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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 buiidings 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 of the building official in
mind. They include:

& An integrated program which conbines the calculation of en-
vironmental forces, with dynamic response analysis and damage
modeling to evaluate bHoth the structural and nonstructural
damage potential of existing as well as newly designed
buildings on a story by story basis.,

® An interpretive format keyed to interstory drift as (1) 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 | 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 ocutput
quantities. One full section of Volume | s devoted to user testing,
fncluding the planning and conduct of the test as well as the incorpora-



tion of user feedback in the program and documentation. Numerical
results from the test cases are appended ta this volume.

Volume Il consists of the Users Manual for DAMAGE. This manua) contains
step-by-step fnstructions for the preprracion of input necessary to
execute the program., Examples of input coding sheets, card sequence and
an operational flow diagram are included.

The goals of this effort have been two-fold: First, to provide a com-
puter tocl which non computer-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.

xi



1. INTRCDUCTION

1.1 Background and Purpose

Reference [1]* documents the development of a methodology and computer
program for estimating the damage by floor for individual buildings
subjected to earthquake and wind loads. The griginal computer program
provides a very flexible toal for the analysis of these natural forces
and their effect on specific butldings, under specific site condi-
tions, Multiple options for modeling the earthquake and wind environ-
ment, site modifications, structural configurations and types of damage
are offered by the program. Understandably, this flexibility has proved
te be somewhat of a deterrent to practical use, becausz of the large
ameunt of input required Lo exercise the various options. This has been
especially true for local building and safetv 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 coryesponding rieasures of damage-

ability. Damageability is herein considered to be the potential of a
building to suffer damage from the natural hazards {or forces) under
consideratisn,

There 1s a subtle but fmportant distinction impiied here between
“assessed damageability" and what might be termed “predicted damage,"
even though the terms are used interchangably in much of the current
literature. The distinction is important from the ;tandpoint of
corveying the proper meaning of the term damageability as it is used
in this report, and thereby avoiding confusion which might otherwise
result, The following working definitions have been adopted:

*umbers shown in square brackets correspond to references listed at the
end of this report,
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e Assassed damagebility is defined as a relative measure of

building performance, under earthgquake or wind loading of &
given intensity <r severity, depending on the design character-
istics of the building.

¢ Predicted damage is defined as an absolute measure of physical

damage to a particular building resulti::g from a particular
earthquake or wind event.

The difference batween these two measurces of damage s similar to the
difference between earthquake hazard assessment and earthquake predic-
tion. The latter is specific in terms of time, location and magnitude,
wher 2as the former tends to reflect statistical averages and is there-
fore more relativistic in nature. [t seems 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 rationalization may be carried too far. For exemple, a
building and safety official who must decide whether or not to condemn
an existing building or approve the design of a new one, cannot base his
decision on information which is nonspecific to the building. Furthor-
more, such information gives no indication of what alternatives for
retrofit or redesign might be zonsidered to make the building more
resistant to hazardous 1dading cenditions, While it obvicusly would be
desirable to be able to predict the damage to a particular building as
the result of a future earthquake, in 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 damageability, but at
the same time having the methodolegy be sufficiently simple and trans-
parent for genera! use. The specific goals of the project are to pro-
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vide a computer tool which local building and safety officials without
computer exparience can learn 10 use. and to relate the required input,
methods, and output of the program to the experience and needs of the
intended user.

1.2

Objectives ana Scope

Having established the purpose and goals of the project, it is important
to delineate the specific objectives which have guided the technfical
approach, and to define the scope of the work so that its uses and
limitations may be properly understood.

The primary objectives were:

(1) To review the current literature for methods and/or suggestions

(2)

{3)

(4)

of methods which might be used to model damageability.

T develop such models suftable for interfacing with an exist-
ing hazard loading and structural response analysis computer
progr am,

To develop an integrated computer program which includes model-
ing capabilities for {a) earthquake, wind ana tornado-induced
lateral bullding loads, (b} structural static and dynamic
response analysis, and {c¢) structural and nonstructural damage-
ability assessment.

To provide adequate documentation for the intended user (local

building and safety engineer) to undarstanc the program and use
it effectively, and

1-3



(5) To have the program and its documentation user-tested on the
basis of realistic appiications.

The first two objectives are detailed more specifically in terms of
guidelines for the development of damageability models. It was felt
that the models should satisfy the following criteria:

® 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 be evaluatad on the basis of the
user's knowledg~ and experience, and (b) remedial alternatives
may be inferred.

o The models should be grounded in and relate directly to actual
dimage experience.

¢ The models should be formulated as simply as possible, in terms
of parameters that are familiar tc the user and have a high
degree of correspordence with observable quantities for which
data are available.

These guidelines were followed in an effort to achieve the degree of
reliability and transparency sought in the models.

The scope of the effort was necessarily “imited to ensure its integi-
ty. The following comnents are offei2d to help the reader grasp the
intended significance of the work. '

A1l of the models and the analysis are two-dimensional. This includes
earthquake and wind loading models, structural models, and damageability
models to the extent that damages, which of course reflect 3D behavior,



are related to 2D response variables. No attempt has been made to
correlate damage experience with 3D effects.

The damageability models, expressed in terms of a damage ratio vs.
interstory drift, are considered to be primarily representative of high-
rise buildings, i.e., five stories and above. While nothing prevents
the methodology from being appifed to low-rise buildings, it is felt
that a response fndex 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 buildings, to the extent that measured floor accelera-
tions can be used to estimate base shear, This depends significantly on
the nature of butlding rasponse, where for short period buildings the
floc: accelerations tend to be dominated more by the fundamental mode.

While the basic form of the models and the apparent nature of the
analysis is "deterministic,” 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 prababilistic interpretation of the results can be made.

[n short, simplifying assumptions have been made in considering key
parameters to have lognormal distributions so that median values may be
treated deterministically 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 intensity), structural models and 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 {s probably as accurate as one can be, The trends evidenced
by central tendencies (median values) are believed to be meaningful,
large uncertainties not withstanding.
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2. MODEL ING DAMAGEABILITY

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 ohservaticu.s of
building damage from past earthquakes. Normally, these relationships
relate percent damage to some measure of earthgquake ground maticn, such
as Modified Mercalli Intensity, MMI, for different categories cf struc-
tures. It must be noted, however, that these empirical relationships
are anly valid when attempting to predict how an "average" structure
will respand to a given level of ground motiaon. 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 substantfal 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
butlding 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) 1f different damage relationships are used for different
types of structures, knowledge of structure type. The majority of the
relationships which have been deveioped often do not consider (2).
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Empirical relationships have been used primarily in macro econumic and
insurance related studies. Normally, in these types of studies, the
aggregate effects of earthquake losses from a large prpulation of
structures are evaluated. This often entails a large number of compu-
tations. The empirical approach, both from the standpoint of accuracy
and complexity, is well suited for these types of analyses. Some
notable studies which have incorporated these types of relationships
include: Seed, et al., 1970; J.H. Wiggins Company, 1975; Whitman, et
al., 1977, Hafer and Kintzer, 1977, Earthquake Lagineering Systems,
1¢° ; Wiggins, et al., 1978; and Sauter, 1979, Information each cn 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 in terms
of peak accelerations or peak velocities, are then calculated and im-
posed on the structural model. Responces in terms of stresses and
deformations are calculated which are then related to different measures
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 has several advantages, First, it allows one
to relate damage to factors which cctually influence the response of the
structure, such as the rigidity of the system or the energy dissfpation
which may occur during an earthquake. Secondly, because the structure
is made up of a number of subsystems, one has the flexibility to perform
a sensitivity analysis to evaluate the actual contributions of each
subsystem to the overall reliabflity of the structure. This allows one

2-2
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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 sefsmic input parameters, such as peak
acceleration and peak velocity, to represent the seismic environment.
These parameters are better indicators of earthquake ground mottion then
that afforded by the qualitative Modified Mercalli Intensity scale,
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 a computed "l1oad", such as interstory drift, exceeds some
specified load, which is often part of a "resistance" curve. The veri-
fication of this assumption is often ieft to an analytical solution,
which is sometimes modified by subjective judgment. The development of
these damage functions represents the most important step ir the theo-
retical apgioach. The functions themselves snould produce believable
results, anu should fncorporate whatever historical observation data are
avatlable. Some notable studies which reflect primarily on the
theoretical approach include: Biume 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 a lack of quantitative knowledge concerning the relation-
ship between building damage and some measure of earthquake intensity,
or if an analytical solution to the 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 approach was developed by Whitman at MIT
which organized the opinions of a number of earthquake engineering
experts regarding the issue of expected damage to buildings during
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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
theoretical model, and of course underlie the judgment used in a sub-
jective approach. So to say that what is needed is a combination of the
th:-ee really begs the question. Yet, after studying many of the re-
spectable contributions to the current lfterature, one is still tempted
by such a desire. Ferhaps ic is partly because much of the power of
these existing methods resides with the respective authors who have
themselves combined theoretical techniques with empirical data using
their own experience and judgment. While the most reliable estimates of
damageability 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:

e All of the empirical models reviewed above have one or both of
two shortcomings: (1) the fndependent variable which serves as
the "{nput" to the damage model relates to structural
excitation rather than response, thereby precluding the use of
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a structural 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 trends cannot
be established.

The theoretical models reviewed above seem to have one or both
of two shortconings: (1) they are too complex to be trans-
parent without the 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 considerabie
expertise.

The subjective approach alone does not meet the basic rvequire-
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 of
information, as well as imorove the basis for physical understanding.

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 safety 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.

2-10



The difficulty of measuring damage cnly 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 building damage {or
damageability) is therefore impractical. Conversely, repair cost as a
fraction of replacement cost is observable, but doec not relate directly
to loss of strength., Yet, structura) damage as well as nonstructural
damage has been measured in terms of cost. The damage ratio, defined as
the ratio of repair cost to raplacement cost, has been widely accepted
as an objective measure of physical damage for both earthguake 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 measured in
terms of repair cost versus replacement cost, ane can easily appreciate
the variability inherent in the empirical relationships which formn the
basts 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 ta buildings of different design, subjected to natural
forces of prescribed fntensity. The need to discriminate among build-
ings of different design, howeve: , is 1n conflict with the need to
relate damageability to actual damage experience for purposes of inter-
pretation and understanding. Sufficient damage data do not exist to
allow for meaningful statistical analysis of damage to buildings within

the very narrow categories which would be required to discriminate among
buildings of significantly different design.
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One way to resolve this conflict is to find a supplementary source of
information. The most desivable kind of information would be that which
relates directly to existing damage data. Component test data offer cne
possibility. 1In 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 1oads 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 time, most
damage data for butldings 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 orten
given as a function of Modified Mercalli Intensity, or MMI. [n the case
of wind, damage is expressed as a function of either wind velocity or
wind pressure at a standard height above ground. It has been found,
particularly in the case of earthguakes, that observed damage correlates
reasonably well with 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 yndertaken to reinterpret existing damage data in terms of
interstory displacement.

2.2.1 Earthquake Damage Data

Several attempts have been made to correlate earthguake damage with
interstory displacement [9, 13, 16]. In some cases, strong motion
fnstruments located at the basement, mid-height, and top Tevels of
modern high-rise buildings provide direct measurements of interstory
displacement, through the doubly-integrated accelercgrams. Alterna-
tively, interstory displacements can be estimated from simple theoreti-
cal models which assume predominant response in the fundamental mode
whose period, T, 1s proportional to the number of stories, N, and whose
mode shape, ¢, 15 linear. A uniform mass distrioution is also assum-



ed. The equation relating interstory displacement, d, or interstory
drift, a = d/h ,to spectral velocity, 5,, {s found to be

d T
« 2, = -1
8=y r( z.uh) Sy (z-1)

where h is the average story height and I is the modal participation
factor

= 1.5 (2-2)

is}
for high-rise buildings. Empiric3l studies have shown that the ratio
T/N tends to be constant, although the constant may vary among different
types of buildings. Figures 2-1 and 2-Z show these relationships for
steel and reinforced concrete buildings, for pre and during-earthquake
conditions, respectively., The appropriate perjods to use in the present
case are those mearured during the earthquake, Values of T/N chosen for
this study are T/N = 0.1 for reinforced concrete and T/N = 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 T . Figures 2-3 and 2-4 show values of a/T compu-
ted from Equation (2-1}, plottad against “measured" values of interstory
drift, 8y ¢ Most of these measured values were determined by subtract-
ing the recorded peak displacements at the base of the building, g,
from these measured at the top, DT' and dividing by the height of the
building above grade, H = {LT-I)h.*

*In cases where the difference Oy - DE was small (Am< 0.0008), the
actual time-history records were correlated in time to determine

Dy - Dg-
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T 8 (2-3)

where Lt is the mumber of the “top level® containing the strong motion
instrument. Values of T = 1.05 for reinforced concrete and I' = 2.34 for
steel were determined from this correlation study, based on the data
listed in Tables 2-3 and 2-4, respectively.

Larthquake damage statistics from the 1971 San Fernando tarthquake are
reported in Referece [18]. Appandix H of [18] contains building values
and damage costs 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 pointed out in [18], however, relatively few
buildings were built between 1933 and 1947 during the Depression and
World War [I. The post-1933 category of the present stuay {s therefore
very similar, and for practical purposes the same as the post-1947
category in [18].

These data were screened to eliminate buildings of less than 5 stories,
and buildings for which ihe total damage ratio (repair cost/replacement
cost) was less than 0.1%. 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 0.1% 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 < VII. Reference [18]
reports a mean damage ratio of 0.5% for those post-1947 steel and
reinforced concrete buildings which were judged to be in the MM] = VII
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intensity zone. Structural damage accounted for approximately 20% of
this damage, on the average. Thus, the mean damage ratic for styuctural
damage to post-1947 steel and reinforced concrete buildings (as a
fraction of total building replacement cost) at MMI = VII is about 0.1%.

Reference [18] was published in early 1973 before the existing strong
motion records became available, and therefore does not in¢lude such
information. Ground mation intensity is reported only in terms of

MMI. It was recognized that existing empirical relationships hetween
MMI and peak ground velocity, and between peak ground veloccity and
spectral psudo-velocity, could be used to estimate S, from values of MMI
listed for building location codes in Reference [18]. However, it was
also recognized 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.[.T. Data frcm Tables 2.3 and 2-4 were correlated with
the damage data fnsofar as possible.

Estimates of interstory drift based on actual strong motion records were
obtatned for % of the 59 steel buildings and 12 of the 59 concrete
buildings. For the remaining buildings, interstory drift was 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 Vg = -1,973 + 0.375 MMI (2-4)

2. Assume 51 damping {8 = .05} . Compute 2 dynamic amplification
factor, (AF)B using the equation

(AF), = 2.18 - 0.147 log T - 0.633 log (8 x 100) (2-5)
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3. Compute spectral velocity using the equation
SV(T,d) = (AF)B vs (2-6)
4. Compute interstory drift using Equation (2-1)

o=t (7;%5) SV(T'B)

5. Compute a ductility, u, defined as

A
b {(2-7)
¥

where A& is a measure of interstory drift at yield, assumed to be 0.0044
for reinforced concrete and 0.0077 for steel buildings. These are
average values derived from estimates presented in Section 2.3.

If w> 1, the following steps are executed until convergence is reached
{Reference [1]):

6. Adjust damping for inelastic response using the equation
* 2
(8 x 100) = 2,16 + 5.2u - 0,74y (2-8)

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

T* = %‘-[g—' + sin”! (72—1-1“_ )f m](I-B'IJ)

(2-9)

8. Adjust spectral velocity for inelastic response using the
equation

Sv*(T*.B*) = (AF)u Sv(T‘B*) (2-10Y
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where

Ju T T, (2-11)
T*.T
(AF), = /W [1- )| Ty sTre]
4
1 poT T,
and where
T, = or (0.070 v, 2%) (2-122)
T, = To/V (2-12b)

9, Compute inelastic response, A*, using
—_I*)
A* =2 T (ZlNh ) S'V(T*.ﬁ')

10. Test for convergence of a*, T*, and g* . If any of these
quantities differ from their original (preceding) values
(s, T, 8) by more than 1%, then compute

ut = A*/Ay (2-13)

and repeat steps (6) through (10).

It should be understood tha’t the above procedure is not used whenever
“measured” values of interstory drift, b are available. Also, for the
three reinforced concrete buildings having damage ratfios greater than
20%, 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 retnforced concrete and steel buildings, respectively,
along with the results of a linear regression analysis in each case.
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The foilowing data points are identified on the basis
of prior publication [15]:

(1) 0live View Hospital

(2) Holy Cross Hospital

(3) Indian Hills Medical Center

(4) Bank of California Building, Yentura Blvd.

Figure 2-5. Percent Damage Versus Interstory Drift for Post-1933
Reinforced Concrete Structures, 5-20 Stories

2-25



PERCENT DAMAGE, DR

19°

T T T 171 T1’FT B T T 17 I‘TTT T o rrrrr
G POST-193% STEEL 3
BUILDINGS, & CALCULATED B
® POST-1933 STEEL -
BUILDINGS,  MEASURED -
i
Jr -
!
= ~
- o -
— o} -
]
- o -
0T
3Om
]
T o

a

-
a

Eg .‘_._“J__”J_.J.J.i_LLJJ.__~d_gﬂéiii_L_Jhl_LLJJ_F__ﬁ_J__gJ__J__L1 il
12

1 17?

g,® © @

A

REGRESSION
LINE

a

[ ]
o3

"T"'“_T ™ T‘Tl'
@O o

Fhon

.. . { .

a

]
8 3 Bp

INTERSTORY DRIFT, A

illlr'

md

i

127

B-12332

Figure 2-6. Percent Damage Versus Interstory Drift for Post-1933
Steel Frame Structures, 5-20 Stories

2-28



The correlation of damage ratio, DR, with interstory drift, a4 ,is seen
to be virtualiy zero tn 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
interstary drift, as opposed to MMI. Figures 2-7 and 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 Wind Damage Data

A convenient wind damage data base such as that discussed for earthquake
does not exlist. Nevertheless, damage probability matrices similar to
those which have been developed 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 MM] was used as a measure of intensity, wind speed is the measure
of intensity used hore. A relationship is therefore sought between wind
speed and interstory drift, so that wind damage may be expressed as a
function of interstory drift.

The assumptions used in deriving Equation (2-1) for interstory drift due
to earthquake loading can be used again to derive an expression for
interstory drift due to wind 1oading. In particular, if a building is
idealized as a simple shear beam, the variation of shear stiffness,

k{z), along the building is determined to within a constant by the
equation
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2
(2) 4+ dlz) g5 . p(q) (2-14)
4

where k(z) is in units of force and x measures lateral deflection 2t a
point z along the beam. The lvad distribution is denoted by p(z).

Under the assumption that seismic response in the fundamental mode is a
linear function of z, the inertfal loading p(z), is linear so that
dzx/dzz = 0 and dx/dz = constant. If p(z) is assumed to be proportional
to the modal deflection, . , for seismic loading then k(z) is found to
be

2
] (2-15)

i~

k(z) = kb[l -

where k, is the constant of integration interpreted as the base shear
stiffness. In general, k;, is determined by the base-shear design co-
effictent of the building. It will, of course, vary according toc the
size and weight of the building.

In the case of earthquake design, the base shear capacity is governed by
builaing weight, because the Tateral 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 15 also a
sigrificant factor. In any case, the lateral resistance capacity of a
building (and hence its equivalent base shear stiffness) tends to be
proportional to its size in such a way that interstory drift is ap-
proximately proportional to wind pressure at some given height above
ground.

The wind pressure distribution on a building ts usually expressed in the
form
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Z2a .
. 2 (L. 12-16)
P(z) = % Cy Cq 0 Vo ( zo)

where Cp and Cg are the shape coefficient and gust factor, respectively,
¢ 1s the density of air, and V, is the wind speed measured at height z,
abave ground. The exponent o determines the variation of wind speed
with heighi above ground and tends to decrease with increasing “rough-
ness* of the surrounding area. For major cities a is smallest, and is
assumed to be a = 1/7 in Reference [1]. The standard height z, ts
usually taken to be 30 feet. 1In this case, the pressure distribution,
P(z), 1s approximately linear for buildings of up to 20 stories, 50 that
a shear stiffness distribution as given by Equation (2-15) results in a
linear deflection of the building, i.e., a=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 F_, required to cause first
yield. Then

y

Fa=CF sCcl (2-17)

It follows that the interstory dr:ift, Aa corresponding to F, will be

b, * C Ay (2-18)

here o = d/h = F /x .
where y / y/ b

Reference [1] considers the critical ductility, M, ® 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 b is defined to be

50%. Loads corresponding to u, are considered to be ultimate dynamic
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loads in the sense that structures damaged in excess of 50% are con-
sidered to be “totally damaged"; i.e., repair of the structures is not
economically feasible.* The wind velocity corresponding te a median
damage ratio of 50% 1s herein defined accordingly to be the ultimate
wind velocity, V¢,

Reference [14] presents 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 V3, =
250 mph is determined by the mcdian damage ratio of 50%. The corre-
sponding interstory drift 15 by definition Ay . Interstory drift for
other wind speeds is then given by the equation

. 2 (2-19)
A=A -
y ( ult )

which follovs 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 A = .006 , the median wind damage ratio for high-rise
buildirgs can be plotted as a fuaction of interstory drift as shown in

There is a hidden assumption implicit in the log-linear relationship
fllustrated i) Figure 2-3. The assumption is that structural damage
tends to be a constant fraction of tatal damage which includes both
structural and nonstructural damage. Under this asssumption 50% struc-
tural damage implies 50% total damage which permits &, to be associated
with 50% total damage. The assumption appears to be reascnable in the
case of earthquake damage where structural damage at MMI=7 was found to
be approximately 20% of total damage, while (at the other end of the
damage scale) the value of the structure has been estimated to be
approximately 25% of the total value of the building [13]. In the

¥By Taw, structures damaged in excess of 50% must be brought entirely
up to current code.
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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 level of 0.5%
ccrresponds to an interstory drift of approximately a = ayj4 , and a
wind speed of 125 mph. The wind speed associated with the damage thres-
hold of 0.1% is approximately 100 mph, not an unreasonable number fcr
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 Fquation (2-18), therefore, would
be Ay/ﬁ. or C=0.17 .

2.3 Interpretation of Expert Judgment

Structura) engineers understand building per formance in terms of inter-
story drift. Therefore, quantities such as drift-to-yield, 4 , and
ductility-to-failure, Mes 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, Ductility-to-failure is that multiple of A at which structural
damage exceeds 50%, thereby rendering the structure irrepatrable, Some
exper imentzlly determined values of Ay and u, 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 FATIURE

e |
o | a
< A f_
3 —— | ==y
)
Ay Af
DRIFT, A
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Table 2-6. Capacity of Steel Structures

ITEM gy u' Re FERENCE
1 STORY MOMENT FRAME (PINNED AT BASE) | .0070 | 7 19
| STORY MOMENT FHAME (FIXEC AT BASL) .0100 6 ! 19

Table 2-7. Capacity of Concrete Structures

1TiM oy by BiTiLEnE
CONCRETE BUILDING FRAME L0063 | 6.5 2
S STORY FRAME WITH TIED COLumus 0048 © 4 7
f
€ §TORY FRAM[ WITw SPIRAL AND oo s 22
TIED DDLUMAS t !
|
S §TCFY FRAME WITH DROF PANEL LG 2 22
SYSTEM
PIINELRCED FRAME PLUS RIINFIRCED 0022, 3 e
WAL PANEL | |
PEINFORZED FRAMI PLUS UWRIINFORCED Q0200 2 23
nALL PANEL i
1 - STORY DUCTILE FRAE ‘ Q020 | 6| 23
24 - ST0PY DYCTILE FRAME L0017 8 a3
REINFORUSET COWRETE SHEAR WALL 0028 | 4 28, 25
WiTH AND #iTHDYT SMALL OPENINGS
€ONCRE7E PRAME WITH REINFORCED 5012 5 2%
COMCRETE INFILL PANEL
CONTRETE FRAMD WITH MANSONRY INFILL 0017 1 3 2
PANEL
CONCRETE FRAME WITH REINFOICED WALL L0017 | 3 2
PANEL
PRESTRESSED CONCRETE BEAM L0080 | 3 28
PREZTRESSED CONCRETE BRIDGE L0046 | & 29
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Reproduced from
best available copy

Table 2-8. Capacity of Masonry Structures

SPLCIAL TIES

1
1TEm™ Ly 1 bg i (IS XE SR
REINFORCED BRIO. (H/D = 1) L0016 | 1 | 3
REISFORCED BRICn (WD = 1) 0020 1| 3
|
Hlidn BRICK 00 1.5 | 3
NEDINGLRCID O (FlP) L0026 1 23
FIINFORCED O40 (FeF) H'D s 0.4 0022 2.3 Eh
RIINFSRLED (M. (F-F) KD s 1 Pt 25 3
4837 AT STEEL
REINFDACED ML (F-F) WD = 1 00s 4 7
$I.10 GROT
PIINFIPZED (M. (FuF} /3 a 2 05 3
SPIIIAL TIES, HoRiIiNTAL STIRAL3S
REIWFOBIID QU0 FeF) KD v 2 .002% g 3
N HIRIZONTAL STIRRUPS ‘
PIINIRCED O [F-F) WD = 2 0008 6 3
“3 MIEIZONTAL STIRRUPS ‘
1 |
RIIWFOCED QM0 (F-F) w/G s 2.7 0008 . 4| 3
ND WOFIZLNTAL STIRPLES i :
REISFORCED Oy (F«F) ®/D = 3.0 .0C3” i IV n
! |

H = Height
D = Depth
™. = (oncrete Mascnry Units
F s Fixed
P« Pinned
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Reference [1] documents values of Ay and ng estimated by three
individuals experienced in structural engineering and damage evalu-
atton. 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) end quality (gnod, average, poor).
They are seen tc be in substantial agreement with corresponding values
jn Tables 2-6 through 2-8.

Ideally, the force-deflectfon 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 fs particular-
ly true of concrete and masonry structures, VYariation in matertal
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 a_ and ug 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 quantity are many; they are not 3s simple as might be expected.
For example, one might ask:

¢ whether the damage threshold shnuld be associated with Ay or
some fraction of Ay ,

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

e whether it should be the same for both earthquake and wind

loading, or for all kinds of earthquaxes, and if not, what
parameters govern its value, and
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¢ whether it suould 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 questfons 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 actual 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 encugh
information in the data to define a linear relationship with much con-
fidence, In the case of steel buildings, there is clearly nout enough.

Several possible types of damage relationships were considered, includ-
ing the extreme-value type distribution (e.g., out of 100 buildings of
the same generic¢ category, what {s the probability of the highest damage
ratio which might be observed for any of the buildings, given an event
of a certain intensity). OQther 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 build.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 establishing values of Ay and be with
respect to the general equation

log OR = C; + CZ(1og 8 - log ) (2-20a)

or
log DR = C; + C, log & (2-20b)

was addressed. For the time being, AO is considered to represent an
arbitrary reference point for convenjence. C(learly, a straight line is
determined either by two points, or by a point and a slope. Since ug is
by definition assoctated with 50% damage under static load conditions,
one pofnt is thereby determined. Under static loads, the interstory
drift-to-failure, by is defined to be

Af = ﬁy Nf (2-21)

Under dynamic loading, which is oscillatory in nature, a critical
ductility, Mes is defined in Reference [1] as follows

1 ; for wind (long duration)
Yo T (2-22)
C(T\M)ug;  for earthquake

wiere C(T,M) is a muitiplicative factor depending on the fundamental
period of the building, T, and Richter magnitude, M. This factor ranges
over the interval {1 < C{T M} < Iluf] ,and is evaluated by the empiri-
cally based relationship [1]

1
.0046 e

C(T,M} = {2-23)
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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 C; and 52 in Equation (2-
20a) by establishing a second point, rather than by trying to establish
the slope, CZ' directly. Two pieces of information are required to do
so: a value of 4 and a corresponding value of DR. The need for two
additional pieces of information is stressed as opposed to one piece of
information, say a value of DR at 8, or some arbitrarily specified
fraction of Ay +» Clearly, DR at A is not suitable in general because
the slope, Cp, is undefined when u = 1. If we do not choose to specify
DR at Ay, then some other value of A must be chosen.

Figure 2-9 suggests that in the case of wind damage, A = Ay/4 may be
associated with DR = 0.5% for all buildings on the average. However,
such a choice Teaves unanswered the questions of whether the damage
mode! should depend on the type of lcading (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 0.5% for both steel and reinforced
concrete buildings at an earthquake intensity of MMI = VII suggests a
way of establishing a meaningful 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." If the buildings in the M.1.T. damage data base can be
characterized by an average story height, and §, is related to MMI (by
Equatfon (2-4) for example) then having determined values of I and T/N
for both steel and concrete buildings enables one to calculate threshold
values of A. These values were found to be At = 0.0030 for steel
buildings and At = (0.00085 for reinforced concrete buildings. The
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ratios of At/A for these two broad classes of buildings, using the
averaged values of Ay = 0.0077 for steel* and Ay = 0,0044 for reinforced

concrete** are then

;; N 0:003 - 0.39 : for steel
y
A 0.00085
KL = 2 0.19 : Tor reinforced concrete
y »
The average threshold ratio of
% L Qo005 | . for both steel and
ay 0.0060 ‘ * reinforced 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
twc hazards, while varying among different types of buildings.

Damage curves representing “expert judgment" may now be constructed. It
is of particular interest to do so for 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 storfes, values of C(T,M)
evaluated from Equation (2-23) are found to be

c{T,M) = 0,327 : for reinforced concrete
C(T,M) = 0,523 : for steel

*This {s the geometrical average of the estimated values shown in Table
2-9 for steel frame structures of average quality.

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

TYPE THRESHOLD FAILURE

3 — —_—
BUTLDING By OR, (%) s ORM
CONCRETE 00085 0.5 L0072 50

STEEL .0030 0.5 L0350 50

The corrasponding 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 earthquakes. 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 1imitations 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 1s 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 the present section, and the approach developed herein for
assessing damageabil:ty.
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Bayesian estimation theory [32, 33, 34] offers a rigorous 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 fn a probabilistic or statistical sense,
and (3) that the parameters of these mathematical relationships be
quantifiable fn 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, Ay and
Hes in Yight of this model, we were able to determine values of C1 and
C, accordingly., These constants may now be expressed in the form

Cl = log DRt (2-23a)

log DRc - log DRt

C, =
2 log Ac - 109 at

(2-23b)

[

A,. Nov we may write

With C) defined as above, we must choose Ao '

Equation (2-20) as

log DRc - log DRt
log DR = log OR, + Tog b - Tog & (1og & - log At) (2-24)

Finally, when both Ac and 8, are expressed as multiples of Ay, namely

B, * C(T.H)uf Ay = ucAy {2-25a)
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= -25b
At uy gy (2-25b)
where by s consistent with the definitions of M and Mg is defined to be
a ductility less than unity associated with the threthold of significant
damage, we find that

log DRc - log DRt
2 Tog e * log My

or equivaltently

log OR_ - log DR,
2" Tog wg + (109 C - 109 )

We shall assume that all of the parameters in Cl and C, are either
established by definition (DRC. ut) or are otherwise known with rela-
tively high certainty (C), except for Tog R, and log Hee 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. Logaormal distributions are therefore assumed for

DRt and g (or "c)’ leading to normal distributions for log DRt

and Jog be {or log uc). The assumption is also made that the data as
displayed in Figures 2-5 and 2-6 are lojgnormally distributed with
respect to the damage rati{o, DR, (learly, such an assumption is
tnappropriate 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.
Inasmuch as a large majority of the data fall below the 10% damage
tevel, the assumption is considered to be acceptable,

2-49



It is convenient to present the Bayesian estimator in matrix form, since
many parameter values are typically estimated simultanecusly from many
data points. For notational purposes, the parameters are arrayed in a
vector (r}, while the "data" are arrayed in a vector {u}l. In Bayesian
estimation, we are given a prior estimate of the parameters {ro}, along
with the assoctated covariance matrix [S 1. We are also given a set of
“data points" {uo} along with its associated covariance matrix [Seel,
where ¢ denotes the "ervor of observation." We then seek ta minimize
the objective function

F = (uo - u}T [Su,_]'1 {uo - u}

T -1,
+ {ro -r} Csrr] iry - r} '(2-25)
with respect to the individual parameter values, Ty such that
E.o (2-27)
"]

This Teads t¢ the following recursive relationship

=t e Is, 7 e es 170y !

-1 T -1
r - r - -

X 15,07 (rg - 1) ¢ OT1 (5.1 (u, - ug} (2-28)
where the vector {re} represents the most recent estimate of the param-
eter vector, and {ue} represents the corresponding response vector
computed from the model using parameter values {re}. The rectangular
matrix [T], called the sensitivity matrix, has elements defined by

Tij = au‘/arj (2-29)
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Whenever {u} is a nonlinear function of {r) (as in the present case),
then Equation (2-28) is solved itervatively beginning with {'e} H {10}.
(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
covariance matrix

1

1 T -1 -1
(s*,,1= 15,17 + 71 [s, 07 (7]

(2-30)
where [T] is evaluated at {r*}.

Yhereas 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 {uo}. we have chosen to work the prcblem 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

up = slope of linear damage relatiorship, C,
up = intercept of linear damage relatfonship, 6& = C,-C, log 8,

where Cl. Cy and log Ao correspand to the terms in Equation (2-20). The
“observed" values of u; and Uy which constitute {uD} are provided by the
slope and intercept of the linear regression. Also provided oy the
linear regression analysis are the elements of [SEE], the covariance
matrix quantifying the “errors of observation.” Specifically, these are
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g Xg
PR 2 -
s, -
%o? 022 xf
TN . a2 . Tt 4
(11 - x}) n (x1 - x)
P> PIURE
where
Xy E log By
x = Tog &

qa
1]

the standard error of the estimate, log DR

The selected model parameters represented by r; and ry are
"= log hg 3T, = log DRt

In specifying [Sr']. " and T, were assumed to be uncorrelated. The
prior estimate of r] was obtained by taking the geometric average* of
appropriate values in Table 2-10. The corresponding variance of r; was
also determined from those estimated values. The prior estimate of r;
was chosen to be log 0.5, with a coefficient of variation of log 2,
t.e., one standard uveviation was assumed to be 100%.**

The results of the Zayesian estimation are shown graphically in Figures
2-12 and 2-13. A corresponding numerical summary is shown in Table 2-11.

‘?eomefric averages of parameter values are used when estimating thetr

ogarithms,

**The results of the Bayesian estimation are rather insensitive to the
prior estimates of rp. DRy (prior) 1s taken to be 0.5% based on the

Mean Damage Ratio for MMI=VII in {18].
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1t is readily seen that a significant revision in by far concrete

was made resulting in a 72% increase in confidence. In the case of
steel buildings, the standard error of the regression cocefficient, Cp,
was larger while that for uc was smaller than in the case of concrete
buildings. The ret result was a comparatively insignificant change

in Mg for steel with only a 4% increase in confidence. Notably,
however, confidence in the estimated slope, 52- relative to that

obtairned from the regresston analysis, increased by 338%.

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

{1) Available damage data from the 1971 San Fernando earthguake,
particularly in the case of reinforced concrete structures,
tend to validate the 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 A may alsoc 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 Equatfon (2-1) where
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(5}

(6)

(7)

the ratio T/N is constant), they did not experience more dam-
age, indicating that their greater flexibility is apparently
compensated for in the design and installation of nonstructural
jtems, to control total building damage.

The concept of a damage threshold ductility, e s carresponding
to some fraction of drift-to-yield, Ay, above which structural
damage is "not insignificant,” appears to have practical
merit. It provides the "missing Yink® required to relate the
parameters Ay and g to the linear damage model.

Additional suppert for the foregoing conclusion is provided by
the apparent linear relationship found o exist between log DR
and 1og & in the case of wind damage {(Figure 2-9). Here the
threshold ductility, Yy = 0.25 for all high rise buildings on
the average (U~.h steel and concrete), was found to be close to
the geometric mean of 0.27 computed separately from the values

of by = 0.19 and 0.39, respectively, for concrete and stee)
buildings at MMI = VI].

Finally, the dependence of damage on duration implied by Equa-
tion (2-22) tends to be canfirmed by independent wind damage
information which clearly indicates a slope of

C. = 1og 50 - log 0.5
2 -log e

as defined by Equation (2-23b) and Equations (2-25a, b)
where Ho = 1.
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2.5 Damageability Models for Total and Structural Damage

On the basis of these conclusions, it is proposed that the "judged"
pavrameters, 4 and bes in conjunction with Equations (2-24) and (2-25)
be adopted as the basis of damage models for both structural and
nonstructural damage, the sum equaling total building damage. It will
be assumed that DRc = 50% and DRt z 0,57 in either case, where the

damage ratio is the percent of repair cost to replacement cost. In the
case of structural damage, repair cost refers to the cost of repairing
only structura! damage, while replacement cost is that portion of the
total building veplacement cost attributable to the structure alone. In
addition, it will be assumed that u_ = 0.19 in all cases except steel
frame buildings where u, = 0. 39.

t

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
construction, for three quality ratings each. Geometric averages were
computed for both 4 and We based on judged values cf the three indi-
viduals named in the tables. For three of the six types of building
constructfon, namely steel frame, re.nforced concrete frame (pcured in
place), and reinforced concrete shear wall {poured in place), thre
Bayesian estimates of u; were used. For the latter two categories of
concrete buildings, ratios of u}/uf reprecantative of all reinforced
concrete buildings were used in scaling values of Ve applicabte n each
of the two specific categories. The results of this averaging and
scaling are reflected in Table 2-12.

Damage “"curves" were plotted from these parameter values for three
values of e b ® 1, o * Mg and 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 M = 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 help facilitate interpretation. It is point-
ed out, however, that only in the case of steel buildings are the buiid-
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 buildings are also shown against the
damage data for concrete buildings. The reason for this is that 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 Tisted {fifteen in all).

Particular note is made of the dashed lines labeled "Damage Threshold"
appearing in each of the figures. They correspond to the value DRt =
0.5%. 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 two reasons: {1} the
wind damage curve of Figure 2-9 intersects the earthquake damage curve
for the same class of buildings (211 high-rise byildings) at this peint,

*The curves are valid for the values of He indicated, irrespective of

number of stories. V. depends on T which generally depends on N, not
vice versa.
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and (2) total damages below this threshold value are not expected to be
as sensitive to duratfon as damages above the threshold value; lower
damagas are presumed to reflect a more brittle fajlure mechanism. Since
the present study has primarily addressed damayes above the specified
0.5% threshold, and lesser damages are not considered to be as
tmportant, the proposed damage curves are only considered valid above
this damage level. The °'DAMAGE' computer program prints out zero damage
for anything less than 0.5%.

As it turns out, four of the pre-1933 brick masomry buildings listed did
have Aamage ratios greater than 0.1%. All were in the MMI = VII inten-
sity zone. UData points for these four buildings are shown by the tri-
angular symbals in Figure 2-20. They appear to be consistent with the
upper damage curve labeled "poor."”

The data in Table 2-12 and the corresponding Figures 2-14 through 2-

19 reflect professional judgment with regard to the effect of “"quality"
{in design and constructior) 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 gquality ratings.,

Those guidelines are reproduced in Table 7 of Volume [I.

The quidelines of Table 7 (Volume II) may be difficult to apply to
existing buildings to the extent that the specific qualities they
address are not discernable. (Alternatively, the inspection procedure
and point rating systcem proposed in [35] may be considered.) Since
major changes in the building codes were instituted after the 193. Long
Beach earthquake, it is reasonable to rate at least some of the
buildings corstructed prior to that date as "poor." C(learly, there were
some pre-1933 buildings not damaged in the 1971 San Fernando earthquake,
which experienced the same frtensity of ground motion as others
suffering appreciable damage. Recalling that we have excluded buildings
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which have experienced less than 0.1% 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 values, 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 and
reinforced concrete buildings which were in the MMI = VIl intensity
zone. These data points are shown in Figures 2-21 and 2-22 at the
average interstory drift values of a = 0.0030 for steel and & = G.00085
for concrete (discussed in Section 2.3). In the case of steel, the
“poor® quality curve shown in Figure 2-14b has been replotted in Figure
2-21. In the case of concrete, the dashed curve for “poor” quality was
obtained by averaging the judged values of Ay and ue in Tables 2-9 and
2-10, and scaling Mg upward by the ratio 9.3/5.4, the ratio of Bayesian
to prior estimates of ue 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 Mo = 1 in which case part (a) of Figures 2-11 thrcugh 2-19
represent wind damageability for the six types of buildings considered.*

There is one final consideration which concerns the use and irterpreta-
tion of the foregoing damageability models. That consideration is risk,
or the probability of experiencing a particular Tevel of damage (damage
ratio). So far, we have ccnfined 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 damageability, 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 the 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 lognormal distri-

bution. The following standard errors were computed for steel and
concrete buildings:

%1og OR 0.458 : steel
%0y OR ™ 0.498 : concrete

These standard errors may be interpreted as one-sigma bounds.
10"°(DR) < DR < 10°(DR)

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

10° = 2.87 : steel

10 = 3.15 ¢ concrete
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These two values suggast 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 factur of three (3.0)
be used as a general guide, This means that the upper and lower 95%
confidence bounds will be a factor of (3)2 = 9, or nearly an order of
magnitude higher and Tower. Again, it is cautioned that such an inter-

pratation 15 only valid at the lower damage levels, certainly not above
the median damage ratio of 10%.

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 Toading applied to the structure by an earthquake,
wind or tornado, e.;., given a level of earthquake-induced ground
motion, or & wind velocity.

Strictly speaking., the recommended one-sigma uncertainty factor of 3.0
was derived 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.” In fact, no indfvidual building has
been so rated, except to the extent suggested by the pre-1933 building
data points shown in Figures 2-20 through 2-22. These figures suggest
that if the "poor™ quality classification is so defined with 2 lower
damage limtt of 0.1%, the corresponding one-sigma uncertainty factors
are greater than 3.0. On the other hand, {f only those damage data
points which are higher than the (medfan) damage ratfos 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.i% is very arbitrary in the case of the "poor™ quality
rating, and may even be inappropriate 1f that lower limit is deemed
appropriate for average buildings. It therefore does not seem
unreasonable to adapt this value (19“.3,0). at least in a qualitative
sense, for a probabilistic tnterpretation 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 0.1% 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 both the
“average" and "poor“:quality ratings, are shown relative to their
respectively corresponding damage data points in Figures 2-23 and 2-24.

2.6 Damageabili:; 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

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

(2) Glass

Wind (including tornado)

(1) 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 Secticn 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 1imited data seem to support) that
structural and nonstructural 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 Earthquake
The first category of nonstructural components considered under earth-
quake damageability is that of nonstructural components sensitive to

floor motion. 1In this case, the model proposed in Reference (1] is
adopted without modification. It is goverred by the following equation:

log DR = -8.62 + 0,552 1 (1 - 9—3-3)

where
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and where

Guidelines
Volume II.

Max (IA’ lv)

10.28 + 3.50 log A

5.16 + 2.73 log ¥V

An equivalent Modified Mercalli Intersity (MMI) represent-
ing the intensity of floor motion at a given floor, com
puted by taking the greater of [, and ly.

A value of MMl determined by the maximum ([peak) accelzrae
tion computed for a given floor.

A value of MMI determined by the maximum {peak) veloci:
computed for a given floor.

Peak floor acceleration
Peak floor velocity

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

3 : good
Q=492 : average
1 : poor

for establishing quality ratings are given in Table 8 of

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

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

Again, the biggest problem with available damage data is that there are
not encugh buildings in MMI :ones other than MM] = V(I, so that trends
in damage as a function of intensity are not evident, We therefore
choase to rely in part on professional judgment as before. Table 2-13
was prepared from damageability estimates made ty Donald F. Moran, one
of the contributers to Tables 2-9 and 2-10. Listed are parcent damages
{vervent of components damaged) vs interstory drift.

Glass is one of the component categories. Interestingly, Moran does not
discriminate between different types of buildings, steel and concrete,
for example, It is observed that the damage threshold value [corre-
sponding tao MMI - VII) of interstory drift is 8, = .0016, slightly
greater than the value of 4 = .001 for which Moran estimates "zero"
damage. Whitman, et al. [18] report that for post-1947 stcel structures
in the MMI = VII intensity zone, glass damage accounted for 3.5% of the
total building damage on the avarage, while for post-1947 concrete
structures in the same intensity zone glass damage accounted for 6.9% of
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total building damage on the average. The corresponding standard
deviations were 14.9% and 20.3% respectively, indicating that the
difference between 3.5% and 6.9% 1s not statistically significant,
Inasmuch as zero is undefined on a logrithmic scale, and Moran's
estimates are clearly intended tc be arithmetic, we would be justified
in substituting a data-based value >f damage at & = .0016 for Moran's
estimate of zero damage at a = .00l., 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 = 5%
standard deviation = 17.4%
coefficient of variation = 3.5

if we recognize that the average damage ratio for total building damaqe
of steel and concrete buildings at "™l = VII was 0.5% and make the
approximating assumption that glass accounts for 5% of the total build-
ing value fr terms of replacement cost, we find that the damage ratio
for glass damage, as a percent of the replacement cost of glass, is
approximately 0.5% for *average” buildings. We may use the coefficient
of variation of 3.5 to infer damage ratios for the quality ratings of
"good” and "poor.” We therefore propose the following damage ratios
corresponding to an interstory drift of &4 = ,0016:

poor ¢ 0.5% x 3.5 = 1.7%%
average : 0.5% x 1.0 = 0.50%
good : 0.5 x 3.5 = 0.18%

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 1s clear that straight 1ines 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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mate sense. On the other hand, when the points are plotted to linear
scales, the lower three points for each quality come close to lying in a
straight Tine, The greatest concern here, however, is the relatively
high level {20-40%) of damage estimated at a drift of 0.005, in view of
SEAOC's recommended allowab'e drift of 0.005 under earthquake loading
[36]. One would expect a much lower glass damage level at allowable
drift, since one of SEAQC's principal reasons in recommending this drift
limitation was the "protection of health and safety of life" due to
qlass breakage. Nevertheless, Moran's estimate of 100% damage at an
ultimate drift of 0.01 to 0.0Z seemed plausible, As a compromise,
therefore, between Moran's estimates and available damage data for the
1971 San Fernando earthquake, the straight lines in Figure 2-25 are
proposed in principle.

There appears to be no good reason for using the same damage curves for
all types of buildings. On the contrary, there is 3 reason why the same
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 glass
damage curves have been shifted to the right or to the left, depending
on the specific ratios of drifi-at-damage-threshold, Bes for steel,
reinforced concrete frame and reinforced concrete shear wall buildings,
t. the averige value of 4, = 0.0016. The resulting curves are plotted
in Figure 2-26. The 10X damage points have not been shifted because
breakage ,itimatelj depends on fnterstory drift, and mullion clearances
appear to be standard among different types of buildings.

It is intended that all reinforced concrete frame buildings and all
reinforced concrete or masonry shear wall buildings each use the same

2-83



butyey A3y (enh
pue 34nidnuls Jo IdA Aq sse(y 40§ S[(IPON At (tqeabewe] axenbyjuey -9gz-z a4nbiy

sbuLping |eauieays Aauosey sbutp|ing
pue 3313.45uU0) Pp3dUojuLay (I) JWeA4 33IAOU0) PpadaojuLady (q) sbulp|ing aweuay |3315 (e)
TLoieb AB0LSHIING Toate &aselinl Y H RYTRNIR Y

L ! vt

_..4..1111|1|Jvi41414|«414|1 rrer \ 4_. R . ety \_7\24:. . \V- o —‘1114!,1 . J: wy\i.ijl;il_,:
- \\

A

'
- -

[

- x - - L -
” I L \ / :
.ml a:::\. Im. m. M mu \ \ lm
=z s \ \

- N m“ B m - w1 I )
: B © g /[ :
: . S /.. :
: TR PR 2
: E = . s <.
- ) ) ) i

_
- - - - -
: | P :
e E R i e d i3,

2-84

LU TR TN



set of glass damage cu:ves applicable to frame or shear wall, respec-
tlve]’o

2.6.2  wind

The first category of nonstructural damage considered includes non-
structura) components sensitive to interstory drift, particularly ceil-
ings and partitions. Since no wind damage data were available for this
study, professional judgment was relied upon. It was recognized that
nonstructural components in this category tend to have a brittle-type of
failure mode; 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, however, 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 danage to ceilings and parti-
tions are considered relevant.

Dam.ge statistics reported by Whitman, et al. [18] for post-1947 build-

ings in the MMI = VIl zone are given in percentages of total building
damage as follows:
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BUILDING COMPONENT MEAN (%) STANDARD DEVIATION (%)

STEEL CEILING 5.8 9.4
STEEL PARTITION 23.3 30.9
CONCRETE CEILING 17 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 ceilings and partitions may be taken as
5% and 20% 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 5% of building replacement cost, the total of
25% damage results in a damage ratic of 2,5% 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-damage portion of the curve other than to lower the
“average" damage point at s, by one standard deviation, Damage curves
for the three quality ratings are shown in Figure 2-27, The two sets of
points {Moran‘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 lower
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 & = 0.001 damage point was specified to be non-zero and “poor"
quality installations in more flexible buildings may indeed result in
greater damage.

The wind damageability 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 in Reference [1] has
been adopted here. It is based on statistical glass damage data which
exhibit a normal distribution about the critical breaking pressure.

In particular the pressure required %o break a window in flexure is
given as
o2 [1 + 1.61 ra¥/¢3n

Py ® breakage pressure = 3
0.75a

where

g = mean breaking stress of glass (lb/inz)
a4 = minimum glass dimension, either h or b (in)
¢ = maximum glass dimension, either h or b (in)

b = average wiadow width {in)

h = average window height (in)

ot
]

glass thickness {in)

The fifty percent damage Tevel is at a window pressure equal to Po- The
coefficient of variatic. or dispersion coefficient, C is chosen to be
8.25.

vG@*

The equation for the percent window breakage at any given building floor
is:
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[Percent of Windows Broken] = DR =

0

p
100 f [ 2-0p]°
Py S| T
an {pg) (L) 2| 1p vG
0

where

p = wind pressure (lbs/inz)
In calculating (po) the average values o7 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 using the corresponding pressure values.
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3. SUMMARY OF COMPUTER PROGRAM 'DAMAGE'

This section provides a general overview of the damageability assessment
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 D . The user
has the option of selecting any combination of hazard loads he

desires. The hazards which are addressed in the program are earthquale,
wind and tornado. The user must also select, at this point, the struc-
tural modeling option that will be exercised in the program. Threa
options are provided: Detailed Frame model; Story Stiffness model; and
an Empirical model. The Detailed Frame mode) generates a stiffness
matrix and computes 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 encugh
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, hazard
input loads are generated in Q) . Ffor 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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magnitude and distance. For wind, a code describing the 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 exposurc
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 check in (3} to see which
structural modeling option is to be exercised. If the Detailed Frame
model in @ s selected, the stiffness mairix and modal deflections are
generated using a detailed finite clement model, The stiffness matrix
is constructed frame by frame, sicry by story, from top to bottom.
Stiffness and mass contributions 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 genaral
frame, The general frame model is intended tc be used primarily for
concrete frame and shear wall type structures, although it could be used
for steel frame structures as well. If the story =tiffness model in

® is selected, the stiffness matrix and modal deflections are generated
based on user input story stiffness data, e.g., story stiffness, floor
heights and floor weights. If 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 -esponse analysis desired (i.e., dynamic for
earthquake and static for wind), the computer program then computes
interstory drifts in @ btused on the input hazard loads. For earth-
quake, if the computed responsc tndicates that the ductility 1s greater
than one, i.e., computed interstory drift exceeds the specified "drift-
to~yield,” then the response of the structure is altered so that the
effects of yfelding are reflected. For wind, an estimate of building
damping and shape, wind direction and ictio of open surface area to
solid area is required to evaiuate the static response of the structure
to wind loads.
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Once the interstory drifts are computed for the subject building,
damageability is evaluated. Damageability is determined in three parts:

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

I1. 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.

111. Damage to selected nonstructural components. Two primary
categories of nonstructural damage are considered for both
earthquake and wind. Glass damage is one of the categuries in
each case. For earthquake, the second category is damage to
nonstructural components which are sensitive to flocr motion.
For wind, the second category includes partittons and ceilings
which are sensitive to interstory drift,

In @ Building quality factors reflecting the relative strengths,
physical condition, integrity, ind workmanship of the various systems
are determined to help select the appropriate damage model to be used
in @ . The relationskips allow the estimation of damages on a floor
by floor level, and a single estimate of total building damage.

The reader is referred to [1] for ditails of the methodology used in
developing the original program, which has been modified in producing
‘DAMAGE.‘ The modifications fall into one of two general categories:

(1) Modification to the load generation and structural response

segments of the prodram to simplify input requirements. Many
infrequently used options have been eliminated by selecting
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them internally. The selected options are noted in the print-
out so that the user may relate his results to the original
methodology. This is not essential to understanding the re-
sults, however, so that the user may ignore the notes if he so
chooses.

(2) Replacement of the damage modeling subroutine. The new damage-
abitity models described tn Section 2 replace those contained
in the original program, except as specifically noted in
Section 2. However, the new models use the same structural
response information 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 211 but the most unusual cases, it is anticipated that the present
documentation will be sufficient to use and understand the arogram. 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. Test Plan

The objectives 07 the user test program were threefold: (1) to test the
dJocumentation of the DAMAGE computer program by introducing it to new
tndividuals who must use the program, (2) to test the operational and
computational aspects of the program by having it applied to practical
arobTems, and {3) to obtain feedback from thase individuals on how to
fmprove 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 includad the inspection, rating and
obtainmernt of the rvepair of all Type I, [l and Il buildings constructed
prior to the adoption of seismic lateral force design requirements.

As part of the test plan, two aictual buildings were to be selected as
test 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
representative of a typical reinforced-concrete building. As part of
the plan, the program tester was presented with 2 1ist 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
compar ison 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 1ist., 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 in the
manual. Questions, however, were to b2 answered as they arose, and were



to be noted for future refarence. The J.H. Wiggins Cowpany 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
7600 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 cnde sheets and submitted for execution. An in-house staff
member was to be made available at ail times to help resolve any errors
which may have resulted from misinterpretation of the manual, making
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 resuits, using the detailed frame model option,
for the two subject tuildings.

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

{3) Comments on the ease of use of the computer manual; and

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

4,2 Discussion of Test Cases

The two byildings selected as test cases for the program were: (1) a
12-story reinforceo-concrete structure (Bank of California, 15250
Ventura Blvd,, Los Angeles); and (2) a ten-story steel frame structure
{located in Long Beach, California). The reinforced-concrete structure,
built in 1970 under the requirements of the 1968 Los Angeles City Build-
tng Code, incurred both structural and non-structural damage during the
1971 $San Fernando earthquake, The steel structure, currently under
construction has not yet experienced the effect of a major earthquake.
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4.2,1 Example 1: Reinforced Concrete Frame Building

The Bank of California building, completed in 1970 at a cost of $4
million, currently functtons as an office building. The structure is
Tocated some 17 miles south of the 1971 epicenter, near the southern end
of the San Fernando Valley. Except 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 both horizontal axes of the build-
ing. Approximately 28 seconds of motion was recorded. Table 4-1 lists
peak recorded accelerations for each fioor.

The structure experienced both structural and nonstructural damage.
Structural damage consisted of cracking and spalling of concrete
columns, spandrels, girder stubs, cnd a parapet wall at the first story
{15). Nonstructural damage resulted to partitions, ceilings, stair-
wells, stairs, mechanical equipment, and some furnishings. All of the
damage experienced was repafrable. Repairs totaled $44,000; $12,000 was
spent on epoxy repair of damaged concrete elements [15].

The results of the computer analysis are presented in Table 4-2.
Damages are Tisted for each story by frame, shear wall, glass and non-
structural components sensitive to floor motion. The actual recorded
ground motions during the 1971 San Fernando earthquake for the ground
level were used as input to the program {peak ground acceleration equal
to 0.149g; peak ground velocity equal to 9.25 in/sec; and peak grvound
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Table 4-1,

Peak Recorded Accelerations Quring the 1971 San
Fernando Earthquake for the Bank of California

LONGITUDINAL TRANSVERSE VERTICAL
STATION (N.17°EL) (N.79°W. COMPONENT
COMPONENT COMPONENT
g g g
ROGF 0,298 2,199 0,144
7th FLOOR 0.260 0.242 .15¢
GROUND FLOOR 0.225 C.149 0.096
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displacement equal to 4.06 in). These ground 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 3.14%, corresponding to an average interstory drift of 0.0043.
This compares with the reported damage ratic 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 2D analysis was performed in only the
tranverse direction, while actua) damage is a result of motion in both
the transverse and longitudinal directions. The computed building
period was 2.4 sec compared with the 2.0 sec period recorded during the
earthquake and the 1.6 sec period measured after the earthquake [15].
The reported damage ratio is within one standard deviation of the
computed “damage.”

Other damageability information is listed by story, by component, and by
the quality rating of that component. Damage estimates are shown for
all three quality ratings, considering the possibility that all
components of a given type may not be uniform in their quality

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

Wind damageability was «1so assessed for this building, based on an
assuned wind velocity of 125 mph (chosen arbitrarily to demonstrate the
computational procedure). These results are shown in Table 4-3, Glass
damage is seen to dominate, particularly in the upper stories of the
buiiding at the corners. Wind pressures printed out by story are those
pressures (at height H above ground) given by the form.l3
2a
e, 00 2 (H)
0

where Vo = 125 mph corresponding to a height, Ho a 30 ft., and in this
case the site factor 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 the ten-story 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 detatled framing elevations are shown tn 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 1.53%, corresponding to an average interstory drift of 0.0068. O{ther
damageability information is listed by story, by component, and by the
quality rating of that component. Damage estimates are shown for all

three quality ratings, as was done for the previous reinforced-concrete
example.

The next section documents the tester's findings and comments an the two
examples, as well as comments on the computer 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 expected damage to the two bufldings
are believable. The reinforced-concrete Bank of California
building has construction characteristics that are not recommend-
ed as a general practice unless considerable fnvestigations are
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made to justify 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
questionable 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 '7! earthquake it is 1ikely other parts of the struc-
ture were approaching or at yield and additiognal damage above
that experienced in '71 is very possible during a similar
earthquake for an inherently brittle materfal such as concrete.

The typical steel frame Long Beach office building was considered
Jdesigned in accordance to the 1974 "Recommended Lateral Force
Requirements” of the Structural Engineers Assocfation of
California, which is the basis for the 1976 “Uniform Building
Couve” 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 superiaor quality construction. (See comments on Building
Damage Information Card.) The building did have a one-story
office araa 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 {n 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 familfar with are not necessarily modeled
in a similar manner, therefore, I suggest that the Manual include
a reproduction of the first few entries on the inpat form and a
glossary of terms.

The following are specific comments 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

*Capftal Tetters refer to card identifiers in the Users Manual,
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2,

3.

including references so he knows where to start looking for
information so that a reasonable decision can be made,

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
height and beam and column properties.

Sec. 2.5 Damage

A. Building Damage [nformation Card:

Col. 8 (Field 1) entry items and Table & do not equate to
ny thinking. All buildings in this area have been con-
structed to some minimum code for years with, 1 hope, some
quality assurance. The larger buildings, especially melti-
story, require “Special® or “Registered” Inspectors on job
site and they are inturn checked on by the Building
Official. For buildings subjected to earthquakes, [ 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 bjild-
ings, 2 for pre-1976 UBC and 3 for buildings constructed to
the 1976 UBC modified by my above stated concepts. Also
most buildings are not readily inspected after completing
for the various qualities shown in Table 8, (These com-
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 spandrr1s and verticals bolted to tne frame using
slotted holes. Col. 48 (Field 6) does not include corcrete
diaphrams. Also metal decking should indicate that it
includes concrete fill.

C. Window Information Card. This should be clarified, I
understand that nominal window dimensions are the height
and width of an average pane of gless.

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 my structures once I, as & novice, got started.



A look at the manual for structures other than frames gives me
the impression 1 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 physicel and
soctal 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 Perigd 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 a probabilistic earthquake input
1oad §s no tonger used, the return pericd card is not
necessary.

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 fincorporated.

3. Sec. 2.5 - Damage

4-18



A.

c.

D.

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 {s believed
that the guideiines, outlined in Tables 7 and 8 provide the
user with enough information to make an accurate assessment
of the gquality level.

Damages are no longer computed separately for diaphragms.
Rather, these damages are included with those of the fram-

ing and shear walls.

Window Information Card

Statement in manual has been clarified.

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 elimipated.
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5. CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

The primary objectives of the project as enumerated in Section 1.2 have
been achieved. It fs 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 fgllowing conclusions pertain
directly to the stated objectives:

(1) The current literature was reviewed for damageability models
suftable to the purpose of this project. They were classified
into three groups - empirical, theoretical and subjective.

None was found to satisfy al! of the requirements. Most of the
empirical models do not interface with a structural model, in
that measures of damage are expressed directly as functions of
structural input parameters such as MMI, rather than structural
response parameters Such as interstory drift, story shear, base
shear, etc. Attempts which have baen made to correlate damage
with structural response have been largely unsuccessful because
of insufficient data. Theoretical models, on the cther hand
tend to be too complex for those who are inexperienced with
them, and require fnput 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) Lamageability models, which express damage in terms of a median
damage ratio versus interstory drift, were developed by combin-
ing 1imited empirical data with subjective judgment using a
Bayesian statistical estimatar. These models empToy 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.

5-1



(3)

An existing computer program already having capabtlities for
modeling hazard loading, structural response and damageability
was modified to achieve a simpler more "streamlined" 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,

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

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 and one steel frame Luilding. Damageabilities
computed for the concrete buflding are compared with available
San Fernando earthquake damage data available for that build-
ing. User test procedures, feedback, and response to that
teedback are documented herein,

With an acceptable level of damageahility assigned by the proper
officials, new designs as well as existng structures can be assessed for
adequacy and inclusion fn a conmunity's current building stock.

In addition to these conclusions which relate formally to the objectives
of the project, several others are worth noting. Foremcst among them is
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:



Interstory drift was found to be simply related to MMI, or
other measures of ground motion intensity, via two empirically
derived constants: T/N which is the ratio of building pertod
to number of stories, and I which may be interpreted as a modal
participation factor. These constants were found to be T/N =
0.1 and 0.16, and I = 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 interstory drift than concrete buildings for a
given ground motion intensity up to that which causes first
yield., This is significantly more than the relative T/N 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-periocd buildings may experience
less earthquake damage than short-period bufldings (other
things being equal) because they undergo fewer cycles of re-
sponse, Interestingly, the wind damage information available
for high-rise buildings tends to confirm this observation, by
indicating higher damage levels 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

ear thquake.

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' computer program 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 information
becomes available, whether subjective or objective, it can be readily
incorporated in the models. As with any new tcol, careful surveillance
should be maintained while fnitial experience accumulates.
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APPENDIX
COMPUTER PRINT-OUT FOR TEST CASES



EXAMPLE 1: REINFORCED CONCRETE FRAME BUILDING
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