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ABSTRACT

A structural risk assessment of the concept of vertical evacuation
is performed. The identification, quantification, and assessment of
the risk associated with using a structure as a shelter in a hurri-
cane environment is described. The most recent scientific and engi-
neering evidence to establish the safety of the occupants in struc-
tures subjected to hurricane forces is assembled andg evaluated. The
method of Fault-Tree Analysis is utilized to comprehensiveliy identify
the sgources of risk to the occupant of the structure. Sources of
risk include those resulting from frame failure, foundation failure,
cladding failure, roof failure, and partition failure. Analytical
tecnniques from Structural Reliability Theory and existing statisti-
cal data (mostly available in the literature) are utilized to esti-
mate the risk associated with using a given structure in a particﬁlar
hurricane. Finally, by applying feasibility criteria based on least-
risk and cost, specific scenarios are evaluated to determine the con-
ditions under which the concept of vertical evacuation is structur-

ally feasible.
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CHAPTER 1
INTRODUCTION

Depending upon its location, a structure exposed to a hurricane
will be subjected to extreme wind Iloadings ang various levels of
flooding, scouring, surdging, and battering by water and airborne
debris. At one environmental extreme in a low elevation coastal set-
ting, the wind velocity is highest, flooding is highly probable, and
wind-ariven water could be moving at significant speeds. The flowing
water transports large floating objects which can induce significant
damage if they should collide with an existing structure. The flow-
ing water also increases the likelihood of scour around foundations
which then renders the building even more susceptible to other envi-
ronmental forces. At the other environmental extreme, structures
1ocated outside high velocity zones, as defined by the Federal Insur-
ance Administration as Zone V of their Flood insurance Maps (Federal
Emergency Management Agency, 1984), are subject to less severe winds
and flooding.

Vertical evacuation is the proposed use of deliberately selected,
multi-story buildings to serve as human shelters during a hurricane.
The motivation for the technical feasibility of vertical gvacuation
has its basis in the historically superior performance of engineered
structures in a wind hazard (Davenport, 1972; Hart, 1976; Hinor and
Menta, 1979; Kareem, 1985). In the United States, for example, no
multi-story structure that was designed by professional architects

and engineers and subjected primarily to hurricane or tornadoic dgen-



erated wind forces has been observed to collapse. Although severe
roof and cladding damage has been observed in some of these struc-
tures, the collapse of +the frame oOr the foundation has not bheen
opserved. on the other hand, small residential buildings and low-
rise structures - e.d., shopping centers, schools, and industrial
buildings - are fregquently decimated by tornadoic or hurricane winds.
These observations support the hypothesis that if a structure is sub-
jected primarily to a wind hazard, is multi-storied (two or more sto-
ries high), and has been designed and constructed under the guidance
of building professionals {(i.e., registered architects and engineers)
then occupants of that structure have a better chance of survival
when compared to occupants in small residential buildings and low-
rise structures subjected to the same hazard.

In recent years, many studiés have focused on the general CDjec—
tive of increasing the resistance of buildings to nurricanes and high
winds (bavenport, 1972; Hix, 1978; Tryggvason et al., 1976; Heine,
1978; Beason and Morgan, 1984; Minor, 1985). Many studies have also
focused on methods of assessing the accumulated damage sustained by
existing structures (Culver et al., 1975; Liu and Yaoc, 1978; Yao,
1979). However, few works, if any, have focused specifically on the
structural feasibility of using existing multi-story buildings for
shelter during a hurricane.

At the beginning of this study, in the fall of 1983, many dJques-
tions pertaining to the structural feasibility of vertical evacuation
were unanswered. For example, 1leaving aside such complications as

legal, sociological, economic, and psychological aspects, we asked



ourselves: is vertical evacuation feasible? In fact, even before we
tackled the question of feasibility, per se, we needed to Kknow if
there existed a methodology to evaluate the feasibility of vertical
evacuation. Furthermore, given that vertical evacuation may prove to
be feasible, at least in some areas, What specific techniques and
methodologies might be utilized to assess the "evacuation worthiness"
of a specific structure? In a related situation, if such a methodol-
ogy existed and a structure was deemed unsatisfactory for vertical
evacuation: were the costs and technology necessary to render the
puilding suitable for vertical evacuation within reasonable bounds?
Finally, if all of the above difficulties were surmounted, how might
the appropriate agency conduct an investigation to determine the ver-
tical evacuation capacity of the puildings in a given community., city
or region?

The basic objective of the structural portion of this project was
to provide some answers to these questions. At the outset of the
project we hoped to achieve the following five objectives: 1) to
estaplish the feasibility of using existing structures for vertical
evacuation, 2) to develop a consistent methodology for classifying
structures according to their suitability for vertical evacuation, 3)
to estimate costs associated with strengthening (upgrading) existing
buildings, 4) to develop a methodology which estimates the evacuation
capacity of a given area, and 5) to develop preliminary structural
design guidelines for future vertical evacuation shelters.

This report summarizes our findings with regards to the structural

portion of the study. The remainder of the report is organized into



three chapters. The first chapter establishes our philosophical
approach to establishing the structural feasibility of vertical evac-
uation. We feel that the risk assessment approach is rational and
interdisciplinary. In the second chapter we develop a methodology
for evaluating specific structures by integrating existing technigues
from the fields of risk analysis and structural mechanics. Fault-
Tree Analysis and Structural Reliability Theory are combined to
express the performance of a structure in terms of the safety it pro-
vides to the occupants of the structure. In the final chapter, we
demonstrate how the proposed risk assessment techniques will be used
to evaluate the feasibility of vertical evacuation, In that chapter
potential shelters on Galveston Island are first identified. Next,
representative structures from the collection of potential structures
are analyzed using the risk assegsment procedure. Finally, the
structural feasibility of vertical evacuation is evaluated by examinw
ing two plausible scenarios involving a hurricane approaching the

island.



CHAPTER II
OVERVIEW OF STRUCTURAL ASSESSMENT APPROACH

Whatever may be the reasons for invoking vertical evacuation, the
selected structures must protect the inhabitants for the duration of
the hurricane - from less than twenty-four hours to as much as sev-
eral days depending upon the trajectory of the hurricane. During
this critical period the structure must continually resist mulci-di-~
rectional hurricane~force wihds of a range of magnitudes. In addi-
tion, the structure may be impacted by air-borne missiles or water-
borne debris, and it may alsoc be puffeted by hydrodynamic forces.
Therefore, any structure selected as a vertical evacuation shelter
must either be designed to meet certain predetermined safety require-~
ments or it must be rigorously shown that the option of vertiﬁal
shelters exposes the inhabitants to thne least risks after all other
mitigative alterpatives are evaluated.

Although the structural specifications for a vertical shelter may
appear o©obvious (i.e., will this building safely withstand a given
hurricane), when one examines more closely the question of structural
safety, especially in the context of vertical evacuation, the percep-
tion of exactly what these safety requirements should be, and how
they may be evaluated for a given structure, quickly becomes blurred.
Many individuals involved in the safety decision process; including
some structural engineers, naively believe that if & structure was
desigrned and built according to an accepted code of practice, then

the structure is unconditionally safe. or, if a structure has been



inspected and the resulit of the inspection indicated that the
prescriptions of the governing code were satisfied, the structure
again is considered safe.

Recent developments in structural mechanics have shown that there
is no rational explanation of the degree of absolute safety provided
by structures designed using traditional working etress design and
ultimate strength methods (Freudenthal, et al., 1966; ASCE, 1872).
In response to these and subDsequent findings, the modern trend has
heen to take into consideration the random nature of the loads to
which structures are subjected and the variations in the material
properties of the structural constituents. In other words, the loads
impacting a structure and the resistance of that structure are con-
sidered to be random variables. The safety margin provided by the
structure is the amount by which the random resistance.of the struc-
ture exceeds the random lcad applied to the structure. Failure is
¢aid to occur when the safety margin is less than, or equal to, Zero.
The relative safety of a structure is now expressed in terms of a
propability of failure. The smaller the probability of failure, the
safer the structure.

One advantage of this more modern approach is the realization that
gafety is a relative concept. But the perennial gquestion - 'how safe
iz safe?' - remains unanswered (Derby and Keeney, 1981; Burten and
Pushchak, 1984). One school of thought defines safety in terms of
levels of acceptable risks (Lowrance, 1976). Thus what is safe
depends upon what levels of risk an individual is willing to take on

a voluntary basig or the levels of acceptable risk that a governmen-



tal agency may set (Starr, 1969). The latter risk level established
by the authority is sometimes referred to as the involuntary risk.
In both cases, the individual or the governmental decision will
depend upon the extent to which alternatives are available. Thus the
voluntary or the involuntary safety Ilevels for wvertical evacuation
ma§ depend upon specific scenarios and competing alternatives.

Realizing that a determination of the acceptable safety levels
depends upon what options are available in & particular situation,
the technical information provided by an engineer or a scientist 1is
simply not sufficient to engender a rational and balanced decision.
Accordingly, technnical contributions from the engineer must interface
with such other aspects of the study as the social, political, psy-
chological, 1legal, and economic {Petak and Atkisson, 1982; Salmon,
1984). It is an appreciation for the interdisciplinary, and hope-
fully transdisciplinary, environment of the current propiem that pro-
vides background for the structural approach presented here.

The purpose of this c¢hapter is to examine the issue of the struc-
tural feasibility of vertical evacuation in a more interdisciplinary
context than the restricted case of whether or not a specific build-
ing satisfies a given building code. The objective here is to pro-
vide decision-makers with relevant information that would lead to a
determination of the feasibility of vertical evacuation in a given
community subjected to a given set of environmental conditions and
sheltering conditions. First, recent methods of evaluating buildings
in a wind hazard will be reviewed. This review will then be followed

by a description of a hypothetical decision-making environment in



which the fate of vertical evacuation as a feasible option will Dbe
decided. In this section, several scenarios that a community may
experience will also be described on the basis of a comparison of the
current structural approaches to building evaluation and the deci-
sion-making environment. The next such section discusses the nature
of the structural information that decision-makers may need as input
into the decision matrix. ‘The chapter then concludes with a discus-
sion on how this body of information may be obtained using state-of-
the-art technigues in structural mechanics and system safety technol-

ody .

Some Recent Methods of Structural Assessment in a Wind Hazard

Over the past two decades, several attempts to evaluate the struc-
tural performance of existing buildings have been published (Hart,
1976; Yao, 1979). A major work by Culver, et al., (1975) presented
methods to evaluate structures subjected to earthquakes, hurricanes,
and tornadoes. In that work three methods of analysis, each distin-
guished by the complexity of the structure or its intended use, were
proposed. In the first method, the Field Evaluation HKethod, build-
ings were evaluated gualitatively on the basis of their structural
characteristics, structural configuration, and the observed degree of
deterioration. The intent was to provide a rapid, inexpensive means
of identifying nazardous or potentially hazardous structures.

In the second method, the Approximate Analytical Evaluation
Method, buildings were evaluated on the basis of the pehavior of

anticipated critical structural members, Using information from



design and construction documents, as well as anticipated loads on
the structure provided by codes, an elastic~static structural analy-
sis was performed to identify the critical structural members.

The third method, the Detailed Analytical Evaluation Method, com-
puted the damage level in the structure subjected to the wind hazard.
Damage was related to the story ductility {(i.e., calculated inters-
tory drift of the jth story divided by a user specified interstory
drift to yield). A versatile computer progran was provided with the
report. To use the Detailed Analytical Method requires specific
information about the structural properties and geometry of the
puilding and the loading on the structure. The authors intended the
procedure to be used for complex or critical structures such as hos-
pitals and communication centers.

‘One stated purpose of the three methods for evaluéting existing
buildings was to determine the risk to life safety under natural haz-
ard conditions. The authors claim that while the safety of the
puilding occupants cannot be evaluatea directly, the safety of the
occupants can Dbe related to the structural performance and the
resulting damage to the building. Without further discussion on how
building damage may be guantitatively related to ocoupant safety, the
remainder of the report dwelled on evaluation of damage. Although
the authors did not specify an acceptable level of damage, they
pointed out that such a. specification varied with the usage and func-
tion of the structure. They recommended that the interpretation of
the level of damage predicted by the proposed methods 'as they relate

to life and property loss' be exercised by the user.



Hasselman et al., (1280) developed a computer program to assist
building and safety officials in calculating the damage potential of
multi-story buildings exposed to earthquake, severe wind, and tornado
forces. The assumption in this work, as 1in the Culver study, is that
the potential safety of the ogcupants is related to the damage.
Building interstory drift was again taken as the indicator of damage.
The determination of damageability characteristics of the building
components was based on expert opinion and a limited amount of data.
The final damage to the structure was reported as a percentage of
replacement cost on a floor-by~floor basis. Obviously the city offi-
cial in making any safety decision must take the responsibility of
relating building damage level to occupant safety.

Recently Mehta et al., (1981) proposed a procedure for predicting
wind damage to buildings. TwWwO procedures,.one subjective and the
other analytical, were used to evaluate potential windstorm damage to
existing buildings. in the subjective appreoach an on-site survey of
the building 4is performed to establish structural details. The
resulting damage to the structure is inferred by using damage experi-
ence from similar structures. In the analytical approach a struc-
tural analysis is performed based on & knowledge of the prevailing
aerodynamic forces and the strength of the building componepts used
in the structure. Results of the analysis provided a scenario of the
sequence of damage to the structure as a function of windspeed. The
authors also claim that by using a wind~hazard probability model and
the results of the deterministic structural analysis, the probability

of damage sequence can be determined.
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More recently Spangler and Jones (1984) were among the first to
address the specific problem of structural certification of potential
nurricane shelters for vertical evacuation {i.e.,, the use of deliber-
ately-seiected, multi-story structures as shelters). The authors
proposed the following procedure to evaluate a structure: 1) identify
potential shelters, 2) collect relevant information on the structure,
3) physically inspect the structure, 4) physically inspect the sur-
rounding terrain, 5) analyze the collected information, and 6) rate
the safety of the building. The safety ©of the structure was based
either on a subjective opinion or a static structural analysis of the
building. ‘The resistance of the structure was expressed in terms of
the magnitude of the hurricane (expressed in terms of the Saffir-
Simpson scale) that the structure could ‘'safely' withstand. The
decicgion that a structure could withstand a hurricane of a given mag-
nitude was based on the allowable stress and stability criteria

defined by existing building codes.

Decision Environment for the Feasibility of Vertical Evacuation '

The field of risk analysig is comprised of three parts (Burton and
Pushchak, 1984): 1) the identification of the risk, 2} the measure or
estimation of the risk, and 3) the evaluation of the risk. It is now
generally agreed that the field of risk analysis extends beyond the
poundaries of science and engineering and indeed includes the social
process of Jjudging safety or determining the acceptability of risk
(Starr, 1969). While rather complete risk analyses have been carried

out for a number of industries and certain problematic situations
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(e.g., siting of hazardous wastes) {(Burten and Pushchak, 1984), no
such analysis has yet heen applieg to ascertain the structural feasi-
bility of vertical evacuation.

As far as assessing risks for which no precedence exists, vertical
evacuation may be considered to belong £to the class of new technolo-
gies such as nuclear power stations, toxic dumping sites or automo-
tive air bhaygs. Ls such, many of the difficulties and controversies
encountered in the decision process leading to the acceptance of a
given technology are expected to be repeated for vertical evacuation
along with the nuances peculiar to vertical evacuation. For example,
many questions will develop out of fear of the risks from using ver-
tical evacuation. Can these risks be calculated using current state-
of-the-art structural theory? Even if the risk is calculable or
estimable: will exXperts agree on'the validity of the results? Con-
versely, if vertical evacuation were to be employed: what are the
benefits {lives saved) of such an option and do these benefits out-
weigh the risks {e.g., fatalities and cost to upgrade) ?

Since ne generaliy accepted structural standards exist which
attempt to certify a structure for use as a vertical evacuation shel-
ter (even the emergency conditions under which vertical evacuation
may be deemed necessary are undefined), the structural feasiblity of
vertical evacuation will have to be determined on the basis of some
form of risk-benefit analysis. That is, the safety of structures
nust be determined on the basis of an acceptable level of risk. What
level of risk is socially acceptable to the individual or the govern-

ing body will depend upon the extent to which the benefits outweigh
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the risks for a given scenario. Since the balance of risks and
benefits is a function of the scenario and its leocation, levels of
acceptable risks for vertical evacuation will vary with the location,
the scenario, and the options available (Derby and Keeney, 1981).

The possible scenarios and options will depend upon the character-
istics of a given community: what may happen in a ceastal community
on the mainland adjacent to ample exit routes may be totally differ-
ent from the situation on a harrier island with limited egress. Con-
seguently, the following example scenarios and options, that are
probable in a coastal community threatened by a hurricane, are pre-
sented.

Scenario I: "Horizontal evacuation plans exist and have been suc-
cessfully executed many times in the past. Contingency plans also
exist for some level of vertical evacuation. A hurricane in impend-
ing and the order is given to evacuate. The amount of time available
for evacuatiocon is considered ‘'safe'. Under what conditions may ver-
tical evacuation be considered the better option?"

Several communities have developed contingency plans for evacua-
tion in the face of an impendent hurricane. The major variables
influencing the risks of evacuation are the number of people to be
evacuated, outflow rate characteristics of the evacuation arteries,
the time the evacuation order is given relative to the estimated time
to landfall of the hurricane, the instantaneous meteoroloegical and
climatic conditiocns, the public response to instructions from the
authorities, the efficiency of the communications, and the time of
day (Bastien et al., 1985).

If the contingency arrangements are executed as planned, there is,

theoretically, no need for vertical evacuation. However, from a risk

assessment perspective, if it is shown that the risk (e.g., the
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expected nhumber of fatalities) involived in the horizontal evacuation
under these ideal circumstances is greater than the corresponding
number of injuries or fatalities if vertical evacuation were used,
then vertical evacuation may be a feasible option even for this case.

Scenario II: "Horizontal evacuation plans exist for the community
but they have never been tested. The community has no experience
upon which to predict how the populous or the transportation system
will function. Contingency plans alsoc erist for wvertical evacuation.
A hurricane is impending and the order is given to evacuate. The
time allocated to effect the evacuation is considered 'safe’'. Under
what conditions may vertical evacuation be considered the better
option?"

In an operation as complicated as evacuating perhaps hundreds of
thousands of people, it would be considered miraculous if all events
went as planned. Too many uncertainties are involved in such an
operation and too many undefined synapses exist at which mishaps may
oCCur. For example, there are uncertainties in predicting the tra-
jectory of the hurricane, uncertainties in knowing the number of peo;
ple who would heed the call to evacuate, and uncertainties in pre-
dicting the effectiveness of escape routes. Furthermore, in the
event of accidents, there is uncertainty in the response of c¢learing
crews - hours may pass before the flow of traffic resumes. To com—
plicate the resolution of such problems, a hurricane may be in the
vicinity. High winds and rain are expected to flood coastal highways
and reduce vehicular traffic flow. The entire system (which consists
of the impending hurricane, the evacuation plans, the response to the
evacuation recommendation, and the performance of the transportation
network) is riddled with uncertainty.

Given the many events, and combination of events, that may lead to

the malfunctioning of the evacuation plans, it is reasonable to
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expect that a significant percentade of the population can be
stranded, and, therefore, exposed to the full fury of the hurricane
hazard. If evacuation plans are examined and scenarios involving
potential malfunctioning modelled, it may then be possible to esti-
mate, however crudely, the percentage of stranded evacuees. Further
estimates then can be made of the probable number of injuries and
fatalities associated with a given scenario. . On the other hand,
asswuming that a vertical evacuation option is selected and the number
of stranded residents were sheltered in appropriate structures, a
second set of calculations can be made to determine the probable mag-
nitude of injuries and fatalities. Furthermore, assuming that no
other options are available, vertical evacuation is structurally fea-
sible so long as its use results in & net saving of lives.

Scenario I1I: "Despite previous orders to evacuate many inhabitants
remain expesed to the hazard. The hurricane will strike imminently.
Contingency plans for vertical evacuation exist. How should these
stranded citigens be sheltered?"

in many coastal regions a certain percentage of residents wil;
refuse to evacuate, deciding instead to ride out the storm at home.
Altnough the reasons for such refractory pehavior are beyond the
scope of this inguiry, these people may not be taking advantage of
the best shelter available. The question is: Where should these peo-—
ple be advised to seek shelter? Under such conditions the remaining
residents may have at least three choices: 1) stay at home, 2) seek
out a traditional Red Cross-type shelter, or 3} use a designated ver-
tical evacuation shelter. If a risk analysis of the options shows

that the use of vertical evacuation shelters would result in the

jeast lives lost and the greatest number of 1lives saved, vertical
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evacuation is structurally feasible in this scenario.

Scenario IV: "A hurricane is approaching a barrier island. TWo
days prior to this event, the causeway connecting the island to the
mainland became dysfunctional. Contingency plans for vertical evacu-
ation exist. 1Is vertical the best option in this case?"

In several situations - for example, the case in which a barrier
island is connected to the mainland only by water transportation or
in which the only escape route is inoperative - horizontal evacuation
may not be an option and consequently the island inhabitants must
find the best shelter on the island. The choices to the potential
sheltered population or to the authorities in this situation are sim-
ilar to the previous scenaric in that residents may seek refuge in
their homes, a traditional shelter, or a designated vertical evacua-
tion shelter. It thus seems reasonable that the inhabitants should
seekx the shelters that subject them to the 1east~risk'and provide the

maximum benefit to the community: that is, the option which indi-

cates the least cost in 1lives and the greatest number of lives saved.
Structural Information Required by Decision~Makers

Based on the scenarios in which vertical evacuation is a potential
option, it appears that none of the above approaches (Culver et al.,
1975; Hasselman et al., 1980; Mehta et al., 1981; Spangler and Jones,
1984) proposed to evaluate the performance of a structure in a wind
hazard can be used in their present form. nll of these structural
assessment methods fail to account quantitatively for the conse-
quences (i.e., injuries or fatalities) resulting from the damage.
Furthermore, none of the methods gystematically account for the

uncertainties in the forces to which the structure willi be subjected,
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the uncertainties in the strength characteristics of the structural
elements, or the uncertainty in the methoé of analysis used to deter-
mine the structural response. Moreover, the manner in which the
results are presented (namely 1in terms of expected damage, damade
seguence, or the degree to which a particular code is satisfied)
makes it difficult to rationally establish the relative safety of
different buildings and difficult to compare the safety of a building
to the risks involved in horizontal evacuation.

in the process of evaluating the feasibility of vertical evacua-
tion as a general concept, decision-makers must know in the most pre-
cise terms and, using the best information available, understand the
nature of the risks and bpenefits that may be associated with the
structural aspects of vertical evacuation. These technical pre-
dictions, in the form of risk magnitudes, may then be combined with
and played against a variety of equally important political, eco-
nomic, psychological, legal, andg ethical issues to produce a balanced
and equitable decision. Since the bottom line of the operation is to
maximize the saving of lives and to minimize injuries, the perform-—
ance of a given structure should be expressed in terms directly
related to these measures. Although the problem of predicting inju-
ries or‘fatalities as a function of damage to a structure has been
conspicuously avoided in the great majority of structural safety
assessment procedures, in order to evaluate the feasibility of a con-
cept such as vertical evacuation, such predictions, nevertneless,
must be made. Assuming that such measures of rigk are used, then it

would be possible not only to compare the protection offered by two
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different types of structures but alsc to compare the relative safety
of two different alternatives {e.g., vertical evacuation and horizon-
tal evacwation). Therefore, we propose that the risks Dpe measured in
basic units of fatalities and injuries and the benefits Dbe measured

in terms of lives saved and injuries prevented.
Approach to Obtaining the Desired Information

Fortunately, several investigators have pioneered studies that
attempt to estimate the risks of fatalities {(or other costs) associ-
ated with utilizing a given structure subjected to a variety of haz-
ards {whitman et al., 1975; Lee and Collins, 1877; Gorman and Moses,
1979; Whitman et al., 1980; Whitman et al., 1980). In an extensive
research program at the Massachusetts Institute of Technology Whitman
et al., (1975) developed a method, entitled "Seismic Design Decision
Analysis" (SDDA), aimed at selecting the optimal level of seismic
resistance for an individugl structure or group of structures. The
objective of the research effort was to develop an explicit procedure
for balancing costs and risks. The method considered the cost of
providing increased seismic resistance, the structural dJdamage that
may occur during future earthquakes, and the social consequences of
such damage. althotgh the method was illustrated for buildings sub-
jected only to earthquakes, conceptually there is no reason why the
method cannot be extended to arbitrary structures subjected to arbi-
trary hazards {including hurricanes) provided the information needed

to perform a structural analysis is available.
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Lee angd Collins (1977) also presented a general risk assessment
methodology for structures. The objective of the method was to mini-
mize the risk, i.e., the chance of loss of life or personal injury,
or of economic loss from damage to facilities, resulting from the
occurrence of the hazard. The hazards considered were fire, earth-
guake, wind, and {flood. The methodology systematically combined the
following elements: 1) a quantitative description of the hazard (for
exampie +the magnitude of a hurricane and the associated return
period); 2) a description of the assets exposed to the hazard; 3) a
description of the current state of the structure, i.e., its vulner-
ability; 4) & relationship - theoretical or empirical - that can
relate the hagzard level to the expected damage; and, 5) a risk equa-
tion. The risk egquation allows the computation of an average annual
loss or the risk of the.mission failure. )

While the original motivation of Lee and Collins' methodology was
to permit the selection of different funding levels to meet budgetary
restrictions and to optimize the level of protection from the stated
disaster, conceptually their approach is identical to that used by
Whitman et al., (1975) and likewise can be extended to evaluate the
risks associated with using vertical shelters. In both cases, many
parts of the general model are based on existing empirical medels and
data are readily available in the technical literature. However, the
parts of the model which attempt to predict the damage to the struc-
ture and to estimate the 1losses given a specific level of damage are

not as well founded.
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Three outstanding and persistent problems in the general areas of
damage prediction and loss prediction follow. The first problem cen-
ters around gquantitatively defining various damage states. In the
Whnitman et al., {1975) approach, the structure may sustain damage
ranging from light, which may manifest itself as no more than a few
hairline craéks - as in the case of a reinforced concrete structure -
to total collapse of the structure. Between the extremes are a
series of damage states - moderate, severe, and total. The problen
is to gquantitatively distinguish between the various damage states,
particularly adijacent states, and to relate these states to commonly
agreed upon structural indicators such as stiffness degradation (par-
tial or total).

The second problem involves relating damage to injuries and fatal-
ities. If a structure is damaged, if only to a minor degree, it 1s
possible that an injury or a fatality may result from that damage.
For example, excessive interstory drift may cause cracking in a ceil-
ing which, in turn, may cause material to be dislodged. And, even
though the main structural frame has sustained no damage a potential
casualty resulting from the dislodged ceiling material may range from
a minor injury to a fatality. Given the innumerable ways Such acci-
dents may occur, it could be quite difficult to predict or collect
data representing such a range of events. Fortunately, Dboth areas
are being researched {Anagnostopoulos and Whitman, 1977: Scholl et
al., 1982).

A third problem is to rationally incorporate into the analysis the

damage sustained by the nonstructural portions of the structure - the
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doors and windows, exterior cladding, roof, and internal partitions -
and the conseguences of the damage on the safety of the occupant.
Although, for example, the cladding does not receive the same dedree
of engineering attention as does the frame or the foundation, in a
hurricane environment the conseguences of cladding faillure (coliapse)
may be equally as devastating to the building occupant as the conse-
quences of the failure (collapse) of the structural frame.

The three difficulties mentioned may be circumvented in the fol-
lowing way. First, assume that if a structure is subjected to hurri-
cane-force winds, themn, although the structure may sustain any of the
damage states ligted by Whitman et al., (1975) the fatalities result-
ing from the eventuality of any non-collapse damage states are insig-
nificant compared to the proportion of fatalities resulting from col-
lapse. Thus, if the damage condition corresponds to an unambiguous
failure state such as collapse, then there is no need to distinguish
petween gualitative damage states. Accordingly, critical structural
states corresponding to, for example, the collapse of the major
structural frame, collépse of the exterior walls, or collapse of the
roof become the target of analysis.

mhe risks of collapse of structural subsystems can be determined
using the methods of structural reliability (RSCE, 1972). Structural
retiability theory is concerned with the rational treatment of uncer-
tainties (i.e., uncertainties in loads, material properties, and
theories of structural behavior) in structural engineering, and with
the methods of assessing the safety and serviceability of structures

(Thoft-Christensen and Baker, 1982). It is a subject which has grown
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rapidly during the last decade and it has evolved from being a topic
for purely academic researci to a set of well-developed methodologies
with an increasing range of appiications.

The second difficulty - the problem asscciated with the complexity
of incorporating injuries in the analysis - may De circumvented Dby
taking as the measure of risk the number of fatalities resulting from
the ¢ollapse. To compute the number of fatalities, one must know the
probability of the joint event that the structure, or one of its sub-
systems, collapses and an occupant is killed. Such a probability can
be estimated using 1) the probability of collapse of the subsystem as
developed in the last paragraph using reliability theory and, 2} the
probability of being killed, given that the structure has collapsed.
The latter probability will depend upon the nature of the construc-
tion and the épecifid details of the structure. Empirical estimaﬁes
af such probabilities can be based on data developed for wvarious
classes of structures.

Finally, the information on the failure {colrlapse) characteristics
of various subsystems of the building and the consequences of such
failures can be integrated into a single analysis py using the tech-
nigues from Fault-Tree Analysis (Hammer, 1980). The method generates
a diagram (called a fault tree) which is a model of the event rela-
tionships for the system under study. This method has been used in
such diverse applications as the risk analysis of nuclear power
plants (Rasmussen, 1974), the safety analysis of piping systems (&bes
et al., 1985), and the reliability analysis of construction field

instrumentation (Kuroda and Miki, 1985). Fault-Tree Analysis can
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also provide a rational, conceptual, framework to evaluate the safety
of occupants in a structure exposed to a wind hazard. In the next
chapter, such a model will be developed for a typical hurricane shel-

ter.
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CHAPTER III

A METHOD TO EVALUATE OCCUPANT SAFETY

In the last chapter we found that in most of the traditional
approaches aimed at evaluating the safety of existing buildings, the
protecticon offered by the structure was evaluated on the basis of
either the level of damage sustained by the structure, or the extent
to which a structure satisfied a particular building code. For the
same loading environment one of two structures is censidered safer if
1} the factors of safety of its clements are larger, or 2) the pre-
dicted damage sustained by the structure is smaller. In all cases,
the evaluatory criteria for structural safety is tied to the struc-

ture. However, such criteria may not guarantee the safety of the

cccupants of the structure. F.OI.“ example, an occcupant may be injured

or killed as the result of a falling ceiling or a collapsing parti-
tion. Furthermore, factors of safety for structural elements or
probabilities of failure of a structural frame may not have the same
interpretation for different structures. It is conceivable, for
example, that two different structures {say a ductile steel structure
and a brittle masonry structure) having identical failure probabili-~
ties, or experiencing the same maénitude of damage, may result in
different lievels of injury or death to occupants.

Since in a vertical shelter the potential for injury resulting
from nonstructural causes may be equal to, or greater than, that
resulting from structural failure, it is fitting to propose a method

of structural evaluation which focuses directly on the safety of the
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occupant, and which simultaneously accounts for the structural and
the nonstructural failure characteristics of the structure.

This chapter presents a methodology to evaluate the protection
provided by a structure from the perspective of an occupant of the
building. The method of Fault-Tree Analysis 1is reviewed. Using
results from the existing theory, a fault-tree model of a typical
vertical evacuation shelter is developed. The model is analyzed Lo
provide basic modes of failure and expressions for the probabpility of
a fatality. Finally, a numerical example is presented to illustrate

the methodology.

Fault-Tree Model of a Vertical Evacuation Shelter

Overview

Fault-Tree Analysis can provide a rational and a conceptual frame-
work to evaluate the safety of occupants in a structure exposed to a
nurricane. The Fault-Tree Analysis process starts with a defined
'undesired' event (i.e., the top event) then proceeds by induction to
develop a set of contributory events which can cause the top event.
The process is continued for each of the contributory events until
the resulting contributory events become basic events (i.e., events
for which statistical information is readily available or can be
developed by analysis). The method generates a diagram {called a
fault tree) which is a medel of the event relationships for the sys-
tem (Barlow and Lambert, 1975). A description and definition of the
symbols used in developing the model and a description of a typical

fault-tree are provided in Figures 3.1 and 3.2. This method has been
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used in such diverse applications as huclear power plants (Rasmussen,
1974; cummings, 1975%), the safety analysis of piping systems (Abes et
al., 1985) and the reliability analysis of construction field instru-

mentation (Kuroda and Miki, 1985).
Definition of the Undesired Event

The system of interest in this study is any potential vertical
evacuation shelter. The structural and nonstructural elements of the
puilding include a foundation, a structural framing system to trans-
for the loads to the foundation, exterior walls or cladding, openings
in the exterior walls (doors and windows), a roof, internal parti-
tions and floors among others, e.g., the mechanical system. In addi-
tion, each structure may or may not have been designed according to
some building code and has accumulated a unique damagé history.

In this study the undesired event is a fatality or an injury which
occurs during the course of the hurricane. However, since exactly
what constitutes an injury may be difficult to define, the top event

will be limited to potential human fatalities.
Development of the Fault-Tree Model for a Vertical Shelter

Figure 3.3 depicts a typical stage in the development of the
fault—tree model for a general building structure. According to Fig-
ure 3.3, if a fatality occurs, then the occupant has been killed Dby
1) crushing by structural parts or nissile impact, 2) drowning, 3)
fire, or 4) electrocution. It is assumed that the fatality occurs

while the individual is within the confines of the structure. In
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this study death by fire, death by electrocution, and death by
flooding are not developed further. They are enclosed in diameong
boxes, since it is assumed that death resulting from structural or
nonstructural failure will be the most likely in & hurricane environ-
ment.

This inductive procedure is continued until the tree is resolved
into basic events denoted by the circles. Statistical information
describing these events either exists or can be developed analyt-
ically. The remainder of the fault tree, developed by c¢ontinuing the
process initiated in Figure 3.3, is shown in Figure 3.4. Note that
sixteen basic events (X1-X;g) have been identified and defined in
Table 3.1.

The fault tree presented in Figure 3.4 represents a comprehensive
modél that relates the basic fault events to occupant safety. The
model contains several attributes. First, this model of océupant
safety is general (i.e., the same formulation can be applied to many
structural types with little or no modification). Second, the medel
ig highly integrative (i.e., it pulls together the occurrence of
structural as well as nonstructural failures). As will be shown
later, it also allows a smooth interface between existing methods of
safety evaluation,_such as reliability analysis (e.g., water forces,
wind-borne debris), and occupant safety. The model also integrates
the occurrence of other nhazards that may simultaneously occur during
a hurricane. Third, the model is comprehensive. Assuming that data
are available, the relative importance of each hazard type may be

determined. Put another way, the model clearly states what informa-
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Table 3.1, Definition of Basic Events
Event Description of Event
T = Qccupant Dies
X1 = Hurricane Occurs
Xy = Hurricane Forces Exceed Frame Resistance
X3 = Person is Exposed|Frame Fails
Xp = Injury is FatallFrame Fails
Xg = Hurricane Forces Exceed Foundation Resistance
g = Person is Exposed|Foundation Fails
Xq = Injury is Fatal|Foundation Fails
Xg = Hurricane Forces Exceed Roof Resistance
g = Person is Exposed|Roof Fails
A10 = Injury is Fata1|Roof Fails
X111 = Hurricane Forces Exceed Cladding Resistance
Xio = person is Exposed|Cladding Fails
X]3 = Injury is Fatal|Cladding Fails
X4 = Hurricane Forces Exceed Interior Partition Resistance
g = Person is Exposed|Partition Fails
X1g = Injury is Fatallpartition Fails




tion is needed to perform an analysis of occupant safety.
Qual itative Analysis of the Shefter Model!

An important purpose of a fault-tree model is to determine when
the occurrence of basic events can cause the occurrence o©of the top
event. This condition.can be investigated by determining what are
calied the "minimum cut sets" of the tree (Barlow and Lambert, 1975).
Minimum cut sets may be thought of as basic modes of system failure.
It is also important to note that minimum cut sets are invariant to
properties of the basic events themselves; the cut sets depend only
upon the topology of the fault tree. Once the minimal cut sets for a
tree have been determined, the fault tree can be represented in a
nonredundant fashion (i.e., no basic events are repeated) by the
union of all the minimal cut sets of the system. The minimal cut

sets for this system are shown in Table 3.2.
Quantitative Analysis of the Shelter Model

The objective of a quantitative analysis is to determine the prob-
ability of occurrence of the top event. From fault-~tree theory, the
probability that a system falls equals the probability that one or
more of the system's minimal cut sets fail. Note that if the minimal
cut sets contain common events (for example, the occurrence of the
hurricane), then the probability of the occurrence of the top event
cannot be obtained by a direct combination of the output from the
variocus gates of the tree, The common events can be eliminated by

using certain identities from set theory. The result of these manip-
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Table 3.2. Minimal Cut Sets

Set No. Elements of Set
1 [X1, Xp, X3, X4l
2 (X1, %5, Rgr %7]
3 (X1, Xg, Xgr X10]
4 [%1, Xi1. X120 X13]
5 (%1, X34, X150 16l

34



ulations is a nonredundant fault tree.

The probability of the top event in a fault tree is obtained hy
utiliging the Boolean algebra properties of the AND and OR gates.
If 87, Sp,;...,8, are the input events to an AND gate, the output
event, 85, is given by:

So = S1MNsxMNsyN ... Nisy (3.1)
where the symbol 1 represents the intersection of the events. 1t
the same events are inputs to an OR gate, the output event ¥, is
given by:

Yo = 81UsyUssU ..., Usy ' (3.2)
where the symbol U represents the union of the events.

To obtain the AND and OR gate top event probability, the follow-

ing formulae are used in conjunction with the laws of probability.

For an AND gate with n .statistically independent inputs, S1r eees

Sp, the top event probability is given by:

P(S,N8,N ... Nsp) = P(s1)P(S3) ... P(Sp) (3.3)

The probability of occurrence of an output event for an OR gate is

obtained using the addition law of probability. For example, for an

OR gate with two statistically independent inputs, Y; and Y-, the

top event probability is given by:

P(Y,U¥5) = P(¥1) + P(¥Yp) - P(Y;) * P(¥p) (3.4)
Using the definitions of the basit events defined in Table 3.1,

the following new events are defined:

Yl = inX3nX4 Yz = X5ﬂx6ﬂx7
Yq = Xgﬂxgﬂxm Yp = Xllﬂxlzﬂxl3 (3.5)
Y5 = X)4M%5M%;36
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Then the top event "T" is given Dby:

T = (XlﬂYl)U(XlﬂYz)U(XlﬂY3)U(XlﬂY4)U(XlﬂY5} (3.6)
Using the distributive law, the repeatea event X; can be eliminated
to give:

T = X N(Y; U UY5Ur,4UYE) (3.7)
The above eguation can be used to construct the nonredundant fauwlt
tree shown in Figure 3.5. in addition, the probability of the top

event is now given by:

p(T) = P(X7) [P(¥) + P(¥p) + P(¥3) + P(Yg) + P(¥5) + vl (3.8)
in which,

P(Yy) = P(Xp)P(X3)P(Xg) P(Y,) =  P(Xg)P(Xg)P(Xq)

P(¥3) = P(¥g)P(Xg)P(X10) P(Y,) = P(X1)P(Xyp)P(X13) (3.9)
P(Yg) = P(X34)P(%15)P(X1g)

The engineering effort is now focused on determining the probabili-
ties of occurrences of the basic events, and using Equation (3.8) to

estimate the probability of occurrence of the top event.
Risk Models for Vertical Shelters

1f N is the numper of people sheltered in the structure, the risk
associated with using the structure, E[N] (the expected number of
fatalities), may then pe estimated using the equation:
eln} = plTlN (3.10)
wnere P[T] is given in Equation (3.8). Some investigators, however,
find the dGefinition of risk in Edguation (3.10) to be lacking in some
respects. For example, if for two alternative options, a and Db,

p{1] N, = P[T)pNy, where P[T]; >> p[T],, how does one decide between
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them on the Dbasis of expected risk? One way to overcome this
limitation is to represent risk via so-called risk curves {Kaplan and
Garrick, 1981) or 'risk profiles' (Fiksel and Rosenfield, 1982). The
risk curve, denoted by R(xX), is the complement of the probability
distribution function of the annual losses and is defined to be:
R(x) = P[annual losses exceed X] (3.11)
where X is some realization of the random variable X. Closely asso-
ciated with the risk curve above is the “"conditional risk profile"
which for a specific hazard E is defined to be:
R(x|E) = P{1losses exceed x given that event E occurred ] (3.12)
Risk curves may be generated as follows. First a 1list of N sce-
nariocs, each with its likelihood of occurrence and the conseguence of
that scenario, 1s generated. Each 1line in the 1list is sometimes
referred to as a triplet: e.g., the it! line will consist of the tri-
plet (Si, Pis ®Xi) - where sj is a s