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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

12



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.

18



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
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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 scenario identification, py is the
probability of the scenario, and X; is the consequence of the scen-
ario (Kaplan and Garrick, 1981). Second, if the triplets are
arranged as in Table 3.3 with the consequences ordered according to
the rule x; < %3 < ... < Xp, the cumulative probability, P;, in the
fourth column, can be determined by summing the pj; terms from the
bottom. Third, the family of points (xi, Pi) are now plotted to give
a staircase function. The smoothed curve thnrough this staircase
function is the risk curve R(x). A typical set of rigk curves are
shown in Figure 3.6. Note that the expectation of the consequence
E[X] may be given by:

E{x] = 1% x[a{1-R(x) }/ax]ax (3.13)
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Table 3.3. Construction of Risk Curves

Cumulative
Scenario Consequence QOccurrence Probability
(1) (2) (3) (4)
>
1 X P Py = &P
1 1 1 k=1 k
>
2 X P Py = P
2 2 2 k=2 K
N
3 Xy Pi P; = Z Px
k=i
N An Pn Py = Pn

3%
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which can be shown to be the area under the curve (Rowe, 1977).
gimilarly the variance of the losses may be computed from
var[x] = /% (x - E[xD2[a{1l - R(x) }/ax]ax (3.14)
1f we define the random variable X to De the fraction of the
puilding inhabitants to be killed and the event E to be a hurricane
of some predetermined intensity, then the fault-tree model may be
used to generate risk curves by making the substitutions shown in
Table 3.4. For each hurricane the realization of the random variable
X, Xqo will take on values between zero and one. Assuning that data
are available to determine the probability of the basic events, the
risk curve is determined from the collection of points (xy, pl(x >

x;) [Hurricane occurs]).
Probability Assignment for Basic Events

The events needed for input into the present model may be classi-
fied into four categories: statistics describing the hurricane (X3).,
statistics describing the reliability of the building components (Xz,
Xgr Xgr X1, x14), statistics desgribing the exposure (x3, Xgr Zgs
X1+ X15), and statistics describing thne consequences resulting from
the failure of the building components (Xg, Xg, Xj0r X13/ X1g) -

In evaluating potential shelters it will be assumed that the
structure receives the full force of the given hurricane. Thus
P[x;] = 1.

The conditional failﬁre probabilities of the building components
P(Xp), P(Xg), P(Xg), P{X11). P(X14) (i.e., for the frame, foundation,

roof, cladding (including doors and windows), and partitions, respec-
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Table 3.4. Definition of Events

Old Event New Description of Event
T (X > z;)|Hurricane occurs
Xy (X > x;)|[Frame Fails and Hurricane Occurs
Xq (X > xi)lFoundation Fails and Hurricane Occurs
X10 (X > x;)|Roof Fails and Hurricane Occurs
X33 (X > x;)[cladding Fails and Hurricane Occurs
%16 x> xi)]Partitions Fail and Hurricane Occurs




tively) will be developed using gstablished techniques from the field
of structural reliability. In summary, a structural reliability
analyses proceeds as follows (Thoft-Christensen and Baker, 1982):
1. Limit state functions g (also known as failiure modes) for
the structure are developed and expressed in the form
Z; = gi(Yl, Yo, seey Yn) (2.15)
where the random variables Yq, Yor seey Yn represent the
loads or resistances for the structure and i represents the
ith failure mode.
2. Using specifically developed techniques, probabilities are

assigned to the event Z; £ O which defines the failure of the
structure in the ith mode, i.e.,

Py = Pl2; < 0] (3.16)

3. From a knowledge of the failure behavior of the individual
modes, the failure probability of the entire systen is esti-
mated.

Each building may be analyzed in the following manner: 1) on the
basis of a review of the plans, specifications, and the governing
building codes used in deeigning the structure in guestion, limit
state functiong can be written for probable failure modes; 2) again,
using information provided by plans and specifications in conjunction
with aaditionai information gained from a field inspection of the
structure, appropriate resistance variables can be assigned to the
iimit state functions in (1)? 3) on the basis of an analysis of the
hurricane loads on the structure, numerical values can be assigned to
the loading variables in the 1limit state function; and 4) using tech-
niques from structural reliability failure probabilities can be com-
puted for each failure mode and for the system formed by the collec-—

tion of the failure modes. The result will be, for each building
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subsystem, a single number describing the probability of failure.

Since the structures considered are to be used as storm shelters,
people will be exposed if failure of any of the subsystems occurs.
Thus, we may set:
p[X3] = p[xg] = PlEgl = P[X32] = P[X15} = 1 (3.17)
Note that these numbers may vary depending on the exact location of
the sheltered population.

Whereas analytical technigques exist which permit the calculation
of failure probabilities for structures, we know of no comparable set
of techniques that would permit us to estimate the consequences of
failure 4in terms of fatalities or injuries. Therefore, until such
techniques are available, We must resort to empirical means.
Although fatalities resulting from structural and nonstructural fail-
ures due to wind hazardé are known to occur, we know of no systematic
atudy which has generated a data base relating, say, the occurrence
of structural damage to fatalities as a functiog of building materi-
als, building geometry, and damage state. One of the few organized
collection of such data relating damage to fatalities has been pro-
vided for fatalities occurring during earthquakes (Wnitman et al.,
1980). If we assume that the relationship between damage and fatali-
ties is independent of the force system that caused the damage, then
we may use the earthquake generated damage-fatality data to predict
fatalities in a hurricane. A summary of fatality statistics for var-
ious classes of structures damaged at various levels is presented in
Table 3.5 (Anagnostopoulos and Whitman, 1977; Whitman et al., 1980).

Until better data are made available we will be - conservative and
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assume that if any of the designated protective subsystems fails
{(i.e., roof, cladding, frame oOr foundation), the conseguences of

failure corresponding to frame coliapse will result.
Risk Assessment of A Typical Shelter

We now demonstrate in detail fhe risk evaluation of a typical
shelter. An actual structure located on the Gulf Coast will be ana-
ilyzed. 'Fhe analysis procedure consists of the following steps: 1) a
description of the sources of information, 2) a description of the
structure and the surrounding terrain, 3) a description of the analy-
sis procedure, 4} a definition of failure of the building subsystems,
5) a determination of resistance and loading statistics, and 6) the
risk analysis.

Data aefining the structure were obtained from three sources: 1)
ccnstruétion plans and specifications for the building; 2) the Stan-
dard Building Code, the AISC Specifications for Design, Fabrication
and Erection of Structural Steel for Buildings, and American Concrete
Institute Building Code Requirements for Reinforced Concrete (ACI
318); and 3) a visual inspection of the structure and the surround-

ing terrain.
Description of Structure

The structure, located on the Gulfi Coast, doubles as a retirement
home and health-care facility. The waterfront structure, built in
1964-1965, consists of a seven-story main structure and a two-story

health-care facility. Each floor in +the main structure covers an
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area of 13,000 sdquare feet while the health-care facility covers an
area of approximately 6,500 square feet per floor. The height of the
first story is 12.0 feet above ground level. The height of each suc-
ceeding floor is 9.67 feet.

Figure 3.7 shows a typical floor plan and elevation of the struc-
ture. The foundation consists of footings supported on piles (three
or four per column, with a resistance of 45 tons per pile). The lat-
eral load resisting system consists of moment-resisting reinforced
concrete frame. The cladding is comprised of masonry walls and win-
dows using 7/32-inch heavy sheet glass. In the main structure, west,
southeast (short), southeast {long), and northeast elevations have
384, 18, 245, and 0 windows, respectively. The two-story part of the
building has 60 and 28 windows on the southeast (long) and northeast
sides, respectively. The floors and_the roof are of monolithic—type
reinforced concrete construction. Roofing c¢onsists of built-up

asphalt and gravel.
Steps in the Evaluation Procedure

The key steps of the evaluation procedure were as follows: 1)
failure functions for structural units (cladding elements, doors,
windows, roof elements, etc.) were defined (to contain the complexity
of the analysis, where possible. linear failure functions were
selected); 2) loading statistics (derived from the hurricane)} and
resistance statistics (derived from the materials and the design
gpecifications) were determined for the unit; 3) approximate failure

probabilities for the units were defined using Mean Value Methods
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from Structural Reliability Theory; 4) failure scenarios for the
puilding system were synthesized using Fault-Tree Analysis; 5) fail-
ure probabilities for the building system were computed; &) risks of
fatalities were computed using Equation (3.8); 7) modifications were
made to upgrade the structure to resist a Category 3 hurricane; and
8) new risks of fatalities and costs to upgrade the structure were

computed.

Frame and Foundation Failure

On the basis of historical observation, the chances that the frame
or foundation of a professionally engineered structure will fail in a
Categdry 1, 2, or 3 hurricane is guite small. In fact, no such fail-
ures have been documented for structures subjected primarily to wind.
If a structure is subjected to wind and water, the cladding will usu-
ally fail first, thus relieving the lcoad on the frame. If the foun-
dation is well constructed (e.g., on piles), failure by scouring can
also be ruled out. Therefore, in this study, if the structure was
professionally engineered, and the foundation was designed to resist
scouring, frame and foundation failures were ignored.

Furthermore, if the above restrictions are in effect, in Category
3 - 5§ hurricanes, the chances of roof and cladding failures are many
times greater than the chances of frame failure or foundation fail-
ure. Thus, if the consequences of roof and cladding failure are of
the same order of magnitude as the consequences of frame and founda-
tion failure, the risks of frame and foundation failure are small

compared to the risks associated with roof and ¢ladding failure.
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Therefore, frame failure may be neglected in the risk analysis for

Categories 3 ~ 5.
Roofing Failure

The roofing system is modelled as a two element series system con-
sisting of the rocof beams and the roof deck. Failure of the roof
system occurs if a major structural unit supporting the deck (e.g.,
beam/joist) fails or if more than five percent of the deck area
fails. To determine deck failure, the roof decking was divided into
equal panel sizes and the failure probabpility of one panel deter-
mined. Failure characteristics of the deck system were estimated by
assuming that the failure of each panel was independent and that the
failure characteristics of the system could be modelled by a binomial
distributicon. ., The probability of failure of one banel was egquated

with the probability of a "success" in the binomial sense.
Cladding Failure

Cladding failure occurs if the cladding system provides no protec-
tion from the external hazard. Operationally, failure of the clad-
ding system occurs if more than 40% of the cladding area on each wall
on opposite sides of the building is lost. The building cladding
area was divided into equal panel sizes and the reliability of one
panel determined. Using the binomial distribution, as above, the
failure probability of each side was determined. Assumed panel siZzes
for the roof and cladding systems were based on endineering judgment.

Factors considered included type of construction material, spacing of
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cladding supports, and spacing of decking supports.
Hurricane Forces

Hurricane categories were identified by the Saffir-Simpson Scale
(Simpson and Riehl, 1981). The mean and variance of the windspeed
for each hurricane category were estimated assuming a uniform prob-
ability density function. For example if V5 and Vp are the lower and
upper values of windspeed for a given category, the mean speed is (V4
+ Vp)/2 and the variance is (Vy - Vg )2/12.

Wind pressure acting on the structural frame was determined by
increasing the basic wind pressure [P = 0.00256V2(H/30)2/7] by a
shape factor of 1.3 (Cp = 1.3). To model the hurricane wing field,
the wind pressure acting on the building above a height of 30 feet
was assumed constant. From ground level to é height of 30 feet ﬁiﬁd
pressure was assumed to vary linearly. Statistics for the windspeed
and lateral pressures resulting from the five hurricane categories
are listed in Table 3.6.

Wind pressures acting on the roof, cladding, and openings were
determined by increasing the basic wind bPressure by a shape factor of
1.5 (CD = 1.5). The statistics describing the representative uplift
pressures on the roof are listed in Table 3.7.

Water force calculations were based on procedures provided in
Shore Protection Planning and Design (Coastal Engineering Research Cen-
ter, 1966}. Results of a SLOSH analysis for the site indicated that
for the given site surge depths were zero for Hurricane Categories 1

and 2, and 7.7 feet, 12.3 feet, and 14.2 feet for Hurricane Catego-

51




Table 3.6. Hurricane Categories and Their Resulting Loading on the Structures

Parameters
Windspeed - Wind Pressure

Hurricane V; (MPH) P; (psf)
Category

(1) mean variance mean variance

1 84.5 36.75 23.76 9.52

2 103.0 16.33 35.31 15.02

3 120.5 30.08 48.32 29.80

4 143.0 48.00 68.05 60.81

5 165.5 30.08 21.15 95.26

Table 3.7. Hurricane Uplift Pressures® (psf)

Hurricane

Category Mean cov
1 29.25 0.17
2 43.45 0.13
3 59.47 0.16
4 83.76 0.13
5 112.19 0.12

dp = 0.00256CHV2, ugp = 1.5, covlepl = 0.1




ries 3, 4, and 5, respectively.
Resistance Variables

The nominal design resistances (Rdesign) for the various struc-~
tural elements were assumed to be the allowable loads listed on the
construction drawings. If information regarding the design resis-
tance was not available, it was estimated from the applicaple build-
ing code. Mean resistances for cladding and roof elements were esti-
mated as follows (see Appendix B):

R = Rgesign/ (1 - B(cov[R])) (3.18)
where f is the reliability index associated with the design and
COV[R] is the coefficient of variation associated with the parame-
ters under study. Note that f may be estimated from the observed
failure rate, Pg, of the various elements using the equation:

-g = & 1(p;) (3.19)
where ¢ is the standard normal distribution. Values of f used in

this study are listed in Table 3.8. Resistance statistics {mean and

variance) were also estimated based on the values given in Table 3.C2.
Risk Analysis

Using these definitions of failure for the various building compo-
nents and the quidelines for defining the loading and resistance sta-
tistics, failure probabilities were computed for frame failure, foun-
dation failure, cladding failure, and roof failure. Detailed failure
functions and statistical parameters for the loading and resistance

variables can be found elsewhere (stubbs, 1987). In addition, since
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Table 3.8. Reliability Indices Assumed in Study

54

Building Component P, I
Roof elements 0.001 3.093
Wall unit .01 2.331
Window or door unit 0.01 2.331
Table 3.9, Additional Resistance Statistics Used in Study
~ Assumed
Component R/R, (602 Distribution Source
Cold formed 1.17 0.17 Normal A58.1P
steel members
Masonry 1.05 .10 Normal Engineering
judgment
Reinforced 1.22 0.16 Normal A58.1P

concrete

AR = Mean resistance.
Rp = Nominal resistance.
Psee (Ellingwood et al., 1980; ANSI, 1982).




stairwell space in the structure under consideration was limited, the
exposure probabilities were set at a maximum, i.e., unity, as defined
in Equation (3.17). These input values are summarized in Table 3.10,
for the existing structure, and Table 3.11, for the structure
upgraded to resist a Category 3 hurricane. Note that the hypotheti-
cal upgrading in this case included only modifications to the clad-
ding and roof. Note alsoc, in Table 3.11, that the weak link in the
building system is the roof (Event Xg) which exhibits a relatively
significant failure probability (4.9%X1072) for a Category 3 hurri-~
cane.

The probabilities associated with the consequences of failure are
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listed in Table 3.12. These numbers have been extrapolated from the

damage-death statistics for a similar structure (reinforced concrete
structure, greater than five stbries) subjected to earthgquakes.
Because the failure of either the roof, cladding, frame or foundation
exposes the occupant directly to the hurricane environment, the con-
sequences of these types of failures were set equal to the conse-
quences of failure of the structure in an earthquake. How these
assumptions may be refined is a subject of future research. The
results of the analyses are shown in Tables 3.13 and 3.14. Tables

3.13 and 3.14 represent the output of the risk model, Equation (3.8).




Table 3.10. Risk Model Data Input for Existing Example Structure

Basic Event Probabilities

Basic Hurricane Category
Event 1 2 3 4 5
X 1.00 1.00 1.00 1.00 1.00
X2 * * * *® ®
X1 1.00 1.00 1.00 1.00 1.00
X5 * ® * * %
Xg 1.00 1.00 1.00 1.00 1.00
Xg x| 1.41%107°  4,90%1072  9,99x107! 1.00
Xg 1.00 1.00 1.00 1.00 1.00
Xll * * * 1.00 1.00
X715 1.00 1.00 1.00 1.00 1.00
Xl 4 * % * * *
X15 1.00 1.00 1.00 1.00 1.00
*Less than 10”7 or failure ignored.
Table 3.11. Risk Model Data Input for Upgraded Example Structure
Basic Event Probabilities
Basic Hurricane Category
Event 1 2 3 4 5
% 1.00 1.60 1.00 1.00 1.00
Xz * * E * &
X3 1.00 1.00 1.00 1.00 1.00
x5 % * * * *
45 1.00 1.00 1.00 1.0G 1.00
Xg * * * 2.58X1073 1.00
Xg 1.00 1.00 1.00 1.00 1.00
X131 * * * ® 1.00
Xy2 1.00 1.00 1.00 1.00 1.00
X14 * * £ x %
X35 1.00 1.00 1.00 1.00 1.00

*Less than 10”7 or failure ignored.
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Table 3.12. Risk Model Fatality Input for Example Structure

Basic Description of Standard
Event Basic Event Mean  Deviation Distribution
Az Fraction x killedI 0.860 0.44 Lognormal
frame fails
Xq Fraction % killed[ 0.60 0.44 Lognormal
foundation fails
%10 Fraction x killed| 0.60 0.44 Lognormal
roof fails
X13 Fraction x killed| 0.60 0.41 Loghormal
cladding fails
X1g Fraction x killeg| 0.02 0.04 Lognormal

partition fails




Table 3.13, Risk of Using Example Structure in Various Hurricanes

Hurricane Expected Fraction Standard Deviation
Category of Fatalities of Expected Fatalities
1 % ®
2 3.86X1076 1.48%1073
3 1.34X1072 8.64X1072
4 4,22x1071 3.05%1072
5 4,22x1071 3.05%10"1

*Probability of failure < 10-7.

Table 3.14. Risk of Using Upgraded Example Structure in Various Hurricanes

Hurricane. . Expected Fraction Standard Deviation
Category of Fatalities of Expected Fatalities
1 * ®
2 * *
3 x *
4 7.05%1074 2.00X10™%
5 4.22x1071 3.05%10"1

*Probability of failure < 10~7.
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CBAPTER 1V
APPLICATION TO GALVESTON
Introduction

In the event ©of & hurricane, shelters are made available to desir-
ing residents. Traditionally, the capacity of these shelters, i.e.,
the number of people that can be sheltered, is based on the space
requirement per person. Shelter capacity is estimated by dividing
the total space availapble in a building by the space requirement per
person. Therefore, the shelter capacity is only a function of the
total space available and the space requirement per person.

In an earlier part of this study, we have argued that the expected
nunber of fatalities in a given structure subjected to a given hurri-
cane depends on the.number of occupants in the structure, the range
of mitigative options available, the characteristics of the struc-
ture, and the physical characteristics of the hurricane. Since the
traditional method of determining shelter capacity ignores any dquan-
titative consideration of risk, the method fails to provide a
raticnal basis for selection of vertical shelters.

As an alternative to the traditicnal method of assigning shelters
or determining shelter capacity, the following methodology is pro-
posed: 1) potential shelters are identified; 2) relevant statisti-
cal characteristics of the shelters and hurricane are determined; 3)
the risk (expressed in terms of expected fatalities) associated with
using the shelter is estimated; 4) hurricane-related scenarios

describing the situations under which the shelters may be utilized
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are defined; 5) all mitigative options are defined; 6) all structures
belonging to a given sheltering option are identified and the risks
of using such shelters as a group is estimated: 7) the risks associ-
ated with all other options are alsc computed; and 8) on the basis of
a comparison of the risks associated with the various options, the
structural feasibility of a given type of sheltering option is evalu-

ated.
Identification of Potential Shelters
Objectives

In this section, we attempt to complete the first and second steps
in the proposed methodology. The remaining steps will be presented
in the subsections entitled "?he Risk Analysis of Potential Shelters®
and "The Evaluation of Scenarios". The first objective of this study
is to estimate the number, and summarize the physical characteristics
of, buildings that may be available for use as potential vertical
shelters in Galveston, Texas. In the survey, information is to be
collected on the building ownership (public/private), its footprint
area (i.e., the area enclosed by the first floor), the number of
floors in the building, the governing building code, the estimated
age of the building, the structural materials, and the framing con-
cept used. The second objective of the study is to develop classifi-
catory criteria for the potential vertical shelters and assign each
structure to an appropriate category. This categorization will sim-
plify future risk computations for the vertical evacuation ocption for

the city as a whole.
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Methodology

The following methodology was developed to estimate the number of
potential wvertical shelters, First, criteria were established to
identify potential structures and to collect the appropriate building
data needed for further analysis. Areas of the city containing these
buildings were then identified. Next, these areas were physically
surveyed, the potential bﬁildings were identified, and the buildings
were classified by structural type and ownership. Finally, a stan-—
dard building was defined for each structural type and the number of

these buildings within the city was estimated.
Criteria for Selecting Potential Shelters

Criteria were established to identify potential - shelters and to
collect the data required to categorize those structures. The cri-
teria used here to identify potential shelters are as follows:

1. The building must provide dary space in the event that the
region is flooded;

2. The building must not be located in the high veleocity =zZone;

3. Single family residences (including duplexes) are excluded as
potential shelters;

4, Buildings which show signs of neglect or disrepair (in the
opinion of the inspecting engineer) are to be excluded as
potential shelters; and

5. Buildings which appear not to have received attention from
professional architects and engineers are to be excluded as
potential shelters.

The height requirement for potential shelters {Criterion 1) can be
determined {from storm surge data. Figure 4.1 shows the potential
storm surge penetration for Galveston Island for hurricanes of inten-
sities of 74 to over 155 mph (Ruch, 1981). Note that, except for the

northeastern portion of the island protected by the seawall, the
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remainder of the island will be flooded in the event that a Category
2 storm occurs. The maximum estimated surge height within the non-
high velocity zone is 2.0 feet. For a hurricane of Category 4 or
greater, the entire island will be flooded. The maximum estimated
surge height, which occurs guring a Category 4 storm twenty miles
left of Galveston, is 10.8 feet above ground level {Ruch, 1983).
Therefore, to provide dry space, the structure must be at least two
stories high.

Figure 4.2 shows the limits of the V-zone for the Islang (Federal
Emergency XYanagement Agency, 1984). As shown in the figure, the
V-zZone penetrates all of the island west of the airport and Galveston
Bay. Therefore, only structures within the area east of the airport
and north of Seawall Boulevard need be considered.

After applying the remaining criteria to the enhtire city} four
areas were delineated which contained potential shelters. These
areas included the Central Business District (CBD), the Seawall/
beachfront area, the University of Texas Medical Branch, and a col-
lection o©of schools. Each of these areas was then field-surveved to

identify potential shelters and collect the needed data.
The Building Survey

In addition to identifying potential shelters, data were also
needed to summarize the physical characteristics of the buildings.
For each building, the following data were collected in a field sur-

vey:

1. The building address,

63




COMMUMTE PanEL NUMBER - —~isil] W70 LT IR T

64

a

WY Rl B Ide)HiTET
b
i
¥ !
— ] _/']F f

ATy

LIRS W B

Uread WD

AN

Figure 4.2,

{1y Nk

THIS AREA OF TRE COMMUNITY 15 SHOWH
AS IHSET 8 ON PANEL 85469 00770

Limits of V-Zone for Galveston
{Federal Emergency Management Agency, 1984)

USTS aT [ungar e s o
h
riv g TR R
64
AICHSUN TOPECA JJ »
AND SANIAFE RALWATY i 5
! -
WRTWTTE  fasd WiTT F_‘:-kiim asaLHEs i . / T
£ ~
$F . ) i
CHLT oA I z
Cinamar 2 i .- .t .
E * oo S 1 .
o - "
. > \ o _ |y w9 wsus Wit
ERTMEE (g Wi 2 .
s A
& L7 »
WA S
] \', =
P:Y N - w5y wid i) MG usdy wnid ez ene
ﬂ .
e Siraadt el /
P KOG 5
. Pt il
\«I" ‘ /
ALY L ] ) mad I M A B335 sted #2 1 o
L~ ; C
Bramus
A Dy \
“3N 1 +
GAL¥ESIUN (BUNTY ‘t"
UNSNCORPUIATED AREA .
R R LT g LI LT M % 1 ¥
¥ ' =
’ £
/ 0

LEGEND

L

el WU

1

sl iy
7
S
i

‘

1

.l MY

\\% Non - V-Zone




2. The building ownership (public/private),
3. The building footprint,
4. ‘The number of stories in the building,
5. 'The governing building code,
6. The estimated age of the bhuilding,
7. The structural framing system used for the building, and
8. The major structural materials used for the building.
How this information was gathered for each of the four city areas 1is

described below.
The Public Schools

The schools within the city were the first group of bpuildings to
be surveyed for potential shelters. Due to the relatively small num-
ber of schools, which happened to be located in the residential por-
tion of the city, &all schools were surveyed. L total of twenty
buildings were identified, but only six met sthe criteria for poten-
tial sheiters. The latter buildings were all of reinforced concrete/
masonry construction and were two stories high. Footprints of these
buildings ranged from approximately 12,000 square feet to 126,000
square feet. All six buildings were either recently constructed
(within the last decade) or renovated. This information is presented

in Table 4.1.
The University of Texas Medical Branch

The University of Texas Medical Branch was the second group of
buildings in Galveston to be surveyed. Using existing maps of the
campus, & list of buildings was first compiled. Next, a field survey
was performed to see which of the puildings could possibly function

as shelters. If a building was deemed suitable as a shelter, then
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Table 4.1. Galveston Schools That Are Potential Vertical Shelters

Bldg. Footprint No. of Structural
No. Area (SF) Stories Ownership Frame Material
1 126,000 2 Public RC/masonry
2 69,300 2 Public RC/masonry
3 60,800 2 Public RC/masonry
4 41,000 z Private RC/masonry
5 12,600 2 Private RC/masonry
6 38,000 2 Public RC/masonry

4pc = Reinforced Concrete.



the appropriate building data were collected.

The data for buildings on the University of Texas HMedical Branch
campus are summarized in Table 4.2. Of the 56 buildings on the cam-
pus, 34 met the criteria as potential shelters. All structures
appeared to be reinforced concrete/masonry construction. The major-
ity of these buildings were new, with a few older renovated struc-
tures. Heights of these buildings ranged from two to ten stories.
Their functions included administration, academic, hospital/medical
care and residential. Footprint areas ranged from a low of 4,500

sguare feet to a maximum of 41,000 sguare feet.
The Central Business District

The buildings in the Central Business District formed the thirgd
group of buildings to be surveyed. Since s0 many buildings were
present in the CBD, the building characteristics for the area were
estimated from a sample population. According to the Comprehensive
Pian Report for the City of Galveston (Springer, 1973) the CBD is
defined as the area bounded by the wharves, BAvenue K, 12th Street,
and 26th Street. This area encompasses a total of 62 blocks. To
construct the sample, each block was assigned a number between 1 and
69. A random number table was used to produce a random ordering of
the Dblocks. Each block, in the order selected, was then surveyed.
The potential shelters in that block were identified and the needed
data coliected. The sampling was halted when the average footprint/
building and average number of fioors/building converged. Of the 69

blocks in the CBD, 24 were surveyed.
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Table 4.2. University of Texas Buildings That Are Potential Shelters®

Bldg. Footprint No. of
No. Area (SF) Stories Use

1 4,500 2 Office

2 15,000 5 Office

3 11,200 5 Academic

4 41,100 4 Academic

5 27,200 7 Hospital

6 37,400 2 Hospital

7 13,500 4 Acadenic

8 6,400 2 Acadenmic

9 6,400 2 hAcademic
10 34,900 6 Hospital
11 6,400 2 Acadenic
12 23,400 6 Academic
i3 12,200 4 Academic
14 22,400 5 Hospital
15 38,400 g Hospital
16 30,9200 10 Hospital
17 21,200 4 Hospital
i8 31,500 6 Hospital
19 19,8500 3 Academic
20 10,000 4 Academic
21 12,200 6 Acadenic
22 13,500 4 Academic
23 8,500 5 Academic
24 21,300 3 Library
25 6,400 2 Dorm
26 5,600 2 Dorm
27 5,600 g Hospital
28 12,500 3 Academic
29 10,000 5 Hospital
30 20,600 5 Office
31 15,600 3 Hospital
32 13,100 2 Academic
33 6,400 2 Dorm
34 6,400 2 Dorm

ap11 buildings are of reinforced concrete/masonry and are publicly

owned.

68



Compared to the schools and the campus buildings, the CBD yielded
a more varied assortment of building types and functions. B2as is typ-
ical for a business district the majority of the structures func-
tioned as retail or commercial establishments; however, some residen-
tial buildings (i.e., apartments and hotels) were present. While a
sizable numper of the buildings surveyed in the CBD were built at the
turn of the century, they appeared to be in good structural condition
as a result of renovations. The sample of the CBD produced huildings
as high as 11 stories, and footprints ranging from less than 3,000
square feet to sliightly over 27,000 square feet. Also, a combination
of steel framed and reinforced concrete/masonry structures were iden-—

tified. The data for this category are summarized in Table 4.3.
The Seawall Area

Finaily, the Seawall/beachfront area was surveyed for potential
shelters. This area included those Dblocks along Seawall Boulevard
beginning at 1lst Street and continuing to 103rd Street. While not
all numbered streets physically extend to Seawall Boulevard, their
intersection with Seawall Boulevard was estimated. Initially, the
Seawall area was inspected for city blocks which did not contain
suitable structures. These blocks were eliminated from the survey.
The remaining blocks were numbered consecutively, then randomly
ordered for the field survey. The Seawall area was then surveyed for
potential buildings in a manner similar to that used for the CBD.
The sampling was stopped when the averagde footprint/building and num-

ber of floors/building converged. Seventy-five blocks along the Sea-
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Table 4.3.

Potential Vertical Shelters in the Central Business District

Bldg. Footprint No. of Structural
No. Area (SF) Stories Ownership Frame Material Use
1 4,300 2 pPrivate rea/cuuP Retail
2 8,400 2 Private RC/CMU Commercial
3 2,800 2 Private CHU Apartment
4 10,300 8 private RC Commercial
5 9,800 3 Private RC Retall
6 9,800 2 Private RC/CHY Retail
7 7.800 3 Private RC Retail
8 20,000 4 Public RC Library
9 7,500 2 Private RC Commercial
10 13,100 5 Public Steel Office
11 9,400 2 Public RC Office
12 3,200 2 Private CMU Retail
13 2,800 2 Public CMU Commercial
14 4,700 4 Private RC Conmmercial
15 25,000 2 Private RC Commercial
16 5,000 2 Private RC Commercial
17 25,000 3 Private Steel Commercial
18 3,700 2 Private cuy apartment
19 15,600 3 Private RC Commercial
20 9,000 10 Private RC Residential
21 18,200 (a3 Private RC Commercial
22 7,500 3 Private RC Office
23 8,500 2 Private Steel Office




Table 4.3. {Continued)

Bldg. Footprint No. of Structural

No. Area (SF) Stories Ownership Frame Material Use

24 5,300 2 Private Steel Office

25 12,700 2 Private RC Retail

26 23,900 2 Private RC Retail

27 7,000 3 Private RC Retail

28 3,500 3 Private RC Office

29 4,100 3 Private RC Office

30 9,400 2 Private Steel Commercial
31 8,400 3 pPrivate RC Retail

32 22,500 2 Private RC Retail

33 24,100 4 Private RC Commercial
34 27,500 3 Private RC Retail

35 4,300 4 Private RC Retail

36 4,300 3 Private RC Retail

37 16,200 3 Private RC Commercial
38 11,300 3 Private RC Commercial
39 4,200 11 Private RC Commercial
40 4,200 5 Private RC Commercial
41 10,000 2 Private RC Qffice

42 4,200 2 Private RC Office

43 5,000 2 Private’ RC Commercial
44 5,000 2 Private RC Commercial
45 5,000 2 Private RC Commercial

8Rpc = Reinforced Concrete.
Doy = Concrete Masonry Unit.



wall contained potential shelters, and of these, a total of 40 were
sampled.

Buildings in this area were built primarily for recreational or
residential use (i.e., hotels or condominiums) and ranged in heights
from two to 12 stories. Footprints o©of these structures ranged from
3,000 to 53,000 square feet. Along the seawall, framing systems used
were found to be either rigid steel frame or concrete frame, with the
exception of some low level condominiums which were wooden frame
structures. Those buildings constructed of steel and precast, post-
tensioned concrete were counted as steel framed structures. Data for

the sample of bhuildings on the seawall are summarized in Table 4.4.

Classification of Potential Shelters by Structural Type

»
Within each of these four geographical areas, the buildings were

classified according to the structural framing and number of stories.
From the data collected, six structural types were identified. The
six structural types are defined in Table 4.5.

Recall that Tables 4.3 and 4.4 contained information only on the
sample used for the CBD or the Seawall. For these two cases, the
total number of buildings, in terms of the structural type defined in
Table 4.5, were estimated using the equation:

By = (Np/n)Bjy (4.1)
where: N, = the number of blocks in the total population area; n =
the number of blocks in the sample; Bi = the number of buildings in
the sample for structural Type i; and B,; = the estimated number of

buildings in the population for structural Type 1i. The estimated
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Table 4.4. Potential Vertical Shelters on the Seawall/Beachfront
Bldg. Footprint No. of Structural
No. Area (SF) Stories Ownership Frame Material Use
1 10,200 3 Private cMud Residential
2 3,400 3 Private CHu Residential
3 6.,600 4 Private RCP Commercial
4 24,400 5 Private RC Commercial
5 15,600 3 Private Steel Residential
6 12,600 11 Private RC Residential
7 12,500 5 Private RC Commercial
8 2,800 2 Private RC Commercial
9 8,400 2 Private Wood Commercial
10 11,300 2 Private CMy Residential
1l 14,100 4 Private RC Residential
12 6,600 2 Private CMU Residential
13 6,600 2 Private CHU Residential
14 6,600 2 Private CHU Residential
15 6,750 2 Private RC Residential
16 53,100 2 Private Wood Residential
17 5,000 3 Private CHU Residential
18 5,000 3 Private CHU Residential
19 5,000 3 Private CHU Residential
20 5,000 3 Private CMU Residential
21 5,000 3 Private CMU Residential
22 5,000 3 Private CHU Residential
23 5,000 3 Private CMU Residential
24 S,000 8 Private Steel Residential
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Table 4.4. (Continued)

Bldg. Footprint No. of Structural

No. Area (SF) Stories Ownership Frame Material Use

25 23,400 4 Private Wood Residential
26 23,400 4 Private Wood Residential
27 23,400 4 Private Wood Residential
28 23,400 4 Private Wood Residential
29 15,600 2 Private Wood Residential
30 10,000 12 Private RC Residential
31 34,000 3 Private CHU Residential
32 34,000 3 Private CMU Residential
33 28,100 4 Private Wood Residential
34 28,100 4 Private Wood Residential
35 9,400 2 Private Wood Residential
36 5,400 2 Private vood Residential
37 9,400 Z Private Wood Residential
38 9,400 2 Private Wood Residential
39 9,300 6 Private RC Residential
40 22,500 4 Private Wood Residential
4] 22,500 4 Private Wood Residential
42 22,500 4 Private VWood Residential
43 22,500 4 Private Wood Residential
44 22,500 4 Private Wood Residential
45 22,500 4 Private Wood Residential
46 22,500 4 Private Wood Residential
47 22,500 4 Private Yood Residential

acMy = Concrete Masonry Unit.
bpe = Reinforced Concrete.



Table 4.5. Structural Categories for Potential Vertical Shelters

Structural
Type Description of Framing
A Reinforced Concrete Frame, 2 stories
B Reinforced Concrete Frame, 3-5 stories
Cc Reinforced Concrete Frame, greater than 5 stories
D Steel Frame, 2 stories
E Steel Frame, greater than 2 stories

F Wocden Frame, 2-4 stories
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number of buildings in the CBD and the Seawall/beachfront areas are
summarized in Table 4.6. The distribution of buildings, by struc-
cural type and location, is summarized in Table 4.7.

Further details on each structural type are provided in Tables 4.8
and 4.9. Note that, although the average heignt of the buildings
belonging to one structural type varies 1little from area to area, the
corresponding variation in the footprint of the same type ig quite
large. For example, the average footprint for a Type A school is
more than eight times the area of an average Type A structure cn the

seawall.
Classification of Potential Shelters by Ownership

The potential shelters identified were next classified by owner-
ship; that is, public or private. Fortunately, each stfucture fell
into one of the above categories. The majority of the schools and
the buildings of the University of Texas Medical Branch were public
property. The potential shelters within the CBD, with the exception
of a few governmental buildings, were privately owned. The buildings
in the Seawall/beachfront area were also privately owned. The poten-
tial shelter areas for private and public structures are summarized

in Table 4.10 as a function of the structural type.
Definition of Standard Buildings

A standard building may be defined as a puiiding which belongs to
one of the six structural types and whose height and footprint are

related to the average values of the buildings in that category. For
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Table 4.6, Estimate of the Number of Potential Shelters in the CBD and Sea-

wall
CBD* Seawall®
Structural No. of Bldg. Est. No. No. of Bldg. Est. No.
Type Sampled of Bldg. Sampled of Bldg,
. 19 55 6 11
B 17 49 i3 24
c 4 12 3 6
D 3 9 0 0]
E 2 6 2 4
F 0 o 21 39
aNp/n = 2.9
Byp/n = 1.9

Table 4.7. Estimate of the Number of Potential Shelters By Location and

Structural Type

Building Estimate

Structural
Type CBD Seawall UT* Schools Total
A 55 il 10 6 82
B 49 24 16 - B89
C 12 & 8 - 26
D 9 - - - 9
B 6 4 - - 10
F - 39 - - 39

8yniversity of Texas Medical Branch.
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Table 4.8. Average Footprint per Building By Structural Type

78

Average Footprint per Building (SF)

Structural Population
Type CBD Seawall Ut Schools Average®

)} 8,000 7,000 3,900 57,900 12,400

B 10,600 8,200 16,500 - 11,000

C 2,900 10,600 25,800 - 15,000

D 7,700 - - - 7,700

E 19,000 12,300 - - 16,300

F - 21,200 - - 21,200

ayniversity of Texas Hedical Branch.
byeighted Average.

Table 4.9. Average Number of Floors per Building By Structural Type

Average Number of Floors

Structural Population
Type CBD Seawall UT Schools Average”

A 2.0 2.0 2.0 2.0 2.0

B 3.4 3.5 4.1 - 3.6

C 8.8 4.8 7.9 - 7.6

D 2.0 - - - 2.0

E 4.0 5.0 - - 4.4

F - 3.0 - - 3.0

ayniversity of Texas Hedical Branch.
Dyeighted Average.



Table 4.10.

Total Area as a Function of Ownership

Total Area (SF)

Structural Total
Type Public Private Area (SF)

B 893,000 1,144,000 2,037,000
B 1,015,000 2,455,000 3,470,000
c 1,983,000 1,351,000 3,334,000
D - 108,000 108,000
E - 678,000 678,000
F - 2,480,000 2,480,000

Totals 3,891,000 8,216,000 12,107,000
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exXample, the standard Type A building will contain the weighted
average of the footprint (12,250 square feet) and the average number
of stories (2) for all to the Type A puildings in the sample. The
properties of the six standard buildings are summarized in Table
4.11. Note that &the last columns in Tables 4,10 and 4.11 are gquite

close.

Risk Evaluation of Potential Shelters

This section summarizes the results of a structural risk analysis
of the six generic building types that were identified as potential
vertical shelters. First, the "model" building for each category is
described. Second, the method used to evaluate the candidate struc-
tures is summarized. Finally, the results of the risk analysis for

the six building types are presented.

Selection of Standard Buildings for Analysis

To estimate the probable behavior of eacn class of buildings, we
selected structures with the geometric and material characteristics
closest to the structural types listed in Tables 4.5 to 4.11. Plans
and specifications of the selected structures were obtained from the
City of Galveston. A description of the representative structures

used in the study follows.
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Table 4.11. Properties of the Six Standard Buildings

Weighted Average

Structural No. of Footprint Total
Type Bldg. Area (SF) No. of Floors Area (SF)
A 85 12,000 2.0 2,040,000
B 79 11,000 4.0 3,476,000
C 32 15,000 T.0 3,§60,000
b 7 8,000 2.0 112,000
E 9 16,000 5.0 720,000
F 39 21,000 3.0 2,457,000
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Standard Type A Building

The building is located on the northern side of Galveston Island
and functions as a dormitory. Figure 4.3 shows a typical plan and
two elevations of the structure. Built in 1983, the building covers
a floor plan area of approximately 7,000 square feet and is two sto-
ries high. The height of poth stories is 10 feet and the first floor
is 2.5 feet above ground level. This building was assumed to be
designed in accordance with the 1982 Standard Building Code.

L total of seven, two-story, reinforced concrete buildings are
clustered around the building in question. One hundred feet to the
south of this building is a multi-story parking garage.

The foundation consists of 6 X 6 feet spread footings supporting
an 8-inch thick grade beam on the building perimeter and 7 X 7 feet
footings sﬁpporting 1.0 X 1.5 feet floor Dbeams wnich span the
interiocr area. Loads are transmitted to the foundation by 1 foot
square concrete columns. The lateral load resisting system consists
of a monolithically poured, moment-resisting frame. The roofing con-
sists of a lightweight agyregate £i11 covered with two inches of
insulation and a built-up roof. Wail A faces north and is a hollow
tile infill wall covered with face prick. The remaining three walls
are similar in construction. Walls A and B each consist of 20 clad-
ding units, each with dimensions approximately 14 X 10 feet, while

Walls ¢ and D consist of siXx units each.
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Standard Type B Building

The structure is located on the northern side of Galveston Island
and functions as a hospital. Figure 4.4 shows two elevations and a
typical floor plan of the building. The four-story structure with a
penthouse was built in 1984 and covers a floor plan area of approxi-
mately 45,000 square feet. The height of the first story is 12.6
feet above ground level. Fach succeeding floor is 12.4 feet high.
The building codes governing the design include the Standard Building
Code (1982), the AISC specifications for the Design, Fabrication and
Erection of Structural Steel for Buildings (1980), and ACI 318-77.

The surrounding area consists primarily of commercial low-rise
buildings. Fifty feet to the north is an unpaved parking lot and 50
feet to the south is a parking garage, Which is connected to the hos-
pital by a walkway. Directly to the west is the original hospital
with which this building shares a party wall. Approximately 300-feet
to the east of the hospital is a supermarket.

The foundation consists of grade beams at the building perimeter
and spread footings within the interior. & rigid, reinforced con-
crete frame resists the lateral forces. Floors consist of a concrete
slab supported by floor beams and joists. The roof is similar to the
floor except that the latter also supports a membrane on 1/2-inch
thick insulation board and lightweight aggregate. The exterior walls
consist of 4-inch metal studs with sheeting and face brick on the
exterior. FElevation A consists of 28 cladding units, as dces Eleva-
tion C. There are 36 claddings on Elevation B and 48 on Elevation D.

The size of a typical cladding unit is approximately 20 X 12 feet.
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Standard Type C Building

The structure is located on the southern side of Galveston Island
and serves as a hotel. Figure 4.5 shows two elevations and a typical
floor plan of the structure. The structure, built in 1983, covers a
floor plan area of approximately 16,000 square feet and has seveln
stories. The neight of the first story is 10.3 feet above ground
ijevel and the height of each succeeding floor is 8.7 feet. The
neight of the seventh floor ig 13.4 feet. The building codes govern-—
ing the design include the Standard Building Code (1979}, the AISC
Specifications for the Design, Fabrication and Erection of Structural
Steel for Buildings (1978), and ACI 318-77.

The terrain to the north, east, and west of the structure consists
primarily of low-rise houses and trees. The Gulf of Mexico is to tne_
south of the structure. Fifty feet to the east is a building under
construction. Three hundred feet to the north are a row of three-
story apartment buildings. One hundred and fifty feet to the west is
a 20-story structure. About 200 feet to the south is the Seawall.

The foundation consists of 2.25-feet deep, reinforced concrete,
grade Dbeams supported on 1.33-feet diameter, concrete, friction
piles. The safe load capacity of each pile is specified at 60 tons.
The structural material of the superstructure is concrete. Lateral
loads are resisted by four cores (two elevator shafts and two stair-
wells) and thirteen precast, post—-tensioned concrete shear walls.
The shear walls also support the floors which consist of precast,
prestressed planks. Vertical post-tensioning rods in the cores and

shear walls are post-tensioned to 105,000 psi. The shear walls are
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attached to the grade beam via post-tensioning and grouting. The
floor planks bear on a shoulder in the shear walls and are grouted
in-place. The roofing support is the same as the other floors but is
covered with a 3-inch thick insulation board over which is applied a
four-ply roofing memprane. Wall A, which faces the gulf, consists of
168 window wall units. Each unit is comprised of 1/4~inch thick
flocat glass in bronze anodized frames. Yalls € and D consist of the
end shear wall with a brick veneer. Wall B is made up of a metal

stud wall with a stucco finish.
Standard Type D Building

The structure is located on the southern side of Galveston Island
and serves as a banking facility. Figure 4.6 shows two elevations
énﬁ a typical floor plan of the structure. The structure, built‘in
1981, covers a floor plan area of approximately 2,500 sdquare feet and
is two stories high. The height of the first story is 12 feet above
ground level and the height of the second story is 14 feet. The
building code governing the design is the Standard Building Code
(1980) .

The terrain to the north, east, and west of the structure consists
primarily of low-rise houses and trees. The Gulf of Hexico lies to
the south. To the north of the building is the bank drive-in facil-
ity, 50 feet to the east are several two-story houses and 100 feet to
the west is a gas station. Approximately 50 feet to the south is the

Seawall.
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The foundation consists of a grade beam of varying thickness
located below the building perimeter and at the center of the build-
ing. The grade beam supports a 5—inch thick, two-way, concrete slab.
Lateral loads are resisted by a rigid steel frame. Floors and roof
consist of 1l6-inch steel joists supporting a steel deck and 2.5
incnes of concrete. The roofing system consists of 5/8~inch gravel
and built-up asphalt felts over the concrete deck. The eXxXterior
walls are constructed of 4-inch metal studs covered with 4-inch face
bricks. Bach side of the building consists of 8 cladding units. The
size of these units is approXimately 10 X 12 feet. The window

material is 1/4-inch tempered glass.
Standard Type E Building

The structure is located on the northern side of Galveston Island
and serves as an academic facility. Figure 4.7 shows twe elevations
and a typical pilan of the structure. The structure, built in 1981,
consists of an auditorium and classrooms. Onrly the classroom portion
of the building was considered in the anelysis and the floor plan of
that portion is approximately 12,000 sgquare feet and has six stories.
The height of the first story is 12.9 feet above ground level and the
height of the second story is 16.9 feet. The next three stories are
13.8 feet high and the sixth story is 13.1 feet high. The codes gov-
erning the design include the Standard Building Code {1978), the AISC
gpecifications for the Design, Fabrication and Erection of Structural

gteel for Buildings {19878) and ACI 318-77.
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The terrain on all sides of the building consists primarily of
buildings greater than two stories and trees, except for a parking
lot to the west. Two hundred feet to the north is a siXx-story aca-
demic building. Two hundred feet to the south is a three-story aca-
demic building. Three hundred feet to the east is a three-story
library.

The foundation consists of a combination of piles and piers. The
10.5~inch step-tapered, friction type piles are 76 feet deep, with a
load 1imit of 40 tons. Piers vary in depth from 64 to 100 feet and
are sized accordingly.

Lateral loads are resisted by a rigid steel frame. Concrete slabs
on metal decking form all floors and roof. This assembly is sup-
ported by steel joists which in turn are sﬁpported by the floor
peams. Roofing materi;l consists of built-up roofing over -light-
weight fill and rigid insulation. Exterior walls consist of a 6-inch
stud wall system covered with 4-inch face brick. Elevations A and B
contain 15 cladding units each. Sides ¢ and D each consist of 45
ciladding units. The typical size of each cladding unit is 20 X 14
feet. A glass atrium connects the classroom portion of the building

to the auditorium.
Standard Type F Building

The structure is located on the southern side of Galveston Island
and serves as a multiple residence. Figure 4.8 shows a plan and two
elevations of the building. Built in 1983, the structure covers a

fioor plan area of approximately 3,100 sguare feet and has four sto-
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ries. Each building is divided into four living units, with the
first floor serving as a parking garage. he height of the first
story is 11.0 feet above ground level and the second story is 8.5
feet high. The succeeding two stories are 8.75 feet in height and
the height of the attic is 8.0 feet. The building codes governing

the design include the Standard Building Code (1982), the AISC Speci-

fications for the Design, ¥abrication and Erection of Structural.

ateel for Buildings (1980), and ACI 318-77.

The terrain toc the north, east, and west of the structure consists
of buildings of similar construction. A total of nine buildings of
various sizes are within the condominium complex. The greatest dis-
tance between any two buildings is 120 feet. To the north, east, and
west of this complex are vacant fields. Approximately 50 feelt to the
south is the Seawall and the Gulf of HMexico.

The foundation consists cof spread footings, siXx to eight feet
square. The footings are constructed of reinforced concrete and are
2.0 feet thick. The superstructure is comprised of concrete and tim-=
ber. The wooden 1iving quarters were built on atop the concrete
parking structure. The second level is supported by Z-feet diameter
concrete columns resting on the footings. These columns in turn sup-
port prestressed concrete beams (1.5 ¥ 3.0 feet). BA precast concrete
deck is placed on top of the beams. Exterior walls are of 2 X 4-inch
wood studs spaced 1.33 feet on center. walls B, C, and D are fin-
ished with wood siding on the exterior and Wall A is stuccoe over
metal lath. Roofing is supported by trusses spaced 2 feet on center.

Elevationz 2 and B contain 15 cladding units and C and D contain
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three each. A typical size for these units is 20 X 9 feet.

Method Used to Evaluate Safety of Occupants

The occupant safety evaluation considered in this section con-
sisted of the following sequence of steps:

1. Plans, specifications, and other pertinent construction docu-
ments were assembled for the structure.

2. From the design information and existing information in the
literature (e.g., Ellingwocd et al., 1980), resistance sta-
tisties for the building components were estimated.

3. Given the location and geometry of the structure, the loading
statistics for hurricanes of all categories were developed.

4. Failure functions were next defined for the foundation, lat-
eral load-resisting system, roofing, and cladding of the
structure.

5. Failure functions for each of the building components were
evaluated using methods from Structural Reliability Theory
(Thoft-Christensen and Baker, 1282) to yield failure prob-
abilities for the elements as well as for the major subsys-—
tems.

&. The failure probabilities along with death-damage data (which
provided information on the consequences of failure) were
used as input for the risk medel (stubbs, 1287) of the struc-
ture to yield estimates of the mean fraction of fatalities
and the standard deviation of the estimate. These estimates
were provided for each hurricane category.

7. The structure was upgraded to resist a Category 3 hurricane
and steps 2 - & were repeated.

These steps, and the interrelationships between them, are shown in
Figure 4.9, ERelevant descriptions ©of the documents consulted, calcu-
lation procedures, loading models, and material properties used in
this evaluation are summarized in Chapter I1 of this report.
Detailed computational results for all buildings studied can be found

elsewnere {(Stubbs, 1987).
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Results of Risk Analysis

The results of the risk analysis are presented in Tables 4.12 to
4.17. Each table lists the risk associated with the structure as a
function of the hurricane magnitude and the status of the building
{i.e., existing or upgraded}. For ease of interpretation, the risks
associated with using the same structure are expressed as the number
of fatalities per 100 persons in Tables 4,18 to 4.23. In addition,
to avoid further confusion the number of fatalities is given to the
nearest person. The risk estimates in Taple 4.18 were obtained from
Table 4.12 by multiplying the expected fraction of fatalities by 100.
The risks shown in Tables 4.18 to 4.23 have heen obtained analo-
gously. Finally, in interpretating the tables, the reader must Keep
in mind that the hurricahe designations correspond to the Saffir-
Simpson scalel.

One shortcoming of expressing the risk in Tables 4.18 to 4.23 is
that only the expectation is utilized. A more comprehensive measure
of the risk is provided by using both tne mean and the standard devi-
ation about the mean. However, to estimate probabilities we must
assume some particular type of probability density function. Here wve
will assume that the fraction of inhabitants that are killed
(described by the random variable X) is log-normally gistributed with
means and variances given in Tables 4,12 to 4.17. The log-normal

probability density function for random variable X is given by:

lgee Appendix A.
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fx(x) = [1/(/(2m) ¢x) Jexp[-1/2(n x - N2/E2] (4.2)

for ¥ 2 0, and where the parameters A and { are given by

A = E[1n %] (4.3)
and
¢2 = var[1in x] (4.4)

and represent the mean and variance of 1in X. The gquantities can be
computed directly from the mean and standard deviation of X, respec-
tively u and ¢, using the relations

A = 1n 4 - E2/2, and (4.5)
£2 = 11 + 02/u?] (4.6)
Finally, the probability +hat the random variable X is between any

two limits a and b is given Dby:

pla < X £ bl = &(8p) - #(53) (4.7)
where

Sp = (in b - INVA T {4.8)
S = (In a - N/, and (4.9)

$(.) is the standard normal distribution function. Risk expressed in
terms of various probabilities evaluated using Egquations (4.2 tc 4.9)
are summarized in Tables 4.24 to 4.35. In these tables a practical
level of zero (no fatalities occur) is defined to be X S 0.05 to
offset the uncertainty associated with the tail of the distribution.
Analogously, X 2 0,95 represents the event that everyvbody has been

killied.
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Relative Safety of Buildings

In future feasibility studies, decision-makers may desire to Kknow
the relative safety of two structures. For our purposes, if two
structures are subjected to the same set of environmental conditions,
then tne structure which exposes the occupant to the lesser risk,
however defined, is safer. For example, if the siX structure types
considered here are all subjected to a Category 1 hurricane, the
structure with the least-risk, as defined in Tables 4.18 to 4.23 or
Tables 4.24 to 4.35, is safest. A ranking of the buildings using the
criteria above is presented in Table 4.36. The safest building is
ranked No. 1 and the numerical ranking increases as the risks associ-
ated with using the structure increases, If more than one structure
has the same risk magnitude associated with it, all such structures
are assigned the same ranking. For each structure the ranking was
performed on the basis of the expected fatalities or the probability
that someone Will be killed. The rankings based on the latter cri-
teria are listed in parenthesis.

In interpreting Table 4.36, the reader should keep two points in
mind. FPirst, the comparison is valid only when all structures are
subjected to the same hurricane. Thus, for a Category 1 hurricane
the risk associated with using any of the structures is about the
same. Second, the change in ranking, for a given structure, when the
magnitude of the hurricane increases has no meaning. For example,
the numbers in rows 1 and 2 have nothing to do with the numbers in

rows 3 and 4.
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From Table 4.36 several trends are apparent. Firstly, the rela-
tive safety of the structure depends upon the magnitude of the hurri-
cane. Secondly, the ranking of the structures is insensitive to the
two measures of risk that are used to rank the structures. Thirdly,
the range of protection offered Dby the structures as a group is
smailest for the extreme hurricanes (Category 1 and Category 5) and
largest for the intermediate nurricanes. A similar ranking for the

upgraded structure is presented in Table 4.37,
Consideration of Buildings With Special Protective Features

So far our analysis of occupant safety has considered the major
elements of the building system (foundation, frame, cladding, and
roof) and hog the chances of failure of these elements are related to
tne risk of a fatality. For example, if the exferior cladding on the
roof failed, the occupant was agsumed to be directly exposed to the
fury of the hazard. This scenario may be true for a number of build-
ings (e.g., building types A, B, and F which consist primarily of
non-load bearing curtain walls). However, the scenario may not be
true for the larger structures. In such cases the existence of load
bearing walls and massive stairwells present the possibility cf a

second line of defense. Even if the ordinary cladding or roof may

116

fail, the cccupants may safely relocate to stairwells or rooms sur-

rounded by reinforced masonry, precast concrete, or other types of
load bearing walls.
To evaluate the impact of utilizing the stairwells when they are

present, this section summarizes the risk analysis of Type € build-
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ings assuming that the occupants are sheltered in the stairwells of
the structure. This analysis will provide at least a ballpark esti-
mate of the extra protection afforded by such structures when they
are present.

The structure has two identical seven-story stairwells (A and D,
Figure 4.10) lcocated at the western and eastern end, respectively, of
the structure. Each stairwell has interior dimensions of 7.5 X 13.71
feet and is enclosed by 7-inch thick, post—-tensioned, precast paneis.
The total height of the stairwell structure is 52 feet with stairs
connecting floors spaced at approximately nine feet.

For purpcses of analysis, the stairwell structure is modelled as a
cantilever with & constant cross-section shown in Figure 4.11. PFail-
ure for the stairwell (i.e., collapse) was defined as follows: 1)
compressive'stress at the base of the stairwell exceeds-tne compres-
sive strength of the concrete at that section, and 2) at the base of
the stairwell the tensile stress in the prestressihng cable exceeds
the tensile strength of the cabie. Resistance statistics were bhased
cn values presented in the plans and values of the load were deter-
mined as discussed in the last chapter. The failure estimates for
the above failure criteria are summarized in Table 4.38.

Note that in Table 4.38, for all hurricane categories the failure
probabilities associated with concrete c¢rushing due to bending only
is relatively small when compared with the <failure probabilities
assotiated with the failure of the tendons in tension. As seen in
the next column, the failure of the post-—tensioning system controls

the safety of the structure. In the last column an a posteriori prob-
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ability of failure of the core is estimated on the basis of the
observed behavior of engineered structures in a wind environment.
¥Yor a Category 1, 2, or 3 storm, no engineered structure {in the
U.S.), subjected only to wind, has been observed to collapse {Daven-
port, 1972). Therefore, if we define the event fE} to be "the
occurrence of a Category 1, 2, or 3 hurricane" and {F} to be tﬁe
event that "the structural frame colliapses", we may write

p{rle] = p[M EJ/P[E] (4.10)
But, so far the event {FNE} = {¢}, where {4} is the null set.
Therefore, since P{E] # 0, P[F|JE] = 0. Hote that this latter prob-
ability estimate is based on past experience and there is no guaran-
tee that in the future the event {ENF} will not occur. The revised
failure probabilities for one core are listed in the last column of
Tabze 4.38. Because of a lack of knowledge of the behavior of engi-
neered frames in Category 4 and 5 hurricanes, no updated estimates of
the probabilities are proposed here.

To complete the risk calculation the following modifications were
made to the original calculations: 1) instead of neglecting the
frame failure, the probability of failure of either Stairwell A or D
was used in the risk equation (Egquation 3.13); 2) since it was
assumed that the innabitants would all be sheltered in the stair-
wells, the exposure in the event of roof, cladding, or partition
failure was set equal to zero. The resulting input data are given in
Table 4.39. The expected fraction of fatalities and the associated
standard deviations for each hurricane category are listed in Table

4.40. ‘Phe measures of risk expressed in terms of expected number of
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Table 4.40. Risk of Using the Stairwells of Existing Type C Building in Vari-
ous Hurricanes

Hurricane Expected Fraction Standard Deviation
Category of Fatalities of Expected Fatalities
1 * 5.46X1070
2 * 5.46X107°
3 * . 5.46X1070
4 4.56%1073 5.08X1072
5 5.26X1073 5.45X1072

*Magnitude < 107 7.



fatalities per 100 persons and the various probabilistic descriptions
are listed in Table 4.41.

Several interesting observations can now be made if we compare
Table 4.41 with Tables 4.20, 4.28, and 4.29, Without introducing any
modifications to the existing structure, but by simply modifying the
exposure of the occupants {(i.e., locating them in different parts of
the building), fatalities are dramatically reduced. This observation
is particularly true for Category 3, 4, and 5 hurricanes. Put
another way, the use of the stairwells dramaticalily increases the
chances of occupant survival in the more intense hurricanes. For
example, in a Category 4 hurricane, the probability that somecne is
kilied if the stairwells are used exciusively is reduced from unity
(i.e., certainty) to less than 2 in 100. Simultaneously, at the
oﬁhér extreme, the probability that 50% or more are killed has been
redguced from 1 in 2 (for the case of not using the stairwells) to 1
in 1000 (for the case of using the stairwells). Finally, the option
of using stairwells (particularly in Category 3, 4, and 5 hurricanes)
is superior to the option of upgrading the structure. In conclusion
we make the following point: Although people are sware of the addi-
tional protection offered by load-pearing walls or stairwells, we
have presented here one of the first quantitative estimates of such

added protection.
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Scenario Evaluations

In the second chapter of this report, we argued that the feasibil-
ity of vertical evacuation, as an option for risk mitigation in
coastal communities, depended not only upon the various otnher mitiga-
tive options available but also upon the set of criteria (which are
not unigue)} that may be used to evaluate the options. Furthermore,
any single mitigative option, such as vertical evacuation, has asso-
ciated with it a string of logistic, technical, legal, psychological
and political considerations. These nebulous elements must be
entered into some sort of gqualitative tfeasibility equation", devel-
oped by the decision-makers, the output of which is a consensus
regarding the feasibility of the option.

The purpose of this section is +o demonstirate how the structural
assessment technique developed in previous chapters can be used to
provide decision-makers with quantitative information that reflects
the type and number of structures utilized, the number of people
sheltered, the governing codes used to construct the buildings, the
characteristics of the hurricane, and the state-of~the-art in struc-
tural mechanics. 8ince the structural feasibility of wvertical evacu-
ation may depend upon the options available, we present a hypotheti-
cal analysis for two scenarios: the first scenario involves a
situation in which averting the hurricane hazard by relocating inland
{(horizontal evacuation) is an option while the second scenarioc con-

siders a situation in which horizontal evacuation is not an option.
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Scenario One: Horizontal Versus Vertical Evacusation

"Galveston Island is threatened by a direct hit of a Category 1 to
5 hurricane. Given the current trajectory and speed of the hurri-
cane, if the order to evacuate is given within the next 8 hours, all
assumed 50,000 inhabitants may evacuate horizontally in accordance
with the plans already prepared by the Office of Emergency Manage-
ment. At the same time, the Office of Emergency Management has iden-
tified a set of potential vertical shelters on Galveston Island and
has the option of replacing the order for a horizontal evacuation,
which may turn out to be a false alarm, with that of a vertical evac-
uation. Using the information compiled on structures in Galveston in
the last section and statistics of casualties associated with hori-
zontal evacuation for recent hurricanes in the Galveston area, deter-
mine the least-risk option®.

Analysis of Risk of Vertical Evacustion

The relative safety of the potential shelters in each hurricane
category is summarized in Table 4.36 and the area of floor space
available in each building is summarized in Table 4.10. Beginni;g
with these two groups of data we may proceed to allocate people to
the various shelters. If we neglect the space availaple on the first
floor (since that region may be flooded) and assume that only 40 per-
cent of the total floor space is available for refuge, then the num-
ber of people that can be sheltered in each building {as a function
of the space provided for each person) is provided in Table 4.472.
Note that in Table 4.42, we have included a Type G puilding which
represent a Type C building in which only the stairwells (or interior
regions which offer protection beyond that offered by typical clad-
ding systems) are used for sheltering. On the basis of the results

presented in Table 4.42, we estimate that the vertical evacuation

capacity of Galveston may range between 90,000 and 360,000 people.

128




12¢

*STTaMITEIS UT DRASITHYS SIUEITqeyuT ‘TremlTeis y3jta D adAr BurpiIngdg
“BaJe TE303 JO JIusnasd oy =g 03 DaUNSSYqg
-J0O0T3 3S3TF HBurlpnioxs aoeds J00T3F TBICLe

£Z2L68 0E9'BTT 9bH6LT Z68785¢ Te3l06L
896'1 §ze’‘z LEGS'E L8 L 84 8L o9
GLE'ST ££8°TC 0SL'2E 005’589 859 GE9T J
0GL’S L98L Q08'TT 000°€2 0gz QLS g
058 EEL 00T'T ooz’'ez Za 99 a
00882 " oov8e Q08’LS 002971 ZST'T ogs‘e 2
050192 EELPE 00T‘es 00Z'%0T Zve'T L09’z g
Qoz‘0oT 008 ET cov ‘0g 008‘ 0% 80% 0Z0’T b4
uostad /3a3] uosyad /1033 uos.ad /399§ uostad /192) (1993 a1enbs (3293 a21eubs adL1
asenbs gy axenbs g¢ atenbs (g axenbs (I 3o spuesnoyr) 30 spuesnoyg) surpimyg
(eTdoad 3Q Jequny) $191[eYs 0] B3IV [E10]
A)1sede) _ PIIE[leAY BAIY

uojsasfen Ioj Ayoede) JPYS [enulod  THy d[qEL




Therefore, theoretically we have sufficient space to shelter the
assumed 50,000 people.

Ideally we would like to locate people in the safest structures
available. For a Category 1 hurricane, all of the structures pro-
vide, approximately, the same measure of safety, ({i.e., on the bhasis
of Uusing the expected number of fatalities as a criterion}; there-
fore, additional criteria may have to be provided to distinguish
between the structures. Leaving that choice to other aspects of the
feasibility determination (e.g., logistical or economical) we arbi-
trarily select buildings A, B, and C. If we first use all Type A
puildings, then all Type B, and finally place the remaining pegple in
Type C, We obtain the third column in Table 4.43 (if we assume 30
square feet/person}.

For a Category 2 nurricane, the safest buildings are Types B, C}
E, and F. In the absence of additional constraints, we arbitrarily
select Types B and C as shelters. Accordingly, if all Type B struc-
tures are first filled, the remaining 16,000 people can be placed in
Type C structures. Again we have assumed a sheltering rate of 30
square feet/person. This allocation is summarized in the fourth col-
umn, Table 4.43.

For a Category 3, and above, hurricane the safest shelter loca-
tions are the stairwells in building Type C, followed by building
Type E, followed by building Type B. However, since the capacity of
the stairwells is relatively limited, we assume that in order to
shelter the maximum number of people in the safest location, we shel-

ter at a rate of 10 sdquare feet/person, gince so few buildings of
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Table 4.43.  Least-Risk Sheltering Options for 50,000 People

(Assuming 30 Square Feet/Person)

in Galveston

131

Least-Risk Shelter Options
(Number of People)

Bidg. No. of Hurricane Category
Type  Bldgs. 1 2 3 4 5
A 85 13,6001%
B 79 34,4001 34,0001 34,7333 34,7333 34,7333
o 32 2,000l 16,0001
D 7
E 9 7,6672 7,6672 7,6672
F 39
GP 32 7,600% 7,600t 7,600%
Total 283 . 50,000 50,000 50,000 50,000 50,000

81 = Least risky, 3 = most risky.
bBuilding Type C with stairwell, inhabitants sheltered in stairwells

at 10 square feet/person.



Type E are available, only 7,687 pecple can be sheltered therein.
The majority and remaining pecple must be sheltered in Type B build-
ings. The results of this allocation for a sheltering rate of 30
square feet/person in building Types B and E is given in the last
three coliumns of Table 4.43. The only alternate to reducing the
risks to the occupants is to use & higher sheltering rate. Table
4.44 summarizes the allocation of people when a sheltering rate of 10
square feet/person is used for a Category 3, and above, hurricane.

So far we have considered the sheltering arrangements that would
exXpose the sheltered population of 50,000 to the least-risk. Howr-
ever, wWe have not yet estimated this risk. If we take the estimated
number of fatalities among the sheltered population as the measure of
risk associated with vertical evacuation, then the risk associated

with vertical evacuation may be computed using the equation:

M

lNinixi (4.11)

Expected Number of Fatalities =
i

where N; = the number of buildings of Type i in which someone is
killed, n; = the number of people sheltered in each Type 1 building,
Ei = the eXpected fraction of fatalities if building Type i is used
and B is the total number of building types used. The number Nj may
be calculated using risk data developed in the latter part of this
chapter. Let {Y} = {X > 0.05} represent the event that someone is
killed. Then, p = P[X > 0.05] represents the probability that some-
one is killed in a building. In Tables 4.24 to 4.35 this value is
listed for every structure, existing and upgraded to resist a Cat-

egory 3 hurricane. We may use the binomial theorem to estimate the
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Table 4.44. Least-Risk Sheltering Options for 50,000 People in Galveston
{Assuming 10 Square Feet/Person)

Least-Risk Shelter Options
(Number of People)

Bldg. Hurricane Category
Type 1 2 3 4 5
A 13,6001%
B 34,4001 34,0001 19,1267 19,126% 19,1263
c 2,0001 16,000t
D
) 23,0002 23,0002 23,0002
F
GP 7,8741 7,874% 7,874%
Total 50,000 50,000' 50¢,000 50,000 50,000
81 = Least risky, 3 = most risky.
bpuilding Type C with stairwell, inhabitants sheltered in stairwells

at 10 square feet/person.



frequency of the event {Y} for each building type and hurricane
level. If Y is the number of times that this event with probability
p occurs,

El¥] = wp {4.12)
where N = the number of buildings in the given set. Here we set N; =
E[v], where E[Y] is rounded off to the next highest integer. The
number of buildings of each type in which someone is killed is given
in Table 4.45.

The remaining quantities in Eguation (4.11) can be obtained
directly from previous tables. The number of people per building can
be obtained from Tables 4.43 and 4.44 and the expected fraction of
fatalities can be obtained from Tables 4.12 to 4.17.

Fquation (4.11) was used to compute the risks associated with ver-
tical evacuation for sneitering in existing Duildings at a rate of 10
and 30 square feet/person, respectively, and 10 square feet/person in
the structures upgraded to resist a Category 3 hurricane. The corre-
sponding expected fatalities for horizontal evacuation based on
results for Galveston for Hurricane Allen and Hurricane Alicia are
also presented (Table 4.46).

From the results presented here we may make several cobservations:

l. If existing structures are used, and if the hurricane is a
Category 1 or Category 2, the risks associated with horizon-
tal and vertical evacuation are comparable.

2. If existing structures are used and if the hurricane is a
Category 3 or above, the risks associated with vertical evac-
uation are orders of magnitude greater than the risks associ-

ated with horizontal evacuation.

3. If the structures are upgraded to resist a hurricane of Cat-
egory 3, and if the hurricane is Category 1, 2, 3, or 4, the
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Table 4,45, Number of Buildings in Which Someone is
Upgraded Structure}

Killed (Existing or

135

Number of Buildings in
Which a Fatality Occurs

Bldg. Hurricane Category
Type 1 2 3 4 5
Existing Structure
A 0 34 85 85 85
B 0 0 16 74 79
Cc 0 0
D
E §] 4 g8
F o 0 . 33 39 39
G2 . 0 0 1
Upgraded Structure ‘
A 0
B 0 0
C 0 o ¢] 0 32
)
E 0 o 8]
F
Gb 0 0 1

4Buyilding Type C with stairwell, inhabitants sheltered in stairwells

at 10 square feet/person.
Drhe stairwell was not upgraded.
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Table 4.46. Comparison Between Risks Associated With Horizontal and Vertical
Evacuation

Comparative Risk
(Fatalities per 50,000
Sheltered or Evacuated)

Type of Hurricane Category
Risk 1 2 3 4 5
V.E. (30 sq £t/ o0& 0 331 9,148 15,554
person)
V.E. (10 sq ft/ 0 0 182 5,909 13,671
person)
V.E. (10 sq ft/P 0 o o 0 8,606
person)
Horizontal® L 1 1L 1 1

Evacuation

AExpected number of fatalities = (no. of bldgs. failing}{(no. of peo-
ple/bldg) (expected fraction of fatalities).
Pgtructures were upgraded to resist a Category 3 hurricane.
CBase¢ on results for Galveston for Hurricane Allen and Hurricane
Alicia.
N.B.:
a) for the number of buildings failing see Table 4.45;
b) for the number of people per building see Table 4.43; and
c) for the expected fraction of fatalities, see Tables 4.12 to
4.17 and Taple 4.40.




risks associated with vertical and horizontal evacuation are
comparable.

From these observations we draw the foliowing conclusions:

1. Compared to horizontal evacuation, vertical evacuation may be
a least-risk option, if certain existing structures {sub-
jected primarily to wind generated force) are used in a Cat-
egory 1 or 2 hurricane.

2. Compared to norizontal evacuation, vertical evacuation may be
a least-risk option, if certain structures are upygraded to
resist a Category 3 hurricane but are not used as shelters in
a Category b hurricane.

3. In all other cases, horizontal evacuation is the least-risk
option.

We stress that these results are limited to the structures studied
on Galveston Isiand. A similar exercise at a different location with
different building practices and traffic conditions may yield com-
pletely different results. However, the methodology used here

remains valid.

Scenario Two: Vertical FEvacuation as a Last Resort

"Ggalveston Island is threatened by a direct hit of a Category 1 to
5 hurricaneé that has rapidly developed nearby in the Gulf. Two weeks
prior to this instant a cargo ship accidentally collided with two of
the major piers supporting the causeway linking Galveston Island with
the mainland. Although repair crews have been working continuously
since the accident, the causeway will not be open to traffic for at
least ancther two weeks. Ferry boats and other seacrafts have been
transporting people and goods to and from the mainland. Since the
causeway 1is inoperative, horizontal evacuation in the traditional
sense is not an option. In addition, since no contingency plans to
evacuate the population via sea vessels are known to exist, the only
options open to the decision-makers are those involving the use of
existing shelters on the Island. There are approximately 50,000 peo-
ple t¢ be sheltered and the three sheltering options are as follows:

1. GSeek shelter in the traditional shelters designated by groups
such as the Red Cross.

2. Seek shelter in existing residences in the non-high velocity
zone.

3. Seek shelter in the upper floors of multi-story structures
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previously designated as vertical refuge shelters.
Using the information compiled on structures in Galveston in the last

section, determine which of the three options is the least-risk
option, in & structural sense".

Analysis of the Comparative Risks

The first step in evaluating the options is to identify the struc-
tures that would be used in each option. The structures selected by
such groups as the Red Cross often include schools and churches. It
turns out that the majority of these structures are low-rise (1 -
2-story)} buildings. From Table 4.5, Type A buildings fit this cat-
egory; consequently, Type A buildings will Dbe assumed to model the
behavior of typical traditional shelters in Galveston. Note that
these shelters will be located in the non-high velocity 2zone. ‘The
only resideﬁtial structures analyzed in this study (i.e., that passed
the first structural screening test) are the Type F structures
(wooden frame, 2 — 4 stories). A detailed description of a typical
structure belonging teo this class of structures is given in the ear-
lier part of this chapter. We will model the behavior of residences
with Type F structures. Again we assume that only structures located
in the non-high velocity =Zone will be considered.

From Table 4.5, the 1logical choices for vertical shelters are
building types B, C {G), and E. These structures are all multi-sto-
ried and have received attention from design professionals. & sum-
mary of the three shelter options is given in Table 4,47, It is
assumed that all of the 50,000 assumed inhabitants can be sheltered

by each option. For example, we show that if traditional shelters
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were involved, we could use all 85 buildings at a sheltering rate of
g - 20 sguare feet/person. Also in the same table, note that three
options for vertical evacuation are given: 1) using the existing
structures at a rate of 30 sdquare feet/person, 2) using the existing
structures at a sheltering rate of 10 sgquare feet/person, and 3)
using the upgraded structures at a sheltering rate of 10 square feet/
person. Again we stress that the allocation of people represents the
least-risk usage of the buildings to shelter the given amount of peo-
ple at the given sheltering rates.

The second step in evaluating the options is to estimate the risk/
benefits involved in utilizing each option. As in the previous scen-
ario, wWe will express the risk here as the expected number of fatali-
ties per 50,000 people sheltered. How this number can be converted
for one, or more, building types was demonstrated in evaluating the
last scenario. Using the same procedure as that outlined in the last
scenario, Wwe arrive at the risks, ag a function of option, and
expressed in terms of the expected number of fatalities, shown inh
Table 4£.48. The table should be interpreted as follows. If, for
example, 50,000 people are repeatedly sheltered in traditional shel-
ters - modelled by our Type A building - and those 85 buildings
receive a direct hit from a Category 1 hurricane, in the long run
(i.e., after many direct hits) no fatalities will occur. On the
other hand, if the 50,000 people are repeatedly sheltered in the tra-
ditional shelter and they receive a direct hit from a Category 2 hur-—
ricane, in the long run the average number of fatalities for a direct

hit will tend to 1,779. For convenience; Table 4.48 is reproduced
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again in Table 4.49; however, the fraction of fatalities is exXpressed
as a fraction of the total number of inhabitants sheltered using the
option. Thus, in a Category 2 hurricane utilizing the option of tra-
ditional shelters, we expect 3.6 percent of the inhabitants to be
killed in the long run.

From Tables 4.48 and 4.49 we can make several observations:

1. In a Category 1 hurricane, considering only existing build-
ings, we do not expect any fatalities in any of the struc-
tures.

2. In a Category 2 hurricane, the use of traditional shelters,
represented by the Type A building, may result in a signifi-
cant number of fatalities; while the use of the other options
will result in no fatalities.

3. In a Category 3 hurricane, the use of vertical shelters will
result in significantly less fatalities than traditional
shelters or the use of well-constructed residences. At the
same time, by tripling the sheltering rate, the eXpected num-
ber of fatalities has been halved,

4, In a Category 4 hurricane, the risk of using vertical shel-
ters is still an order of magnitude less than the risk asso-’
ciated with using traditicnal shelters or well-constructed
residences.

5. In a Category 5 hurricane, the risk associated will all
options is of the same magnitude, although the absolute value
of the risks asscciated with veritical evacuation are somewhat
smaller (16,554 cf., 21,000}.

6. If the vertical structures are upgraded, we do not expect any
fatalities in Categories 1 - 4. In Category 5, however,
although the expected number of fatalities are significant,
the number is an order of magnitude less than the risks asso-
ciated with the existing structures (8,606 cf., 16,554).

The benefits associated with the use of vertical evacuation {as a
last resort) are summarized in Table 4.50. In that table benefits
are expressed in terms of expected number of lives saved. From Table
4,50 we see that in a Category 1 hurricane there is no benefit in

utilizing vertical shelters, In a Category 2 hurricane, while there

is a significant benefit 4in utilizing vertical evacuation vis-a-vis
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traditional shelters (1,779 more lives saved or 3.6 percent more of
the sheltered population), there is no net benefit in utilizing ver-
tical evacuation over staying in well-constructed residences. In
Category 3 or above hurricahes, the net benefit of wvertical evacua-
tion is significant when compared with the other options: up to an
average of 20,818 people may be saved by the option in Category 3
hurricanes alone. Also note that beginning with a Category 3 hurri-
cane, the net benefit of upgrading the shelters becomes positive:
according to the last row in Table 4.50, respectively, 182, 5,909,
and 5,065 lives can be saved in Category 3, 4, and 5 hurricanes.
Table 4.51 provides an estimate of the cost to upgrade the vertical
shelters. We estimate, on the basis of upgrading costs presented in
Tables 4.12 to 4.17, that approximately $11,000,000 (1986 dollars)
would be needed to upgrade, to resist a Category 3 hurricane, the 4i
buildings in Galveston that would permit us to shelter the assumed
50,000 people.

On the basis of these results and observations, we draw the fol-
lowing conclusions relating to the available options in Galveston
when vertical evacuation is$ to be used as a last resort:

1. In a Category 1 hurricane, there is no clear—cutAleast—risk
option.

2. In a Category 2 hurricane, the option of vertical evacuation
is superior tec staying in traditional shelters.

3. In a Category 3 or above hurricane, vertical evacuation in
exXisting structures is the least-risk option.
4, If the vertical evacuation shelters are upgraded, no addi-

tional lives are saved until the magnitude of the hnurricane
equals or exceeds that of a Category 3 hurricane.
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Again we stress that these resulits are limited to the scenario ang
the structures studied on Galveston Island. A similar exercise at a
different location and using a different set of structures could lead
to different conclusions. However, the rationale for evaluating the

scenarics should remain vaiid.
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CHAPTER V
SUMMARY AND CONCLUSIONS
Background

At the outset of this study we identified five objectives: 1) to
establish qualitatively the feasibility of using existing structures
for vertical evacuation, 2) to develop a consistent methocdology for
classifying structures acceording to their suitability for vertical
evacuation, 3) to develop a methodology for estimating the cost asso-
ciated with strengthening existing buildings, 4) to develop a method-
ology for estimating the evacuation capacity of a given area, and 5)
to develop preliminary structural guidelines for future vertical
evacuation shelters. The accomplishment of these objectives then
permitted us to rationally evaluate the structural feasibilgty of
vertical evacuation in a given setting. These objectives have been
accomplished, though not in the given order.

The motivation for the technical feasibility of vertical evacua-
tion has its basis in the historically superior performance of engi-
neered structures in a wind hazard. In the United States, for exam-
ple, no multi-story structure that was designed by professional
architects and engineers and subjected primarily to hurricane or tor-
nadoic generated wind forces has been observed to collapse. Although
severe roof and cladding damage has been observed in some of these
structures, the coliapse of the frame or the foundation has not been
observed. On the other hand, small residential buildings and low-

rise structures - e.g., shopping centers, schools, and industrial
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buildings -~ are frequently decimated by tornadoic or hurricane winds.
These observations support the hypothesis that if a structure is sub-
jected primarily to a wing hazard, is multi-storied (two or more sto-
ries high), and has Dbeen 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 as
compared to occupants in small residential buildings and 1low-rise

structures subjected to the same hazard.

Rationale of Safety Evaluation

Having documented the motivational basis for vertical evacuation,
we next tackled the problem of developing a consistent methodology
for classifying structures according to their suitability for verti-
cal evacuation. ~We realized at the outset that any proposed evalua-
tory method should@ not only be capable of assessing the physical per-
formance of the structure by rigorously incorporating such variables
as the characteristics of the hurricane, the design resistance of the
structure, and the present condition of the structure, but alse rank
the relative performance of the structure to permit arbitrary shel-
tering scenarios to be rationaily evaluated. For example, the
selected evaluatory method had to provide technical information that
would aid decision-makers in evaluating, say, if horizontal evacua-
tion were better, in some defined sense, than vertical evacuation;
or, if horizontal evacuation were not an option, the method had to

guide decision-makers in cost/benefit decisions.
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Recent methods of structural assessment of buildings in a wind
nazard are limited to either determining the potential damage te a
structure or establishing whether the structure continues to satisfy
prevailing code requirements. Tnese studies often leave the building
official with the crucial responsibility of extrapolating the results

of structural studies presented, e.g., in the form of building damage
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to a prediction of occupant safety. To decide on the structural fea-—.

sibility of vertical evacuation, decision-makers must, apriori, Dbe
provided with technically sound estimates of the relative safety pro-
vided by various structural types. Decision-makers can then compare
the risks associated with vertical evacuation with competing alterna-
tives such as horizontal evacuation, using traditional shelters,
being stranded, or staying at home.

After a review of existing and potential methodologies, we decided
upon a risk assessment approach for the following raASONS: 1} the
approach was logically defensible, 2} the appreoach had strong prece-
dence, 3) the approach admitted state-of-the~art techniques in system
safety and structural reliability and, 4) the approach satisfied the
initial regquirements for the proposed evaluatory method.

In the selected assessment method, the safety of the occupant is
the indicator of structural performance. Occupant safety is measured
py the expected fraction of building inhabitants that would be killed
in a given hurricane. The expected fraction of fatalities should
dgepend on such variables as the size of the hurricane, the failure
characteristics of the building components - foundation, frame, roof,

cladding (exterior skin including windows and doors) - the exposure



of the occupant, and the fatality rate given the failure of any
component. Vertical evacuation may, therefore, be considered struc-
turally feasible, in a particular situation, if the use of the option
leads to a net saving of lives. TFor a given scenario, the level of
risk at which the use of vertical evacuation pegins to result in a
net saving of lives may be defined as the level of risk at which a

building may be considered safe.
Summary of Safety Assessment Approach

We next developed a detailed methodology to evaluate the protec-
tion provided by a structure from the perspective of an occupant of
the building. The method of Fault-Tree RAnalysis was reviewed. Using
results from the existing theory, a fault-tree model of a typical
vertical evacuation she;tér was developed. The model was analyzed to
provide basic modes of failure and expressions for the probability of
a fatality in the hurricane environment. Finally, a numerical exXam-
ple was presented to illustrate the methodology and to insure that
the results corroborated with common experience.

Data defining the physical properties of the structure were
obtained from three sources: 1) construction plans and specification
for the building; 2) buildinc codes such as the Standard Building
Code, the AISC Specifications for Design, Fabrication and Erection of
Structural Steel for Buildings, and ACI; and 3) a visual inspection
of the structure and the surrounding terrain.

The key steps of the evaluation procedure were as follows: 1)

failure functions (in the structural reliability sense) for struc-
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tural units (cladding elements, roof elements, etc.) were defined (to
contain the complexity of the analysis, where possible linear failure
functions were selected); 2) loading statistics (derived from the
nurricane) and resistance statistics (derived from the materials and
the design specifications) were determined for the unit; 3) approxi-
mate failure probabilities for the units were defined using Mean
Value Methods from Structural Reliability Theory; 4) failure scenar-
ios for the building system were synthesirzed using Fault-Tree Analy-
sis; &) failure probabilities for the building system were then com-
puted; 6) risks of fatalities were computed using the eguation
developed from the fault-tree analysis; 7) modifications were made
to upgrade the structure to resist a Category 3 hurricane; and 8) new

risks of fatalities and costs to upgrade were computed.
Determining the Structural Feasibility of Vertical Evacuation

The last two objectives were automatically accomplished in the
exercise of determining the structural feasibility of vertical evacu-
ation in a given situation. We have argued that the structural fea-
sibility of vertical evacuation, as an option for risk mitigation in
coastal communities, depended not only upon the various other mitiga-
tive options available but algo upon the set of criteria (which are
not unique) that may be used to evaluate the options. Here we assume
that the magnitude of the risk of death to the proposed inhabitants
is the deciding criterion. If, compared to all other options, verti-
cal evacuation results in the minimum number of fatalities, then the

option is structurally feasible, Of course, other aspects of the
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problem such as its legal and political components must still be
consideredqd. Thus, the problem to be solved in the determination of
the structural feasibility of vertical evacuation was formulated as
follows: 1) given a scenario involving a hurricane striking some
coastal community, define all mitigative options; 2} evaluate the
I'isks associated with all options; then 3) establish the structural
feasibility of vertical evacuation using the least-risk criterion.
The mitigative options, which are location dependent, may include,
but not be limited to, utilizming traditional shelters, staying at
nome, horizontal evacuation, and vertical evacuation.

To demonstrate the overall procedure we examined the structural
feasibility of vertical evacuation on Galveston Island under two sce-
narios. A summary of our findings follows.

First, we estimated the number, and summarized the physical char-
acteristics, of buildings that may be available for use as potential
vertical shelters in Galveston, Texas. We found that:

1. Approximately 256 buildings, ranging from 2 to 12 stories in
height are potential vertical shelters;

2. Approximately 12,000,000 square feet of floor space is avail-
able in these structures;

3. Of the floor space available, thirty (30) percent is located
in public buildings; and

4, Seventy-seven (77) percent of the structures are reinforced
concrete frames, sixteen (16} percent are wooden framed
structures, and seven (7) percent are steel framed struc~
tures.

Second, we developed classificatory criteria for potential struc~
tures then categorized each structure. The following six categories

were identified: 1} reinforced concrete frames, two stories high; 2)

reinforced concrete frames, three to five stories high; 3) reinforced
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concrete frames, more than five stories hnigh; 4) steel frames, two
stories high; 5) steel frames, three or more stories high; and B)
wooden frames, two to four stories high. In addition, the average
characteristics of a building in each category were determined on the
basis of the properties of the structures in the survey populaticn.

We next demonstrated how the structural assessment technique
developed in other parts of the study could be used to determine the
structural feasibility of vertical evacuation. We showed that the
feasibility of the concept depended not only upon the options avail-
able to the given community but also upon the detalls of the govern-
ing scenario. On the one hand, if horizontal evacuation were an
alternative, vertical evacuation may or may not be structurally fea-—
sible. The structural feasibility either depended upon the level of
thé hurricane or the decision to upygrade the structures.

iIf, on the other hand, horizontal evacuation were not an option,
vertical evacuation could be structurally feasible for hurricanes of
Category 2 ana above. Compared to sheltering people in traditional
shelters, the use of vertical evacuation in existing structures
(i.e., with no upgrading) could lead to a significant saving of lives
{e.g., 3.6 and 41.6 percent of the sheltered population can be saved
in Category 2 and 3 hurricanes, respectively). Furthermore, if the
structures were upgraded to resist a Category 3 hurricane, we esti-
mated that in a sheltering population of 50,000 people approximately
200 lives (over and above those saved using non-upgraded vertical
shelters) could be saved for an investment of 11 million deollars to

upgrade the 44 existing buildings. Without any additional cost, if
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the same structures were uUsed as last resort shelters in a Catedory 4
hurricane, more than an additional 5,000 lives (again over and above
those saved using non-upgraded vertical shelters) could be saved. Ve
alsc demonstrated how factors such as location (in the building) of
the sheltered population, the density of sheltering, and the sequenc-
ing of the sheltering process coulé influence the risk to building
inhabitants.

Finally, and most importantly, we feel that by focusing on ocgu-
pant safety we have been able to transform the relative performance
of the structure into linguistic terms that non-technical pecple can
readily understand. By expressing the protection offered by the
structure as the expected fraction of fatalities - which depends upon
+he characteristics of the hurricane, the resistance of the struc-
tural components (foundation, frame, roof, cladding), and the expo-
sure of the occupant =~ we have effectively translated the level of
protection offered by the structure into language réadily comprehen~

sible to decision-makers.
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APPENDIX A

THE SAFFIR-SIMPSON HURRICANE SCALE

Scale No. l=~-Winds of 74 to 95 miles per hour. Damage primarily to
shrubbery, trees, foliage, and unanchored mobile homes. No real dam-
age to other structures. Some damage to poorly constructed signs.
And/or: storm surge 4 to 5 feet above normal. Low-lying coastal
roads inundated, minor pier damage, some small craft in exposed

anchorage torn from moorings.

Scale No. 2--Winds of 96 to 110 miles per hour. Considerable damage
to shrubbery and tree foliade; scome trees blown down. Major damage
to exposed mobile homes. Extensave damage to poorly constructed
signs. Some damage to roofing materials of buildings; some window
and door damage. No major damage to buildings. And/or: storm surge
6 to 8 feet above normal. Coastal roads and low-lying escape routes
inland cut by rising water 2 to 4 hours before arrival of hurricane
center. Considerable damage to piers. Marinas flooded. Small craft
in unprotected anchorages torn from moorings. Evacuation of some

shoreline residences and low-lying island areas reguired.

Scale Ho. 3~-Winds of 111 t¢o 130 miles per hour. Foliage torn from
trees; large trees Dblown down. Practically all poorly constructed
signs bhlown down. Some damage to roofing materials of buildings;
some window and door damage. Some structural damage to small build-

ings. Hohile homes destroyed. and/or: storm surge 9 to 12 feet
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above normal. Serious flooding at coast and many smaller structures
near coast destroyed; larger structures near coast damaged by batter-
ing waves and floating debris. Low-lying escape routes inland cut by
rising water 3 tc 5 hours before hurricane center arrives. Flat ter-
rain 5 feet or less above sea level flocded inland 8 miles or mere.
Evacuation of low-lying residences within several blocks of shoreline

possibly regquired.

Scale No. 4--Winds of 131 to 155 miles per hour. Shrubs and trees

biown down; all signs down. Extensive damage to reoofing materials,
windows and doors. Complete failure of roofs on many small resi-
dences. Complete destruction of mobile homes. And/or: storm surge

13 to 18 feet above normal. Flat terrain 10 feet or less above sea
level flcoded inland as far-as & miles. Major damade tc lower floors
of structures near shore due to flooding and battering by waves and
floating debris. Low-1ying esgcape routes inland cut by rising water
3 to 5 hours before hurricane center arrives. Hajor erosion of
beaches. Massive evacuation of all residences within 500 yards of

shore possibly required, and of single-story residences on low ground

within 2 miles of shore.

Scale No. 5—-Winds greater than 155 miles per hour. Shrubs and trees
blown down; considerable damage to roofs of buildings; all signs
aown. Very severe and extensive damage to windows and doors. Com-
plete failure of roofs on many residences and industrial buildings.
Extensive shattering of glass in windows and doors. Some complete

building failures. Small buildings overturned or blown awvay. Com-
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plete destruction of mobile homes. and/or: storm surge greater than
18 feet above normal. Major damage to lower floors of all structures
less than 15 feet above sea level within 500 yards of shore. Low-1ly-~
ing escape routes inland cut by rising water 3 to 5 hours before hur-
ricane cenhter arrives. Massive evacuation of residential areas on

low ground within 5 to 10 miles of shore possibly reguired.

Reference: Herb Saffir: Personal communication.



APPENDIX B

ESTIMATION OF MEAN RESISTANCES FROM DESIGN SPECIFICATIONS
AND OBSERVED FAILURE RATE

Let the random safety margin, 2, for a structural element be given

Z =R~ 8 (B.1)

where, in general, R is the random resistance of the element and S is

the randem load. If we interpret 8 as a known design load, i.e., S =

Raesigns Os = 0 from Equation (B.1), the reliability index, #,
becomes:
ﬁ = (R - Rdesign)/oR (B.Z)

where R is the mean value of the resistance. Since g = §VR, where
Vg is the coefficient of variation, Equation (B.2) may be rewritten:
RPVR = R - Rgesign (B.3)
Since § and Vg can be estimated from experience and calibration stud-
ies, we may solve for E in Eguatiocn {(B.3) to get:

R = Rgesign/ (3 = BVR) (B.4)
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