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This report documents a research study to develc~ a computer tool for local building
and safety off1cials so that they may independently assess the damageability of in
dividual buildings exposed to earthquakes. severe winds, and tornado forces. The
computer program. named DAMAGE, includes the following features: (1) It combines the
calculation of environmental with dynamic response analysis and damage modeling to
evaluate both the str~ctural and nonstructural damage potential of existing and newly
designed buildings on a story by story basis; (2) It uses an interpretive format key~d
to 1nterstory drift; and (3) It contains user-oriented instructions and guidelines with
examples developed du~1ng actual user testing. Volume I describes the development of in
terstory drift as a basis for measuring building performance in earthquake and wind en
vironments. It also describes the nature of OAr~GE, including input requirements, compu
tational options, and output quantities. One section is devoted to user testing, in
cluding the planning and conduct of the test as well as the incorporation of user feed
back in the program. Numerical results from test cases are appended.
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SUMMARY

This report documents a research study undertaken to develop a computer
tool for local building and safety officials so that they may indepen
dently assess the damageability, and hence the potential safety, of
individual buildings exposed to earthquake, severe wind, and tornado
forces. The computer program. named DAMAGE. offers a number of features
which have been designed with the needs o~ the building official in
mind. They include:

• An integrated program which co~ines the calculation of en
vironmental forces. with dynamic response analysis and damage
modeling to evaluate ~oth the structural a~d nonstructural
damage pote~tial of existing as well as newly designed
buildings on a story by story basis.

• An interpretive format keyed to interstory drift as (l) an
index related to earthquake and wind intensity, (2) a measure
of static and dynamic response for individual buildings. and
(3) an index related to reported damage experience.

• Documentation containing user-oriented instructions and guide
lines with examples developed during actual user testing by a
local building official having no prior involvement in the
development or use of the program.

Volume I of the report describes the development of interstory drift as

a basis for measuring building performance in earthquake and wind en
vironments. It also describes the nature of the computer program
DAMAGE, including input requirements. computational options and output
quantities. One full section of Volume I is devoted to user testing.
including the planning and conduct of the test as well as the incorpora-

x



tion of user feedback in the program and documentation. Numerical
results from the t(~st cases are appended to this volume.

Volume II conststs of the Users Manual for DAMAGE. This m~nual contatns
step-by-step in~tructions for the prep~ra~ion of input neces~ary to
execute the program. Examples of input ~oding shepts. card sequence and
an operational flow diagram are included.

Thp. goals of this effort have been two-fold: First. to provide a c~
puter tool which non c~mputer-oriented personnel in local building and
safety departments can learn to use. Second. and of equal importance.
has been the goal to relate the input. methods. and output of the pro
gram tc the professional experience and occupational needs of the in
tended user.
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1. INTRODUCTION

1.1 Background and Purpose

Reference [1]· documents t~e development of a methodology and computer
program for estimating the damage by floor for tndtvtdual but1dings
subjected to earthquake and wind loads. Th~ original computer program
provides a very flexible tool for th~ analysis of these natural forces
and their effect on specific buildings, under specific site condi
tions. Multiple options for modeling the earthquake and wind environ
ment, site wod1fications, structural configurations and types of damage
are offered by the program. Understandably, this flexibility has proved
to be somewhat of a deterrent to practical use, because of the large
amount of input required to exercise the various options. This has been
especially true for local building and safety departments where the
needs tend to be more utilitarian. The present report documents a
research study to investigate the tradeoffs between modeling detail and
flexibility on one hand, and utility on the other, as they affect the
primary output of the program which is structural response in an earth
quake or wind environment and corresponding ~easures of damage-
ability. Damageability is herein considered to be tne potential of a
building to suffer damage from the ~atural hazards (or forces) under
considerati~n.

There is a subtle but important distinction implied here between
"assessed damageabi1ity" and what might be termed "predicted damdge,"
even though the terms are used interchangably in much of the current
literature. The distinction is important from the ~tandpoint of
conveying the proper meaning of the term damageability as 1t Is used
1n this report, and thereby avoiding confusion which might otherwise
result. The following working definitions have been adopted;

'Numbers shawn in squa,e brackets correspond to references listea at the
end of this report.
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• Assessed damagebility is defined as a relative measure of
building perfor~nce. under e~rthquake or wind loading of a
given intensity ~r severity. depending on the design character
istics of the building.

• Predicted dama~e is aefined ~s an absolute measure of physical

damage to a partit-ular building resulti"9 from a particular
earthquake or wind event.

The difference between these two measur~s of damage is similar to the

difference between earthquake hazard assessment and earthquake predic
tion. The latter is specific in terms of time. location and magnitude.
wher~as the former tends to reflect statistical averages and is there
fore more relativistic in nature. It seens appropriate to use statis
tical averages either as a measure of aggregate damage or loss for a
region during a period of time. or for assessing the damageability of a
building to a generic event of a given intensity.

Clearly. this ration~l'zation may be carried too far. For ex~mple. a
building and safety official who must decide whether or not to condemn
an existing building or approve the design of a new one. canno~ base his
decision on information which is nonspecific to the buildin~. Furth~r

more, such information gives no indication of what alternatives for
retrofit or redesign might be ~onsidered to make the building more
resistant to hazardous loading CQnditions. While it Obviously ~uld be
desirable to be able to predict the damage to a particular building as
the result of a future earthquake, ~n general not enough is known either
of the building or "the future earthquake" to make this possible.

We are thus faced with the dual challenge of not only facilitating
meaningful assessments of a particular building's damageabilfty. but at
the same time having the methodology be sufficiently simple and trans
parent for general use. The specific goals of the project ~re to pro-
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vide a computer tool which local building and safety officials without
computer experience can le~~n ~o use. and to relate the required input.
methods. and output of the program to the expcrien~e and needs of the
intended user.

1.2 Objectives ana SCope

Having established the purpo~e and goals of the project. it is imp~rtant

to delineate the specific objectives which have guided the technical
approach. and to define the scope of the work so that it\ uses and
limitations may be properly understood.

The primary objectives were:

(1) To review the current literature for methods and/or suggestions
of methods wnich might be used to model damageability.

(2) To develop such models suitable for interfacing with an exist
ing hazard loading and structural response analysis computer
program.

(3) To develop an integrat,!d computer program which includes model
ing capabilities for (a) earthqua~e. wind ana tornado-induced
lateral building loads. (b) structural static and dynamic
response ~nalysis. and (c) structural and nonstructural damage
ability assessment.

(4) To provide adequate documentation for the intended user (local
building and safety engineer) to und~rstan~ the program and use
it effectively. and
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(5) To have the program and its documentation user-tested on the

basis of realistic applications.

The first two objectives are detailed more specifically
guidelines for the development of damageability models.
thai the models should satisfy the following criteria:

in terms of
It was felt

• They should have a theoretical basis which enables the
-damages· computed for a particular building to be traced back
to the characteristics of the structure and load conditions so
that (a) the results may ~e evaluatad on the basls of the
user's knowledg~ and experience, and (b) remedial alternatives
may be inferred.

• The models should be grounded in and relate directly to actual
dlmage experience.

• The models should be formulated as simply as possible, in terms
of parameters t~at are familiar to the user and have a high
degree of correspondence with observable quantities for which
data are available.

These guidelines Wl,e followed in an effort to achiele the degree of
reliability and transparency sought in the models.

The scope of the effort ~as necessarily ~imited to ensure ~ts integli
ty. The following comments are offeled to help the readpr grasp the
intended significance of the work. I

All of the models and the analysis are two-dimensional. This includes
eartllquake and wind loading models, structural models, and damageability
models to the extent that d~mages, which of course reflect 3D behavior,
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are related to 20 response variables. No attempt has been made to
correlate damage experience with 30 effects.

The damageability ~dels, expressed in terms of a damage ratio vs.
interstory drift. 3re considered to be primarily representative of high
rise buildings, i.e•• five stories and above. While nothing prevents
the methodology from being appiied to low-rise buildings. it is felt
that a response index other than average interstory drift. e.g•• total
base shear. may be more appropriate for low-rise buildings in the sense
that it appears to be more readily observable in strong motion records
for short-period bu11din9s. to the extent that measured floor accelera
tions can be used to estimate base shear. This depends significantly on
the nat~re of building r~sponse. where for short period buildings the
floor accelerations tend to be dominated more by the fundamental mode.

While the bas1c form of the MOdels and the apparent nature of the
analysis is ·deter~inistic.· i.e., the model parameters as well as input
and output variables are treated deterministically, the underlying data.
theory, and analysis techniques are probabilistic and statistical. so
that a valid probabilistic interpretation of the results can be made.
Cn short, simplifying assumptions have been made in considering key
parameters to have lognormal dfstributions so that medfan values may be
treated determfnistically for convenience and simplicity, while main
taining a realistic perspective on urcertainty through coefficients of
variation which are statistically derived from the data. The approach
here has been to associate all of the uncertainty in the loads (given a
load intensit). structural models dnd response. and the damage models
themselves with the damage models_ The degree of scatter or coefficient
of variation is quite large - typically a factor of three. However,
from the standpoint of quantifying uncertainty, considering the diffi
culty of characterizing damage by a single parameter such as damage
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ratio, this is probably as accurate as one can be.

by central tendencies (median values) are believed
large uncertainties not withstanding.

1-6
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2. MODELING OA~GEABILITY

2.1 Discussion of Current Methods

Various methods of estimating building damage due to earthquakes have
been presented in the literature. Generally. these methods fall into
one of three groups: empirical. theoretical and subjective.

2.1.1 Empirical Methods

Empirical methods are based entirely on statistical ohservatl~.IS of

building damage from past earthquakes. Normally. these relationships
relate percent damage to some measure of earthquake ground maticn. ~uch

as Modified Merealli Intensity. HMI. for different categories cf struc
tures. It must be noted. however. that these ~~pirical relationships
are only valid when attempting to ~rediet how a~ "average" structure
will respond to a given level of ground motion. They normally do not
consider such factors as load-deformation characteristics Or energy
dissipation which are often evaluated on a building specific level.

Specific advantages are obvious. however. in an empirical approach.
Very often these relationships are based on large data samples. By
using a non-instrumentally recorded earthquake intensity index such as
MMI. one can conceivably assign an earthquake intensity measure to every

building damaged during an earthquake. This leads to a substantial data
base; one much larger than if only buildings with triggered accelero
graphs are used. A second advantage which results from using an empiri
cal approach is that the relationships are generally easier to apply.
In most cases. all that is required to evaluate the damageability of a
building due to earthquake is: (1) an estimate of the expected level of
earthquake ground motion; (2) some knowledge of the local soil condi
tion. and (3) if different damage relationships are used for different
types of structures. knowledge of structure type. The majority of the
relationships which have been developed often do not consider (2).
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Empirical relationships ~ave been used pr~marily in macro economic and
insurance related studies. N~rmally, in these types of studies, the
aggregate effects of earthquake losses from a large population of
structures are evaluated. This often entails a lar~e number of compu
tations. The empirical approach, both from the standtloint of accuracy
and complexity, is well suited for these types of analyses. Some
notable studies which have incorporated these types of relationship~••
i'lclude: seed. et al., 1970; J.H. Wiggins Company, 1975i Whitman, et
al •• 1977i Hafer and Kintzer, 1977; Earthquake L~gineering Systems,
19- • Wiggins, et al., 1978i and Sauter, 1979. Information each on each
relationship is provided in Table 2-1.

2.1.2 Theoretical Methods

Theoretical methods for building damage assessment are typically based
on detailed structural models. Structural models incorporating beam and
column elements, diaphragms and shear walls are used to idealize the
building mathematically. Seismic input loads. often expressed i~ terms
of peak accelerations or peak velocities, are then calculated and im

posed on the structural model. Respon~es in terms of stresses and
deformations are calculated which are then related to different ~asures

of damage. The theoretical approach assumes that one can relate damage,
for a specific structure. to key response parameters. This approach is
quite different from the one presented in Section 2.1.1 which allowed
only a generic assessment of damage.

The theoretical approach h~s several advantages. Fir~t, it allows one
to relate damage to factors which ~ctually influenc~ the response of the
structure, such as the rigidity of the system or the energy dissipation
which may occur during an earthquake. Secondly, becau~e the structure
is made up of a number of subsystems, one has the flexlbi~ity to perform
a sensitivity analysis to evaluate the actual contributions of each
subsystem to the overall reliability of the structure. This allows one
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to isolate vulnerable parts of the structure, which is a necessary step
in any damage reduction plan. Finally, these theoretical approaches
normally make use of quantitative seismic input parameters, such as peak
acceleration and peak velocity, to represent the seismic environment.
These parameters are better indicators of earthquake ground motion then
that afforded by the qualitative Modified Mercalli Inten~ity sc~'e.

which is often used in empirical approaches.

The damage functions which are used in these theoretical methods are, in

most cases, analytical expressions relating percent damage to some

structural response parameter, such as interstory drift. The basic
assumption in these methods is that failure or some level of damage
results when J computed "load", such as interstory drift, exceeds some
specified load, which is often part of a "resistance" curve. The veri
fication of this assumption is often left to an analytical solution,
which is sometimes modified by subjective judgment. The development of
these damage functions represents the most important step in the theo
retical 3p~~oach. The functions themselves should produce believable
results, ana ~h~qlj incorporate whatever historical observation data are
available. So~ notable studies which reflect primarily on the
theoretical approach include: Blume et al., 1975; Culver et al., 1975;
Czarnecki, 1978. Information on each approach is provided in Table 2-2.

2.1.3 Subjective Approach

When there is d luck of quantitative knowledge concerning the relation
ship between building damage and s~ne measure of earthquake intensity,
or if an analytical solution to th~ problem is beyond the present state
of-the-art, one has to rely on qualitative or subjective methods of
predicting damage. Personal experience in observing earthquake damage
is invaluable. Recently, an appro~ch was dev~loped by Whitman at MlT
which organized the opinions of a number of earthquake englneering
experts regarding the issue of expected d~nage to buildings during

2-6
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earthquakes. Damage probability matrices were developed which presented

probability density furctions of earthquake damage as a function of
specific levels of ground motion. The utility of this approach can be
seen when one realizes their potential for interpolating and extrapolat
ing limited but actual data bases.

2.1.4 Conclusions

It is fair to say that all of the three groups of damage models discuss

ed above overlap to some degree. None is completely separate from the
others. For example. subjective judgment plays an important role in
theoretical modeling. empirical data are required to calibrate a
the~retical model. and of course underlie the jud9ment used in a sub
jective approach. So to say that what is needed is a combination of the
~h;-ee really begs the question. Yet. after studying many of the re
spectable contributions to the current literature. one is still tempted
by such a desire. Perhaps it is partly because much of the power of
these existing methods resides with the respective authors who have
themselves combined theoretical techniques with empirica1 data using
their own experience and judgment. While the most reliable estimates of
damageabi1ity may very well be made by some of these individuals. others
attempting to use their methods may not be successful. For this reason.
we were motivated to try again.

Recalling the three criteria posed in Section 1.2 to guide the selection
and/or development of damageability models for the specific purpose of
this project. the following comments can be made of existing models in
general:

• All of the empirical models reviewed above have one or both of
two shortcomings: (1) the independent variable which serves as
the "input" to the damage model relates to structural
excitation rather than response. thereby preclUding the use of
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a struc~uTal model for purposes of tracing the causal nature of
damage. and (2) available data often span a very limited range
of the independent variable so that significant tr~nds cannot
be established.

• The theoretical models reviewed above seem to have one or both
of two shurtcon,ings: (1) they are too complex to be trans
parent without th~ aid of detailed sensitivity analysis. and
(2) they employ too many parameters (with widely varying
degrees of correspondence to actual data) to be specified for
particular applications without the aid of considerable
expertise.

• The subjective approach alone does not meet the basic require
ment of objectivity.

Having made these specific observations, we shall move on to try to
develop a logical framework in which empirical modeling. theoretical
modeling and subjective judgment can be brought together in new ways
which ease the mathematical treatment of these inhomogeneous bodies ot
information. as well as imorove the basis for physical understanding.

2.2 Interpretation of Damage Data

Physical damage to buildings from earthquake and wind forces is diffi
cult to measure. Depending on how the damage information is to be used,
different measures of damage may be appropriate. Economic uses suggest
a measure of cost. Engineering uses (such as design improvement)
suggest a measure of strength or resistance capacity. Life ~afety may
relate in part to strength, as well as to other measures of damage such
as percent of glass broken, architectural items torn loose, etc.
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The difficulty of measuring damage only begins with the definition of
measures or ·yardsticks.- The damage corresponding to these measures
must be observable in order to be meaningful.

For example, strength is not directly observable, except by destructive
testing. Its use as a meaningful measure of buildi~g damage (or
damageability) is therefore impractical. Conversely, repair cost as a
fraction of replacement cost is observable, but doe~ not relate directly
to loss of strength. Yet, structurai damage as well as nonstructural
damage has been measured in terms of cost. The damage ratio, defined as
the ratio of repair cost to r~placement cost, has been widely accepted
as an objective measure of physical damage for both earthqua~e and wind
[7, 11, 14]. The engineering profession has learned to interpret this
measure of damage through experience, i.e., by comparing subjective
observations of physical damage with actuarial data on repair cost.
Documented case studies such as those reported in Reference [15] are
essential to this process of association. Considering the diversity of
the different types and degrees of damage, all of which are meas~red in
terms of repair cost versus replacement cost, one can easily appreciate
the variability inherent in the empirical relationships which form the
basis of current damage models. This variability implies a corresponding
degree of uncertainty in estimated values of damage or damageability.

Damageability has been defined as a relative measu;e of damage potential
with respect to buildings of different design, subjected to natural
forces of prescribed intensity. The need to discriminate alnong build
ings of different design, howeve:, is in conflict with the need to
relate damagedbilfty to actual damage experience for purposes of inter
pretation and understanding. Sufficient damage data do not exist to
allow for meaningful statist1cal analysis of damage to buildings within
the very narrow categories which would be reqUired to discriminate among
buildings of signific~ntly different design.
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One way to resolve this conflict is to find a supple~ntary source of
informati~n. The most desirable kind of information would be that which
relates directly to existing damage data. Component test data offer (n~

possibility. In considering this alternative. it was recognized that
such data express either damage or capacity as a function of applied
load. or some measure of structural response such as deformation. When
components comprise structural systems. the loads acting on them become
internal loads to the system. and are therefore related to the response
of the structural system to external forces. At the present ti~. most
damage data for buildings are expressed as a function of the intensity
of ext_rnal loading. rather than a suitable measure of structural
response. In the case of earthquake. for example. damage is most otten
given as a function of Modified Hercalli Intensity. or MMI. In the case
of wind. damage is expressed as a function of either wind velocity or
wind pressure at a standard height abo~e grour.d. It has been found.
particularly in the case of earth~uakes. that observed damage correlates
reasonably well ~ith interstory displacement. It is plausible that wind
damage resulting from wind-induced motion of a building would also
correlate with interstory displacement. On the basis of this reasoning.
studies were undertaken to reinterpret existing damage data in terms of
interstory displacement.

2.2.1 Earthquake Damage Data

Several attempts have been made to correlate earthquake damage with
interstory displacement [9. 13. 16]. In some cases. strong motion
instruments located at the basement. mfd-height. and top levels of
modern high-rise ~uildings provide direct measurements of interstory
displacement. through the doubly-integrated acce1erograms. Alterna
tively. interstory displacements can be estimated from simple theoreti
cal models which assume ~redominant response in the fundamental mode
whose period. T. ts proportional to the number of stories. N. and whose
mode shape. ~. is linear. A uniform mass distri~ution is also assum-
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edt The equation relating interstory displacement. d. or interstory

drift. A - d/h .to spectral velocity. Sv' is found to be

~ - .& • r(-!... ) sh ZllNh v
(2-1)

whpre h is the 3verage story height and r is the modal participation

factor

N

L
i -1 ·i

r - N • 1.5 (2-2)

L 9i
2

i-I
for high-rise buildings. Empiric31 studies have shown that the ratio
TIN tends to be constant. although the constant may vary among different
types of buildings. Figures 2-1 and 2-2 show these relationships for
steel and reinforced concrete buildings. for pre and during-earthquake
conditions. respectively. The appropriate periods to use in the present
case are those mea~ured d~ring the earthquake. Values of TIN chosen for
this study are TIN - 0.1 for reinforced concrete and TIN • 0.16 for
steel buildings.

A correlation study was made using data from the 1971 San Fernando

earthquake to assess the validity of Equation (2-1). and to determine
empirical values for r. Figures 2-3 and 2-4 show values of Air compu
ted from Equation (2-1). plQtt~d against Mmeasured" values of interstory
drift. Am' Most of these measured values were determined by subtract
ing the recorded peak displacements at the base of the building, DB'

from those measured at the top. DT• and dividing by the height of the

buildinq above grade. H • 'LT-I)h.*

*In cases where the difference Dr - 06 was small (~m< 0.0008), the
actual time-history records were correlated in time to detenmine
Dr - DB'
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(2-3)

where LT is the n~mber of the "top level" containing the strong motion
instrument. Values of r a 1.05 for reinforced concrete and r • 2.34 for
steel were determined from this correlation study, based on the data
listed in Tables 2-3 and 2-4, respectively.

Earthquake damage statistics from the 1~71 San Fernando Earthquake are
reported in Referece [18]. Appendix H of [18] contains building values
and damage cests for 402 buildings. Of these, 198 are classified as
steel structures and 181 as reinforced concrete structures. In the
present analysis, each group has been divided into two parts: pre-1933
and post-1933 buildings. The 1933 Long Beach earthquake marked the
advent of a major change in building codes to require earthquake
resistant design. As ~ointed out in [18], however, relatively few
buildings were built between 1933 and 1947 during the Depression and
World War II. The post-1933 category of the present stuay is therefore
very similar, and for practical purposes the same as the post-1947
category in [18J.

These data were screened to eliminate bUildings of less than 5 stories,
and buildings for which the total damage ratio (r~pair cost/replacement
cost) was less than 0.11. This damage level was taken to be the
"threshold of observable damage," below which damage was considered
negligible. A total of 118 buildings passed this screening, 59 steel
and 59 concrete.

The observable damage threshold of 0.11 was selected with structural
damage considerations in mind. According to the descriptive information
which defines the MMI scale, structural damage should be negligible to
buildings of good design and construction for MMI i VII. Reference [18]
reports a mean damage ratio of 0.51 for those post-1947 steel and
reinforced concrete bu11din~s which were judged to be in the MMI • VII
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intensity zone. Structural damage accounted for dpproximately 201 of
this damage. on the average. Thus. the mean damage ratio for structural
damage to post-1947 steel and reinforced concrete buildings (as a
fraction of total building replacement. cost) at MMI • VII is about 0.1'.

Rpference [18] was published in early 1973 before the existing strong

motion records became available. and therefore does not include such
information. Ground motio~ intensity is reported only in terms of
MMI. It was recognized that existing empirical relationships between
MMI and peak ground velocity. and between peak ground velocity and

spectral psudo-velocity, could be used to estimate Sv from values of MMI

listed for building location codes in Reference [18]. However. it was
also recognizPd that for a significant number of those buildings, actual
strong motion data could be used directly. In an effort to use the best
available information in this study. the original damage data base was
acquired from M.I.T. Data from Tables 2-3 and 2-4 were correlated with
the damage data insofar as possible.

Estimates of interstory drift based on actual strong motion records were
obtained for 5 of the 59 steel buildings and 12 of the 59 concrete
buildings. For the remaining buildings, interstory drift ~as calculated
for each building on the basis of Equation (2-1) and the methods of
Reference [1] summarized as follows:

1. Compute peak ground velocity, Vs ' from MMI using the equation

log Vs • -1.973 + 0.375 MMI (2-4)

z. Assume 5' damping ~~ ••05). Compute a dynamic amplification

factor. (AF)~ using the equation

(Af)a • 2.18 - 0.147 log T - 0.633 log (a ~ 100) (2-5)
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3. Compute spectral ~eloc1ty using the equation

(2-6)

4. Compute interstory drift using Equation (2-1)

5. Compute a ductility. ~. defined as

(2-7)

where ~ is a measure of interstory drift at yield, assumed to be 0.0044
y

for reinforced concrete and 0.0077 for steel buildings. These are
average values derived from estimates presented 1n Section 2.3.

If ~ > 1 , the followlng steps are executed until convergence is reached
(Reference [1]):

6. Adjust damping for inelastic response using the equation

(a* x 100) = 2.16 + 5.2~ - 0.74~2 (2-8)

7. Adjust the fundamentai period for inelastic respcnse using the
equation

(2-9 )

8. Adjust spectral velocity for inelastic response using the
equation

Sv*(T*,a*) • (AF) 5 (T*B*)
~ v

2-23
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where

(AF)\I ..

and where

T* < T
at.!

T ~ T* ~ Iall

T* > Ta

(2-11)

9. Compute inelastic response. ~*. using

~* .. r (~\J S* (T* 8*)
211Nh v •

(2-12a)

(2-12b)

10. Test for convergence of ~*. T*. and 6*. If any of these
quantities differ from their original (preceding) values
(~, T. B) by more than 11. then compute

11* .. 6.*/ Ii
Y

and repeat steps (6) through (10).

(2-13)

It should be understood that the above procedure is not used whenever

"measured" values of interstory drift. lim' are available. Also, for the
three reinforced concrete buildings having damage ratios greater than

201. estimated levels of peak ground velocity from strong motion in
struments in the area were used in place of Equation (2-4).

Figuras 2-5 and 2-6 show the damage data points plotted versus inter
story drift for reinforced concrete and steel buildings. respectively,
along with the results of a ltnear regression analysis in each case.
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The following data points are idp.ntified on the basis
of prior publication [15]:
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Figure 2-5. Percent Damage Versus Interstory Drift for Post-1933
Reinforced Concrete Structures. 5-20 Stories
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Figure 2-6. Percent Damage Versus Interstory Drift for Post-1933
Steel Frame Structures, 5-20 Stories
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The correlation of damage ratio, DR, with interstory drift, ~ ,is seen
to be virtuallY zero fn the case of steel buildings; there was no case
of a highly damaged steel building reported.

One might question whether much was gained by relating damage ratio to
interstory drift, as opposed to MMI. Figures 2-7 a~d Z-8 show the same
points plotted as a function of MMI, along with the results of a linear
regression of DR on MMI. It is apparent that not much has been gained
in the way of improving correlation, as others have shown. The biggest
problem, of course, is the lack of data at the higher damage levels.
Section 2.3 addresses this problem.

2.2.2 ~nd Damage Data

A convenient wind damage data base such as that discussed for earthquake
does not exist. Nevertheless, ddmage probability matrices similar to
those which have been develo~ed for earthquake damage. have also been
developed for wind damage. They are based on a survey of expert opinion
[14]. From these damage probability matrices, a mean damage ratio can
be derived as a function of wind speed. As in the case of earthquake,
where MMI was used as a measure of intensity, wind speed is the measure
of intensity used h~re. A relationship is therefore sought between wind
speed and interstory drift, so that wind damage may be expressed as a
function of lnterstory drift.

The ~ssumptions used in deriVing Equation (2.1) for interstory drift due
to edrthquake loading can be used again to derive an expression for
interstory drift due to wind lo~ding. In particular, if a building is
idealfzed as a simple shear beam, the varfation of shear stiffness,
k(z), along the bUilding is determined to within a const3nt by the
equation
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2
k(z) U + 9tW. ~~. p(z)

di dz d~
(2-14)

where k(z) is in units of force and x measures lateral deflection ~t a
point z along the beam. The l~ad distribution is denoted by p(z).
Under the assumption that seismic response in the fundamental mode is a
line~r function Of z. the inertial loading p(z). is linear so that

d2x/dz2 • 0 and dx/dz • constant. If p(z) is assumed to be proportional
to the modal deflp.ction. y • for seismic loading then k(z) is found to
be

(2-15)

where kb is the constant of integration interpreted as the base shear
stiffness. In general. kb is determined by the base-shear design co
efficient of the building. It will. of course. vary according to the
size and weight of the bUilding.

In the ca~e of earthquake design. the base shear capacity is governed by
buildi~g weight. because the lateral forces on the building are inertial
loads arising from lateral motion. In the case of wind design. the area
of the building against which the wind pressure forces act is also a
significant factor. In any case. the lateral resistance capacity of a
building (and hence its equival~r,t base shear stiffness) tends to be
proport1onal to its size in such a way that 1nterstory drift is ap
proximately proportional to wind pressure at some given height above
ground.

The w~nd pressure d1stribution on a bu11ding 1s usually expressed tn the
fornl
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,2-16)

where Cp and Cg are the shape coefficient and gust facto~. respectively.

p is the density of air. and Vo is the wind speed measured at height Zo
above ground. The exponent a determines the variation of wind speed
with heigh;" above ground and tends to decrease with increasing "rough
ness" of the surrounding area. For major cities a ~s smallest. and is
assumed to be a • 1/7 in Reference [1]. The stanJard height Zo is
usually taken to be 30 feet. In this case. the pressure distribution.
p(z). is approximately linear for buildings of up to 20 stories. so that
a shear stiffness distribution as given by Equation (2-15) results in a
linear deflection of the building. i.e•• ~·dx/dz constant.

Let us suppose that a building is designed to an allowable base shear.
Fa' equal to some fraction of the base shear Fy• required to cause first

yield. Then

Fa • CFy ; C < 1 (2-17)

It follows that the interstory drift. 6a corresponding to Fa will be

6 a • C fly (2-18)

Reference [1] considers the critical ductility. ~c • Ac/Ay • to be unity
under sustained wind loading. This is a load condition of long duration
compared with the fundamental period of the structure. resulting in a
large number of cycles of oscillatory motion of amplitude as high
as Ay • The structural damage level associated with ~c is defined to be

50~. Loads corresponding to ~c are considered to be ultimate dynamic
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(2-19)

loads in the sense that structures damaged in excess of SOi are con
sidered to be -totally damaged-; i.e., repair of the structures is not
economically feasible.* The wind velocity corresponding to a median
damage ratio of 501 is herein defined accordingly to be the ultimate
wind velocity. Vult.

Reference [14] present~ a damage probability matrix for high-rise build
ings. Steel and reinforced concrete buildings are combined in this
category. From the matrix (Table 2-5). an ultimate wind speed of Vult •

250 mph is determined by the ~:dian damage ratio of 501. The corre
sponding interstory drift is by definition ~y. Interstory drift for
other wind speeds is then given by the equatio~

~ • ~ (~) 2
Y ult

which fol1o~s directly from Equations (2-14) and (2-16). If the average
interstory drift-to-yield for reinforced concrete and steel buildings is
taken to be ~y • .006 • the median wind damage ratio for high-rise
buildir.ys can be plotted as a function of interstory drift as shown in
f'igure 2-9.

There is a hidden assumption implicit in the log-linear relationship
illustrated i I Figure 2-9. The assumption is that structural damage
tends to be a constant fraction of total damage which includes both
structural and nonstructural damage. Under this asssumption 501 struc
tural damage implies 501 total damage which permits ~y to be associated
with 501 total damage. The assumpt.ion appears to be reasonable in the
case of earthquake damage where structural damage at MMI=7 was found to
be approximately 201 of total damage. while (at the other end of the
damage scale) the value of the structure has been estimated to be

approximately 251 of the total value of the building [13]. In the

*8y law. structures damaged in excess of 501 must be brought entirely
up to current code.
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Figure 2-9. Median Wind Damage Versus Interstory Drift for All
High-Rise Buildings, 4 or More Stories
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absence of any specific information to the contrary, this assumption is

made.

It is of interest to note from Figure 2-9 that a damage le~el of O.S~

cc',esponds to an interstory drift of approximately A • ~y/4 • and a
wind speed of 125 mph. The wind speed associated with the damage thres

hold of 0.11 is approximately 100 mph. not an unreasonable number fer
design purposes. In retrospect. the average high-rise building should
be able to withstand a wind speed of 100 mph without damage. By deduc
tive reasoning. the allowable drift in Equation (2·18), therefore. would

be 6y/6. Or C • 0.17 •

2.3 Interpretation of Expert Judgment

Structural engineers understand building performance in terms of inter·
story drift. Therefore, quantities such as drift-to-yield. 6y• and
ducti1ity-to-failure. ~f. have established definitions. at least in the
sense of structural deformation under static loads as illustrated

below. Drift-to-yield is the value of interstory drift at which "first
yield" for the structural system being considered is presumed to
occur. Ducti1ity-to-fai1ure is that multiple of Ay at which structural
damage exceeds 50S. thereby rendering the structure irrepairable. Some
experimentally determined values of 6y and ~f are listed in Tables 2-6,
2-7 and 2-8 for various steel, concrete. and masonry systems.
respectively.

EQUIVALENT FAILURE CURVE

ACTUAL FAILURE CURVE

~----ULTIMATE FAILURE
I
I ~f

: ~y =~f
I

DRIFT. ~
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Table 2-6. Capacity of Steel Structures

ITEM 6y I " f
IItFEM£NCE

I STORY MOM(NT FRAME (PINNED AT BASE) .0010 I 7 19

J
..... I

I STORY MOH[NT FMAME (F:xEC AT BASE) .0100 6 I 19
!

Table 2-7. Capacity of Concrete Structures

m:!'! ~; ~rrE~~r.':E-y

CJ\G:ETE B~llDIN:; FRA~E .000 I 6.S Z:

S S,Jllv FflA~£ ~lTH TIED CO~ U~'~5 .0048 ; 4 Z1
I

~ S,JRv FRA".£ ~IT~ So:?.;. ~. ' .... .00il I S Z2.... " ... I,:EO CD;.,u~~,5t i
I I
I

J S:C~'1 FRA!'!£ 1ol1T~ DROF PA~El .COt' 2 Z2
S1S,[I"

... ~ " t' "'~ ,......
F'RA~£ PU.:5 RE:v:;?:EO .0022 3 I Z21"":" .I ,- w~• ....t,.,.

i
lIll"' .... P"~.El

I

PE:\F::;.:EO FRA".E Pl~5 ~'.~E: "FOP. CEO .0020 2 23
"All. PA~H

1 • STOR' CUCT I~E FRAr~E .0021 6 23

24 - STOP' DJCTlLE FRAIilE .0017 8 ! 23

RE P,F:;II t' " CO~. :RETE SHEAR WALL .0028 4 24, 2S
~:,~ ,',~:J .. :THOJT SMALL OPE,N!NGS

CO;,~E'E fRA'~E WITH RE 1NFJR CEO .:iOI2 5 "f-...
CO',CRETE !NFILL PANEL

(QliCRETE FRAME WITH MANSONRY !NFlLL .0017 3 23
PANEL

C~:'CP.ETE rRAME WITH REINFO,CEO WALL .0011 3 27
PANEL

PRESTRESSED CONCRETE BEAI': .OOSO 3 2B

PRF ~ TRE SSED CONCIlETE BIlIDGE .0046 6 29

2-36



Reproduced from
best available copy

Tab le 2-8. Capac Hy of t1asonry Structures

REIVJilCEO BR:O. (HI:> • 1)

~E:·.FCilCED BP.::-. (H':> • 1)

PE:\tJ~C::C 0". (F-F) H'- •
s:.::> ~p.c~~

p.;:·~r:~:~o ~ .. (I= .. F') ~/~ • 2
SP~ ::A~ Tl(S. H~~ :Z:.'.·,;~ S~:R~, .. :>S

P:::\FOPCED O"~ :F.F) H::> • 2
~: H~~:ZC\TA~ S,lRilJ~S

~~:',~~~c£:; ~'" ~F'-f) H,I: • Z
"j H:~:ZO"~AL STlRRJPS

iC·.~:;CEC O"~ (F-F) H/O • 2.7
N: H:~:ZJ\,A~ S,:RP~;S

REl·.F~P.CED O"J (FoF) HID' 3.0
SP( C:Al TIES

Ii • Hei ght

o • Depth

O'lJ • Concrete ~Hcnry UnlU

F • rioted

P • Pinned

.00tS

.00:::

.c~:~

•0:22

.occ~

.o::~

.ooo~

.OOOE

.OC07
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Reference [1] document~ values of 6y and ~f estimated by three
individuals experienced in structural engineering and damage evalu
ation. These values are shown in Tables 2-9 and 2-10. They reflect
separate consideration by type of structural system (frame. shear wall).
material (steel. concrete. masonry) and quality (good. average. poor).
They are seen to be in substantial agreement with corresponding values
in Tables 2-6 through 2-8.

Ideally. the force-deflection properties of the structure are linear up
to the point of first yield implying no damage. at least under static
loads. In reality. buildings do not behave linearly under deformation
approaching first yield. even under static loading. This is particular
ly true of concrete and masonry structures. Variation in material
properties and construction quality alone account for some "premature"
yielding. Design variation can be expected to contribute to this effect
(at least to the extent that average values of ~y and uf are quoted) and
of course. dynamic effects such as duration and higher mode partici
pation contribute further.

Here again, in searching for a realistic relationship between drift-to
yield and damage, one is attracted to the notion of a "damage thres
hold." The considerations affecting the definition and selection of
such a quantlty are many; they are not as simple as might be expected.
For example, one might ask:

• whether the damage threshold sh~uld be associated with Ay or
some fraction of ~ •y

• whether it should be the same for all types of buildings, and
if not, what parameters govern its value,

• whether it should be the same for both earthquake and wind
loading. or for all kinds of earthqua(es. and if not. what
parameters govern its value. and
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• wheth~r it sliould depend on the general form of the damage
curve, e.g., the log-linear regression curves shown in Figures
2-5 and 2-6.

These questions are interrelated and pose a rather complex decisional

problem.

This complexity alone suggests that the damage curves relating damage
ratio to interstory drift be kept as simple as possible. if only to
minimize the number of parameters (such as damage threshold and its
associated value of interstory drift) which must be quantified. The
intent here is to choose parameters which have some direct correspond
ence with, and therefore can be estimated from act~al damage data. The
nature of the data shown in Figures 2-5 and 2-6 also suggests that the
number of parameters be minimized. In fact. there is barely enoug.l
informatIon in the data to define a linear relationship with much con
fidence. In the case of steel buildings. there is clearly not enough.

Several possible types of damage relationships were considered. includ
ing the extreme-value type distribution (e.g., out of 100 bui1d~ngs of
the same generic category, what is the probability of the highest damage
ratio which might be observed for any of the bUildings, given an event
of a certain intensity). Other alternatives included the normal proba
bility distribution function, the lognormal probability distribution
function, and the simple log-linear (linear on a log-log scale) rela
tionship. The latter was finally selected to represent the median
damage ratio of those bui1d';ngs which are damaged, i.e., which have a
median damage ratio equal to or greater than the established damage
threshold. The decision was based on the relative simplicity of this
alternative compared with the others, and the absence of any compelling
reason to choose otherwise.
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Having made this choice. the problem of how to interpret expert judgment
and/or component test data for establishtng values of ~y and ~f with
respect to the general equatton

or

log DR a C1 + C2 log ~

(2-20a)

(2-20b)

was addressed. For the time being. 6
0

is considered to represent an
arbitrary reference point for convenience. Clearly. a straight line is
determined either by two points. or by a point and a slope. Since ~f is
by definition associated with 50% damage under static load conditions.
one point is thereby determined. Under static loads. the interstory
drift-to-failure. 6f is defined to be

(2-21)

Under dynamic loading. which is oscillatory in nature. a critical
ductility. ~c' is defined in Reference [1] as follows

for wind (long duration)

(2-22)
for earthquake

wt.ere C(T .M) is a mu"ltipl icative factor depending on the fundamental
period of the building. T, and R~chter magnttude. M. This factor ranges
over the interval [1 , C(T.H) , l/~f] .and is evaluated by the empiri
cally based relationship [1]

TC(T,M) • M
.0046 e

2-42
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Conceptually. it relates to low-cycle fatigue and cumulative damage
which is cycle-dependent.

It seems to be more meaningful to determine C1 and C2 in Equation (2
20a) by establishing a second point. rather than by trying to establish
the slope. C2• directly. Two pieces of information are required to do
so: a value of A and a corresponding value of DR. The need for two
additional pieces of inform~tion is stressed as opposed to one piece of
inform~tion. say a value of OR at A

O
or some arbitrarily specified

fraction of A • Clearly, DR at A is not suitable in general because
y y

the slope. C2• is undefined when IIc • 1. If we do not choose to specify
DR at A • then some other value of A must be chosen.y

Figure 2-9 suggests that in the case of wind damage. A & 6y/4 may be
as~ociated with OR • 0.5% for all buildings on the average. However.
such a choice leaves unanswered the questions of whether the damage
model should depend on the type of loading (earthquake or wind). and
whether it should depend on the type of building. e.g •• steel or
reinforced concrete.

The fact that DR was found to be 0.51 for both steel and reinforced
concrete buildings at an earthquake intensity of MMI • VII suggests a
way of establishing a meani~gful damage threshold. using Equation (2
1). Since structural damage should be negligible to buildings of proper
design and construction at this intensity. the average interstory drift
of a particular building under this loading should correspond to the
interstory drift of that building at its ·significant damage
threshold.· [f the buildings in the M.[.T. damage data base can b~

characterized by an average story height. and Sv is related to MMI (by
Equation (2-4) for example) then having determined values of r and TIN
for both steel and concrete buildings enables one to calculate threshold
values of A. These values were found to be ~ • 0.0030 for steel
buildings and ~t =0.00085 for reinforced concrete buildings. The
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ratios of At/Ay for these two broad classes
averaged values of A .. 0.0077 for steel· andy
concrete·· are then

of buildings. using the
~ = 0.0044 for reinforced
y

~t

r
y

..

..

0.39

0.19

for steel

~or reinforced concrete

The avera~e threshold ratio of

.. 0.0015
0.0060

.. 0.25 for both steel and
reinfor~ed concrete

in the case of wind damage is seen to fall between the two. indicating
that the "significant damage threshold" may indeed be similar for the
two hazards. while varying among different types of buildings.

Damage curves reprpsenting "expert judgment" may now be construct~d. It
is of particular interest to do so fo, the buildings represented in
Figures 2-5 and 2-6 which were damaged during the San Fernando earth
quake. In this case. the earthquake had a Richter magnitude of 6.5.
Assuming the average building to have 10 storie~. values of C(T.M)
evalua~ed from Equation (2-23) are found to be

C(T .M)

C(T.M)

.. 0.327

.. 0.523
for reinforced concrete
for steel

~s 1s the geometrtcal average of the estimated values shown 1n Table
2-9 for steel frame structures of average quality.

**This is the geometrtcal average of the estimated values shown in Table
2-9 for (poured-tn- place) concrete frame and (poured-tn-place)
concrete shear wall structures of average quality.
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The two sets of points defining damage curves based on expert opinion
fJr concrete and steel are then

TYPE THRESHOLD FAILURE
OF

~
DRt (%) 6 DR (%)BUILDING -.J; c

CONCRETE .00085 0.5 .0072 50

STEEL .0030 0.5 .0350 50

The corresponoing lines (labeled "Prior Estimate") are plotted in
Figures 2-10 and 2-11 for comparison with the damage data and regression
lines of Figures 2-5 and 2-6.

2.4 Combining JUdgment with Data

Figures 2-10 and 2-11 illustrate both the promise and the folly of
attempts which have been made to utilize the apparent wealth of damage
data gathered from the 1971 San Fernando Earthquake. Figure 2-10 shows.
for example. a meaningful trend which. although accompanied by a large
degree of scatter would appear to be useful in evaluating the damage
ability of reinforced concrete buildings to future earthquak~s. Adding
to this hope is the relatively good agreement with professional judg
ment. not previously compared on this basis. Figure 2-11 shows. on the
other hand. how limitations in the data have frustrated attempts to
develop meaningful interpretations. Large scatter combined with an
inadequate range of ground motion intensity can result in very weak
trends which are obviously meaningless. What is needed is a way of
combining both types of information so that (1) limited data may be used
to validate and perhaps refine a general model. which (2) may then be
used with greater confidence in situations where no data exist. This is
the thrust of th~ present section. and the approach developed herein for
assessing damageability.
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Bayesian estimation theory [32. 33. 34] offers a rigoroJS procedure for
combining engineering judgment with available data. The basic require
ments for implementing the procedure are (1) that a suitable mathemati
cal relationship (model) between the judgment and data be developed. and
(2) that suitable probability laws be defined as a means of quantifying
both judgment and data. either in a probabilistic or statistical sense.
and (3) that the parameters of these mathematical r~lationships be
quantifiable in some meaningful way. SO far. we have accomplished the
first step. namely to formulate a basic mathematical model. The form of
the model is given by Equation (2-20).

Having interpreted the key parameters of professional judgment. ~y and
~ft in light of this model. we were able to determine values of C1 and
C2 accordingly. These constants may now be expressed in the form

log ORe - log ORt
C2 • log ~c - log ~t

(2-23d)

(2-23b)

With C1 defined as above. we must choose ~o: ~t. No,~ we may write
Equation (2-20) as

[

log DR - log DR ]
log DR • log DRt + log A

c
c_ log ~t t (log ~ - log At) (2-24)

Finally. when both Ae and At are expressed as multiples of Ay• namely

(2-25a)
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(2-25b)

where ~t' consistent with the definitions of Pc and ~t' is defined to be
a ductility less than unity associated with the thre~hold of significant
damaye, we find that

log ORc - log ORt
C2 a log Pc - log P

t

or equivd1ently

We shall assume that all of the oarameters in C1 and C2 are either

established by deftnition (ORc ' pt ) or are otherwise known with rela
tively high certainty (e), except for log DR t and log ~f. Given prior
estimates for each of these, we shall try to obtain improved estimates
via a Bayesian procedure. To do so. we must first establish probability
laws for each. Lognormal distributions are therefore assumed for

OR t and ~f (or pc). leading to normal distributions for log ORt
and log Pf (or log pc). The assumption is also made that the data as
disp1,iyed in Figures 2-5 and 2-6 are lo)normally distributed with
respect to the damage ratio, DR. Clearly, such an assumption is
inappropriate for median damage ratios approaching unity. since by
definition the damage ratio may not exceed unity. For damage ratios of
10~ or less, the assumption constitutes a reasonable approximation.
Inasmu~h as a large majority of the data fall below the 101 damage
level, the assumption is considered to be acceptable.
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It 1s c~nvenient to present the Bayesian estimator in matrlx form. since
many parameter values are typically estimated simultaneously from many
data points. For notational purposes. the parameters are arrayed in a
vector (r}. while the "data" are arrayed in a vector {u}. In Bayesian
estimation. we are given a prior estimate of the parameters {roll along
with the associated covariance matrix [Srr]. We are also given a set of
"data points" {uo} along with its associated covariance matrix [5 l.

Et:

where t denotes the "error of observation." We then seek to minilnize
the objective function

F • {u - u}T [5 l-1 {u - u}o t£ 0

with respect to the individual parameter values. rj. such that

~. 0
3r j

This leads to the following recursive relationship

{r} • {r } + [5 ]-1 + [T]T [5 ]-1 [T] -1err t:&

(2-26)

(2-27)

(2-28)

where the vector ere} represents the most recent estimate of the param
eter vector, and CUe} represents the corresponding response vector
computed from the model using parameter values {r}. The rectangulare
matrix [T]. called the sensitivity matrix. has elements defined by

2-50



Whenever {u} is a nonlinear function of {r} (as in the present case),
then Equation (2-28) is solved iteratively beginning with {re} = {role
(If {u} were a linear function of {r}, the "iteration" would converge in
a single step.) The iterative procedure continues until the objective
function can be reduced no further. At this point we call the current
estimate of {r} the "revised estimate," {r*}, and compute a revised
covaridnce matrix

[5* ]. [5 ]-1 + [7]T [5 ]-1 [T] -1
rr rr . EE

where [T] is evaluated at (r*}.

(2-30)

Whereas the conventional application of this estimator might treat each
of the data points, shown in Figure 2-5 or 2-6 for example, as one
element of the vector {uol, we have chosen to work the pr~blem in two
parts: first by performing the standard linear regression analysis to
determine the slope and intercept of the assumed linear damage relation
ship, and second by using these estimated parameters along with their
associated covariance matrix as "data." Thus we define the vector

{u} to be a two-element vector consisting of

U1 • slope of linear damage relationship, Cz ~

u2 • intercept of linear damage relationship, C1 = C1-C2 log ~o

where Cl , Cz and log ~o correspond to the terms in Equation (2-20). The
"observed" values of ul and Uz which constitute {uo} are provided by the
slope and intercept of the linear regression. Also prov~ded ~y the
linear regression analysis are the elements of [5 ], the covariance

EE
matrix quantifying the "errors of observation." Specifically. these are
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2 - 2
CJ xa

L (xi
-)2 L (xi

-)2- x - x

[5 ].
££

- 2 iL x2xa i

L (xi
-\2 n L(xi - i)2- x,

where

a = the standard error of the estimate. log DR

The selected model parameters represented by r1 and r2 are

In specifying [Srr]. r1 and r2 were assumed to be uncorrelated. The
prior estimate of r1 was obtained by taking the geometric aYet~ge* of

appropriate values in Table 2-10. The corresponding variance of r1 was
also determined from those estimated values. The prior estimate of r2
was chosen to be 109 0.5. with a coefficient of variation of log 2.
i.e•• one stand~rd ~eyiation was assumed to be 1001.**

The results of the Sayesian estimation are shown graphically in Figures
2-12 ~nd 2-13. A corresponding numerical summary 1s shown in Table 2-11.

*Geomet;rc-averages of parameter values are used when estimating their
1ogar i ttwns.

**The results of the Bayeslan estimation are rather insensitive to the
prior estimates of r2. DRt (prior) is taken to be 0.51 based on the

Mean Damage Ratio for MMI·VII in [18].
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It is readily seen that a significant revision in ~f for concrete
was made resulting in a 721 increase 1n confidence. In the case of
steel buildings, the standard error of the regression coefficient, C2,
was larger while that for ~f was smaller than in the case of concrete
buildings. The r.et result was a comparatively insignificant change
in ~f for steel with only a 41 increase in confidence. Notably,
however, confidence in the estimated slope, C2• relative to that

obt~ir.ed from the regression analysis, increased by 3381.

A number of important conclusions can be drawn at this time on the basis
of the foregoing material. It is necessary to recognize them before
going on to describe in detail the damageability models which have been
developed. These conclusions provide the foundation for the assumptions
which have been made in constructing the models.

(1) Available damage data from the 1971 San Fernando earthquake,
partlcularly in the case of reinforced concrete structures,
tend to validate t~e assumption of a linear relationship
between log DR and MMI (Figure 2-7).

(2) A combination of theoretical and empirical analysis (Equations
(2-1), (2-4) and (2-6» has shown that a linear relationship
between log DR and log 6 may also be expected (Figure 2-5).

(3) As anticipated, steel buildings were found to be less rigid
(more fleXible) than concrete buildings, tending to show higher
levels of interstory drift for a given intensity of ground
motion (Figures 2-5 and 2-6).

(4) Although steel buildings were found to experience more inter
story drift than concrete buildings during the 1971 San
Fernando Earthquake (incidentally, interstory drift is not a
function of bUilding height as shown in Equation (2-1) where
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the ratio TIN 1S constant). they did not experience more dan~

age, indicating that their greater flexibility is apparently
compensated for in the design and installation of nonstructural
items. to control total building damage.

(5) The concept of a damage threshold ductility, ~t' c~rresponding

to some fraction of drift-to-yield. A • abov~ which structuraly
damage is "not insignificant." appears to have practical
merit. It provides the "missing link" required to relate the
parameters Ay and ~f to the linear damage model.

(6) Additional support for the foregoing conclusion is provided by
the apparent linear relationship found to exist between log DR
and log A in the case of wind damage (Figure 2-9). Here the
threshold ductility. ~t • 0.25 for all high rise buildings on
the average (t~'~h steel and concrete). was found to be close to
the geometric mean of 0.27 c~~puted separately from the values
of ~t • 0.19 and 0.39, respectively. for concrete and steel
buildings at MMI a VII.

(7) finally. the dependence of damage on duration implied by Equa
tton (2-22) tends to be confirmed by independent wind damage
tnformation whtch clearly indicates a slope of

log 50 - log 0.5
Cz • -log Pt

as defined by Equatton (2-23b) and Equations (2-25a. b)

where ~c = 1.
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2.5 Damageability Models for Total and Structural Damage

On the bash of these conclusions. it 15 proposed that the "judged"
pG'ameters. Ay and ~f' in conjunction with Equations (2-24) ana (2-25)
be aiopted as the basis of damagE models for both structural and
nonstr,lctural damage. the Sl.l1l equal1ng total building damage. It will
be assumed that OR = sal and DR = 0.51 in either case. where the

c t
damage rat)o 1s the percent of repair cost to replacement cost. In the
case of stru,tural damage. repair cost refers to the cost of repairing
only structural damage, while replacement cost is that portion of the
total building replacement cost attributable to the strurture alone. In
addition. it will be assumed that ~t • 0.19 in all cases except steel
frame buildings where ut • 0.39.

With this in mind, Tables 2-9 and 2-10 may be used to develop damage
models for both earthquake and wind. for total building damage and
stuctural damage. for three types of frame and three types of shear wall
con~truction. for three quality rati1gs each. Geometric averages were
computed for both ~y and ~f based on judged values of the three indi
viduals named in the tables. For three of the six types of bUilding
construction. namely steel frame. re,nforced concrete frame (pcured in
pl ace). and reinforced concrete shear wall (poured in pl ace). ti-'e
Bayesian estimates of ~f were used. For the latter two categories of
concrete buildings. ratios of ~f/~f repre~entative of all reinforced
concrete buildings were used in scaling valJes of ~f applicable in each
of the two specific categories. T~e results of this averaging and
scaling are reflected in Table 2-12.

Damage "curves" were plotted from these parameter values for three

values of ~c: ~c· 1. ~c • ~f' a~d the intermediate value corresponding
to C(T.M) • 0.327 for concrete and C(T.M) • 0.523 for steel. assuming T
• 1.0 sec. and T • 1.6 sec. respectively for 10 story buildings (on the
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average). and Ms 6.5 (for the San Fernando earthquake). These curves
are shown in Figures 2-14 through 2-19.*

The damage curves shown in Figures 2-14 through 2-19 are plotted
over damage data points to ~elp facilitate interpretation. It is point
ed out. however. that only in the case of steel buildings are the build
ing categories. by material and type of construction. exactly the same
for both the damage curves and the data points. In the case of rein
forced concrete buildings. for example. different damage curves are
presented for four categories - reinforced concrete poured in place for
both frame and shear wall construction. and reinforced concrete precast
for both frame and shear wall construction. The damage data are not
segregated in this manner. all reinforced concrete buildings are simply
classified as ·concrete.· The great majority of the concrete buildings
in this data base. however. are presumed to be reinforced concrete
poured in place. Damage curves for the remaining category of reinforced
brick masonry shear wall type ~uildings are also shown against the
damage data for concrete buildings. Th~ reason for this is t~at there
were no brick masonry buildings constructed after 1933 for which damage
greater than 0.1' was reported. In fact there were only a few brick
masonry buildings listed (fifteen in all).

Particl.lar note is made of the dashed 1ines labeled "Damage Threshold"
ap~earing in each of the figures. They correspond to the value DRt •
O.5~. Careful examination of each set of three figures (a.b.c) will
disclose that the lines corresponding to the same quality rating. but
associated with different duration. pass through a common point. The
curves were constructed this way for the following t,~ reasons: (1) the
wind damage curve of Figure 2-9 intersects the earthquake damage curve
for the same class of buildings (all high-rise buildings) at this point.

-The curves are valid for the values of ~c indicated. irrespective of
number of stories. ~c depends on T which generally depends on N. not
vice versa.
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and (2) total damages below this threshold ~alue are not expected to be

as sensitive to duration as damages above the threshold value; lower
da~ages are presumed to reflect a more brittle failure mechanism. Since
th~ present study has primarily addressed damayes above the specified
0.51 threshold. and lesser damages are not considered to be as
important. the proposed damage curves are only considered valid above
this damage level. The 'DAMAGE' computer program prints out zero damage
for anything less than 0.51.

As it turns out, four of the pre-1933 bric~ masonry buildings listed did
have ~amage ratios greater than 0.11. All were in the MHI • VI[ inten
sity zone. Data points for these four buildings are shown by the tri
angular symbols in Figure 2-20. They appear to be consistent with the
upper damage curve labeled "poor. N

The data in Table 2-12 and the corresponding Figures 2-14 through 2-
19 reflect professional judgment with regard to the effect of Nquality"
(in design and construction) on the damageability of a building. Quali·
ty, as defined in this context. is a subjective rating. although an
attempt has been made to be as specific as possible. Reference [1]
contains guidelines for the interpretation of the quality ratings.
Those guidelines are reproduced in Table 7 of Volume II.

The guidelines of Table 7 (Volume [I) may be difficult to apply to
existing huildings to the extent that the specific qualities they
address are not discernable. (Alternatively. the inspection procedure
and point rating ;ystcm proposed in [35] may be considered.) Since
major changes in tha building codes were instituted after the 193~ Long
Beach earthquake. it is reasonable to rate at least some of the
buildings co"structed prior to that date as Npoor.M Clearly. there were
some pre-1933 buildings not damaged in the 1971 San Fernando earthquake.
which experienced the same i~tens1ty of ground motion as others
suffering appreciable damage. Recalling that we have excluded buildings
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which have experienced less than O.lS damage from the data base, we may
take some comfort in the fact that these buildings are not included in
the group labeled "poor." The degree of consistency observed between
the simple models based on judged ~alues, and actual damage data as have
been interpreted here, suggests that the proposed trends are meaningful.

Two additional comparisons are offered in support of this contention.
They are the damage data points associated with pre-1933 steel dnd
reinforced concrete buildings which were in the MMI • VII intensity
zone. These data points are shown in Figures 2-21 and 2-22 at the
average interstory drift values of 6 = 0.0030 for steel and d = 0.00085
for concrete (discussed in Section 2.3). In t~e case of steel. the
"poor" quality curve shown in Figure 2-14b has been replotted in Figure
2-21. rn the case of concrete, the dashed curve for "poor" quality was
obtained by averaging the judged values of 6y and ~f in Tables 2-9 and
2-10. and scaling ~f upward by the ratio 9.3/5.4, the ratio of Bayesian
to prior estimates of ~f for "average" quality. shown in Table 2-11.

On the basis of the discussion in the latter part of Section 2.2 con
cerning wind damage, wind damageability models are defined to be a
special case of the earthquake damageability models. for total building
damage and for structural damage. In particular this corresponds to
setting ~c = 1 in which case part (a) of Figures 2-1~ thrcugh 2-19
represent wind damageability for the six types of buildings considered.*

There is one final consideration which concerns the use and i~terpreta

tion of the foregoing damageabillty models. That consideration is r1sk,
or the probability of experiencing a particular level of damage (damage
ratio). So far. we have CGnfined the discussion of damageability to
what is in essence a deterministic interpretation based on the median
damage ratio, even though we have discussed the estimation of median

*Note conclusion (7) at the end of Section 2.4.
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values within a statistical/probabilistic framework. This has been done
for the following reasons: (1) clarity of presentation, (2) recognition
of the fact that damageab11ity, if not damage per se, can be meaning
fully defined in a deterministic way. and (3) that using the present
approach. a probabilistic interpretation can be based on the determin
istic one, i.e•• it can be treated as an add-on or a supplement to the
deterministic interpretaton.

Consistent with the actual damage data used in this study. the regres
sion analysis performed. and the lognormal probability distributions
used to characterize ~he data (the Bayesian estimates of mean regression
parameters notwithstanding). one may use the computed "standard error of
the estimate" obtained from the regression analysis. along with the
estimate of the mean to evaluate the parameters of the logno~mal distri
bution. The following standard errors were computed for steel and
concrete buildings:

Olog DR s 0.458

Olo~ OR = 0.498

steel

: concrete

These standard errors may be interpreted as one-sigma bounds.

The multiplicative factors 10° corresponding to the standard errors
previously ir.dicated for steel and concrete buildings are

steel

concrete
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These two values suqgest an average of about 3.0 for steel and concrete
buildings combined. In the absence of specific data for each of the six
building types. it is recommended that a one-sigma factor of three (3.0)
be used as a general guide. This means that the upper lnd lower 951
confidence bounds will be a factor of (3)2 • 9. or nearly an order of
magnitude higher and lower. Again, it is cautioned that such an inter
pretation is only valid at the lower damage levels, certainly not above
the median damage ratio of lOS.

Inasmuch as the values of interstory drift used in plotting the damage
data points have been determined. for the most part. from the same basic
structural response model as that used in assessing damageability, it is
appropriate to assume. barring any bias or systematic error in the
response predictions, that the recommended one-sigma uncertainty factor
of 3.0 includes the random uncertainties due to structural modeling.
This means that conditional probability statements can be made about the
probability of exceeding or not exceeding a particular damage ratio.
given the particular loading applied to the structure by an earthquake.
wind or tornado. e.s • given a level of earthquake-induced ground
motion. or a wind velocity.

Strictl~ speaking. the recommended one-sigma uncertainty factor of 3.0
was deri\ed from data considered to represent "average" quality design
construction, workmanship. etc•• and therefore should be used only with

the damage curve representative of ~average" quality. '~gression

analyses have not been performed with damage data corresponding to
buildings tentatively rated "poor." [n fact, no individu~l building has
been so rated. except to the extent su~gested by the pre-1933 building
data points shown in Figures 2-20 through 2-22. These figures suggest
that ~ the "poor" quality classification is so defined with ~ lower
damage limit of O.lS. the corresponding one-sigma uncertainty factors
are greater than 3.0. On the other hand. if only those damage data
points which are higher than the (median) damage ratios suggested by
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professional judgment are considered. and the ·poor· quality curve is
assumed to represent the ·true~ median. then a one-sigma uncertainty
factor of approximately 3 would seem to apply once again. The lower
limit of 0.11 is very arbitrary in the case of the ·poor· quality
rating. and may even be inappropriate if that lower limit is deemed
appropriate for average buildings. tt therefore does not seem
unreasonable to adopt this value (10 a.3.0). at least in a qualitative
sense. for a probabilistic interpretation of damageability in the case
of buildings rated ·poor."

No specific consideration has been given to the probabilistic inter
pretation of damageability relative to ·good" quality. This is a unique
situation. compared with the other two. if only because it must include
all of the data below the O.l~ damage ratio which have by definition
been excluded from the other ~wo. The assumption of a lognormal distri
bution is not considered to be appropriate in this case.

For purposes of illustration. the median damage ratio curves for steel
and concrete buildings. along with the upper and lower 95' confidence
bounds based on the one-sigma uncertainty factor of 3.0. for bot~ the
"average" and ·poor· quality ratings. are shown relative to their
respectively correspo~ding damage data points in Figures 2-23 and 2-24.

2.6 Damageabiltt) Models for Nonstructural Damage

Nonstructural damage is considered in specific categories and is
classified by nonstructural component. Two types of nonstructural
components are considered for earthquake damage. and two for wind. They
are as follows:
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Earthquake

(l) Nonstructural components sensitive to floor motion. e.g •• floor
mounted equipment. suspended ceilings. wall fixtures. etc.

(2) Glass

Wind (including tornado)

(l) Partitions and ceilings

(2) Glass

It is noted that one may evaluate total building damage, structural
damage and nonstructural daMage separately from the damageability models
presented in sectien 2.5. i.e •• the models can be interpreted to repre
sent either total damage. structural damage, or nonstructural damage in
terms of repair cost divided by replacement cost. This is a direct
result of the assumption (which the limited data seem to support) that
structural and nonstructur!l damage on the average tend to occur in
constant proportion to each other, above some damage threshold.

The following subsections discuss damageability models for the specific
nonstructural categories named above.

2.6.1 Earthguake

The first category of nonstructural components considered under earth
quake damageability is that of nonstructural components sensitive to
floor motion. In this case. the model proposed in Reference [1] is
adopted without ~~dification. It is governed by the following equation:

log DR '" -4.62 + 0.552 I (1 _ ~l)

where
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IA • 10.28 + 3.50 log A

!V • 5.16 + 2.73 log V

and where

I • An equivalent Modified Mercalli Inte~sity (MMI) represent
ing the intensity of floor inotion at a given floor. co~

puted by taking the greater of IA and IV.

IA • A value of MMI determined by the maxilnum (peak) ~cceler~

tion computed for a given floor.

IV • A value of ~I determined by the maximum (peak) velocl~y

computed for a given floor.

A = Peak floor acceleration

V • Peak floor velocity

Q • The quality factor assigned to nonstructural components
within this particular category of nonstructural damage.

{

3 : good
Q. 2: average

1 : poor

Guide1ines for establishing quality ratings are given in Table 8 of

Volume II.

Floor acceleration and velocity are influenced by the higher modes of
building vibration more so than floor displacement. Inasmuch as earth
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quake loading is inherently dynami( (inertial), it is reasonable to
expect this category of nonstructural damage tu be more important.

Glass constitutes the second special category of ~~nstructural

components damaged by earthquakes. Whereas Reference [1] proposed a
model based on mullion clearance and interjtory drift, available damage
data [18] show no such correlation. For example, mullion clearances
used in glass installations for steel buildings are understood to be the
same as those used for concrete buildings, even though steel buildings
in general experience more interstory drift than concrete buildings
during earthquakes of the same intensity. Damage statistics in [18]
sh.~ no significant difference in glass damage between steel and
concrete buildings. In fact, the mean glass damage ratio for concrete
buildings was found to be slightly higher than that for steel buildings
Quring the San Fernando earthquake.

Again, the biggest problem with available damage data is that there are
not enough buildings in HMI ~ones other than MMI • VII, so that trends
in damage as a function of intensity are not evident. We therefore
choose to rely in part on professional judgment as before. Table 2-13
was prepared from damageability estimates made ~y Donald F. Moran, one
of the contributers to Tables 2-9 and 2-10. Listed are p~rcent damages
(per~ent of components damaged) vs interstory drift.

Glass is one of the component categories. Interestingly, Moran does not
discriminate between different types of buildings, steel a~d concrete,
for example. It is observed that the damage threshold value (corre
sponding to HMI - VII) of interscory drift is At • .0016, slightly
greater than the value of A • .001 for which ~ran estimates ·zero·
damage. Whitman, et al. [18] report that for post-1947 steel structures
in the HMI • VII intensity zone, glass damage accounted for 3.51 of the
total bUilding damag~ on the average, while for post-1947 concrete
structures in the same intensity zone glass damage accounted for 6.91 of
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total buildin~ damage on the average. The corresponding standard
deviations were 14.~ and ZO.ll respectively. indicating that the
difference between 3.51 and 6.91 is not statistically significant.
Inasmuch as zero is undefined on a logrithmic scale. and Horan's
estimates are clearly intended to be arithmetic. we would be justified
in substitutin1 a d!ta-based value 1f damage at ~ • .0016 for Moran's
estimate of zero damage at ~ • .001. To obtain such an estimate. we
first of all average the statistical damage parameters for concrete and
steel. Taking geometric averages we find

mean damage • 51
standard deviation z 17.41
coefficient of variation • 3.5

rf we recognize that the average damage ratio for total building damage
of steel and concrete buildings at r~I • VII was 0.5' and make the
approximating assumption that glass accounts for 51 of the total build
ing value ir terms of replacement cost. we find that the damage ratio
for glass damage. as a percent of the re~ldcement cost of glass. is
apprJximately 0.51 for "averageMbuildings. We may use the coefficient
.:Jf variation of 3.5 to infer dalnage ratios for the quality ratings of
Mgood" and "~oor." We therefore propose the following damage ratios
corresponding to an intersto~y drift of ~ • .0016:

poor
average
good

0.51 x 3.5 • 1.751
0.51 x 1.0 • 0.501
0.51 x 3.5 • 0.141

These data points in addition to those from Table 2-11 are plotted in
Figure 2-25 and represent all buildings on the average.

It is clear that straight lines cannat be drawn in Figure 2-25 to
connect each set of points for the three qualities. even in" an approxi-
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Figure 2-25. Earthquake Damageability Model for Glass 
All Buildings
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mate sense. On the other hand. when the points are plotted to linear
scales. the lower three points for each qual,ty come close to lying in a
straight line. The greatest concern here. however. is the relatively
high level (20-401) of damage estimated at a drift of 0.005. in view of
SEAOC's recommended allowab~~ drift of 0.005 under earthquake loading
[36]. One would expect a much ~ower glass damage level at allowable
drift. since one of SEAOC's principal reasons in recommending this drift
limitation was the ·protection of health and safety of life" due to
glass breakage. Nevertheless. Moran's estimate of 100' damage at an
ultimate drift of 0.01 to 0.02 seemed plausible. As a conlpromise,
therefore. between Moran's estimates and available damage data for the
1971 San Fernando earthq~ake. the straight lines in Figure 2-25 are
proposed in principle.

There a~pears to be no good reason for using the same damage curvp.s for
all types of buildings. On the contrary. there is a re~son why the sa~

curves should not be used. As previously stated, steel buildings appear
to suffer no more glass damage than other buildings. at least in low
intensity earthquakes. Yet. if the same damage curves were used,
greater damageability for steel buildings would be predicted because the
steel buildings deflect more. To compensate for the different stiff
nesses between steel and concrete frame buildings, and between moment
resisting frame and shear wall buildings, the lower portion of the glQss
damage curves have been shifted to the right or to the left, dp.pending
on the specific ratios of drift-at-damage-threshold, ~t' for steel.
reinforced concrete frame and reinforced concrete shear ~all buildings,
t~ the averlge value of ~t· 0.0016. The resulting curves are plotted
in Figure 2-26. The 1C~ damage points have not been shifted because
brpakage ~jtimate11 depends on interstory drift, and mullion clearances
appear to be stand!rd among different types of buildings.

It is il1tended that all reinforced concrete frane buildings and all
reinforced concrete or masonry shear wall buildings each use the same
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set of glass damage CUtves applicable to frame or shear wall, respec

tively.

2.6.2 ~

The first category of nonstructural damage considered includes non
structural components sensitive to interstory drift, particularly ceil
ings and partitions. Since no wind damage data were available for this
study, professional judgment was relted upon. It was recognized that
nonstfuctural components in this category tend to have a brittle-type of
failure modei once a critical value of interstory drift is exceeded, the
component is damaged, e.g., cracked, separated from its attachments,
etc. It was reasoned that it should make little difference whether the
interstory drift is caused by earthquake or wind, and therefore, the
estimates given by Moran in Table 2-13 should be applicable. In this
case, however, rather than attempt to treat each of the nonstructural
components separately, it was decided to average their damage ratios at
each specified level of interstory drift. Since logrithmic relation
ships and geometric averages have thus far been used for all other
damages sensitive to interstory drift, it seemed appropriate to do so
here. Again, ~owever, as in the case of glass damage due to earthquake,
zero damage is undefined. Since damage sensitive to interstory drift is
not expected to differ appreciably from earthquake and wind loading, the
M.I.T. earthquake damage statistics for danlage to ceilings and parti
tions are considered relevant.

Oam~ge statistics reported by Whitman, et al. [18] for post-J947 build
ings in the MMI • VII zone are given in percentages of total building
damage as follows:
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BUILDING C~4PONENT MEAN (I) STANDARD DEVIATION (I)

STEEL CEILING 5.8 9.4

STEEL PARTITION 23.3 30.9

CONCRETE CEILING 3.7 8.2

CONCRETE PARTITION 16.3 27.5

Again the difference in reported damages between steel and concrete
buildings does not appear to be statistically significant. Therefore
average mean percent damages to ceilillgs and partitions may be taken as
5' and 201 respectively. To translate this into a damage ratio relative
to replacement cost, we must again assume a proportionate value of
ceilings and partitions relative to the replacement cost of a build
ing. If this fraction is 51 of building replacement cost, the total of
251 damage results in a damage ratio of 2.51 of the replacement cost of
ceilings and partitions. This percentage is considered to apply to
nonstructural components in the -average- quality category.

In the case of -good- quality. there appears to be little basis for
establishing the low-dam3ge portion of the curve other than to lower the
-average· damage point at At by one standard deviation. Damage ~urves

for the three quality ratings are shown in Figure 2-27. The two sets of
points {Horan's estimates and earthquake damage statistics} are seen to
line up reasonably well in this case. separate curves for steel, con
crete frame and concrete shear wall construction. shifted at the ~ower

end by ratios of specific to average drift-at-damage-threshold. are
shown in Figure 2-28. The curve labeled ·poor· is not shifted since
the A • 0.001 damage point was specified to be non-zero and "poor·
quality installations in more flexible buildi~gs may indeed result in
greater damage.

The wtnd damageabiltty model for glass is different from that of earth
quake, because of the overriding effect of wind pressure forces which
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act directly on the windows. The model proposed 1n Reference [1] has
been adopted here. It is based on statistical glass damdge data which
exhibit a nor~al distribution about the critical breakin~ pressure.

In particular the pressure required to break a window i~l flexure is
given as

where

GG a mean breaking stress of glass (lb/in2)

a a minimum glass dimension. either h or b (in)

c = maximum glass dimension. either h or b (in)

b a average WLldow width (in)

h = average window height (in)

t = glass thickness (in)

The fifty percent damage level is at a window pressure equal to po. The
coefficient of variatio. or dispersion coefficient. C

vG
' fs chosen to be

0.25.

The equation for the percent window breakage at any given building floor
is:
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[Percent of W;ndows Broken] a OR a

p

f
o

where

In calculating (po, the average values of the glass parameters for that
floor are used. The percentage of corner windows damaged is estimated
using corner pressure values and tne percentage of non-corner window
damage us;ng the corresponding pressure values.
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3. SUMMARY OF COMPUTER PROGRAM 'DAMAGE'

This section provides a general overview of the damag~abi1ity asses~~nt

procedure used in the present computer program. Figure 3-1 shows a
schematic of the program data deck. The input is organized such that
most of the data are input in data blocks consistent with the compu
tational organization of the program. Figure 3-2 shows a macro
flowchart of the DAMAGE computer program.

The circled numbers noted in Figure 3-2 denote. for reference. the basic
modules of the program. The building's site location. and the desired
program options are read in as input to the program in CD • The user
has the option of selecting any combination of hazard loads he
desires. The hazards which are addressed in the program are earthqual~e.

wind and tornado. The user must also select. at this point, the struc
tural modeling option that will be exercised in the pro~ram. Thre~

options are provide~: Detailed Frame model. Story Stiffness model. and
an Empirical model. The Detailed Frame model generate~ a stiffness
matrix and conlputes modal deflections from a detailed multi-degree-of
freedom structural model incorporating beam and column framing elements.
rigid diaphragms and concrete or masonry shear walls. The Story
Stiffness model generates the same information as the Detailed Frame
model but from user input story stiffness data. The Empirical model
simply computes modal deflections from a linear mode shape model and a
user input fundamental period. These three options provide enough
program flexibility to allow the user to select the level of detail
necessary to his problem.

Depending upon which hazards are considered in the analysis. ~azard

input loads are generated in CO . For earthquake. a Richter magnitude
and effective hypocentral distance must be provided. In addition. the
user has the option of specifying peak ground acceleration. velocity and
displacement which overrides those computed automatically from Richter
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PERIOD
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. STORY
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F;gure 3-2. Macro Flowchart of DAMAGE Computer Program.
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magnitude and distance. For wind, a code describi~g (he terrain sur

rounding the site, and an estimate of the fastest-mile wind velocity
which can be expected to effect the site within some desired exposur~

period must be input. For tornado, the expected number of tornados per

year for the site must be determined.

Once these loads are generated, we then checl( in Q) to see which
structural modeling option is to be exercised. If the Uetailed Frame
model in (3) is 3elected, the stiffness matrix and modal deflections are

generated using a detailed finite ~lement ~del. The stiffness matrix
is constructed frame by frame, s~ory by story, from top to bottom.
Stiffness Clnd mass COlltributions from each frame are superimposed in
formulating a two-dimensional model of the bUilding. The user may
choose between two frame modeling options: steel frame and gen~ral

frame. The general frame ~del is intended to be used primarily for
concrete frame and shear wall type ~tr~ctures. although it could be used
for steel frame structures as well. If the story ~tjffness model in
~ is selected, the stiffness matrix and modal deflections are generat.ed
based on user input story stiffness data, e.g •• story stiffness, floor
heights and floor weights. rf the Empirical model in @ is selected.
modal deflections are simply computed using a linear mode shape model
and a user input fundamental period for the building.

Depending upon the type of '~sponse analysis desired (i.e., dynamic for
earthquake and static for wind), the computer program then computes
interstory drifts in (1) t",s~d on the input hazard loads. For earth
quake, if the computed respl)rl!>~ indicates that thE ductility is greater
than one, i.e., computed interstory drift exceeds the specified "drtft
to-yield," then the respon3e of the structure is altered so that the
effects of yielding are reflected. For I~ind, an estimate of building
damping and shape, wind dtrection and I~tio of open surface area to
solid area is required to evaluate the static response of the structure
to wind loads.

3-4



Once the 1nterstory drifts are computed for the subject building.
damageabl1ity is evaluated. Damageabllity is determ1ned in three parts:

I. Total damage to the bUilding as a percent of estimated repair
cost to ,~placement cost of the building. This damage category
includes structural as well as nonstructural damage.

II. Damage to structural components. Damage to lateral load carry
ing components including frames and shear walls is estimated as
a percent of their repair cost to replacement cost.

III. Damage to selected nonstructural components. Two primary
categories of nonstructural damage are considered for both
earthqu~ke and wind. Glass damage is one of the categ~ries in
~ach case. For earthquake, the second category is damage to
nonstructural components which are sensitive to floor motion.
For wind. the second category includes partitions and ceilings
which are sensitive to interstory drift.

In (B) Building quaHt~ factors reflecting the relative strengths,

physical condition. integrity. ,nd workmanship of the various systems
are determined to help select the ~ppropriate damage model to be used
in (g) • The relationships allow the estimation of damages on a floor
by floor level. and a si"gle estimate of total bUilding damage.

The reader
developing

'DAMAGE. •

is referred to [1] for dttails of the methodology used in
the original program, which has been modified in producing
The modifications fall into one of two general catpgories:

(1) Modification to the load generation and structural response
segments of the program to simplify input requirements. Many
infrequently used options have been eliminated by selecting

3-5



them internally. The selected options are noted in the print
out so that the user may relate his results to the or\gina1
methodology. This is not essential to understanding the re
sults, however, so that the user may ignore the no~es if he so

chooses.

(2) Replacement of the damage modeling subroutine. The new damage
ability models described tn Section 2 replace those containe1
tn the original program, except as specifically noted in
Section 2. However, the new models use the same structural
response tnformati~n as the old ones did. so that the interface
between the response segment of the program and the damage
segment remains unchanged. The new models are completely
documented in this report.

In all but the most unusual cases, it is anticipated that the present
documentation will be sufficient to use ~nd understand thelrogram. The
Users Manual has been completely rewritten in a format intended for use
by personnel without computer experience.
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4. USER TESTING

4.1 Test Plan

The objectives o~; the user test program were threefold: (1) to test the
jocumentation of ~he DAMAGE computer program by introducing it to new
individuals who must use the program, (2) to test the operational and
computational aspects of the program by having it applied to practic31
?roblems. and (3) to obtain feedback from these individuals on how to
;~prove the program and its documentation.

Mr. Marvin Hopewell of the Department of Planning and Building for the
City of Long Beach. California was the program tester. His special
assignments with the Department have includ~d the inspection. rating and
obtainme~t of the repair of all Type I, II dnd III buildings constructed
prior to the adoption of seismic lateral force design requirements.

As part of the test plan, two ~~tual buildings were to be selected as
tesL cases for the program. One of the structures was to be representa
tive of a typical steel-frame building. The other structure was to be
represeiltative of a typical reinforced-concrete building. As part of
the plan. the program tester was presented with a list of five buildings
(steel structures and reinforced-concrete structures) for which detailed
plans were available and which also experienced the effects of the 1971
San Fernando earthquake. The tester was asked to select from this list
one building which he would then model using the present computer pro
gram. The selection of one of these specific buildings would allow the
comparison of computed earthquake damages provided by the program with
those actually recorded during the 1971 earthquake. The second building
was selected from the program testers own list. The user was then
provided with a draft copy of the p,esent computer manual. He was to
initially proceed without any guidance, other than that provided fn the
manual. Questions, however, were to b~ answered as they 4rose, and were
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to be noted for future reference. The J.H. Wiggins COhlpany was to be

responsible for the actual execution of the computer examples, i.e., all
interface with the J.H. Wiggins company computer system was to be done
by a staff member. The computer analysis was to be done on the UCS CDC
7500 system in Kansas City. All program input data were to be developed
by the tester. The input was to be recorded on standard 80 - column
computer code sheets and sJbmftted for execution. An fn-house staff
member was to be made avallable at all times to help resolve any errors
which may have resulted from misinterpretation of the manual, l1\clKtnlj
appropriate notations for the record. Modeling prcblems, however. were
to be resolved by the user. The user was expected to provide the
following:

(1) Computer output results. usi~g th~ detailed frame model option,
for the two subject tufldfngs.

(2) Comments on the adequacy of the model to realistically estimate
structural damage.

(3) Comments on the ease of use of tne computer manual. and

(4) Recommendations regarding items (2) and (3) which might improve
the computer model and/or program manual.

4.2 Discussion of Test Cases

The two buildings selected as test cases for the program were: (1) a
12-story refnforceo-concrete structure (Bank of Callfornfa~ 15250
Ventura Blvd., Los Angeles)i and (2) a ten-story steel frame structure
(located in Long Beach. California). The reir.forced-co"crete structure.
built fn 1970 under t~e requirements of the 1968 Los Angeles City Bufld
fng Code. incurred both structural and non-structural damage during the
1971 San Fernando earthquake. The steel structure. currently under
constructfon has not yet experienced the effect of a major earthquake.
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4.~.1 Example 1: Reinforced Concrete Frame Building

The Bank of California building. completed in 1970 at a cost of $4
million. currently fun~tions as an office building. The structure is
located some 17 miles south of the 1971 epicenter. near the southern end
of the San Fernando Valley. Exc~pt at the lower levels where some shear
walls are located. lateral forces in that direction are resisted by
moment-resisting reinforced-concrete space frames consisting of columns
and girders. A detailed discussion. as well as presentation of the
structural system is provided in Reference [15]. Floor plans and a
typical elevation view are reproduced in Figure 4-1.

Strong-motion accelerographs were located on the roof. seventh floor.
and ground floor during the earthquake. At each level. accelerations
were recorded along the vertical and bo~h horizontal axes of the build
ing. Approximately 28 seconds of motion was recorded. Table 4-1 lists
peak recorded accelerations for each floor.

The structure experienced both structural and nonstructural damage.
Structural damage consisted of cracking and spalling of concrete
columns. spandrels. girder stubs. ~nd a parapet wall at the first story
[1S]. Nonstructural damage resulted to partitions. ceilings. stair
wells. stairs. mechanical equipment, and SJme furnishings. All of the
damage experienced was repairable. Repairs totaled $44.000; $12.000 was
spent on epoxy repair of damaged concret~ el~nts [15].

The results of the computer analysis are presented in Table 4-2.
Damages ar e 1isted for each story by fr ·lme. shear wa11. gl ass and non
structural components sensitive to floor motion. The actual recorded
ground motions during the 1971 san Ferndndo earthquake for the ground
level were used as input to the program (peak 9round acceleration equal
to 0.149gi peak ground velocity equal to 9.25 in/seci and peak ground
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Table 4-1. Peak Recorded Accelerations During the 1971 San
FernJndo Earthquake for the Bank of California

LONGITUDINAL TRANSVERSE

I
VERTICAL

STATION (N.ll')£.) (N. 790 W. ) COMPONENT
i

I COMPONENT COMPONENT

I 9 9 9

ROGF 0.288 0.199 0.144

7th FLOOR 0.260 0.242 o. 1S~
:;ROUND FLOOR 0.225 C.149 0.096
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displacement equal to 4.06 in). These gr~und motions correspond to the
transverse direction of the building.

The total damage ratio computed for the building is shown in Table 4-2
to be 3.141, corresponding to an average interstory drift of 0.0043.
This compares with the reported damage ratio of 1.1% based on the
estimated repair cost of $44,000 and a replacement cost of $4 million.
One must keep in mind ~hat the 20 analysis was performed in only the
tranverse direction, while actual damage is a result of motion in both
the transverse and longitudinal directions. The computed building
period was 2.4 sec compared with th~ J.O sec period recorded during the
earthquake and the 1.6 sec period measure1 after the earthquake [15].
The reported damage ratio is within one standard de~iation of the
computed "damage."

Other damageability information is listed by story, by component, and by
the quality rating of that component. Damage e~timates are shown for
all three quality ratfngs, considering the possibility that all
components of a given type may not be uniform in their q~41ity

ratings. In addition, such a display shows the sensitivity of results
to the selected quality rating.

Wind damageability was ~lso assessed for this building, based on an
assumed wind velocity of 125 mph \chosen arbitrarily to demonstr~te the
computational procedure). These results are shown in Table 4-3. Glass
damage is seen to dominate, particularly in the upper stories of the
building at the corners. Wind pressures printed out by story are those
pressures (at height H above ground) gi ven by the form',13

201
1 2(H )P • 2 Cp C9 p Vo H

o

where V • 125 mph corresponding to a height, H • 30 ft., and in this
o 0

case the site factor a a 1/7.
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4.2.2 Example 2: Steel Frame Building

The steel frame structure. currently being constructed in Long Beach.
California. will function as an office building. The lateral forces are
resisted in each direction by moment-resisting steel frames. Attached
adjacent to t~e ten-s~ory structure is a one-story office area. The
structure has not as yet experienced the effects of a major earth
quake. A plan view and detailed framing elevations are shown in Figure
4-2.

For this building. a Richter magnitude of 6.5. twelve miles away was
used. The 6.5 was assumed to occur on the Newport-Inglewood fault at
the closest distance to the site.

The total damage ratio computed for the building is shown in Table 4-4
to 1.531. corresponding to an average interstory drift of 0.0068. Other
damageability information is listed by story. by component. and by the
quality rating of that component. Damage estimates are shawn for all
three quality ratings. as was done for the previous reinforced-concrete
example.

The next section documents the tester's findings and cornments on the two
examples. as well as comments on the com~uter program and manual.

4.3 User Feedback

The following are Mr. Hopewell's comments on the testing of the DAMAGE
computer program.

The results concerning the expecte~ damage to the two buildings
are believablt. The reinforced-concrete Bank of California
bUilding has construction characteristics that are not recommend
ed as a general practice unless considerable invdstigations are

4-12
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made to justif, the design. Columns that do not continue to the
foundation are not recommended; using shear walls in the lower
level only and using additional frames in the lower two levels
creates a change in stiffness that is not recommended, and the
setback of spandrels creates unwarranted torsion in the beams and
questio~able interaction of the spandrels to columns for the
anticipated frame action. The problems created by these items
are not readily apparent from a normal computer analysis. Since
structural damage by yielding was experienced on this building
during the '71 earthquake it is likely other parts of the struc
ture were approaching or at yield and additional damage above
that experienced in '71 is very possible during a simil~r

earthquake for an Inherently brittle material such as concrete.

The typical steel frame Long Beach office building was considered
designed in accordance to the 1974 "Recommended Lateral Force
Requirements· of the Structural Engineers ~ssociation of
California. which is the basis for the 1976 "Uniform Building
COtte" lateral force requirements. As a ductile moment space
frame designed to a code that was revised to include knowledge
gained in the 1971 earthquake. the building should be considered
as ~uperior quality construction. (See comments on Building
Damage Information Card.) The buildillg did have a one-story
offic~ ar~a on one side attached to the tower frame which creates
an unsymmetrical condition on the second floor. The spandrel
beams at the four corners of the tower are cantilevered 14 feet
in both directions which may be subjected to excessive forces
from vertical accelerations. The computed damage to this build
ing is a realistic possibility for an earthquake similar to the
one used in the program.

The Computer Manual should be prepared on the assumption that the
user has no prior experience in modeling a building for a com
puter analysis. The fact that a Building Official and his staff
may have had some experience working with Design Engineers on
computer outputs does not help him on input. Small computer
programs that he may be familiar with are not necessarily modeled
in a similar manner. therefore. I suggest that the Manual include
a reproduction of the first f~ entries on the inp~t form and a
glossary of terms.

The following are specific comme~ts on the sections in the Com
puter Manual:

1. Sec. 2.2.1 Earthquake Input:
A.* Return Period card. The average Building Official
will require help in selecting this information. I Suggest

'Capital letters refer to card identifiers in the Users Manual.
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including references so he knows where to start looking for
information so that a reasonable decision can be made.

2. Sec. 2.3.1 Detailed Frame Model:
B thru K. It should be noted that each frame shall be
modeled using subsections B thru K for each frame and that
subsections G thru J is repeated within each frame model
until all stories are entered.

H. Story Description Card. The first field entry comment
should read "Number of Consecutive Stories" of identical
he ight and beam and co lull'" pr oper ties.

3. Sec. 2.5 Damage
A. Building Damage Information Card:
Col. 8 (Field 1) entry items and Table 8 do not equate to
mY thinking. All bUildings in this area have been con
structed to some minimum code for years with. I hope. some
quality assurance. The larger bulldinlls, especially ml· 1ti
story, require "Spectal" or "Registeredd Inspectors on job
site and they are inturn checked on by the Build~ng

Official. for buildings subjected to earthquakes, I equate
buildings to the code under which they were constructed.
the configuration. symmetry and any known problems during
and since construction. In general I would start by con
sidering an entry of 1 for pre-1967 UBC constructed bJi1d
ings. 2 for pre-1976 UBC and 3 for buildings constructed to
the 1976 UBC modified by ~ above stated concepts. Also
most buildings are not readily inspected after completing
for the various qualities shown in Table 8. (These c~
ments apply to Col. 40 also.) Col 32 (Field 4) is not
clear as to intent. The Bank of California building was
clad with glass with some steel stud bulkheads and the
Typical L.B. Steel Frame building had precast decorative
concrete spandr~ls and verticals bolted to tne frame using
slotted holes. Col. 48 (Field 6) does not include cor.crete
dfaphrams. Also metal decking should indicate that it
includes concrete fill.

c. Window Information Card. Thfs should be clarified.
understand that nominal window dimensions are t~p. height
and width of an average pane of glcss.

D. Earthquake damage Information Card.
Col. 9-16 (Field 2) entry should relate to the average
ciearance between the mullions and pane of glass.

In general the Computer Manual provided sufficient information
for ~ structures once I. as ~ novice. got started.
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A look at the manual for structures ~ther than frames gives me
the impression I would be hard pressed to model a shear wall or
braced frame building.

The use of this program would be useful to access anticipated
disaster damage so that a city or other agency can take mitigat
ing measures or make advance plans to mitigate the physic2l and
social problems following a disaster.

MARVIN W. HOPEWELL
Civil Engineer

4.4 Closure

The following changes to the User's Manual were made in response to Mr.
Hopewell's comments in Section 4.3 - User Feedback.

1. Sec. 2.2.1 - Earthquake Input
A. Return Period Card

The earthquake magnitude "return period" card was
deleted. It was decided to allow the user to input (a) a
Richter magnitude and hypocentral distance and (b) if the
user choose to, a set of user - determined earthquake site
ground motions. Since d plobabilistic earthquake input
load is no longer used, the return period card is not
necE:ssary.

2. Sec. 2.3.1 - Detailed Frame Model
B. thru K. Detailed Frame Model Data

Comments have been incorporated.

H. Story Description Card
Comments have been incorporated.

3. Sec. 2.5 - Damage
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A. Building Damage Information Card
The quality classifications with respect to frame. shear
wall and non-structural systems have been limited to defi
nition of 'poor.' 'average.' and 'good.' It is believed
that the guideli~es. outlined in Tables 7 and 8 provide the
user with enoug~ information to make an accurate assessment
of the quality level.

Damages are no longer computed separately for diaphragms.
Rather. these damages are included with those of the fram
ing and shear walls.

C. Window Information Card
Statement in manual has been clarified.

D. Earthquake Damage Informaticn Card
Due to a change in the method of computing earthquake
damage to windows. that information is no longer necessary.
As a result. that input card was eliminated.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The primary objecti~es of the project as enumerated in Section 1.2 have
been achieved. It 1s hoped that the 'DAMAGE' computer program resulting
from this effort will prove to fill the needs of the local building
official for whom it was designed. The following conclusions pertain
directly to the stated objectives:

(1) The current literature was reviewed for damageabllity models
suitable to the purpose of this project. They were classified
into three groups - empirical, theoretical and subjective.
None was found to satisfy all of the requirements. Most of the
empirical models do not tnterface with a structural model. in
that measures of damage are expressed directly as functions of
structural input parameters such as MMI. rather than structural
re~ponse parameters such as interstory drift, story shear. base
shear. etc. Attempts which have been made to correlate damage
with structural response have been largely unsuccessful because
of insufficient data. Theoretical models, on the other hand
tend to be too complex for those who are inexperienced with
them. and require input parameters which may be difficult to
evaluate because they do not relate well to available damage
data. Purely subjective methods fail to meet the requirement
of objectivity.

(2) ~amageabi1ity models, which express damage in terms of a median
damage ratio versus interstory drift, were developed by combln
ing limited empirical data with subjective judgment using a
Bayesian statistical estimator. These models employ parameters
such as drift-to-yield and ductility-to-failure which are
related to the slope and intercept of a linear regression of
damage ratio on interstory drift.
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(3) An existing computer program already having capabilities for
modeling hazard loading. structural response and d~mageabtlity

was modified to achieve a stmpler more "streamltned" compu
tational procedure. The original damageability models were
replace by those documented herein. The amount of required
input was reduced sUbstantially by eliminating unnecessary
options and coding much of the input data directly into the
program.

(4) A new Users Manual for the program was written in a format
which should be easier for non-computer orient~d personnel to
follow. Sample input coding sheets are provided.

(5) Finally, the program and its documentation were independently
tested by a local building official who had no prior experience
with the program and who had only minimal computer back
ground. Two actual buildings were analyzed, one reinforced
concrete frame dnd one steel frame ~u;lding. Damageabilittes
computed for the concrete building are compared with available
San Fernando earthquake damage data available for that build
ing. User test procedures, feedback, and response to that
feedback are documented herein.

Wtth an acceptable level of damageability assigned by the proper
officials. new designs as well as existng structures can be assessed for
adequacy and inclusion in a community's current building stock.

~n addition to these concl usions which relate formally to the objectives
of the project, several others are worth noting. Foremost among them ts
the rather fortunate (if not surprising) way in which the primary
damageability models for total damage and structural damage came
together. Some of the significant points are listed below:
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• Interstory drift was found to be simply related to MMI, or
other measures of ground motion intens1ty, v1a two emp1r1cally
derived constants: TIN wh1ch 1s the rat10 of bu11ding period
to number of stor1es, and r wh1ch ~ay be 1nterpreted as a modal
part1c1pat10n factor. These constants were found to be TIN •
0.1 and 0.16, and r • 1.05 and 2.34, for concrete and steel
buildings respectively. Based on these factors and interstory
drifts obtained directly from strong motion records, steel
buildings appear to experience (on the average) between 2.5 and
3.5 times more interstor} drift than concrete buildings for a
given ground motion intensity up to that which causes first
yield. This is significantly more than the relative TIN ratios
alone indicate, and may be due to greater higher mode partici
pation in steel buildings.

• The duration factor, C(T,M). plays a significant part in the
damageability models. There is some evidence. although weak at
the present time. that long-period buildings may experience
less earthquake damage than short-period buildings (other
things being equal) be~ause they undergo fewer cycles of re
sponse. Interestingly. the wind damage information available
for high-rise buildings tends to confirm this observation, by
indicatin9 higher damage le~els for wind than earthquake, for
the same interstory drift above the 0.5% damage threshold.
Presumably, this would result from the relatively long duration
of wind-induced structural motion, compared with that of
earthquake.

• Based on rather limited data for steel, concrete and brick
masonry buildings, the ·poor· quality rating expressed in the
various damageability models seems to correlate with pre-1933
building damage data. while the "average" quality rating corre-
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lates with damage data for buildings built between 1933 and
1971.

5.2 Recommendations

While experience to date with the 'DAMAGE' c~nputer progra~ has been
encouraging. it must be recognized that the damageability models are
based on relatively sparse data. and the judgment of a few indi
viduals. Hopefully, the simplicity and transparency of the models will
help to facilitate interpretation. so that any unexpected results may be
traced to appropriate causal factors. whether they relate to applied
loads. structural response. or damageability. As new damage lnformation
becomes available. whether subjective or objective. it can be readily
incorporated in the models. As with any new teol. careful surveillance
should be maintalned while inltial expp.rience accumulates.
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APPENDIX
COMPUTER PRINT-OUT FOR TEST CASES



EXAMPLE 1: REINFORCED CONCRETE FRAME BUILDING
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