
dip, A-2
left, A-2
left-normal, A-2
length, 12
nail, 123
normal, A-2
obligue, A-2
right, A-3
right-normal, A-3
Sinshing, 105, 106
Snow load, 57, 76, 80
Soft story, 71, 205
Soil
horizon, G0
Rquefaction, 20
period, 19
profile, 43, 60
shear strength, 20
type, 60
Source
cleesification, seismic, 61
theory, dilatational, 1
Space, crawl, 166
Space frame, 67, A-3
ductile moment-registing, 144
Span, diaphragm, 122
Speciel
conerete, 135, 180
ductils frame, A-3
inspection, masonry, 151
moment-resisting frame, 67, 144,
145,177,178
cecupancy facility, 59
segment, 146
shear wall, A-3
truss moment-frame, 146
Spectra
elastic response, 37
response, 28
response, inelestic, 41
Spectral
acceleration, 20, 37
characteristics, 20, 21
displacement, 20
pseudo-acceleration, 20
velocity, 20
Spectrum
design response, 42
response, 37, 177
Splice
tension lap, 140
welded, 140
Spreading, seafioor, 2
Spring constant, 24
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Spurr method, 132
Square root of the sum of the squares,

a3
SRSS method, 33
Stability coefficient, 45, 87
Stacked openings, 114
Standard
occupancy focility, 59
penetration, 60, 61
Statie
analysis, 23
deflection, 24, 29
(equivalent) lateral-force procedure,
83, 85, 86
force, equivalent, 51
Steel
column, 144
congtruction, 143
frame, 143
jacket, 173
properties, 144
reinforcement, 138
reinforcement, masonry, 152
gtud wall system, 150
properties, 25
Step function, 29
Stiffness, 24, 175
Stirrup tie, A-3
Stodola method, 35
Story drift, 35, 43, 92
ratio, 44
length, 71
ghear, 35
soft, 71, 205
weak, 71, 205
Strain
energy, 1, 4, 41
gauge, 15
Strap, A-11, A-12, A-13, A-14
Strength
concrete, 138
design, 56
maximum masonry, 152
member, 144
ratio, 145
reduction factor, 138
shear strength, soil, 20
shear, undrained, 60, 61

eas
allowable, 111
effective, 20
normal, diaphragm, 122
primery, 204
secondary, 204
ghear, digphragm, 121
shear, negative torsional, 47 .
torsional shear, 45, 177
wall, shear, 114
Strike, A-3
-glip fault, 5, A-3
Strong
motion seismometer, 15
phase, 15
-phase shaking, 12
Structural
characteristics, 17
irregularity, 70
irregularity, penalty, 109
regularity, 70
system, 65, 205
Structure
deflection ductility factor, 42
élement of, 99 ’
miscellaneous, 59
nonbuilding, 104
nonbnilding, rigid, 105
Strut, 120
drag, 120
Stud, steel, wall system, 150
Subdiaphragm, 124, 158

Str
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Subduction, 3
zone, 2
Submarine
ridges, 2, 3
trenches, 2, 3
Sub-purlin, 120
Subsidence, 204
Sum of the squares method, 32
Supplementary crosstie, A-3
Surface wave, 8
Survivability design criteria, 55
SV wave, 13
S foctil ty, 41
wing, ductility,
Sylmar earthquake, A-4
Symbols, welding, A-10
System
active pulse, 172
active tendon, 172
bearing wall, 65, 178
bax, 178, A-2
building frame, 67
cantilevered column, 68
eritically damped, 28
damping, 171
dual, 65
energy dissipstion, 169
forced, 29
interaction shear wall-frame, 68
lateral force-resisting, A-2
MDOF, 32
nonparailel, 74
overdamped, 28
SDOF, 21, 24
structural, 65, 205
undefined structural, 68
underdamped, 28

Tank, 104, 105, 207
uplitt, 106
Tectonic cresp, A-3
Tectonics, 2, 3
plate, 3
Tejon Pass, 7
Tension
lap splice, 140
cross-grain, 165
Theory (also see Hypothesis)
dilatational source, 1
elastic rebound, 1, A-2
Thyust favlt, 5
Tidal wava, 4
Tie, 104, 120, A-12, A-13, A-14
stirrup, A-3
Tierod, 211
Ties
concrete, 136
continuity, 158, 164
Tiltmeter, 15
Tilt-up construction, 167
Toe-nailing, 158, 159
Top force, 88, 97
Torsion, 92
fAexible disphragm, 121
Toraional
{rregularity, 73
shear stress, 45, 177
shear stress, negative, 47, 177
Total seismic dead load, 79
Toughness, modulus of, 41
Tower, 104
Transcurrent fault, A-3
Transfer girder, 13
Transverse
wall, 115
wave, 8
Trenches, submarine, 2, 3
Tripartite graph, log, 39
Truss

moment-frame, special, 146
Vierendee!, 146

Tsunami, 4
Tube building, 13, 49
framed, 49
-in-tube building, 49
Tuned -
damper, 172
mass damper, 172
Type
seismic source, 61
soil, 60
Type I connection, 143
Type 11 connection, 144

UBC, 51
ULF radio wave, 16
Ultimate strength design, 56
Ulire-low frequency radio wave, 16
Undefined structural system, 68
Underdamped system, 28
Undrained shesr strength, §0, 61
Uniform Building Code, 51
Unit, concrete masonry, 152
Uplift, 96

tank, 106
Upper limit, magnitude, 10

V bracing, 148
Velocity
effective peak, 19
shear wave, 60, 61
spectral, 20
Vertical
acceleration, 13
earthquake load, 76
element, 204
geometric irregularity, 71
ground acceleration, 91
irregularity, 70
load-carrying frame, 67
structural irregularity, 71
Vierendeel
bandage, 173
girder, 172
truss, 146
Visco-elastic damper, 171
Vizcous damping
external, 27
internal, 27, 28
Vlasovian bendage, 173

Wall
cripple, 166
-diaphragm connection, 164
foree, 124

frams, masonry, moment-resisting,

152"

pier, 168

rgidity, 116

shear, 65, A-3

ghear stress, 114

system, steel stud, 150

transverse, 115

wood structural panel, allowabls
ghear, A-15

Wavae
compression, 7

, 8
longitudinal, 7
Love, 8
P T,15 .
prim
rndiu?rgritra—low frequency, 16
Rayleigh, 8
t
sea, 4
secondary, 8
seismie, 1, 7
SH-, 13
shear, 8
ghear, veloclty, 60, 61
surface, B
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§V-, 13
tidal, 4
transverse, 8
Weak
beam failure mode, 208
column failure mode, 208
story, 71, 205
story failure mode, 208
‘Weight, 79
building, 79
irregularity, 71
‘Welded
connection, 147
splice, 140
Welding symbols, A-10
‘Wet connection, 136
Whittier earthquake, 167, A-4
Width-thickness ratio, 148
Wind
load, 58, 76
loading, 51
pressure, b6
Wood
construction, 155
structural panel, 156
structural panel shear wall, 157
structural panel wall, allowable
shear, A-15
Working stress design, 56
Whrench fault, 5, A-3

X bracing, 148
Yountvills earthquake, A-4

Zone, 58
factaor, 58
Mendocino fracture, 7
micro-, 19
of subduction, 2
seismie, 17, 18
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Acceleration ard magnitude, 17
Accaleration and Mercalli intensity, 13
Acceleration, peak ground, 13
Accelerogram, A-8
Action, rigid diaphragm, 73
Active California faults, &
Allowsble lateral loads, nail, 104
Allowable shear

for wind, A-18

load, bolt, 106

plywood diaphragm, 102
Allowable stress, 111
Analogy, glrder/dlnphmgm, 79
Authority, engineer, 135

Base isolation, 111
Base shear
coefficient, minimum, 80, 81
simplified, 86
Beam
-bending equations, 25
center link, 98
end link, 98
Beam-column
reinforcement, 93
transversa confinement, 94
Bearing, isolation, 112
Bearing wall system, 65
Bending
beam, 25
cross-grain, 107, 141
Bibliography, A-9
Bolt, allowable shear load, 106
Braced frame
eccentric, 97

Building
and roof diaphragm, 71
frame system, 67
material, UBC provisions, 56
separation, 95

California faults, 6
Cantilever
method, 86
piers, 25
Cantilevered-column system, 68
Category, occupancy, 59
Center link beam, 98
Chord, 80
diaphragm, 101
Cﬁmnﬂlugy, California earthquakes,
-5
Classification, soil, 60

CMU wall, 105, 107, 140
Coefficient
hasa shear, minimum, 80, 81
seismic response, §3
stability, 97
Column
carrying discontinuous wall, 94
reinforcement, 93
transverse confinement, 94
Combinations of loads, 77
Commerclal straps and ties, A-13,
A-14, A-15, A-16, A-17
Concrete
ductile joint, 89
flexxural member, 92
masonry unit wall, 105, 107, 140,
141
Confinement, transverse, 33, 84
Construction ’
eccentric link, 97
tilt-up, 109
Convarsion factor, A-1
Correlation
intensity/acceleration, 13 ‘
magnitude/scceleration, 13, 17
magnitude/duration, 13
zone/acceleration, 17
zone/magnitude, 17
Critically damped motion, 28
Cross-grain )
bending, 107, 141
tension, 107
Crosstie, 91

Damped oscillator, 27
Damping ratios, 29
Definitions, A-2
Deflection
eccentric link, 98
equations, 25
Deformation
elastic, 93
inelastic, 93
Design base shear, simplified, 86
Design respanse spectrum, 42
Detail
eccentric link, 97
joist/wall, 105, 107, 140, 141
tilt-up construction, 109
Diagram
moment, 88
shear; 88
Disphragm
action, rigid, 73
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chord, 101
plywood, allowable shear, 102
ratio, 103
roof, and building, 71
- ghear stress distribution, 79
sheaihing, plywood, 101
Discontinuous wall, 34
Distribution of story shear, B8
Drag strut, 77
Drift, 43
effect of varizbles on, 44
story, 44
story, limit, 93
total, 43
Dual system, 68
Ductile joint, concrete, 89
Duration of strong-phass shaking, 13

Earthquake
chronology, A-5
effects by zone, 17
terminology, 1
Barthquakes
frequency of occurrence, 14
number per year, 14
Eeccentric braced frames, 97
Eccentricity, 46
_Eccentric link
construction 97
deflaction, 98
Effect of variables on drift, 44
Effect, P-A, 45
Effects of earthquaks by zone, 17
Elastic
deformation, 93
response spectrum, 37, 38
El Centro
acceleropram, A-B
log tripartite plot, 40
End link beam, 98
Energy, strain, 41
Engineering suthority, 135
Exam format, A-10, A-11

Factor
conversion, A-1
force, horizontal, 100
importance, 60
mode shape; 34
near-source, 62
scaling, 109
undamped magnification, 30
zone, 59
Failure mode, 139
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Fault plane, surface projection, 62
Faults

Celifornia, 6

types, &
Fixed piers, 25
Flange and web, girder, 79
Flexural member

concrete, 92

transverse confinement, 93
Force factor, horizontal, 100
Forces

overturning, wall, 82

resisting, wall, 82
Format, exam, A-10, A-11
Frame

building, sysem, 67

eccentric braced, 97

moment-resisting, 67
Frames, braced, types, 97
Framing detail, joist/wall, 105, 107,

140, 141

Freming members, 77
Framing, opening, 108
Frequency of earthquake occurrence, 14

Girder

quadrangular, 114

web and flange, 79
Glossery, A-2
Ground acceleration, peak, 13

Harmonic oscilletor, simple, 24

History, California earthquales, A-5

Holdowns, commercial, A-13, A-14,
A-15, A-16, A-17

Hook, seismic, 91

Hoop, 91

Horizontal force factor, 100

Hysteresis loop, 41

Impartance factor, 60
inelastic deformation, 93
Intensity, Mercalli, and acceleration, 13
Intensity scale, Mercalli, 9
Irregularities
plan, 71, 72, 74
vartical, 71, 72
Isolation, base, 111
Isolation bearing, 112
Isoseismal map, 10

Joint
ductile, concrete, 89,
moment-resisting, 95, 142
Joist/well framing detail, 105, 107, 140,
141

Laterat load, allowable, nail, 104
Ledger and jolst tie, 107
Limit, story drift, 83
Link beam
center, 98
end, 98
Link, eccentric
construction, 97
deflection, 98
Lithosphere plates, 3
Load, allowable
nail, 104
shesr, bolt, 106
Loed combinations, 77
Load, withdrawal, nail, 105
Log tripartite plet, 39, 40
Loop, hysteresis, 41

Magnifieation factor, undamped, 30
Magnitude, Richter, correction nomo-
graph, 11
8p
isoseismal, 10
zone, 18

Material, building, UBC provisions, 56
Maximum diaphragm ratio, 103
Member, flexural, concrete, 92
Members, framing, 77
Mercalli
intensity and acceleration, 13
intensity scale, §
Method
cantilever, 86
portal, 85
Minimum base shear coefficient, 80, 81
Mode, failure, 139
Mode shape factors, 34
Mode shapes, 32
Modified Mercalli intensity scale, 9
Moment -
diagram, 88
overturning, 48, 97
-resisting frame, 67 .
-resisting joint, steel, 95, 142
torsicnal, 92
Motion
critically damped, 28
overdamped, 28
underdamped, 28

Nsil
allowable load, 104
withdrawal loed, 105
Near-source factor, 62
Nomenclature, xiii
Nomograph, Richter magnitude correc-
tiom, 11
Nonbuilding structures, 105, 106
Normalized response spectrum, 43
Number of earthquekes per year, 14

QOccupancy category, 59
Olc‘;:urrence, frequency of earthqueke,
Opening, framing, 108
Openings, stacked, 73
Qacillator

simple harmonic, 24

with damping, 27
QOverdamped motion, 28
Overturning forces, wall, 82
Overturning moment, 48, 87

Panel zone, 96
P-A effect, 45
Peek ground acceleration, 13
Pier
cantilever, 25
fixed, 25
rigidity, A-6, A-7
Pilaster, 81
Plan irregularities, 71, 72, 74
Plastic hinge, 139
Plates, 3
Plot, log tripartite, 39, 40
Plywood
diaphragm, allowable ghear, 102
diaphragm sheathing, 101
walls, allowable wind sheer, A-18
Portal method, 85
Procedure, seismic design, 58
Projection, surface, fault plane, 62

Quadrangular girder, 114

Ratio
damping, 20
diephragm, 103
Reinforcement
columz, 83
flexural member, 92
Resisting forces, wall, 82
Response |
coefficient, seismic, 63
of simple harmanic oscillator, 24
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Response spectrum, 63
design, 42
elastic, 37, 38
normalized, 43
Richter magnitude correction nomo-
graph, 11
Rigid
diaphragm action, 73
parts and portions, 100
Rigidity of piers, A-6, A-7
Risk zones, 18
Roof diaphragm and building, 71
R:‘l gglues, nonbuilding atructures, 105,

Scale, Mercalli intensity, 9
Scaling factor, 109
Seismie
design procedure, 68
exam, A-10, A-11
hoal, 91
response coefficient, 63
risk zones, 18
source type, 61
tie, 103, 105, 141
waves, types, 8
Separation, building, 85
5 , duration of strong-phase, 13
Shape factors, mode, 34
Shapes, mode, 32
Shear, allowable
plywood diaphragm, 102
wind, walls, A-18
Shear
diaphragm, 88
load, allowable, bolt, 106
ptress distribution, diaphragm,
i)
torsional, 48
wall, concrete, 91
wall-frame interaction system, 68
Sheathing, plywood diaphragm, 101
Simple harmonic cscillator, 24
Simplified devign base shear, 86
Simpson Strong-Tie, A-13, A-14, A-~15,
A-16, A-17
Soil classification, 60
Source, seismic, type, 61
Spectrum
design reaponse, 42
elastic response, 37, 38
response, 63
Stability coefficient, 97
Stacked openings, 73
Steel moment-resisting joint, 95, 142
Stiffness equations, 25
Story drift, 44
lmit, 93
Story shear, distribution of, 83
Story, weak, 139
Strain energy, 41
Strapa and ties, commercial, A-13,
A-14, A-15, A-16, A-17
Stress, allawable, 111
Strong-phase sheking, duration of, 13
Structural system, 66
Structures, nonbuilding, 105, 106
Strut, drag, 77
Strut Jength, 104
Subdiaphragm, 104
Subduction, zone of, 4
Subscripts, xv
Surface projection, fault plane, 62
Symbaols, xv
Symbols, weld, A-12

bearing wall, 65

building frame, 67
cantilevered-column, 68
duel, 68

moment-resisting frame, 67
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* ghear wall-frame interaction, 68
structural, 66

Tectonic plates, 3
Tension, cross-grain, 107
Terminclogy, earthquake, 1
Tie-down, 141
Tie-rod, 141
Ties, commercial, A-13, A-14, A-15,
A-16, A-17

Tie, selsmie, 103, 105, 141
Tilt-up construction, 109
Torsional

moment, 52

shear, 48
Total drift, 43
Transverse confinement, 93, 94
Tripartite plot, log, 39, 40
Type

seismic source, 61

soil, 60
Types of braced frames, 97
Types of faults, 5
Types of seismic waves, 8

UBC provisions, building material, 56
Undamped magnification factor, 30
Underdamped motion, 28

Vertical distribution of story shear, 88
Vertical irregularities, 71, 72

Wall
bearing, 65
detail, 105, 107, 140, 141
discontinuous, 94
plywood, ellowable wind shear,
A-18
shear, concrete, 91
with epenings, T4
Waves, seismic, types, 8
‘Weal story, 139
Web and flange, girder, 79
Weld symbols, A-12
Wind, allowable shear, walls, A-18
Withdrawal load, nail, 105

Zone
acceleration and magnitude, 17
effects of earthquake, 17
factor, 53
map, 18
of subduction, 4
pane], 86
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INDEX BY UBC SECTION (UBC-97)

Note that the UBC uses the identifier *Formula,” not “Equation,” in the code.

12.12.2.1, 77

1605.2.3, 102, 103, 137, 165
1611.4, 102, 103, 137, 165
1612, 57, 76

16122, 187, 143, 144, 151, 155, 165
1612.2.1, 76, 138

1612.2.2, 76

1612.3, 137, 143, 144, 145, 151, 155,
165

1612.3.1, 76, 77, 111

1612.3.2, 77, 111, 112, 143, 144
1612.33, 76, 111

1612.4, 77, 151, 155, 206

1614, 57

16151625, 56

1618, 57

16212, 57

1621.3, 57

1626.1, 55

1626.3, 57

1627, 58, 59, 94, 95, 100

1629, 171

1629.2, 64

1620.3, 60, B1, 82, 86, 87, 90, 91
1620.3.1, 60, 62, 205

1629.4.2, 62
1620.4.3, 62

1629.5, 70, 171
1620.5.2, 70
1629.5.3, 23, 70, 72, 73
1629.6, 65, 66, 1
1620.6.4, 67

1629.6.5, 67

1629.6.7, 68
1620.6.8, 65

1620.8, 85, 206
1629.8.3, 86

1629.8.4, 51, 71, 72, 73, 83, 85, B6
1620.9.1, 72, 109

1629.9.2, 68

1629.10.2, 168, 171

1630, 107

15301 1, 13, 68, 69, 70, 76, 78, 79, B0,
91, 9

163013 45, 97, 98, 99, 109

1630.2, 58, 68, 83, 114

1630.2.1, 44, 80, 81, 82, 83, 84, 85, 92,
188, 189, 189, 201

1630.2.2, 20, 5, 81, 82, 84, 85, 104,
187, 189

1630.2.3, 86, 206
1630.2.3.2, 89
1630.2.3.3, 90, 91
1630.2.3.4, 93, 94, 97
1630.3.1, 76

1630.4, 66

1630.4.2, 205
1630.4.3, 73
1630.4.4, 73

1630.6, 45, 46, 75, 92, 120
1630.7, 92, 109

1630.8, 109, 206 _

1630.8.1, 48, 96

1630.8.2, 72, 73, 111

1630.9.1, 44, 45

1630.8.2, 44

1630.10.1, 92

1630.10.2, 45, 93, 94, 132
1630.11, 41

1631, 58, 83, 92, 107

1631'2, 13, 83, 81, 109, 110
163141, 33, 111

1631.5.1, 110

1681.5.2, 33, 110

1631.5.3, 111

1631.5.4, 109, 110, 111
1631.5.5, 13

1632.2, 99, 100

1632.2.2, 100

1633, 136

1633.1, 33, 73, 74, 92, 109, 136
1633.2.3, 136

1633.2.4, §7, 100, 109, 136
1633.2.4.2, 101

1633.2.5, 104, 136

1633.2.6, 112, 137

1633.2.7, 66, 137

1633.2.8, 100, 137

1633.2.8.1, 102, 103, 137, 165, 205
1633.2.9, 73, 101, 102, 109, 113, 113,
114, 120, 191, 123, 124, 16, 156, 159,
164, 165, 207

1633.2.11, 65, 96, 169

1634, 55, 100, 104, 107
1634.1.3, 104, 105

1634.1.4, 104

1634.1.5, 104

1634.2, 66, 67, 105

1634.2.4, 100

1634.3, 105, 106, 107, 108

1634.4, 105
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1636, 60, 64, 86, 87, 90, 91, 205
1636.2, 61, 81, 82, 205

1636.2.1, 61
1636.2.2, 61
1636.2.3, 61
1637-1648, 57
1653, 59
1657.3, 171
1657.5.2, 171
1658, 171
1658.4.3, 171
1658.5, 171
1659, 171
1861.3.2, 169

1701.2, 151

1808, 55
1809.2, 111
1809.4, 97, 109
18211, 137

1807.6, 140
1807.7, 140
1907.10.5.2, 141
1909.2, 76, 138
1909.3, 138
1909,3.4, 138
1912.5.3.2, 136
1012.14.3, 140
1912.15, 140
1912.15.2, 140
1921, 55, 67, 136

192111, 138, 140, 168

1921.2.1.7, 136
1921.2.3, 138
1821.2.4.1, 138
1621.2.4.2, 138
1921.2.5.1, 138
1921.2.6, 140
1621.2.6.1, 141
1921.2.6.2, 140
192127, 66
1921.3, 139, 140
1921.3.1.3, 139
1921.3.1.4, 139
1921.3.2.1, 139
1921.3.2.2, 139

1921.3.2.3, 138, 140, 141

1921.3.3.1, 139
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1921.3.3.2, 139

1921.3.3.4, 135, 141

1921.3.3.6, 140
1921.4, 141

1621.4.2.2, 141
1921.4.3.2, 141
1921.4.4.1, 141
1921.4.4.2, 141
1921.4.4.3, 141
1921.4.4.4, 141
1921.4.45, 142

1921.5, 135, 136, 142

1921.5.1.3, 139
1821.5.1.4, 142
1921.5.2.2, 142
1921.8, 137

1921 6.11, 142

1921.6.12, 137, 142

1921.6.2.1, 137
1921.6.2.2, 137
1521.6.6, 137
1921.6.8, 142
1921.6.9, 142
1921.7, 136
1923, 159
1026.3.2, 124
1028.1.2.3, 138

2001.1, 111

2104.3.3, 151
2105, 151
2108, 56, 151

2106.1.12, 55, 151

2106.1.12.3, 152

2106.1.12.4, 151, 152

2106.1.3, 111
2106.2.14, 159
2106.3.6, 152
2107, 56, 151

2107.1.2, 151, 152

2107.1.3, 55
2107.1.5, 159

2107.1.7, 115, 127, 128

2107.2.9, 152
2108, 151
2108.2.3.8, 55
2108.2.6.1, 152
2109, 151, 162

2205, 143
2905.2, 143
2209, 111
2210, 143
2211, 67
2211.6, 66
9213.10, 149
3213.10.5, 150
2913.11, 146
2913.11.5, 146

2213.4.2, 144, 150

2713.5, 144
2213.5.1, 144
2213.5.2, 145
2213.5.3, 145
2913.6, 145
2213.7, 145
2213.7.1.1, 147
9213.7.1.2, 147
2213.7.2.3, 145
2213.7.4, 145
2013.7.5, 145
9213.7.6, 145
2213.7.7, 148
2213.7.7.1, 148
2213.8, 73, 148
2213.8.2.5, 148
2213.8.4.1, 148
3213.8.4.2, 148
2213.9, 148

2213.9.1, 148
9013.0.2.4, 148
2219, 150
2220, 150

23012, 111
2302, 158

2303, 56

9303.5.5.4, 155
2305.4, 111

2315, 157

9316.1, 155, 156, 158
2315.2, 156

2315.3.1, 123, 155
2315.5, 155

2315.5.2, 120, 156, 165
9315.5.3, 156
2315.5.5, 156

2316.2, 111, 111
2318.3, 159

2318.3.1, 159

2319.3, 156
2320.11.3, 166
2320.11.5, 166
2320,12.8, 158
2320.4, 155

2320.5, 155

App. 16, Div, IV, 171
App. Chap. 16, Div. I, §7
App. Chep. 21, 87

App. Chap. 23, 57

Chap. 16, 56, 151, 155
Chap, 16, Biv. IV, &5
Chap. 18, 55

Chap. 19, 55, 67

Chap. 20, 55

Chep. 21, 55, 56, 161
Chap. 22, 56, 67, 143
Chap. 22, Div. 11, 143
Chap. 22, Div. I, 143
Chap. 22, Div. IV, 55, 143, 144
Chap. 22, Div. V, 55, 143
Chap. 23, 56, 155

Chap. 23, Div. II, 155
Chap. 23, Div. III, 155

Div. I1, 56
Div. I, 56
Div, V, 56

Figure 16-2, 18
Figure 16-3, 42, 62, 109, 110

Formula 12-1, 77
Formula 12-2, 77
Formule 12-3, 77
Formula 12-4, 77
Formula 12-5, 77
Formula 12-6, 77
Formula 12-7, 77
Formulz 12-8, 77
Formula 12-9, 77
Formula 12-10, 77
Formula 12-11, 77
Formula 12-12, 77
Formula 12-13, 77
Formula 12-14, 77
Formula 12-15, 77
Formula 12-16, 77
Formula 12-17, 77, 143
Formula 12-18, 143
Formula 14-1
Formula 30-1, 76, 78, 79
Formula 30-2, 76, 79
Formula 30-3, 68, 69, 70, 105
Formula 30-4, 80, 83, 114
Formula 30-5, 80, B1, 83, 84, 105, 188,
189, 199, 201
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Formula 30-6, 81, 82, 105, 188, 189
Formule 30-7, 81, 82, 83, 84, 85
Formula 30-8, 74, 75
Formula 30-9, 76

Formula 30-10, 75, 104
Formula 30-11, 86, 89, 114
Formula 30-12, 89, 107
Formula 30-14, 88
Formula 30-15, 88
Formula 30-16, 92
Formula 30-17, 92, 85
Formula 32-1, 99, 101, 106
Formula 32-2, 99, 101
Formula 32-3, 99

Formula 33-1, 101, 207
Formula 33-2, 85

Formula 34-1, 105
Formula 34-2, 107
Formula 34-3, 107
Formula 36-1, 61

Formula. 36-2, 61

Formula 36-3, 61

Formula 36-4, 61

Formula 40-1-1, 57
Formula 58-8, 171

Standard 23-2, 122
Standard 23-3, 122
Standard 25-2, Part ITI, 160

Table 16-F, 57

Table 16-G, 56

Teble 16-H, 56

Table 16-1, 58, 59

Tahle 16-J, 60, 64

Teble 16-K, 57, 59, 60, 64, 86, 99, 102,
103, 126, 127, 207, A-16

Tble 16-L, 71, 72, 73, 83, &6, 109, 205,
206

Tahle 16-M, 71, 73, 83, 86

Table 16-N, 65, 66, 67, 69, 70, 73, 74,
79, 86

Tuble 16-0, 99, 100, 101, 205

Teble 16-P, 65, 104, 105

'Ié;ble 16-Q, 43, 62, 63, 78, 79, 80, 86,

9

Tuble 16-R, 43, 62, 63, 80

Table 16-5, 62, 64, 86, 204

Table 16-T, 43, 62, 64, 204

Table 16-U, 43, 61

Table 18-I-A, 111

Table 21-E-1, 56

Table 21-F-1, 56

Table 21-M, 152

Table 22-VIII-A, 150

Table 22-VIII-B, 150

Table 23-1I-B-1, 56

Table 23-11-G, 123, 158, 206

Table 23-11-H, 111, 122, 126, 128, 156,
157, 158

Teble 23-I1-1-1, 156, 157, 158, A-15

Table 23-1I-B-1, 56

Table 23-111-B-2, 56

Table 23-11I-C-1, 56, 159, 160

Table 23-11-C-2, 56, 159, 161

Table 23-111-D, 159, 162

Table 23-III-D-1, 162

Table 23-I11-D-2, 163

Table 23-IV-C-2, 166

Table A-16-1, 57

Table A-16-2, 57

Table A-16-3, 57

Tehle A-16-A, 57

Table A-16-B, 57

Table A-16-E, 171

Table WW-VIII-C, 150
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Complete Your Preparation with a Practice Exam

Seismic Principles Practice Exams
for the California Special Civil Engineer Examination
Majid Baradar, PE

Maximize your preparation by working a realistic practice exam.
Seismic Principles Practice Exams contains two complete practice
exams, each with 47 multiple-choice problems, written to be
completed in two-and-a-half hours. You can test your problem-solving
skills, find out how long it takes you to solve different types of
problerus, and determine the areas where you need more review or
practice, The seismic code tested on the exam is referenced where
applicable, and step-by-step solutions are provided.

Get Extra Practice Solving Tough Seismic Problems

345 Solved Seismic Design Problems
Majid Baradar, PE

“At last, a good, useful study guide for the special seismic exam, This
book gives civil PE exam candidates a fighting chance to learn and
understand basic seismic principles and how the codes impose
seismic considerations into engineered design. 345 Solved Seismic
Design Problems will be beneficial to engineers either doing self-study

or receiving formal instruction.”
—FEd Haverlah, SE

This book gives you hands-on experience working with the theory and principles you'll need to
know to answer exam questions with confidence. The problems in 845 Solved Seismic Design
Problems are written in realistic exam format and grouped by subject, and the seismic code tested
on the exam is referenced where applicable. Step-by-step solutions are provided for all problems.
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Seismic Design of Building Structures offers a comprehensive
introduction to the field of seismalogy, especially relevant for the difficult
seismic questions on the professional engineering and architectural
licensing exams. This haok prepares you for both conceptual questions
andl technical questions on structural analysis and code issues.

©. The authors approach the topic in a way that doesn't require prior
" seismic design knowledge or experience. Instead, they guide you to
“. an intuitive understanding of earthquakes and their effects. Explanations
" draw’on practical information, basic code requirements, and simple
vvibrational theory. |
Thousands of engineers have used previous editions of Seismic Design
. of Building Structures to study successfully for their PE exams. Many
- architects have also found this book useful as a concise source of
- “information on seismic issues.

- o 30 example problems and 113 practice problems similar to those
. found on the California Special Seismic Civil PE exam
-+ " = Step-hy-step solutions to all problems

= The |atest seismic code, based.on the.1997 UBC ... ... .. .
“. & Summary of moment-resisting steel connection developmenls
- in the aftermath of the 1994 Northridge earthquake
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* e All the formulas, figures; and tables you need
o Definitions of seismic terminology and namenclature
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+ - Analysis of diaphragms
~  Defailing of roof-wall connections

"+ Caleulating chord and strut forces

UBC nailing requirements

- - Boltstrengths -
» Chronology of important California earthquakes, their characteristics,

and significance

) Det'ailéd‘illus.tr'a_tio.r'i_s to enhance comprehension
. Indexed to subjects; figures and tables, and UBC references

{. Don't miss all the current EE and PE exam news, the latest lest-taker advice,
“and the unigue community of the Exam Forum—visit www.ppi2pass.com.
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Yahoo! Mail - sison_fei@yahoo.com

YaRHOO!, MAIL

From: "Allrecipes” <email@allrecipes.com>

To: sison_fei@yahoo.com

Page 1 of 2

Print - Close Window

Subject: The Daily Dish #949 - Philly Cheesesteak sandwich with Garlic Mayoe

Date: Tue, 27 Jun 2006 16:42:00 -0700

Alirecipes - the Daily Dish

Tuesday, June 27, 2006, Issue No. 945

Philly Cheesesteak sandwich with

Garlic Mayo

Submitted By: Tera

This is a terrific and easy sandwich that gets rave reviews
from my husband and hrother. The garlic mayo is both easy

to make and deliclous.

INGREDIENTS
1 cup mayonnaise
2 cloves garlic, minced

1 tablespoon olive oil

1 pound beef round steak, cut into
thin strips

2 green bell peppers, cut into i/4
inch strips

Prep Time: 10 2 onions, sliced into rings

Minutes
Cook Time: 20 salt and pepper to taste
Minutes 4 hoagie rolls, split lengthwise and

toasted

i (8 ounce) package shredded
mozzarella cheese

Ready In: 30 Minutes
Yields: 4 servings

1 teaspoon dried oregano
DIRECTIONS

1. In asmall bowl, combine mayonnaise and minced garlic.
Cover, and refrigerate. Preheat oven to 500 degrees F
(260 degrees C).

2. Heat oll in a large skiflet over medium heat. Saute beef
untit lightly browned. Stir in green pepper and onion, and
season with salt and pepper. Saute until vegetables are
tender, and remove from heat.

3. Spread each bun generously with garlic mayonnaise.
Divide beef mixture into the buns. Top with shredded
cheese, and sprinkle with oregano. Place sandwiches on a

- baking pan.

4. Heat sandwiches in preheated oven, until cheese is

melted or slightiy browned.

e View nutrition, print, scale, or convert this recipe

- ae s aq

Similar l:ecipes or
serve-with ideas:

e Artichokes

s Tomato
Cucumber Salad

Visit Allrecipes to see
our complete collection
of recipes and meal
ideas.

ADVERTISEMENT

Celebrate Summer

with SPLENDA®

Welcome to the
Summer of SPLENDA®
No Calorie Sweetener,
filled with deliclous |
days, enchanting” ~
evenings and countiess
dazzling drinks. You
and your family can
enjoy all of the
sweetness of summer
without all the
calories.

. Sea More Summer
Beverages

-SPLENDA Sugar
Calculator

. SPLENDA®_Famil
of Products
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e Read reviews of this recipe
e Add this recipe to yaur Recipe Box

PageZ2o012.

Love the Daily
Dish?

Share this recipe by
forwarding this email to
your friends.

Loving Cooknik™!

We eat so much

healthier.

"Cooknik has changed
our family's eating
habits! My four kids love
the meals and my
husband loves the
variety we have with
Cooknik!" - Stacey

« learn more

How about...?
Allrecipes welcomes
your feedback, please
share with us your
comments and ideas.

LUlltlilesibg CI32 3=

NEW! Easy Suppers
Complete with 30 super menus, find-it-

fast index, and dozens of secrets and
handy tips, "Easy Suppers” from
Allrecipes.cam is your next must-have
kitchen classic!

Buy Now!

More Allrecipes Newsletters!
Alirecipes newsletters work together to keep you up-to-date
and in-season by delivering handpicked recipes, cooking tips,
site news and product offers directly to your emalil box!

What's Cooking
New recipes, tips and a peek at what our members are

cooking each week. Subscribe

Recipe Notes
Handpicked seasonal recipes and cooking advice delivered
semi-monthly. Subscribe

Has a family member oF friend forwarded this
issue of the Daily Dish to you?

Sign up for your own subscription today -- it's FREE.
¢ Daily Dish

Subscribing, Unsubscribing, and Other Useful Info
You are currently subscribed to Daily Dish as:
sison_fei@yahoo.com

Allrecipes' Daily Dish is an email newsletter from
Allrecipes.com that s delivered every week day.
Alirecipes.com does not send unsolicited email and we make
every effort to ensure that we only send newsleiters to
confirmed subscribers. If for any reason you wish to
unsubscribe, please use the fink below.

Manage your Allrecipes newsletters online (includes

subscribing, unsubscribing, emall address change, and more!)
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