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ABSTRACT 

The quantitative prediction of wind damage to structures has emerged in recent times 

as a major issue confronting construction and insurance industry personnel as well as 

emergency management planners. While a majority ofthe structures in the coastal areas 

exposed to hurricanes are non-engineered damage-prone buildings, these same buildings 

are insured against wind damage. Reliable insurance underwriting for structures, 

efficient wind damage mitigation programs, and post-storm recovery strategies are all 

dependent upon good quantitative damage prediction. 

A new approach using the concept of building damage bands is proposed for 

predicting the probable maximum damage degree to individual buildings or groups of 

buildings for any given hurricane scenario. The damage prediction model employs an 

objective weighting technique driven by component cost factors, conditional failure 

probabilities, and location parameters to obtain upper and lower hurricane damage 

thresholds. Component failure probabilities were obtained via a quasi fault tree analysis of 

a multiple fault tree scheme in which the damage of individual building envelope 

components, including the building interior, serve as the Top events. Important 

phenomena such as damage propagation and common cause failures which complicate the 

wind damage process were considered in the present model. 

The relative wind performance of buildings is assessed by a relative resistivity model 

which utilizes specific building data and damage bands specific to the building type. 

Individual building damage predictions were made for three buildings damaged in a 

VI 



previous hurricane and found to agree reasonably well with the actual damage amounts 

suffered by the buildings. 

Damage bands developed for 1-3 story residential, commercial/industrial, and 

institutional buildings, and 4-10 story buildings reveal pertinent characteristics of building 

wind damage degree-windspeed relationships. The effects of building features on building 

damage degree were investigated and the combinations that lead to specified percent 

reductions in damage degree were identified for implementing a program of building wind 

damage mitigation. Also advanced is a methodology for wind damage prediction to a 

group of buildings using the damage band concept. Application ofthe proposed method 

for a group of buildings offers good potential for portfolio analysis and post-storm 

recovery planning. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

Windstorm disasters have attracted substantial attention in recent times due principally 

to the huge financial losses in properties involved in these storms. This is a worldwide 

phenomenon involving many countries in Europe, Asia, and North America (Berz 1993). 

In the United states in particular, wind-induced property damage has in the past decade 

become the number one catastrophe. According to the National Committee on Property 

Insurance, windstorm-related damage accounted for about 70% of all dollar losses due 

all catastrophes between 1986 and 1996. This trend has great implications for the 

construction and insurance industries. For example, the insurance industry in the United 

States spent nearly $23 billion on wind related catastrophic events from 1981 to 1990 

(Insurance Information Institute 1992). 

Of all natural hazards, hurricanes cause the most damage to structures because ofthe 

size and intensity ofthe winds. Unfortunately, the increasing trend of hurricane-induced 

damage is not expected to abate in the near future unless appropriate measures are taken 

to mitigate it. On the one hand, hurricane occurrence and intensity is expected to increase 

due to worldwide global warming (Berz 1993) coupled with an expectation of onset of a 

wet phase in the West African rainfall which is claimed by Gray (1990) to be associated 

with the occurrence of major hurricanes on the US east coast. On the other hand, 

populations ofthe hurricane-prone coastal areas have continued to grow at a rapid rate 



(Sheets 1992, National Research Council 1993) with consequent concentration of coastal 

developments and mounting building and replacement costs (J. H. Wiggins Company 

1978). For example, as of 1988, the total structural value ofthe insured residential and 

commercial properties along the US east coast amounted to $1.86 trillion (AIRAC 1989). 

This figure represents an increase of 64% over the 1980 value. 

An engineering methodology for addressing the windstorm damage problem consists 

of three main steps, namely, damage investigation and basic research on wind-structure 

interaction, damage prediction, and damage mitigation. An example of basic wind 

research and damage investigation studies are those conducted by researchers at Texas 

Tech University's Wind Engineering Research Center and Institute for Disaster Research. 

Sound damage mitigation techniques may be achieved with the knowledge gained from 

damage investigation, basic wind research, and damage prediction. 

Damage prediction is an issue today because all existing structures are not windstorm-

resistant. Ironically, more windstorm vulnerable structures are being constructed and 

more damaging windstorms are likely to occur. At the same time, most structures in the 

extreme windstorm-prone areas are insured against wind damage. It cannot be gainsaid 

that an adequate tool for assessing the windstorm risks of these structures is needed. Such 

tools are products ofthe damage prediction step, and is the focus of this dissertation. The 

windstorm risk of a structure may be assessed by the degree of damage. The degree of 

damage (or degree of loss) is usually expressed as the cost of repair divided by the cost of 

replacement, given on a scale of 0 to 1 (UNDRO 1991). 



Wind damage prediction tools may be used as a basis for making decisions for wind 

damage mitigation, for setting realistic insurance rates for structures and making decisions 

on the amount of reinsurance to be purchased by an insurance company, and as an aid in 

planning recovery strategies in extreme wind events. 

1.2 Objective and Scope ofthe Research 

The objective of this research is to develop a quantitative wind damage prediction 

model for buildings affected by hurricane winds. The model should be capable of 

predicting the percent damage to individual buildings or groups of buildings for any given 

hurricane scenario. The output, which is the damage degree suffered by a building (or 

buildings), should be expressible in terms of replacement cost to its previous undamaged 

value. 

These objectives are realized by the development of a rational and systematic 

methodology that predicts the probable degree of loss to buildings in hurricane events. 

The model has immediate applicability to insurance underwriting of structures, wind 

damage mitigation, and emergency management planning. 

The emphasis in this dissertation is on hurricane wind damage, but the methodology 

can be used for predicting damage to buildings affected by tornadoes and other extreme 

windstorms. The model is applied to predict damage to low-rise (1-3 story residential, 

commercial/industrial, and government/institutional), and mid-rise (4-10 story) buildings 

due to hurricane wind forces and the associated windbome missiles. Damage to buildings 

resuhing from storm surge is not considered in this research. The predicted damage to a 



building includes damage to the building components as well as damage to contents ofthe 

building. The "damage degree" represents the ratio ofthe repair cost of a damaged 

building to the replacement cost ofthe building. Although quite general in form, the 

model assumes the occurrence of hurricane winds in developing building damage bands. 

1.3 Organization ofthe Dissertation 

Chapter 2 of this dissertation reviews the literature on wind damage investigation, and 

wind damage prediction. This is followed by the proposed model in Chapter 3. The 

analytical formulation and basis for the model, as well as the parameters used in the model 

are presented in this chapter. In Chapter 4, the model is applied to develop damage bands 

for different types of buildings. Chapter 5 presents an extension ofthe model applicability 

described in Chapter 4. The building damage bands developed in Chapter 4 are applied 

here with specific building information to determine the damage degree to individual 

buildings and groups of buildings. The model application to wind-resistant construction 

and portfolio analysis of buildings are also presented in this chapter. Chapter 6 deals with 

validation and discussion ofthe model predictions of individual building damage and the 

building damage bands. Conclusions and recommendations arising from the dissertation 

are made in Chapter 7, as well as suggestions for improvement and further research. 



CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Introduction 

Hurricanes, which are also known as "typhoons" in the Western Pacific, are warm-

core, cyclonically-rotating tropical storms with maximum sustained winds greater than or 

equal to 74 mph (119 km/h). The landfall of a hurricane has far-reaching economic and 

social consequences for the impacted communities. This might be in the form of loss of 

human lives, destruction ofthe built environment, loss of economic production, or 

disruption of social life ofthe inhabitants. 

The principal agents of this destruction are the strong winds, which may result in the 

destruction of structures and infrastructures and loss of agricultural interests, storm surges 

which may lead to beach erosion and collapse of buildings and roadways, and intense 

rainfall which may lead to further damage to contents of buildings damaged by hurricane-

force winds, as well as flooding of coastal plains. The following sections discuss the 

mechanics of wind damage and wind damage observations pertinent to damage prediction 

modeling. A survey ofthe technical literature relevant to wind damage prediction is also 

presented. 

2.2 Wind-Structure Interaction 

In order to appreciate the manner in which structures are damaged in windstorms, an 

understanding ofthe basic mechanics of wind-structure interaction is desirable. A building 



impacted by wind experiences an overall pattern of air flow in which inward-acting 

pressures act on the windward wall, while the leeward wall, side walls, and the roof 

experience outward-acting pressures (Figure 2. la). This distribution of pressures on the 

building surfaces results in the so-called classic failure modes in which the windward wall 

collapses inwards, the side walls collapse outwards, and the roof is uplifted (Figure 2.1b). 

In addition to this overall flow pattern, the bluff form ofthe building presented to the 

wind results in flow separations at the eaves, ridges, roof and wall corners ofthe building 

due to inability ofthe wind to negotiate these sharp edges. This flow separation 

phenomenon produces relatively low pressures on surfaces immediately downstream ofthe 

separation points, resulting in severe outward-acting pressures on building components 

located in these parts ofthe building (Figure 2.2). Flow separation and the wake 

turbulence associated with it are the major causes of localized building failures such as 

occur to roof corners and eaves. 

A third mechanism influencing wind damage is internal pressurization ofthe building. 

Internal pressurization typically occurs as a result of large openings created by failure of 

building components. For a partially enclosed building with an opening on the windward 

wall, an increase in the equilibrium internal pressure results, with consequent increase in 

the outward-acting pressures on the roof, sidewalls and leeward wall (Figure 2.3b). On 

the other hand, an opening in either the roof, leeward wall or side walls of a partially 

enclosed building leads to a decrease in the internal pressure, but results in increased net 

pressures on the windward wall and decreased outward-acting pressures on the roof, side 
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Figure 2.1. Classic Pattern of Air Flow Around Structures and Associated 
Failure Modes (after Minor el al. 1977). 



WALL CORNERS 
EAVES 

ROOF RIDGES 
ROOF CX)RNERS 

Figure 2.2. Air Flows across Sharp Comers Induce Pressure 
Concentrations (after Minor et al. 1977). 

8 



M i n i 
wind 

VJJWiWfwiumniiwwrnmii 

(a) Hermetic building 

wind 

JJ 
' 

1 

\ 

p>0 

— — ' 

— 

— 

(b) Windward opening 

wind 

luinnwnunnnwwwimnni 
(c) Suction opening 

wind 

vmnTnmTTTTmmTnnmTJmTmT 
(d) Openings on more 

than one side 

Figure 2.3. Variation of Internal Pressure with Openings (after Liu and Saathoff 1982). 



walls and leeward wall (Figure 2.3c). A more practical situation in buildings, however, is 

the presence of openings on more than one building surface (Figure 2.3d). This situation 

results in either positive (i.e., inward-acting) or negative (i.e., outward-acting) intemal 

pressures depending on the relative sizes ofthe openings. 

In the case of an enclosed building without openings, the intemal pressure is 

unaffected by the wind flow around the building (Figure 2.3a). This situation is, however, 

idealistic since buildings usually vent. An open building experiences no build-up of 

intemal pressures. 

Intemal pressurization is an extremely important factor in windstorm damage of 

buildings. Building damage in windstorms frequently initiates from the damage of a 

component. The openings created results in increase in intemal pressure which then leads 

to additional stmctural damage as well as damage to the building contents. This process is 

called damage propagation or damage acceleration. 

A fourth mechanism of wind damage in hurricanes and tomadoes is wind-bome debris 

impact. Objects dislodged from damaged buildings and accelerated in the windfield are 

capable of breaching building envelopes. This action may result in the death or injury of 

occupants ofthe buildings so impacted as well as exacerbate damage to the building and 

its contents. Typical examples of windbome debris are roof gravel, roof ballast, pieces of 

timber from destroyed buildings, roof appurtenances, and signs. By allowing rainwater 

inside the building and buildup of intemal pressure, windbome missiles contribute 

substantially to wind damage. 
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2.3 Wind Damage Observations 

To date, damage investigation after landfall of a hurricane or occurrence of a tomado 

appears to be the most practical, if not the most credible source of information on the 

damage response of stmctures to extreme winds. It is therefore not surprising that most 

of present day knowledge on building performance in windstorms are largely attributed to 

this source. Wind damage investigations are conducted as soon as is practically possible 

after a windstorm in order to document and collect perishable data relating to stmctural 

damage (McDonald and Selvam 1990), to record engineering-oriented assessments ofthe 

response of stmctures to wind-induced loadings, and to advance the scientific 

understanding of windstorms through the characterization of near-ground windfields and 

the calculation of near-ground windspeeds (Minor and Mehta 1979). These objectives 

relate essentially to improvements in the windstorm resistance of stmctures through 

improvements in design code provisions, use of materials, and appropriate constmction 

technology. 

Over the years, a number of establishments have undertaken several windstorm 

damage investigations on a systematic basis. These include the Institute of Disaster 

Research at Texas Tech University, National Research Council, Federal Emergency 

Management Agency (FEMA), and Nuclear Regulatory Commission. The archived and 

published information from these sources constitute an invaluable resource on building 

performance in extreme winds. This information is very useful in wind damage prediction. 

The best known relationship between the meteorological characteristics of hurricanes 

at sea and the pattem of damage they produce as they make landfall was developed by 

11 



Herbert Saffir and Robert Simpson (Simpson 1974, Simpson and Riehl 1981). This 

relationship, which is home out of wind damage experiences, expresses the damage 

potential from wind and from storm surge on a scale of 1 to 5 (see Table 2.1). The 

Saffir/Simpson scale was developed primarily as a means for hurricane prediction and 

warning. 

Another classification in common use, which relates to the wind damage susceptibility 

of stmctures, groups buildings as either Fully-Engineered, Pre-Engineered, Marginally-

Engineered, or Non-Engineered (Minor et al. 1977). The Fully-Engineered category 

comprises buildings that receive individualized design and constmction attention from 

professional engineers and architects and are considered to perform better than other 

building types during windstorms. Typical examples of Fully-Engineered buildings are 

high-rise buildings. At the other end ofthe performance spectmm are the Non-Engineered 

buildings. These buildings may lack adequate lateral and uplift resistance to wind 

pressures. Typical examples of Non-Engineered buildings are wood-framed single and 

multi-family dwellings. The performance of Pre-Engineered and Marginally-Engineered 

buildings lies between that of Fully-Engineered and Non-Engineered constmction. Pre-

Engineered buildings are manufactured in many similar units to achieve economy. They 

lack redundancy which is essential for arresting damage propagation in windstorms. 

Marginally-Engineered buildings have components that are in general assembled with 

limited engineering attention, and hence offer minimal resistance to extreme wind 

pressures. 
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Table 2.1. Saffir/Simpson Damage-Potential Scale 

Scale No. 

(Category) 

1 

2 

3 

4 

5 

Central Pressure 

Millibars Inches 

> 980 > 28.94 

965-979 28.50-28.91 

945-964 27.91-28.47 

920-944 27.17-27.88 

<920 < 27.17 

Winds* 

(mph) 

74-95 

96-110 

111-130 

131-155 

>155 

Surge 

(ft) 

4-5 

6-8 

9-12 

13-18 

>18 

Damage 

Minimal 

Moderate 

Extensive 

Extreme 

Catastrophic 

Winds are the sustained 1-minute mean windspeeds at 10 m above ground in 
open terrain. 
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Information on the damage response of stmctures to extreme winds gained from wind 

damage observations are very critical to wind damage prediction modeling. Some ofthe 

important conclusions from damage observations (Minor et al. 1977, Minor and Mehta 

1979, McDonald and Smith 1990, Rose 1993, IIPLR 1994, IRCAIPLR 1995, Mahendran 

1995) that are directly relevant to damage prediction may be summarized by building 

components as shown in Table 2.2. 

2.4 Wind Damage Prediction Literature 

In contrast to the field of earthquake engineering where a fairly large amount of 

information is available for damage prediction (National Research Council 1989, Kareem 

et al. 1983), the technical literature contains relatively little amount of work in the area of 

wind-induced damage prediction. However, a cursory look at the two areas points to two 

main factors as being responsible for this lag, namely, the relatively recent nature of active 

research in Wind Engineering and the fact that the damage mechanisms are quite different 

for the two events. Earthquake damage is essentially a stmctural phenomenon and can be 

modeled by certain identifiable parameters such as displacement, energy dissipation, inter-

story drift, ductility ratio and base shear (Banon et al. 1981, Ferrito 1984, Guangqian et al. 

1984, Park and Ang 1985). On the other hand, wind-induced damage may be both 

stmctural and nonstmctural, involving different parts ofthe stmcture and in most cases 

are localized in nature. A major drawback in wind-induced damage prediction is the lack 

of test data. Most of present day knowledge of wind-induced damage come from damage 

14 



Table 2.2. Pertinent Wind Damage Observations by Building Components 

Component 

1) Roof Covering 

2a) Roof 
Sheathing 

2b) Roof Frame 

3) Exterior 
Doors 

and Windows 

4) Exterior Wall 

5) Interior 

6) Stmctural 
System 

Damage Observation 

Loss of roofing by uplift wind forces is the most pervasive type 
of building damage in hurricanes. 

Roof sheathing failures may result by uplift wind forces or low-
cycle fatigue failure when fasteners pull out ofthe puriins and 
sheathing (pull-out failure) or when fastener heads pull through 
the roof sheathing (pull-through failure). 

Weak roof-to-wall connections are common causes of roof 
failures. Connection may fail by uplift wind pressures or by 
fatigue under fluctuating wind loading. 

Failure of doors and windows are common in windstorms. Glass 
breakage results from windbome missile impact and by suction 
forces. 

Wall failures are small in comparison to roof failures. However, 
wall-to-foundation connections should be properly secured to 
prevent overtuming of buildings. 

Poorly designed and constmcted roofs serve as sources of 
windbome missiles in windstorms, and their failure also results in 
extensive interior damage. 

Buildings without any stmctural damage may still experience 
tremendous losses in terms of loss of roofing materials, windows 
and doors, siding, and building contents. 
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investigation. Hence recourse is frequently made to engineering experience for predicting 

windstorm-related damage to stmctures. 

A widely used definition in the literature considers damage as any deficiency and/or 

deterioration of strength caused by extemal loading and environmental conditions as well 

as human errors in design and constmction (Yao 1985). The damage sustained by a 

stmcture in a windstorm is a function ofthe vulnerability ofthe stmcture to the wind 

effects. Vulnerability generally expresses the expected degree of loss to the element 

concerned for specific outcomes ofthe loss causing factors (Benedetti et al. 1988). 

In a pioneering work. Hart (1976) proposed a procedure for estimating the damage to 

groups of stmctures located within a specific geographic region affected by tornadoes. 

The procedure employs damage matrices to relate tomadic windspeeds and the damage 

state that are likely to be produced, according to the following equation: 

Total Wind Damage = { L }'̂ [ D ] { P } (2.1) 

where {L} = Loss vector, which defines the expected dollar loss for given damage states, 

[D] = Damage matrix, and 

{P} = Tomado strike probability vector, which defines the probability that a 

tomado of given windspeed state will strike the site of interest. 

Damage matrices were obtained by averaging the responses of wind engineering 

experts, for the following stmctures: 1-3 story wood-framed and masonry/concrete wall 

residential stmctures, 1-3 story metal industrial stmctures, stmctures greater than 4 

stories, mobile homes, and windows. Hart applied the methodology to evaluate the annual 

expected loss, in dollar terms, for each state under 1970 conditions. This procedure holds 
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promise for regional estimation of tomado damage for general stmctural types. Its major 

drawback is the difficulty in obtaining reliable damage matrices and loss vectors. 

Two procedures for predicting wind damage to buildings were advanced by Mehta et 

al. (1981). The level I procedure is a subjective approach involving an on-site survey of 

the building (exterior survey, survey from roof, survey of mechanical and electrical 

equipment rooms, and study of constmction drawings and specifications) after which the 

inspector makes a subjective judgment on potential damage to the building which may be 

an overall stmctural collapse, failure of individual stmctural or architectural components, 

or breach ofthe building containment. The level II procedure is an analytical approach 

utilizing stmctural mechanics principles, engineering judgment, wind loading conditions 

and knowledge of strengths of constmction materials to predict the windspeed associated 

with a sequence of failures. Although this work is useful in identifying safety areas and 

architectural systems for retrofitting, it does not provide explicit information on the 

amount of damage to a building. Another drawback ofthe work is that it is not practical 

for routine application by the insurance industry. 

Windspeed versus damage relationships derived from past loss experiences may find 

usefiil application in validating windstorm prediction models. Friedman (1984) presents 

vulnerability relationships obtained by analyzing weather data and insurance claim files for 

single-unit residential, other residential, and non-residential buildings located within 

specified geographic areas (Table 2.3). Friedman noted that the windspeed-damage 

relationships of insured properties and loss per claim is non-linear, and concludes that the 
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sole use of past damage experience with traditional actuarial procedures does not 

consistently provide an adequate measure of present or future risk. 

A damage simulation model for building contents in hurricane environments was 

proposed by Stubbs and Boissonnade (1989). Failure of roofing and unprotected 

openings were selected as the hazards that affect building content damage due to their 

relatively high occurrence probabilities in windstorms (Table 2.4). The method for 

predicting damage to roofing and openings involved assigning percent damages by expert 

opinion, to six categories of damage states. Probabilities were subsequently assigned to 

the damage states and the damages resulting from roofing and opening failure combined, 

assuming independence between the two modes. Stubbs and Boissonnade then related the 

final damage states produced by roofing and openings damage to content damage using 

the damage probability matrix concept, as follows: 

DRk = L [ DPM ] P (2.2) 

where DRk = Damage ratio for Content type k, 

L = 1 X 6 matrix containing the mean damage ratios, 

DPM = 6 x 6 damage probability matrix, and 

P = 6 X 1 matrix containing the probability that the building envelope is in one 

of six final hazard states. 
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Table 2.3. Vulnerability of Three Types of Elements-at-risk to Hurricane Winds: 
Most likely Percent of Value Lost to Affected Buildings (after Friedman 1984) 

Maximum Windspeed in Grid 
Area (peak gust) (mph) 

40 
60 
80 
100 
120 
140 
160 

Single-unit 
Residential 

1.0 
1.7 
2.9 
3.9 
5.5 
9.3 

16.0 

Other 
Residential 

0.5 
0.9 
1.8 
2.4 
3.5 
6.0 

11.0 

Non-
Residential 

0.4 
0.8 
1.7 
2.3 
3.4 
5.9 

10.9 

Table 2.4. Qualitative Risk Assessment of Hazard to Building Contents (after Stubbs and 
Boissonnade 1989) 

Risk Category 

1 

2 

3 

4 

5 

Definition of Category 

Occurrence Consequences 

Very High Very High 

High Very High 

Medium high Very High 

Low Very High 

Very Low Very High 

Building Elements 

Roofing; Unprotected Openings 

Roof 

Roof-frame Connection 

Exterior Cladding 

Frame, Frame-Foundation 
Connection, Foundation 
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This work represents a pioneering effort to simulate building contents damage in 

hurricanes. However, the model did not consider all the hazards, in terms of building 

component damages, that influence building contents damage. It also suffers from the 

difficulty in obtaining reliable damage probability matrices for building contents. 

In a subsequent work to relate building damage and its contents to hurricane 

windspeeds, Stubbs et al. (1995), and Stubbs and Perry (1996) simulated building damage 

ratio, DR^(v), in terms of expert-supplied parameters according to the following equation: 

DRXv) = ^^ (2.3) 

1=1 

where Z)7?,(v)= building damage ratio, 

/. = relative importance ofthe ith. damage mode to the damage ratio ofthe 

complete stmcture, and 

DR. (v) = damage ratio for the ith. damage mode 

o V < a, 

v - a „ 

^ii - « n 

1 V > a,2 

where v = windspeed, 

a., = windspeed at which damage will commence in the ith. mode, 

a.2 = windspeed at which damage will end in the ith. mode. 
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For Contents Damage Ratio, DR^ (v), Stubbs et al. proposed the following equation: 

DR,(v) = ̂  ' j (2.5) 

where J, = relative importance ofthe ith. damage mode to the damage ratio ofthe 

contents, 

DR^*" = Content damage given damage of component i ofthe stmcture, 

0 DR, < bb„ 

DR-bb,, 
r.^^ _^^ bb„<DR^<bb,, (2.6) 

[r, DR,>bb,, 

where bb.^ = damage level of building component i at which damage to contents begins, 

bb..2 ~ damage level of building component i at which damage to contents ends, and 

y. = maximum level of expected damage to contents. 

All the parameters used in the above equations are expert-supplied constants, with 

consequent problems of obtaining reliable values ofthe constants for different building 

types. Also, because individual buildings possess peculiar attributes, the model does not 

predict damage to individual buildings. 

Boissonnade and Dong (1993) presented a methodology for wind and surge hazards 

assessment and vulnerability prediction in hurricanes. The hazards were modified to 

account for precipitation, missiles and tomadoes via deterministic and stochastic hurricane 

scenarios. Boissonnade and Dong classified stmctures either by social fiinctions, 

stmctural type or materials, and then associated levels of hazard and corresponding 
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damage ratios (damage functions) to each generic class followed by some modification of 

the generic damage functions to account for regional, site, and hazard dependency of 

damage. The damage functions were then validated by comparing predicted damage with 

historical losses or with damage assessed by engineering expertise. However, this study 

does not present the criteria used for damage determination. 

Analysis to determine a probable maximum loss (PML) from hurricane/tomado-

generated winds and associated storm surge for an insured portfolio of stmctural risks 

along the Carolina coastline was conducted by Wiggins (1993) prior to the landfall of 

Hurricane Hugo. For hurricane analysis, the PML was defined as the loss associated with 

a 475-year retum period event which was computed to be a windspeed of 125 mph, while 

a Fujita 3 tomado (windspeed 182 mph) was selected as the PML tomado. Wiggins 

calculated damage losses as a function of total value ofthe stmcture, the deductible, and a 

damage coefficient obtained from a damage matrix that relates wind velocity and damage 

state. The resulting percent damage (in probabilistic terms) were then compared to the 

actual loss data in Hugo but found to be largely inaccurate. Wiggins concluded that it is in 

the area of developing as-built wind damage algorithms that a great deal of work needs to 

be done. 

Holicky (1993) presented some interesting definitions related to the reliability of 

building stmctures. Considering the load effect as a classical random variable described 

by a probability density function and the stmctural resistance as involving randomness as 

well as fuzziness, four combinations of these characteristics were identified as follows: 

(1) Deterministic case, which involves only one failure point and in which the 
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randomness characteristic, cr ,̂ is equal to zero; (2) Pure fuzziness, in which cr̂  = 0, and 

distinct lower and upper limits exist over which a stmcture losses its resistance; (3) Pure 

randomness case which involves only one failure point but with cr̂  ^ 0; and (4) Fuzzy-

random case, in which failure occurs over a range of values as in case (2) but the 

stmctural resistance possesses non-zero randomness characteristic, cr̂  . Holicky defined 

the total fuzzy probability of failure, n^, as the weighted average of all failure 

probabilities, pj {/jj^), with respect to damage levels, //^, taken over the entire range 

1 \ 
^f = TTJ MD PfiMo) d^D (2-7) 

N 0 

in which N is a normalizing factor reducing the fuzzy probability to (0,1). 

Chiu (1994) proposed a hurricane vulnerability model for single-family dwellings. To 

enable a more meaningful comparison of exposure to risk to be made, Chiu introduced an 

alternative to the Saffir/Simpson damage scale (see Table 2.5). The parameter used for 

the hazard scale is the storm's surface wind speed normalized by the local design wind 

speed, i.e.. 

Surface wind speed ^^ ^^ 
Hazard Parameter = — . (2.8) 

Design wind speed 

23 



Table 2.5. Hurricane Hazard Categories (after Chiu 1994) 

Category 

1 

2 

3 

4 

Parameter 

Hazard Parameter < 1.0 

1.00 < Hazard Parameter < 1.25 

1.25 < Hazard Parameter < 1.50 

Hazard Parameter > 1.50 

For the vulnerability model, a General Empirical Evaluation of a building (GEE) was 

made using damage probability matrices obtained by consultation with four experts. 

These default damage states were then modified by a General Analytical Evaluation 

(GAE), a Terrain Evaluation (TEM), and a Building Specific Evaluation (BSE) to obtain 

the Hurricane Vulnerability Evaluation (HVE) for a specific home according to 

Equation 2.9. 

HVE = TEM * (GEE - GAE + BSE) (2.9) 

Chiu's model uses one value each for the roof and wall panel comparisons in the 

General Analytical Evaluation, and does not consider damage due to windbome debris. 

This approach is considered coarse as it does not adequately account for the major failure 

modes of a building. The idea of hurricane hazard category based on design windspeeds 

is a very useful concept. 

Knowledge based expert systems (KBES) are becoming increasingly popular for 

addressing the wind damage prediction problem (Smith et al. 1995, Muriidharan et al. 
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1995, Reed et al. 1995). This is largely due to the imprecise nature ofthe factors involved 

in the wind damage problem and the fact that damage assessment is largely qualitative in 

nature. 

A method for wind resistance categorization of buildings incorporated into a 

commercial expert system called WIND-RITE^^ has been developed for the insurance 

industry (Mehta et al. 1993, Smith et al. 1995). The method classifies buildings into 8 

categories and identifies the major stmctural parameters relating to wind-induced building 

damage as Environment, Frame, Roof envelope. Wall envelope, and Other, to reflect wind 

effects, wind resistance, and engineering attention in the design of a building. Information 

obtained from the building damage parameters are assigned weights which are 

subsequently used as input data in the expert system to produce a relative wind resistance 

grade for a building. The method is useful in assessing the relative wind resistance of 

buildings and is therefore a useful input to the underwriting process. However, WIND-

RITE""̂ ^ does not predict the damage to a given building, neither can it be used at the 

present time to determine the relative wind resistances for buildings in two different 

classes. 

Another technique of artificial intelligence that is gaining currency for damage 

assessment and wind-induced damage prediction is neural networks (Fumta et al. 1993, 

Sandri and Mehta 1995). Sandri and Mehta (1995) demonstrated the adaptability of 

neural networks for wind damage prediction using a simulated database of damaged 

residential buildings. The damage to a building is classified as either high, medium high, 

medium, medium low, or low, based on expert evaluation of three attributes of each of 
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seven identified salient features of a building's envelope and environment. Fractions ofthe 

simulated building database which comprised the desired damageability states and all the 

possible combinations ofthe attributes to the building's salient features, were used for 

training the network. Sandri and Mehta compared the results ofthe network training to 

the desired output and concluded that the neural networks prediction was 78-92% correct 

for the sample sizes tested and that misclassifications ofthe damage states were limited to 

one damage level only. The study shows that the ability ofthe network to emulate desired 

damage states of a residential building is promising, but its overall usefulness is dependent 

on its ability to correlate simulated damage states with actual damage states caused by 

specific outcomes ofthe wind hazard. 

Methods of wind damage prediction may be summarized as comprised of those based 

on damage probability matrices, stmctural reliability methods, and artificial intelligence. 

The present work addresses the wind damage prediction problem from the point of view 

of a probable maximum loss to buildings in hurricane-prone prone areas. A new approach 

using the concept of building damage bands obtained by means of stmctural reliability 

analysis is the backbone for damage prediction to individual buildings, groups of buildings, 

and wind damage mitigation. 
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CHAPTER 3 

PROPOSED HURRICANE WIND DAMAGE MODEL 

3.1 Basic Notions ofthe Hurricane Wind Damage Model 

The philosophy and formulation ofthe proposed hurricane wind damage model are 

presented in this chapter. The wind damage model for the quantitative damage prediction 

of buildings is based upon damage bands which are developed in the next chapter using 

the model presented in this chapter. 

The pattem of building damage in windstorms is heavily non-stmctural, involving one 

or more distinct parts of a building. The distinct parts of a building will be referred to 

here, as the building components. It seems intuitively proper for the present purpose, to 

consider a building as an aggregation of components that have been assembled together 

according to well-defined methods that embody the art and science of building 

constmction technology. Building components are coupled to each other by their 

connections. In an extreme windstorm event, damage of a building component is said to 

occur when the domain ofthe component or the connection of that component to other 

components is damaged. Hence the issues to be addressed in modeling the vulnerability of 

a stmcture to hurricane winds relate to building component connections as well as the 

nature ofthe components. It can be said that the probability of damage to buildings in 

windstorms is a function ofthe resistance ofthe building components and their 

connections to the wind effects. If the damage degree is determined for the set of building 

components and connections characteristics that are associated with the highest 
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probability of failure, an upper bound to the damage degree is defined. Similarly, the set 

of components and connections properties that are associated with the least probability of 

failure defines a lower bound to the damage degree. These limits define the "damage 

band" for the building class for which they are developed. 

The words "damage" and "component" as used here are the analogues of "failure" and 

"device" respectively, as used in classical reliability analysis. However, the word damage 

connotes some degree of failure. Failure probability may be related to damage probability 

by means of a location/distribution parameter (see section 3.3.1). 

3.2 Building Characterization 

The percent damage sustained by a building in a hurricane event is dependent upon the 

percent damage to its components. For the purpose of this damage prediction model, a 

building is characterized as consisting ofthe following components: roof covering, roof 

stmcture, exterior doors and windows, exterior wall, interior, stmctural system, and 

foundation (Figure 3.1). The details of each component are shown in Table 3.1. An 

important consideration in the choice of members of a component is the relative likelihood 

of damage and cost contribution ofthe component, if damaged in a windstorm. For 

example, conveying equipment is classified as part ofthe stmctural system, and a portion 

ofthe electrical and mechanical components is considered as part ofthe exterior wall. 
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Typical Building 

I 
Roof Covering 

I 
Roof Stmcture 

I 
Exterior Doors 

& Windows 
Exterior Wall Interior 

I 
Stmctural 

System 

1 
Foundation 

Figure 3.1. Building Characterization by Components 
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Table 3.1. Distribution of Members ofBuilding Components 

Component 

Roof Covering 

Roof Stmcture 

Exterior Doors & 
Windows 

Exterior Wall 

Interior 

Stmctural Frame 

Foundation 

Members 

Roof Covering, Roof insulation, Flashing, Gravel-stop 

Roof sheathing, Roof frame (joists, slab, tmss, arches, 
rafters, etc.). Roof gutters. Skylight, and Other roof 
appurtenances 

Exterior doors (including garage doors), Windows, and 
Glazed walls 

Exterior cladding & support system. Exterior wall 
finishes (inside & outside). Electrical & Mechanical 
components and equipment supported by exterior wall 

Partition walls & finishes. Interior doors. Building 
contents, ceiling & floor finishes. Electrical & 
Mechanical components and equipment on partition 
walls, and ceilings 

Girders, Columns, Elevated floors. Conveying 
equipment, and Interior stairs 

Foundation & substmcture. Site work. Ground floor 
slabs 
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3.3 Proposed Model 

The proposed wind damage model is based on the damage sustained by individual 

components ofthe building (Figure 3.1). The percent damage to a building impacted by 

hurricane winds (wind pressure and windbome missiles) is a flinction ofthe probability of 

failure ofthe building components, the degree to which failed components are damaged 

(measured by Component Location Parameter, a), and the cost ofthe building 

components. Assuming that a building suffers some degree of damage if there exists a 

probability of failure of at least one of its components at any level ofthe hurricane 

hazard, / , the degree of damage, DD(l), may be stated mathematically as: 

DD{l) = Y^P^{CCF,)a, (3.1) 
1=1 

in which DD{J) = Damage degree (or Percent damage) at hazard level / , 

Pji = Component conditional probability of failure (or Component Fragility), 

CCF^ = Component cost factor, 

a. = Component Location parameter, and 

n = number of components used in the building damage model. 

The variables in Equation (3.1) are explained in the following sections. 

3.3.1 Component Location Parameter 

The motivation behind the use of Component Location Parameter, a, is the observed 

pattem of building damage in windstorms. Since wind pressure varies from one 

part of a building to another, it is not surprising that building components' damage in 
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windstorms is frequently localized. Component Location Parameter accounts for the 

distribution and location of components in relation to their degrees of wind damage. The 

use of Component Location Parameter overcomes the so-called binary modeling of faults 

in classical reliability analysis, in which a device is considered to be in either one of two 

states, i.e., operational (ON) or non-operational (OFF). Building components usually fail 

in windstorms in "degrees" and cannot in general, be appropriately classified as being in a 

failed state (i.e., 100% damage) or unfailed state (i.e., 0% damage). A building 

component may have a significant (in the statistical sense) probability of failure without 

meaning that the entire component is completely damaged. 

3.3.2 Component Cost Factors 

The use of Component Cost Factors (CCF) is a technique to objectively relate 

individual component damage degrees to the damage degree ofthe entire building. 

Component cost factors are replacement values ofthe components normalized by the 

replacement value ofthe building, i.e., 

CCF = (Replacement value of component/Replacement value ofthe building). (3.2) 

Even though building constmction costs vary along the hurricane-prone gulf and east 

coast areas ofthe United States, the non-dimensionalized cost factors do not significantly 

vary with location. Also, since individual building components are complementary goods 

that have composite demand, changes in inflation rates for the price of individual building 

components (labor and materials) are very highly correlated. Hence Component Cost 
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Factors may be considered invariant with time. The advantages of these properties ofthe 

CCF are highly desirable for a loss model in which the degree of damage is the final 

output. In addition to enabling the model to be applicable over a reasonably long period 

of time, the end user ofthe model does not have to worry about price indices for a 

location of interest or the square foot cost of a particular building component. 

3.3.3 Component Fragility 

A great degree of uncertainty exists about the resistance of building components on 

the one hand and the aerodynamic forces ofthe wind on the other. It seems proper then 

to estimate wind-induced building damage using the concept of probability of failure. The 

fragility of a component defines the relationship between the conditional probability of 

failure ofthe component and hurricane wind intensity. Fault Tree Analysis (FT A) is used 

to determine component failure probabilities. FTA is a systematic procedure by which 

undesired (Top events) events, such as damage of a building component, are related to the 

failure modes and events that cause them. A detailed treatment ofthe FTA method can be 

found in many books on engineering reliability, e.g., NRC (1975b). 

Building components' failure modes based on damage observations (see section 2.3) 

are summarized in Table 3.2. The failure modes modeled in the fault trees are indicated by 

a "Yes" under the "Failure mode modeled" column. For practical reasons, the failure 

modes modeled in the Fault Trees are those which are predominant in hurricane damage 

and can also contribute significantly to overall building damage. The symbols used in 

constmcting the building damage fault trees are explained in section 3.3.3.1. 
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Table 3.2. Building Components Failure Modes 

Component 

Roof 

Covering 

Roof 

Stmcture 

Exterior 

Doors and 

Windows 

Exterior Wall 

Interior 

Failure Modes 

1(a) Blow-off of covering at the attachments 

(b) Blow-off of aggregate from built-up roofs 

(c) Supporting member failure** 

(d) Missile damage to roof covering 

2(a) Roof sheathing failure by fastener pull-out 
and pull-through 

(b) Roof system uplift at roof-to-wall connection 

(c) Supporting member failure** 

3(a) Breakage by windbome missiles 

(b) Interior surface failure by pressure 

(c) Edge or anchorage failure 

(d) Supporting member failure** 

4(a) Lateral pressure failure 

(b) Wall-to-foundation uplift 

(c) Breaching by windbome missiles 

5(a) Failure of Roof Covering*^ 

(b) Failure of Roof Structure*^ 

(c) Failure of Exterior doors & windows*^ 

(d) Failure of Exterior wall*^ 

Failure mode 
modeled 

Yes 

No 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

** Supporting member failures are modeled in the Fault Trees as propagational failures. 
*̂  These are the causes of failure to the building interior. 
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3.3.3.1 Explanation of symbols used in the Building Damage Fault Trees 

Top event I 

This is the highest level of a Fault Tree, and represents the "undesired event" of the 

tree. A system can have several top events. Multiple Fault Trees, in which damage of 

building components are the top events are used in the present work to simulate building 

damage in hurricane events. Top events are represented by rectangles. 

Basic event v J 

A basic event is the lowest level and highest resolution of a Fault Tree. It may be a 

component-level event or an external event. Basic events are represented by circles. 

Intermediate event I I 

This is an event that results from the combination, through a logic gate, of two or 

more basic events. It is represented by a rectangle. 

Logic gates I—1 OR gate AND gate 1—1 

Logic gates are used to connect events according to their causal relations. The OR 

gate indicates that the output event occurs if any one or more of the input events occur. 

The AND gate indicates that the output event occurs if and only if all the input events 

occur. 

6 Special gate: F-OR 

This gate is not one of the symbols originally used in Fault Tree constmction. It is a 

user-defined OR gate (Function "OR") connecting a Top event. The output is a user-
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defined function that involves the top event probability of failure as well as other 

parameters used in the function. 

3.3.3.2 Building Component Damage Fault Trees 

The model uses damage of individual building components (roof covering, roof 

stmcture, exterior doors and windows, exterior wall, and interior) as the Top events ofthe 

Fault Trees. It is assumed that foundations are not subject to wind damage. The 

contribution with respect to wind damage probability, of building stmctural system 

elements (i.e., beams, columns, and floors) and elevators, and are orders of magnitude less 

than those of roof covering, roof stmcture, exterior doors and windows, and exterior wall, 

and are not explicitly modeled in the Fault Trees. Stmctural system effects are, however, 

considered in developing the upper damage bounds for low-rise buildings as well as in the 

individual building resistivity model for both low and high-rise buildings (Chapter 5). 

In modeling wind-induced building damage using Fault Trees, two important factors, 

namely, damage propagation and common cause failure, must be considered. When a 

building is impacted by hurricane winds, the building envelope components are exposed to 

the wind effects at the same time. The hurricane event is therefore a common cause. The 

resulting failures are variously referred to as common cause failures, common mode 

failures, or common mode effects (NRC 1975b, Gangloff 1975, Dhillon and Singh 1981, 

Sundararajan 1991, Kumamoto and Henley 1996). The immediate damage response of 

each building component to varying levels ofthe common cause will be referred to as 

Component basic fragility. Common cause events introduce dependencies in component 
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failure probabilities, and these dependencies must be considered in quantifying the Fault 

Trees. When one or more components fail as a resuh ofthe common cause, this may lead 

to failure of other components, or increase their likelihood of failure. This results in 

damage propagation. The final components fragilities, P^ (/), are then obtained by 

combining the basic and propagational components of failure probabilities, as follows: 

p,(,r)=p"+p; - p,'p; (3.3) 

where P^ = Component basic fragility, i.e., component conditional probability of failure 

excluding propagational effects, 

P^ = Component conditional probability of failure due to propagational effects. 

Component basic fragilities are given by the probabilities ofthe intermediate events 

labeled B1-B4 in the Fault Trees (Figures 3.2-3.5). Component propagational failures are 

modeled explicitly in the Fault Trees and are indicated by the intermediate events whose 

labels begin with the letter P (see Figures 3.2-3.5). Failure of components that lead to 

damage propagation of other components serve as intermediate events in the component 

Fault trees. Hurricane occurrence, which is the common cause, appears as a basic event 

in the Fault Trees. The Fault Trees contain repeated events and hence must be reduced 

during the quantitative evaluation ofthe Trees. 
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RC 

P1RS 

Propagational Damage of 
Roof Covering due to 

damage of Roof Structure 

B1 

Damage of Roof Covering 
due to direct Hurricane 

pressure 

B2 

Damage 
of 

Roof 
Structure 

E20 E2 E1 

Figure 3.2. Fault Tree for Roof Covering Damage 
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Damage of Roof Structure 

RS 

P2EW 

Propagational damage 
of Roof Str. due to 

damage of Ext. Wall 

Propagational 
damage of Roof Str. 

due to damage of 
Ext. doors & 

Windows 

B4 

82 

Damage of Roof Str. 
due to direct Hurricane 

pressure 

P2EDW 

Damage of 
Ext. Wall 

83 

M2 

Roof Sheathing 
damage 

Damage of 
Ext.doors & 

Windows 

Hurr. press.\ 
exceeds \ 

roof 
sheathing j 

resist. / 

/ Hurricane 1 
i occurs 1 

/ Hurricane \ 
' pressure \ 
1 uplifts roof 1 
\ Structure / 

Hurricane 
occurs 

E11 E3 E1 E4 E1 

Figure 3.3. Fault Tree for Roof Stmcture Damage 
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Damage of Exterior Doors 
& Windows 

EDW 

P3EW 

Propagational damage 
of Ext. doors & 

Wmdows due to 
damage of Ext.wall 

Propagational 
damage of Ext. 

doors & windows 
due to damage of 

Roof Structure 

B3 

Damage of Ext. doors & 
windows due to direct 

hurr. pressure & missile 

P3RS 

E13 

Damage of 
Exterior 

Wal 

M5 

ED&W damage by 
missile impact 

M4 

ED&W damage 
by pressure 

Damage of 
Roof 

Structure 

E14 E7 E6 E5 E1 

Figure 3.4. Fault Tree for Exterior Doors and Windows Damage 
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Propagational damage 
of Ext. Wall due to 

damage of Ext. doors & 
Windows 

Propagational 
damage of Ext. Wall 

due to damage of 
Roof Structure 

E16 

B4 

Damage of Ext. Wall 
due to direct Hurricane 

wind pressure 

P4RS 

Damage of 
Ext. Doors 
& Windows 

M6 M7 

Ext. Wall damage 
by lateral pressure 

Wall/Foundation 
connection failure 

Damage of 
Roof 

Structure 

,Hurr. press. 
exceeds 
lateral 

strength of 
Ext. wall 

B2 E15 E8 E1 E9 E1 

Figure 3.5. Fault Tree for Exterior Wall Damage 
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3.3.3.3 Interior Damage Model 

Building interiors are damaged in windstorms when components of building envelopes 

are damaged (Figure 3.6). In addition to interior damage caused directly by failure of 

damaged building envelope components, breach of the building envelope enables 

hurricane-induced rainfall, pressure and missiles to exacerbate interior damage (Figures 

3.7-3.10). 

Sh 1 Sh 2 Sh 3 
Due to Roof Due to Roof Due to Exterior Doors 
Covering Damage Stmcture Damage and Windows Damage 

Sh 4 
Due to Exterior 
Wall Damage 

Figure 3.6. Fault Tree for Interior Damage 
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Individual building components do not contribute equally to interior damage. For 

example, a probability of failure of 0.6 for Interior damage given roof covering damage 

[P(INT/RC)] does not necessarily contribute more to interior damage than a probability of 

0.2 for Interior damage given Exterior wall damage [P(INT/EW)]. An objective 

weighting technique using relative component cost factors, RCF. , is employed to relate 

the probabilities of interior damage given individual components damage, P(INT / C^ ) , 

to the total probability of interior damage, as follows: 

n 

P(Interior damage) = X [^(/AT / C, )]RCF, (3.4) 
1=1 

where P{INT IC^) = Probability of interior damage given that the i-th component is 

damaged, 

n = number of components used in the interior damage model, and 

RCF. = Relative Component Cost Factor, 

CCF, 

TCCF, 
(3.5) 

i=l 

in which CCF.= Component cost factor (see sections 3.3.2 and 4.4). 

The special user-defined symbol (F-OR) in Figure 3.6 is defined by the function 

represented by Equation 3.4. 
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Interior damage 
due to damage of 

Roof Covering 

Roof 
Covering 
damage 

E10 

Interior damage 
by water/RC 

damage 

E17 

Figure 3.7. Fault Tree for Interior damage due to Roof Covering damage (Sh. 1) 
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Interior damage due to damage 
of Roof Structure 

RS 

Roof Structure 
damage 

l/RS 

nt. damage/Roof Structure 
damage 

A1 

Int. damage by 
water/RS damage 

A2 

Int. damage by missile 
& press./RS damage 

E10 
E21 E24 E23 

Figure 3.8. Fault Tree for Interior Damage due to Roof Stmcture Damage (Sh. 2) 
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Interior damage due to damage of Ext. Doors 
& Windows 

EDW 

Exterior doors & 
windows damage 

l/EDW 

Interior damage/ED&W 
damage 

A3 

Interior damage by 
water/ED&W damage 

A4 

Interior damage by 
missile/ED&W damage 

E10 E18 E26 E25 

Figure 3.9. Fault Tree for Interior Damage due to Exterior Doors and Windows Damage 
(Sh. 3) 
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A5 A6 

Int. damage by water/EW 
damage 

Int. damage by missile & 
pressure/EW damage 

E22 

E10 E19 

Figure 3.10. Fault Tree for Interior Damage due to Exterior Wall Damage (Sh. 4) 
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3.3.3.4 Probability of Failure of Basic Events 

Basic event probabilities of failure are the inputs required to quantify the Fault Trees. 

They may be obtained using one or a combination ofthe following methods (Reed 1985, 

Casciati and Faravelli 1991): test data, engineering judgment (i.e., expert opinion), design 

code requirements, factors of safety analysis, reliability analysis, and data from past events. 

The failure probability of a component is a flinction ofthe resistance or strength ofthe 

component and the magnitude ofthe applied load or stress. In the present context, 

strength is defined as the ability of a component (or its connection) to resist failure due to 

the aerodynamic hurricane loading and impact pressures by windbome missiles. If the 

load (or stress) and resistance (or strength) parameters of a component are characterized 

by a finite number of random variables, X^, with some functional relationship 

Z = / ( X , , ^2' • • •' ̂ « ) ' t̂ ^̂  t̂ ^ failure criterion and probability of failure, P^, are given, 

respectively, by (Sundararajan 1996): 

f{X,,X,,...,X„)<0 (3.6) 

and 

Pf=P[f{X,,X,,...,X:)<Qi\= JA,.x,...,xM,x,,...,x„)dx,dx,...dx„ (3.7) 
Q 

where Q is the failure domain over which Z < 0, and 

fxxx (x^,X2,...,x„)dx^dx2...dx„ is the joint probability density function of the 

random parameters, X,. 
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If the strength and load random variables are each represented by one parameter, R 

and L, respectively, then the probability of failure, using the stress-strength interference 

method, may be written: 

Pf=P(R<L) (3.8) 

= jfnA^.Pjdrdl (3.9) 
Q 

where fniirj) = joint probability density fianction of R and L. 

If R and L are statistically independent random variables. Equation 3.9 may be written 

in terms ofthe marginal probability density functions, fnir) and / ^ ( / ) , of R and L, 

respectively: 

Pf=jfA'-)fdl)drdl. (3.10) 
o 

Equation 3.10 may be expressed as the product ofthe probability that strength is less 

than a value of stress, / , and the probability that stress is in the infinitesimal neighborhood 

of / (Kecegioglu and Cormier 1964): 

00 / 

Pf = /A(0[JA( ' -¥ ' - ]^ / - (3.11) 
—00 —00 

Equation (3.11) is the classical time-invariant probability of failure expression for 

random-fixed stress and random-fixed strength, using the stress-strength interference 

method. In general, three levels of uncertainty may be distinguished for the stress and 

strength variables, namely, (a) Known stress or strength, (b) Random-fixed (stress or 

strength), and (c) Random-Independent stresses (or strengths) (Shaw et al. 1973). 
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In the case of deterministic values, /̂ , of the load variable, and random-fixed strength 

variable, the conditional probability of failure is given by: 

P,(l,)= ?(/?</,) = jf,(r)dr = F,(/,) (3.12) 
— oo 

where F̂  (/,.) is the cumulative distribution function of the resistance variable R. 

Equation (3.12) may be evaluated numerically, analytically by direct integration, or by 

Monte Cario simulation. The method adopted is dependent on the form of the distribution 

function, f^ (r). Basic event probabilities labeled E2 to E9 in the Fault Tree diagrams are 

obtained by using Equation 3.12. The method used to obtain the other basic events is 

described in Chapter 4 of this dissertation. 

3.3.4 Principles ofFault Tree Quantification 

Several methods are available for the quantitative analysis of Fault Trees. These 

include the direct approach, use of minimal cut sets and minimal path sets, and Monte 

Carlo simulation. Regardless of the method used, the underiying principle utilizes 

Boolean algebra and probability laws to obtain the top event probability of failure. 

Repeated events must be removed during the analysis using Boolean algebra relations. 

The logic gates of interest in the present work are the OR and AND gates. If n 

number of basic (or intermediate) events, Ei, E2,.... En, are connected to an intermediate 
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or Top event through an OR gate, the probability of the output event is given by: 

PiE,-^E,-h...-^E„) = [P{E,)-\-P{E,)-^-...-^PiEJ] (n terms) 

- [P(£,£J+P(£,£3)+...+/>(£.£:.)] 
i*j 

terms 

+ {P{E,E,E,)-\- P{E,E,E,) + P{E,E,E,)+...^-P{E,E^E,)\ 
v3y 

terms (3.13) 

•^{-\y-\P{E,E,...E„)]. 
fn\ 

K'^J 
term 

In the case of two basic (or intermediate) events. Equation (3.13) reduces to: 

P{E,-\-E,)=P{E,)-\-P{E2)-P{E,E,) (3.14) 

= P(£,)+P(E2)-P{EJ £,)PiE^) (for dependent events Ei and E2) 

= P(E,) + P{E,)-P(E,)P(E,) 

(3.15) 

(for independent events Ei and E2) 

(3.16) 

However, for basic event probabilities of failure obtained using experimental data, 

conditional probabilities, P(£, / Ej), are not usually available. In such situations, event 

dependence is frequently estimated by means of the traditional correlation coefficient, p̂  j 

(Benjamin and Comell 1970, Ang and Ma 1981, Reed et al. 1985). The PNET method 

proposed by Ang and Ma (1981) assumes that failure modes with correlation coefficients 

greater than some arbitrarily selected high value are perfectly correlated and are 

represented by their most significant failure mode (representative mode). The resulting 

representative modes of the system are then assumed to be statistically independent. 
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However, the results produced by this method tend to be too conservative, and are not 

suitable for evaluating building component fragilities under abnormally high wind 

pressures. Since component failure events are generally positively correlated (Ang and 

Ma 1981), ^(EjEj) is estimated using the relation proposed by Reed et al. (1985) in the 

following form: 

PiE.E^) = P{E,)P{E2) + p,,2{4P{E,)P{E,){\- P{E,m- P{E,)]). (3.17) 

Using Equation (3.17), Equation (3.15) becomes: 

P{E,+E2)=P{E,)^P{E2)-

P{E,)P(E,)-p,^,{^P{E,)P(E,)[l-P(E,)][\-P(E,)]). (3.18) 

Note that the probability of a top or intermediate event connected to two events, Ei and 

E2, through an AND gate is represented by P^E^E^). The above principles are applied 

in Chapter 4 to evaluate the fault trees. 
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CHAPTER 4 

DAMAGE BANDS FOR BUILDINGS AFFECTED 

BY HURRICANES 

4.1 Introduction 

Damage bands have been defined in Chapter 3 as the damage degree range whose 

bounds are derived fi"om the set of building components types and connections associated 

with the least (lower bound) and highest (upper bound) probabilities of damage. No one 

single building may possess the characteristics needed to define a lower or upper bound to 

the damage degree. Hence the bounds to the damage band are based upon hypothetical 

building characteristics. In this chapter, the applicability ofthe model described in the 

preceding chapter is demonstrated in the development of building damage bands for 1-3 

story low-rise residential, commercial/industrial, and govemment/institutional buildings, 

and 4-10 story mid-rise buildings. The building characteristics used to develop the 

damage bands for 1-3 story buildings are summarized in Table 4.1. 

4.2 Choice of Distribution Function for Component Resistance 

Use of Equation (3.12) for evaluating basic event probabilities calls for a distribution 

function, /^ (r), ofthe component failure mode resistance. An obvious choice for the 

strength distribution is the normal model because of its analytic tractability, robustness and 

well-known properties. Also the Central Limit theorem leads one to expect the normal 
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Table 4.1. Building Characteristics for Upper and Lower Bound Fragilities 

Component 

Roof Covering 
(RC) 

Roof Structure 
(RS) 

Exterior Doors 
and Windows 

(EDW) 

Exterior Wall 
(EW) 

Interior 
(INT) 

Failure mode 
modeled by 

(1) Blow-off at the 
attachments 

(2) Roof sheathing 
failure by fastener 
pull-out 

(3) Uplift at roof-to-
wall connection 

(4) Breakage by 
windbome missiles 

(5) Interior surface 
failure by pressure 

6) Lateral pressure 
failure 

7) Wall-to-
foundation uplift 

8) Failure of RC, RS, 
ED&W, EW 

Properties for Upper 
bound fragility 

Asphalt shingles 
stapled @ 12 in o.c. 

OSB, 15/32 in. th., 
fastened with 6d 
common nails @ 12 in. 
o.c, 24 in. frame 
supports 

Wood rafters @ 2ft. 
o.c. nailed to wall 
plate with 3 no. 16d 
box nails 

Annealed glass, 3/16 
in. thick. 

Weathered annealed 
glass 

Wood stud wall, studs 
@ 16 in. o.c. 

Connection using 3/8 
in. rods @ 8ft. o.c. 

As per properties for 
RC, RS, ED&W, EW 

Properties for Lower 
bound fragility 

Flat concrete tiles 
fastened with 6d 
common nails @ 
6 in. o.c. 

Plywood, 19/32 in. 
th., 5-ply, fastened 
with lOd common 
nails @ 6 in. o.c. 

Roof frame fastened 
to wall with no. H7 
Simpson Strong Tie 
connector (Simpson 
Strong Tie Co. 1994) 

Highly tempered 
glass, 3/4 in. th. 

New fully tempered 
glass 

Precast concrete wall 

Connection using 
piling strap HST3 
Simpson Strong Tie 
connector (Simpson 
Strong Tie Co. 1994) 

As per properties for 
RC, RS, ED&W, EW 
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distribution to provide a reasonable representation for many physical phenomena (Hahn 

and Shapiro 1967, Haugen 1980). Another factor in favor ofthe normal distribution 

relates to the so-called principle of maximum entropy (Jaynes 1957a,b). Since in most 

cases only the first two moments ofthe distribution are known, the principle of maximum 

entropy suggests that the normal distribution be assumed (Harr 1987). However, the 

normal distribution as a model for material strength has some disadvantages. These 

include the fact that the strength distribution cannot be tmly normal with limits of ± oo, 

since material behavioral properties take on positive values (Mittenbergs 1966, Haugen 

1980), and the tails ofthe normal distribution which are important in the stress-strength 

interference method, are more sensitive to errors than the central region (Benjamin and 

Comell 1970). 

The lognormal distribution possesses most ofthe properties ofthe normal distribution 

(also see section 4.2.1) but unlike the normal distribution, it does not furnish finite 

probability values for negative material quantities. The lognormal model describes 

phenomena which arises from multiplicative mechanisms, and is commonly used in 

engineering practice (Benjamin and Comell 1970, NRC 1975b, Galambos et al. 1982, 

Ravindra 1995). 

To summarize, the form of /^ (r)used depends on the availability and form ofthe 

experimental or test data. The distribution types used for developing building damage 

bands are shown in Table 4.2. For component failure modes where test data are available 

and the data were fitted to some distribution, that distribution type is adopted. This 

applies to probability density functions for component resistance Nos. 2 and 6 of Table 4.2 
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(Murphy et al. 1996, Polensek and Gromala 1984). If the failure data were not fitted to a 

distribution, these were analyzed and fitted to the appropriate distribution (component 

resistance No 5, Table 4.2). In cases where test data are available only in the form of 

means and variances, or where mean strengths of connections have been determined by 

analytical calculations, the lognormal model is adopted (component resistance Nos. 1, 3, 

4, and 7, Table 4.2). It is to be noted from table 4.2 that the component resistance 

properties correspond to the modeled failure modes (Tables 3.2 and 4.1). 

4.2.1 Evaluation of Basic Event Probabilitv of Failure 

When the strength variable is normally distributed, as per Table 4.2, we have 

fRir) = 
r^y/ln exp 

/ 
r-f^R 

\ 

K "^R J 

— oo < /• < CX3 

(T^>0 

(4.1) 

where the parameters of the distribution, fi^ and <T̂ , are respectively, the mean and 

standard deviation of the resistance random variable R. The conditional probability of 

failure in this case, using equation 3.12 is given by: 

''^^''=1}^^''' 
]_ 

2 

'r-^,^' 

V ^R J 

\dr (4.2) 

In terms of the standard normal variable Z = 
\ ^R J 

, Equation 4.2 becomes 
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Table 4.2. Probability Density Functions of Component Resistance 

Component resistance 

(1) Roof covering uplift 
resistance 

(2) Roof sheathing Fastener 
pull-out resistance 

(3) Uplift resistance of roof-
to-wall connection 

(4) Missile impact resistance 
of exterior doors and 

windows 

(5) Lateral pressure resistance 
of glass cladding 

6) Lateral pressure resistance of 
exterior wall 

Probability distribution of 
component resistance 

Lognormal 

Normal 

Lognormal 

Lognormal 

2-parameter Weibull 

3-parameter Weibull 

F(r) 

^^ln(/,)-ln(m,)^ 

'HR) 

(7 R 

ln(/,)-ln(/w,) 
CTi HR) 

^^ln(/,)-ln(m,)^ 

'HR) 

fiY 
l-exp[-y ] 

1-exp 
a-cv 
'v A J 

7) Wall-to-foundation uplift 
resistance 

Lognormal ^^ln(/,)-ln(m,)^ 

'\n(R) 
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1 '' 
^/(0= -/r=Jexp(-i2^)t/z -JlTT t 

- 00 < 2 < 00 (4.3) 

= <I>(Z) = cumulative standard normal distribution flinction of R. 

Equation 4.3 is easily evaluated using the cumulative standard normal distribution table. 

When R is lognormally distributed, /^ {r) is given by 

A « = 
ra-^^V2^ exp 

r \nr-\x\mS^ R 

'In/? 

r >0 (4.4) 

= 0 elsewhere 

where the parameters ofthe distribution, w^ and<T,„̂ , are, respectively, the median and 

logarithmic standard deviation of R. w^ and G^J^ are related to the mean, /i^, and 

standard deviation, (T^ , according to Equations (4.5) and (4.6). 

^R =MRQM-2(^^R) (4.5) 

r ^2 \ 
']RR = \n 'R 

^MR 
+ 1 

y 
(4.6) 

Using Equations (3.12) and (4.4), the failure probability in terms ofthe cumulative 

standard normal distribution function 0(.) is 

PAli) = ^ 
rin/,-In/w^^ 

V cr, \nR 

(4.7) 

For the 3-parameter Weibull strength distribution, 

a fR(r) = -^(r-cr-'exp 
' r-c^ 

y P) 

r>c 

/3>0,a>0 
- 00 < C < 00 

(4.8) 

= 0 elsewhere 
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where a = shape parameter (Weibull slope), 

fi = scale parameter (Characteristic life), and 

c= location parameter (Minimum life). 

For the 2-parameter Weibull, /^ (r) is given by 

A(0 = a 
r ̂ \ 

p yp) 

a-\ 

exp 
' r ^ 

yp) 

r>0 

a>0 

P>0 
(4.9) 

The corresponding conditional probabilities of failure using Equation (3.12) are easily 

obtained by integration as: 

P,(/ ,)= 1-exp 
0.-c^" 
^ P J 

(3-parameter Weibull) (4.10) 

F,(/,) = 1-exp 
fiY 

i 

yp) 
(2-parameter Weibull). (4.11) 

The conditional probability of failure expressions are shown in Table 4.2. These 

expressions are employed to obtain the failure probabilities ofthe basic events labeled E2-

E5, and E7-E9 in the Fault Tree diagrams of Chapter 3. 

4.2.2 Distribution Parameters 

Parameters ofthe distribution functions listed in Table 4.2 were obtained from several 

sources, or are obtained by analytical calculation. This involved, in some cases, the 

modification of data to be consistent with the upper and lower bound fragility 

characteristics, and fitting of test data to analytic functions. The distribution parameters 

and sources of data are shown in Table 4.3. The references include sources used to obtain 
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Table 4.3. Distribution Parameters for Component Resistance 

Component 
Resistance 

r 

2 

3 

4 

5 

6 

7 

Distribution Parameters 

Upper Lower 
LN(60, 0.20)'^ LN(237, 0.20) *̂  

(psf) 

N(82, 12̂ ) N(254, 54') 

(psf) 

LN(950, 0.17)'^ LN(2985, 0.17)*' 

(plO 

LN(37.5', 0.156)*^ LN(80', 0.156)*^ 

(mph) 

W(1.98, 182)*̂  W(2.89, 716)*'* 

(« ,P) 

W(34.1, 3.28, 38.8) Based on (U)'̂  

W(c,a ,P) 

LN(2628, 0.20) LN(5126, 0.20) 

(plO 

References 

Forest Products Lab (1989), 
Lamb and Noe (1989), IIPLR 
(1994), SFBC (1979), 
BOCA(1989), Underwriters' Lab 
(1980) 
Murphy etal. (1996), 
Cunningham(1993), Sutt et al. 
(1996), SFBC (1979), SBCCII 
(1979), NBC (1976), NCBIA 
(1984) 
Forest Products Lab (1989), 
Simpson Strong Tie Co. (1994), 
SFBC (1979) 

Minor et al. (1978), McDonald 
(1990), Minor and Beason 
(1976), ASTM( 1996) 

Abiassi (1981), Norville and 
Minor (1985), Kanabolo and 
Norville (1985), ASTM (1996) 

Polensek and Gromala (1984), 
Polensek (1982), ACI (1995) 

Simpson Strong Tie Co. (1994), 
SFBC (1979), NCBIA (1984), 
NBC (1976) 

* Component resistance numbers 1-7 are the same as those in Table 4.2. 

**Roof coverings are attached by stapling, nailing, setting on mortar, self-seal adhesive, 
ballasting, etc. 

*' Methods of connection include conventional nailing, strapping, use of clip angles, use of 
ring-shank nails, screws, lag bolts, and epoxy (Conner et al. 1987). Values for the lower 
fragility curve are based on average ultimate loads. 
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Table 4.3. Continued 

^ Parameters based on missile impact velocities. Parameters are modified for the 2x4 inch 
timber missile. 

Obtained by fitting data to test results on weathered and new glass samples for upper 
and lower bound fi-agilities, respectively. Glass type factor of 4 is used for Fully-tempered 
glass. 

Lower bound fragility obtained by modifying upper bound parameters to account for 
increased strength due to high modulus of elasticity of concrete, which is used to establish 
the lower fragility curve. For example, strength increases by 1.31 times when stud 
modulus of elasticity is increased by 10 % (Polensek 1982). 

test data as well as those used to obtain other pertinent material information. Further 

explanation on the distribution parameters are made in the notes accompanying Table 4.3. 

4.3 Component Location Parameter Data 

It was stated in section 3.3.1 that the Component Location Parameter (CLP) accounts 

for the distribution and location of components in relation to their degrees of wind 

damage. Since building component damage in windstorms is frequently localized, the 

Component Location Parameter in essence relates the failure probability to the actual 

damage probability. 

CLP data are obtained by engineering judgment and experience. The opinions of six 

wind engineering experts at Texas Tech University, Lubbock, were solicited for this 

purpose, through a questionnaire (see Questionnaire 1, Appendix A for the details). The 

experts have a combined total of over a hundred years of wind damage experience, and 

each expert also has a stmctural engineering background. The method involved personal 
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meetings between the author and each expert to clarify any points that the expert may 

raise concerning the questionnaire. The method adopted ensured that the experts' 

assessments were independent of each other. 

The initial responses ofthe experts were aggregated using the weighted arithmetic 

mean method (Equation 4.12). 

P,=—n (4.12) 
ZP. 
i=\ 

where 51 i?, = sum of ratings of the experts. 
1=1 

O^ = i-th expert's estimate, and 

n = number of experts. 

The weights used by the author for aggregating the initial responses were based on the 

number of years of wind damage experience and number of damage documentation 

conducted by each expert. Next, the aggregated result ofthe initial responses was 

returned to the experts for comments, with a request for each expert to indicate a self-

rating. Using the comments provided by the experts on the initial aggregated results as 

well as their self-ratings, the CLP data were subsequently revised using Equation (4.12). 

The final results ofthe CLP data are shown in Table 4.4. In practical terms, each figure in 

Table 4.4 represents a measure ofthe relative proportion of a building component that 

suffers damage at various hurricane intensities (1-minute mean speeds). 
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Table 4.4. Component Location Parameter Data 

Component 

Roofcovering 

Roof stmcture 

Exterior wall 

Exterior doors & 
windows 

Interior 

Hurricane Intensity 

1 

74-95 

0.20 

0.17 

0.08 

0.08 

0.15 

2 

96-110 

0.31 

0.27 

0.22 

0.28 

0.28 

3 

111-130 

0.60 

0.45 

0.38 

0.46 

0.49 

4 

131-155 

0.80 

0.56 

0.52 

0.69 

0.70 

5 

>155 

0.92 

0.72 

0.64 

0.77 

0.87 
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The weighted arithmetic mean method, while being simple and consistent with the 

pool of data to which it is applied, also avoids the assumption that all the experts are 

equally competent. Anymore sophisticated technique is hardly necessary for aggregating 

the building component distribution parameter data. Expert-supplied data for electrical, 

electronics, mechanical and related items, have also been analyzed by the geometric mean 

method (IEEE 1977), and by fitting lognormal distributions using end points of data as its 

5th and 95th percentiles (NRC 1975b). 

For ease of implementation in developing the damage bands, the aggregated CLP data 

for each component were plotted and found to be best described by cubic functions ofthe 

windspeed (Equations 4.13). 

Roof Covering : a = 2.264612 -0.067645F + 0.000666F' -1.841 x 10"^^' (4.13a) 

RoofStmcture: a = 0.046451-0.00668r + 0.000129F^ -3.94 x 10"'F^ (4.13b) 

Ext. Doors & windows: a = 0.592731 - 0.029062F + 0.000366F' - 1.104 x 10-'F'(4.13c) 

Exterior Wall: a = -0.174995-0.005124F + 0.000134F' -4.44 x 10"'^' (4.13d) 

Building Interior: a = 1.394525-0.044214F + 0.000454F' - 1.247 x 10"'^' (4.13e) 

4.4 Component Cost Factors for Buildings 

While wind damage patterns and Component location parameters do not vary 

significantly from one type of building to another, the same cannot be said of component 

cost factors, CCF.. For the damage bands developed in this work, CCF. data are 

evaluated on the basis ofthe model buildings in R.S. Means Company (1995, 1996a, 

1996b). It is important to note that the cost factors are based upon the building 
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component classification system used in the hurricane damage model (see Table 3.1, 

Chapter 3) but are consistent with the square foot costs given in R.S. Means Company 

(1995, 1996a, 1996b). The value of building contents, which is a part ofthe Interior, is 

estimated for each building as a percentage ofthe building's replacement value according 

to ATC (1985). The value of Contents are assessed at 50% ofthe replacement value for 

residential type buildings, and 100% ofthe replacement value for commercial/industrial 

and govemment/institutional type buildings, except for Factory, Medical Office, Library, 

Church, and Townhall. Contents value for Factory, Medical Office, and Library are 

assessed at 150% ofthe replacement value of each building, while Church and Townhall 

contents are estimated at 75% of their replacement values. The cost factors for the 

different occupancy classes of 1-3 story low-rise, and 4-10 story mid-rise buildings are 

shown in Tables 4.5-4.8. 

4.4.1 Relative Component Cost Factors 

Relative component cost factors, RCFi, which are required for the evaluation of 

Interior probability of failure (see section 3.3.3.3), are based on average component cost 

factors for all buildings (Tables 4.5-4.8). The Relative component cost factors, obtained 

using Equation 3.5 and the data from Tables 4.5-4.8 are shown in Table 4.9. 

4.5 Hurricane Wind Loading 

For developing building damage bands, the load effect, /., is represented in terms of 

design pressures or windspeeds. The design pressures are based on a typical building 
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Table 4.9. Relative Component Cost Factors 

Component 

Roof covering 

Roof stmcture 

Exterior doors and windows 

Exterior wall 

Total 

Cost Factor 

1.5 

3.5 

2.5 

9.2 

16.7 

Relative Cost Factor 

0.09 

0.21 

0.15 

0.55 

1.00 
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located in a hurricane zone, with a plan area of 35 x 85 ft, gable roof, roof pitch 20°, 10 ft 

story height, and 2 ft overhangs. A mean roof height of 60 ft is used for calculating the 

design wind pressures. Using the method of ANSI/ASCE (1996) for wind loading, the 

design pressures are obtained from Equation 4.14: 

^ = ?«[(GC,)-(GC^)] (4.14) 

where GC^, and GC^^ are the extemal and intemal pressure coefficients, respectively, and 

q^ is the velocity pressure. For open terrain exposure and class II building, q^, at the mean 

roof height of 60 ft is given by: 

^, =0.003F' (4.15) 

where V is the basic wind speed (3-s gust speed at 33 ft above the ground in open terrain). 

Using Equations (4.14) and (4.15), the critical design pressures corresponding to the 

failure modes are obtained in terms of V, and are summarized in Table 4.10. 

The uplift forces for failure modes 3 (Roof system uplift) and 7 (wall-to-foundation 

uplift) are obtained using the procedure of FEMA (1986), i.e.. 

Vertical uplift - dead load 
Uplift/ft = Connected length + vertical force resisting applied moment. ^̂ ^̂ ^ 

For failure mode 4, the wind loading is represented in terms ofthe wind speed V. 

Assuming missile impact velocity at 50% ofthe wind velocity (Minor et al. 1978), the 

wind pressure is proportional to (0.5V) . 
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Table 4.10. Hazard levels, /̂ , in terms of 3-s hurricane gust speeds 

Failure Mode 

1) Blow-off of covering at the attachments 

2) Roof sheathing failure by fastener pull-
out and pull-through 

3) Roof system uplift at roof-to-wall 
connection 

4) Breakage by windbome missiles 

5) Interior surface failure by pressure 

6) Lateral pressure failure 

7) Wall-to-foundation uplift 

Hurricane hazard, /, 

0.009V^ (psf) 

0.009V^ (psf) 

18.8F'-52065 , ,„ ,^, 
+ 0.00027F' (lb/ft) 

170 

(0.5V)^ (mph)̂  

0.004V^ (psf) 

0.004V^ (psf) 

28.06F' -203793 
+ 0.039F' (lb/ft) 

240 ^ ' 
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4.6 Evaluation ofFault Trees for Component Failure probabilities 

Unlike the basic events E2-E5, and E7-E9 ofthe Fault trees whose failure probabilities 

are obtained as outlined in section 4.2, the failure probabilities of other events are obtained 

in a different manner (refer to figures 3.2-3.10 for event numberings). Since emphasis in 

this work is on the vulnerabUity of buildings, hurricane occurrence is assumed, i.e., 

P(E1) = 1. Several useful researches dealing with the magnitude and occurrence of 

hurricane winds along the US gulf and east coast are available in the literature (Russell 

1968, Batts et al. 1980, Georgiou 1985, Twisdale and Vickery 1992, Neumann 1995). 

Other probability data required to quantify the fault trees are obtained as described below. 

Since members ofthe roof stmcture are the predominant missUes sources in 

windstorms, the probability of missile generation (E6) is estimated by the probability of 

roof stmcture failure. Implicit in this assumption is the existence of buildings ofthe same 

type within a reasonably close distance of each other in any given area (i.e., a distance 

within which a roof stmcture missile from a damaged building may affect another 

buUding). The failure probability of exterior doors and windows by missile impact (M5, 

Figure 3.4) is obtained from: 

p^ = P(yl^ > V^ ) P(missile availability) (4.17) 

in which V^^ is the missile impact velocity, and F̂  is the mean minimum breaking velocity 

of glass. 

The probabilities of events labeled E10-E19 (see Figures 3.2-3.10 for event 

numbering) are not available from test data, and neither are these probabilities clearly 

obvious from the problem. Hence recourse was made to expert judgment to assess the 
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probabilities using the same procedure as detailed in section 4.3 and Appendix A 

(Questionnaire No. 1). Note that Events El 1-E19 describe conditional failure 

probabilities, P(Ei/Ej). The aggregated results ofthe expert-supplied conditional failure 

probabilities are shown in Table 4.11. 

Scatter plots ofthe conditional probability data (El 1-E19) were made (Figure 4.1), 

and the data found to be best described by either quadratic or cubic functions ofthe wind 

speed for subsequent use in developing building damage bands. 

The failure probabilities of events E20-E22 are obvious from wind damage experience 

and are taken equal to 1. Missile penetration probabilities given component damages, 

P(E23) and P(E25), are estimated from the ratio of area ofthe respective components to 

that ofthe building envelope. Since damaged roof stmcture components are the basic 

missiles, P(E24) may be taken as 1. P(E26) may be estimated from P(E7). For low-rise 

buildings, the stmctural system contribution to the lower damage function is based on a 

very rigid reinforced stmctural frame with zero probability of damage while the 

contribution to the upper damage function is estimated by the corresponding damage 

probabilities for the exterior wall. 

In addition to a pronounced difference in the stmctural system and foundation 

components' cost factors, mid-rise buildings generally have more rigid foundations, 

stmctural and roof fi"ames compared to 1-3 story buildings, and are also usually 

constmcted with shear walls. Wind damage to mid-rise and high-rise buildings are usually 

restricted to the roof covering, exterior wall finish systems, and exterior doors and 

windows. It is assumed that the stmctural frames of mid-rise buildings are not prone to 
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Table 4.11. Conditional Probability Data 

Conditional Event 

E12 

El l 

E15 

E16 

E14 

E13 

ElO 

E17 

E19 

E18 

Hurricane Intensity* (mph) 

Cat. 1 

74-95 

0.37 

0.33 

0.16 

0.21 

0.60 

0.70 

0.94 

0.50 

0.76 

0.74 

Cat. 2 

96-110 

0.46 

0.42 

0.25 

0.33 

0.64 

0.80 

0.94 

0.54 

0.81 

0.79 

Cat. 3 

111-130 

0.61 

0.57 

0.38 

0.45 

0.71 

0.85 

0.94 

0.63 

0.86 

0.84 

Cat. 4 

131-155 

0.73 

0.69 

0.51 

0.60 

0.78 

0.89 

0.94 

0.78 

0.93 

0.88 

Cat. 5 

>155 

0.85 

0.82 

0.65 

0.75 

0.90 

0.93 

0.94 

0.90 

0.95 

0.92 

* One-minute mean speeds 
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wind damage, and that their exterior walls are twice as less likely to be damaged as those 

of low-rise buildings. The roof frame failure probabilities are established by considering a 

reinforced concrete and steel tmss roof stmcture for lower and upper bound fragilities 

with distribution parameters conservatively estimated at LN(16630, 0.30) and 

LN(11470, 0.30), respectively. 

4.7 Damage Bands 

Using the equations and data developed in this and the preceding chapter, the Fault 

Trees of chapter 3 are evaluated, and upper and lower bounds to building damage degree 

found from Equation 3.1. Damage bands for average 1-3 story residential, commercial/ 

industrial, govemment/institutional, and 4-10 story mid-rise buildings are obtained by 

plotting the damage degrees against the corresponding 1-minute windspeeds (Figures 4.2-

4.5). The conversion from 3-s gust speeds used in the analysis to equivalent 1-minute 

mean speeds used in presenting the results was made using the method proposed by 

Krayer and Marshall (1992). The damage fijnctions were developed using the average 

values of component cost factors for each building class. Damage bands may also be 

developed using the cost factors for a particular type of residential, commercial, 

institutional, or mid-rise building. The particular form ofthe damage band is dependent 

upon the application (see also Chapter 5). 

77 



^ ^ ^ * c o o o o ) 0 ) 0 0 » - » - c Q e ^ J o c o • * • * l n l n « o « o ^ - ^ ~ o o 

Hurricane Intensity (mph) 

Figure 4.2. Hurricane wind damage band for 1-3 story residential buildings 
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Figure 4.3. Hurricane wind damage band for 1-3 story commercial/industrial buildings 
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Figure 4.4. Hurricane wind damage band for 1-3 story institutional buildings 
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Figure 4.5. Hurricane wind damage band for 4-10 story buildings 
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4.7.1. Characteristics ofBuilding Damage Bands 

Figures 4.2-4.5 show that building damage function is non-linear, with the lower 

damage function exhibiting the characteristic bell shape. The non-linear nature of building 

wind damage-windspeed relationship had previously been noted (Friedman 1984) in the 

analysis of past wind loss data using insurance claim files and weather data. The large 

differences between the upper and lower damage functions of 1-3 story buildings in the 

95-130 mph windspeed range indicates that the difference in the damage response of 

individual 1-3 story buildings are very pronounced in that windspeed range. For mid-rise 

buildings, the corresponding windspeed range is 130-180 mph. The damage bands for 1-3 

story buildings clearly indicate that at very high windspeeds (category 5 winds), the upper 

and lower damage functions tend to approach each other. This behavior ofthe damage 

bands implies that for such high winds, building damage for 1-3 story buildings ceases to 

be a function of building connections and components quality. In practical terms, a 

building exposed to such wind regime experiences a near-total destmction to its envelope. 

In contrast, mid-rise buildings do not experience near-total destmction to their envelopes. 

A much higher wind regime than used in this study would be necessary to cause near-total 

destmction to the superstmcture of mid-rise buildings. Also it is in the category 5 wind 

regime that the difference in the upper and lower damage degree is the greatest for mid-

rise buildings. This implies that the damage response of individual mid-rise buildings are 

easily distinguishable in the category five wind regime. 

When placed side by side (see Figure 4.6), the damage bands for 1-3 story residential, 

commercial, and institutional buildings do not show any pronounced differences in damage 
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degree. This may be as a result ofthe number of buildings used to determine the average 

cost factors for each class of building. It appears that the degree of damage to 1-3 story 

buildings is largely a function ofthe building components and connections characteristics, 

and to a smaller extent, the occupancy class of a building. For this reason, it is 

recommended that damage bands based on the cost factors ofthe specific type of building 

under consideration be used in determining individual building damage degree rather than 

the cost factors for the building's occupancy class. For portfolio analysis, however, 

damage bands based on average cost factors of building occupancy classes are 

recommended. A much larger population of buildings of each occupancy class than used 

in this dissertation is needed to conclusively determine if any systematic differences exist in 

the damage bands for the three occupancy classes of low-rise buildings. 

The damage bands also indicate that no significant damage will occur to the best 

quality building (i.e., lower bound curve) experiencing windspeeds less than or equal to 

100 mph for low-rise buildings and 120 mph for mid-rise buildings. 

Since damage curves are not developed on the basis of a particular building's 

characteristics, they are employed with specific building information to determine the 

damage degree to buildings. This task is the subject ofthe next chapter. 
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CHAPTER 5 

APPLICATION OF BUILDING DAMAGE BANDS 

5.1 Introduction 

Building damage bands obtained according to the procedure and principles outlined in 

Chapters 3 and 4 are the vehicles by which the extent of damage to a specific building 

impacted by hurricane winds is determined. According to the damage band concept, the 

damage function for a building with peculiar attributes (i.e., a specific building) lies within 

the upper and lower damage functions for buildings ofthe type for which the damage band 

is developed. This chapter proposes a methodology by which the damage response of 

individual buildings or groups of buildings may be obtained using building damage bands 

and pertinent building information specific to individual buildings or groups of buildings. 

5.2 Building Relative Resistivity Model 

The relative damage response of buildings in extreme windstorms such as hurricanes, 

is a function of individual building attributes. The factors that affect building damage in 

extreme winds include those explicitly modeled in the Fault Trees of Chapter 3 as well as 

several other factors. While it is difficult to distinguish the relative wind resistance of 

individual buildings based solely on the factors considered in the Fault Trees, other 

building features can be employed to differentiate between the windstorm performance of 

one building from another. A building's relative wind resistivity (i.e., relative wind 

damage resistance) is obtained by determining the relative damage susceptibilities ofthe 
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building's damage factors. The damage factors are also called building wind damage 

parameters. Building wind damage parameters are represented by the various types and 

forms of building components, building features, architectural styles, building history (i.e., 

age and maintenance) a*nd other pertinent attributes. Building damage parameters are well 

documented in the literature (IIPLR 1994, Mehta et al. 1993, IIPLR 1995). The damage 

parameters employed in this work are listed in section 5.2.1. 

It is proposed to measure the relative wind damage performance of buildings in terms 

of their individual attributes (damage parameters) according to a relative resistivity index, 

defined as 

tiP.f^, 
RRI = —„ (5.1) 

1=1 

in which RRI = Relative Resistivity Index, 

Pf = Quality points assigned to each damage parameter, 

Wf= Weight assigned to each damage parameter, and 

n = Number of damage parameters. 

The weights assigned to the damage parameters account for their relative 

contributions to the building's wind resistance. Although the manner in which the weights 

are applied differ, the principle of assigning weights had been employed previously for 

damage evaluation (Wiggins and Moran 1970, Benedetti et al. 1988, Smith et al. 1995). 
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The percent damage or damage degree to a specific building is then obtained by 

applying the building's Relative Resistivity Index to the damage band for buildings of that 

type, as follows: 

BDD, = [DD^- + RRIiDD"/ - DD^-)] (5.2) 

where BDD^ = Individual building damage degree at hurricane intensity i, 

DDf = Damage degree flimished by the lower damage function 

at hurricane intensity i, and 

DD^ = Damage degree flimished by the upper damage function 

at hurricane intensity i. 

It should be noted that in evaluating Equation 5.2 for a given building, for example, an 

apartment building (Apartment X, say), RRI relates to Apartment X, while DDj' and DD^ 

relate to apartment buildings in general. Note also that the damage bands depicted in 

Figures 4.2-4.5 for low-rise residential, commercial/industrial, govemment/institutional 

and high-rise buildings are to be used only in cases where cost data are not available for 

the building type in question, i.e., they serve as default values when specific cost data for 

the type of residential, commercial, institutional, or high-rise building are not available. 
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5.2.1 Building Damage Attributes 

The building damage attributes, P., considered in this work are the following: 

(PI) Roof covering, (P2) Roof geometry, (P3) Roof span, (P4) Roof sheathing, (P5) Roof 

stmcture, (P6) Exterior wall system, (P7) Exterior door, (P8) Percent wall occupied by 

exterior doors and windows, (P9) Partition wall, (PlO) Beam/column system, 

(Pll) Floor stmcture, (P12) Building code, (P13) Building age, (P14) Building envelope 

maintenance, (PI 5) Window/Door glass, (PI 6) Roof overhang, (PI 7) Skylights, (PI 8) 

Canopy, (PI9) Overhead doors, (P20) Gravel or roof-mounted equipment on nearby 

buildings, and (P21) Shutters on exterior doors and windows. 

The building attributes listed above were evaluated by rating altemative forms of each 

ofthe attributes numbered PI to P15 on the (0,1) scale (see Appendix B-Questionnaire 2, 

for details ofthe rating). These ratings, which establish \\\QP. values, were made by the 

same experts used for Questionnaire No. 1 (Appendix A). In the rating system, emphasis 

was placed on relative, rather than absolute wind performance. Higher ratings indicate 

higher contributions to wind damage and vice versa. Hence P^ values close to or equal to 

1 are considered to be consistent with attributes that furnish an upper bound to the 

damage degree while /) values close to or equal to 0 are consistent with attributes that 

furnish a lower bound to the damage degree. The same procedure as used for 

Questionnaire No. 1 (see section 4.3) was adopted for aggregating the expert responses. 

The aggregated values ofthe building attributes, i^, and the weights assigned to the 

damage factors, ̂ , are shown in Tables 5.1 and 5.2, respectively. 
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Table 5.1. Relative Ratings for Building Damage Parameters 

Parameter 

PI-Roof covering 

P2-Roof geometry 

P3-Roofspan 

P4-Roof sheathing 

P5-Roof stmcture 

P6-Exterior wall 

system 

P7-Exterior door 

Quality Points for Parameter Types 

(1) Asphalt shingles 0.98 (2) Wood shingles 0.74 

(3) Asbestos shingles 0.64 (4) Slate roof 0.51 (5) Clav tiles 0.50 

(6) Architectural metal roof 0.65 (7) Flat concrete tiles 0.07 

(8) Built-up roofs 0.7 (9) Ballasted single membrane roof 0.35 

(10) Mechanically-attached single membrane roofs 0.34 

(1) Flat without parapet 0.7 (2) Flat with parapet 0.5 

(3) Gable 0.7 (4) Hip 0.4 (5) Shed 0.6 (6) Mansard 0.5 

(7) Gambrel 0.4 (8) Multi-level roof 0.6 (9) Complex 1 

(l)0-20ft. 0.4(2)21-40ft. 0.6 

(3) 41-70 ft. 0.75 (4) >70 ft. 0.98 

(l)R.C. 0 (2) Precast concrete panels 0.15 

(3) plvwood 0.80 (4) metal panels 0.60 (e) OSB 1 

(1) Concrete 0 (2) Steel tmsses or joists 0.37 

(3) Steel beams 0.14 (4) Wood tmsses. beams or joists 0.5 

(1) Wood siding-wood frame 1 (2) Brick veneer-wood frame 0.49 

(3) Stucco on wood frame 0.60 

(4) Concrete block (reinforced) 0.05 

(5) Stone veneer-wood frame 0.30 (6) Solid brick 0.20 

(7) Solid Stone 0.10 (8) Precast concrete panels 0.10 

en Solid core wood 0.10 (2) Sliding glass door 0.97 

(3) Aluminum/Metal door 0.35 (4) Flush (hollow core) door 0.68 
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Table 5.1. Continued 

Parameter 

P8-Percent wall 
occupied by exterior 
doors & windows 

P9-Partition wall 

P10-Beam/column 
system 

PI 1-Floor stmcture 

P12-Buildingcode 

P13-Building age 

P14-Building envelope 
maintenance 

P15-Windows Glass' 

Quality Points for Parameter Types 

(1)0-25% 0.6 (2) 26-50% 0.8 (3) >50% 1 

(1) Masonry 0.05 (2) Wood frame 0.46 (3) Metal studs 0.43 

(1) Concrete 0 (2) Steel 0.09 (3) Laminated wood 0.37 

(4) None i 

(1) Concrete 0 (2) Wood frame 0.33 (3) Metal frame 0.16 

(1) ANSI/ASCE Std. 0.04 (2) Model Building code 0.35 

(3) Customized Building code 0.05 (4) No code/unknown 0.7 

rn 1-5 vrs. 0.01 (2U-10vrs. 0.12 (3U1-20 vrs. 0.37 

(4) 20-30 vrs. 0.50 (5^ > 30 vrs. 0.90 

(\) 1/vr. 0 (2) 1/5 vrs. 0.22 (3^ 1/10 vrs. 0.62 

(4) 1/20 yrs. or greater i 

(1) Annealed (AN) i (2) Fully Tempered (FT) 0 

(3) Heat Strengthened 0.50 

(4) Monolithic Insulating (IG-AN/AN) 0.50 

(5) Monolithic Insulating (IG-FT/FT) 0 

(6) Monolithic Insulating (IG-HS/HS) 0 

(7) Laminated glass (LG-AN/AN)JL 

(8) Laminated glass (LG-HS/HS) 0.50 

(9) Laminated glass (LG-FT/FT)_0 (10) Unknown glass type i 

* Values based on glass type factors per ASTM (1996). 
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Table 5.2. Relative Weights for Building Damage Factors 

Factor 

Roof Covering 

Roof Deck 

Roof Stmcture 

Exterior Wall 

Exterior Doors 

Exterior Windows 

Partition wall 

Beam/Column/Floor Stmcture 

Roof Geometry 

Canopy 

Building Code 

Maintenance ofBuilding Envelope 

Age ofBuilding 

Total 

Relative Weight (%) 

14 

11 

12 

9 

7 

14 

4 

4 

6 

4 

5 

5 

5 

100% 
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For the damage attributes numbered P16 to P21, a building either possesses or does 

not posses each ofthe features. If a building's exterior doors and windows have shutters, 

the type of door or window glass is not considered. Also for this case, the resistivity 

model employs quality points consistent with lower bound damage contribution for other 

damage factors relating to exterior doors and windows. If on the other hand, a building's 

exterior doors and windows are not protected with shutters, the P^ value for this factor 

corresponds to those ofthe exterior doors and window glass types with which the building 

is constmcted. If a building has roof overhangs, the corresponding/; is taken at the 

average value of 0.5, and 0 if otherwise. For buildings with overhead doors, a P. value of 

1 is used, otherwise a value of 0 is used. Attribute numbers P19-P21 were not explicitly 

considered in developing the damage bands. A P. value of 0.75 is used if a building 

possesses the attribute, and 0 if otherwise. 

5.3 Examples ofBuilding Damage Degree Determination 

In order to demonstrate the applicability ofthe model in predicting hurricane-induced 

damage, three types of applications will be discussed. The first deals with determination 

of individual building damage degrees for actual buildings, the second application relates 

to damage mitigation and windstorm-resistant constmction, and the third concems the 

application of building damage bands for portfolio analysis, or regional wind damage 

estimation. To accomplish these objectives efficiently, building damage band data, expert-

supplied damage factors, and the principles outlined in the preceding sections are coded in 

a computer program. The three applications are described in the following sections. 
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5.3.1 Individual Building Damage Degree 

The model prediction ofthe percent damage to three selected buildings affected by 

Hurricane Fran is presented in this section. Hurricane Fran's eye crossed the North 

Carolina coastline on 5 September 1996, and left widespread damage to stmctures in its 

wake. The author participated in a post-disaster damage investigation effort by the 

Institute for Disaster Research at Texas Tech University, during which detailed 

information on the three damaged example buildings were obtained. These buildings are 

shown in Figures 5.1. Two ofthe buildings (Figures 5.1a and 5.1b) are single-family type 

dwellings, located at Wrightsville Beach. Figure 5.1c is the Cafeteria at Topsail 

Elementary School. The characteristics ofthe buildings are summarized in Table 5.3. 

Based on the Hurricane Fran windfield developed by Houston et al. (1997), the 

maximum 1-minute sustained surface wind at 10 m at Wrightsville Beach and Topsail is 

90 mph. The model-predicted damage degrees for the three buildings at this windspeed 

using Equation 5.2 are respectively, 7.0%, 6.2%, and 5.2% (see Table 5.3). However, a 

more useful measure ofthe model-predicted damage degree-windspeed relations is the 

prediction interval on the respective damage degrees. The prediction intervals on the 

building damage degrees, BDD, for the given windspeed, v, obtained by fitting the model-

predicted values to a polynomial regression model is given by the test statistic (Milton and 

Arnold 1990): 

BDD/v„vl,...y, ±ty^S^l-^v,(v'vy'v, (5.4) 

93 



(a) Single Family Dwelling at Wrightsville Beach 

- ' 1 

^ 1 1 1 

( 1 
1 i 

1 
1) 

'̂̂  a j i isc i - i^ i | w .^ ^ 'J ^ ' i - - . ' _ • _ • 

(b) Single Family Dwelling at Wrightsville Beach Front 

'• \ ^ >r- -^ If* 

(c) Cafeteria at Topsail Elementary School 

Figure 5.1. Buildings Damaged by Hurricane Fran 
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Table 5.3. Characteristics of Three Buildings Affected by Hurricane Fran 

Parameter 

Roofcovering 

Roof geometry 

Roof span 

Roof sheathing 

Roof stmcture 

Exterior wall system 

Exterior door 

Windows Glass 

Percent wall occupied by 
exterior doors & windows 
Partition wall 

Beam/column system 

Floor stmcture 

Building code 

Building age 

Building envelope maintenance 

Shutters on exterior doors and 
windows 
Roof overhang 

Skylights 

Canopy 

Overhead doors 

Gravel or roof-mounted 
equipment on nearby buildings 

Building 

Single-family 
Dwelling No. 1 
Figure 5.1(a) 
Asphalt shingles 

Cjable 

50 ft. 

Plywood 

Wood Tmsses 

Wood siding-
wood frame 
Glass 

Annealed 

30 

Wood frame 

None 

Wood frame 

Unknown 

27 years 

1/5 years 

No 

Yes 

No 

No 

Yes 

Yes 

Single-family 
Dwelling No. 2 
Figure 5.1(b) 
Asphalt 
shingles 
(jable 

40 ft. 

Plywood 

Wood Tmsses 

Wood siding-
wood frame 
Sliding glass 

Annealed 

25 

Wood frame 

Wood 

Wood frame 

Unknown 

12 years 

Unknown 

No 

Yes 

No 

No 

No 

Yes 

Elementary 
School 
Figure 5.1(c) 
Architectural 
metal 
Multi-level 

70 ft. 

Metal panels 

Steel tmsses 

Solid brick 

Flush door 

Annealed 

15 

Metal dividers 

None 

Concrete 

Unknown 

4X years 

1/5 years 

No 

Yes 

No 

No 

No 

Yes 
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in which /^ is the appropriate point on the T^_k_^ distribution, S is the sample standard 

deviation, v and v are, respectively, the model specification matrix and its inverse, and 

0̂ =[ 1 0̂ 0̂ 0̂ "^o ] • The results are shown in Table 5.4 in terms ofthe 

95% prediction interval. In the next chapter, the results ofthe damage prediction will be 

compared to the actual damage amounts suffered by these buildings. 

5.3.2 Effects of Damage Parameters on Damage Degree 

One ofthe most important applications of this research is its applicability to wind-

resistant constmction and wind damage mitigation. The use of different constmction 

materials and technologies in buildings plays a major role in this regard, especially with 

respect to new constmction. The following procedure was used to determine the effects 

of building damage parameters on the damage degree of buildings in hurricanes. Since 

there are many damage factors (see section 5.2.1), it is impractical to determine the 

effects of interaction of all possible combinations ofthe factors. The approach taken was 

to define what is called a basic building. The basic building represents the basic 

configuration of buildings that are routinely damaged in hurricanes. The characteristics of 

the basic building are shown in Table 5.5. Based on the basic building characteristics and 

damage bands determined using average cost factors for all four building classes shown in 

Tables 4.5-4.8, the effect of variations in each damage parameter, / ; ( . ) , are first 

determined by using each/J (.) in tum while holding all other characteristics ofthe basic 
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Table 5.4. Damage Predictions to Example Buildings 

Building 

Single-Family Residential Building 
No. 1 at Wrightsville Beach 

Single-Family Residential Building 
No. 2 at Wrightsville Beach front 

Topsail Elementary School Dining 
1 Building 

Building Damage 
Degree (%) 

7.0 

6.2 

5.1 

95% Prediction Interval 
on Building Damage 
Degree (%) 

6.1-7.9 

5.1-7.2 

3.5-6.7 

97 



Table 5.5 Basic Building Characteristics 

Parameter 

PI) Roof covering 

P2) Roof geometry 

P3) Roof span 

P4) Roof sheathing 

P5) Roof stmcture 

P6) Exterior wall system 

P7) Exterior door 

P8) Percent wall occupied by 
exterior doors & windows 

P9) Partition wall 

PlO) Beam/column system 

Pl l ) Floor stmcture 

P12) Building code 

P13) Building age 

PI4) Building envelope maintenance 

P15) Windows Glass 

PI6) Roof overhang 

PI7) Skylights 

PI8) Canopy 

PI9) Overhead doors 

P20) Gravel or roof-mounted 
equipment on nearby buildings 

P21) Shutters on exterior doors and 
windows 

Parameter Type 

Asphalt shingles 

Gable 

21-40 ft. 

Plywood 

Wood tmsses 

Wood siding-wood frame 

Flush (hollow-core) door 

0-25 % 

Wood frame 

None 

Wood frame 

Model Building code 

6-10 years 

Once in 5 years 

Regular (Annealed glass) 

Yes 

No 

No 

Yes 

Yes 

No 
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building constant. The purpose was to determine those factors that significantly affect 

building damage degree. This procedure was implemented in the computer program 

referred to in section 5.3. The results are shown in Table 5.6, in terms of maximum 

change in damage degree relative to the basic building damage degree. The maximum 

change in damage degree was found to occur at a windspeed of 115 mph in all cases. The 

windspeed of 115 mph at which the maximum change in damage degree occurs, should 

not appear to be strange since the maximum difference in the upper and lower damage 

degree occured at about this windspeed (see section 4.7.1). An example ofthe calculation 

for "change in damage degree" is made in Table 5.7 for the roof stmcture component. 

It is observed from the results shown in Table 5.6 that the significant damage factors 

for building wind resistance, based on a damage degree change due to a single damage 

factor/*(.) of at least 0.5 for parameters P1-P15, and 1.0 for parameters P16-P21 are as 

follows: roof covering, roof sheathing, roof stmcture, exterior wall system, window glass, 

shutters on exterior doors and windows, overhead doors, exterior door, beam/column 

system, and nearby debris sources. 

The next step involved combination ofthe most significant ofthe damage factors with 

each other (see Table 5.8) to determine their interaction effects on building damage 

degree, while holding the non-significant factors at the corresponding basic building 

values. In Table 5.8, alternative forms of a damage parameter with the same or nearly the 

same change in damage degree (Table 5.6) are grouped as one for the purpose of 

determining the interaction effects. This procedure greatly reduces the total number of 

possible combinations ofthe most significant damage factors, and hence ensures better 
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Table 5.6. Effect of altemative forms of each damage factor on building damage degree 

Damage Factor 

PI-Roof covering 
(1) Asphalt shingles 
(2) Wood shingles 
(3) Asbestos shingles 
(4) Slate roof 
(5) Clay tiles 
(6) Architectural metal roof 
(7) Flat concrete tiles 
(8) Built-up roofs 
(9) Ballasted single membrane roof 
(10) Mechanically-attached single membrane roof 

P2-Roof geometry 
(1) Flat without parapet 
(2) Flat with parapet 
(3) Gable 
(4) Hip 
(5) Shed 
(6) Mansard 
(7) Gambrel 
(8) Multi-level roof 
(9) Complex 

P3-Roofspan 
(1) 0-20 ft. 
(2) 21-40 ft. 
(3) 41-70 ft. 
(4) >70 ft. 

P4-Roof sheathing 
(1) Reinforced concrete 
(2) Precast concrete panels 
(3) plywood 
(4) metal panels 
(5) OSB 

Maximum change in percent 
damage 

0 (basic) 
0.44 
0.62 
0.86 
0.88 
0.61 
1.68 
0.51 
1.18 
1.18 

0 
0.16 
0 (basic) 
0.24 
0.08 
0.16 
0.24 
0.08 
-0.24* 

0.31 
0 (basic) 
-0.24* 
-0.60* 

1.16 
0.94 
0 (basic) 
0.29 
-0.29* 
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Table 5.6. Continued 

Damage Factor 

P5-Roof stmcture 
(1) Concrete 
(2) Steel tmsses or joists 
(3) Steel beams 
(4) Wood tmsses, beams or joists 

P6-Exterior wall system 
(1) Wood siding-wood frame 
(2) Brick veneer-wood frame 
(3) Stucco on wood frame 
(4) Concrete block (reinforced) 
(5) Stone veneer-wood frame 
(6) Solid brick 
(7) Solid Stone 
(8) Precast concrete panels 

P7-Exterior door 
(1) Solid core wood 
(2) Sliding glass door 
(3) Aluminum/Metal door 
(4) Flush (hollow core) door 

P8-Percent wall occupied by exterior doors & windows 
(1) 0-25% 
(2) 26-50% 
(3) >50% 

P9-Partition wall 
(1) Masonry 
(2) Wood frame 
(3) Metal studs 

PI 0-Beam/column system 
(1) Concrete 
(2) Steel 
(3) Laminated wood 
(4) None 

Maximum change in 
percent damage 

0.79 
0.20 
0.57 
0 (basic) 

0 (basic) 
0.60 
0.47 
1.12 
0.83 
0.95 
1.06 
1.06 

0.53 
-0.27* 
0.30 
0 (basic) 

0 (basic) 
-0.29* 
-0.58* 

0.21 
0 (basic) 
0.02 

0.52 
0.48 
0.33 
0 (basic) 
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Table 5.6. Continued 

Damage Factor 

P12-Buildingcode 
(1) ANSI/ASCE Std. 
(2) Model Building code 
(3) Customized Building code 
(4) No code/unknown 

P13-Buildingage 
(1) 1-5 yrs. 
(2) 6-10 yrs. 
(3) 11-20 yrs. 
(4) 20-30 yrs. 
(5) > 30 yrs. 

P14-Building envelope maintenance 
(1) Once in 1 yr. 
(2) Once in 5 yrs. 
(3) Once in 10 yrs. 
(4) Once in 20 yrs. or greater 

P15-Windows Glass 
(1) Annealed (AN) 
(2) Fully Tempered (FT) 
(3) Heat Strengthened 
(4) Monolithic Insulating (IG-AN/AN) 
(5) Monolithic Insulating (IG-FT/FT) 
(6) Monolithic Insulating (IG-HS/HS) 
(7) Laminated glass (LG-AN/AN) 
(8) Laminated glass (LG-HS/HS) 
(9) Laminated glass (LG-FT/FT) 

P16-Roof overhang 
(1) Yes 
(0)No 

P17-Skylight 
(1) Yes 
(0)No 

Maximum change in 
percent damage 

0.20 
0 (basic) 
0.20 
-0.23* 

0.07 
0 (basic) 
-0.17* 
-0.25* 
-0.52* 

0.14 
0 (basic) 
-0.27* 
-0.52* 

0 (basic) 
1.84 
0.92 
0.92 
1.84 
1.84 
0 
0.92 
1.84 

0 (basic) 
0.79 

-1.09* 
0 (basic) 
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Table 5.6. Continued 

Damage Factor 

P18-Canopy 
(1) Yes 
(0)No 

P19-0verhead door 
(1) Yes 
(0)No 

P20-Gravel or roof-mounted equipment on nearby buildings 
(1) Yes 
(0)No 

P21-Shutters on exterior doors and windows 
(1) Yes 
(0)No 

Maximum change in 
percent damage 

-0.40* 
0 (basic) 

0 (basic) 
1.45 

0 (basic) 
1.08 

4.26 
0 (basic) 

* Negative values indicate options which contribute to a decrease in building wind 
resistance relative to the wind resistance ofthe basic building. 
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Table 5.7. Effect of Roof Stmcture Type on Building Damage Degree (BDD) 

Wind 
speed 
(mph) 

(1) 

70 
75 
80 
85 
90 
95 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 

Wood tmss, 
beam, or joist 
BDD (%) 
(Basic building) 

(2) 

0.71 
1.56 
2.73 
4.42 
6.30 
9.06 
13.07 
17.21 
21.88 
26.97 
31.73 
37.73 
43.98 
50.42 
56.51 
61.82 
65.74 
69.49 
71.54 
74.06 
75.19 
75.36 
75.45 

Reinforced 
concrete roof slab 
BDD 

(%) 

(3) 

0.67 
1.48 
2.58 
4.19 
5.98 
8.63 
12.51 
16.56 
21.15 
26.18 
30.94 
37.01 
43.41 
50.03 
56.25 
61.65 
65.61 
69.36 
71.41 
73.93 
75.07 
75.24 
75.32 

Change in 
BDD 

(4) 
= (2)-(3) 

0.04 
0.08 
0.15 
0.23 
0.32 
0.43 
0.56 
0.65 
0.73 
0.79 
0.79 
0.72 
0.57 
0.39 
0.26 
0.17 
0.13 
0.13 
0.13 
0.13 
0.12 
0.12 
0.13 

Steel beam roof 

BDD 
(%) 

(5) 

0.68 
1.50 
2.63 
4.25 
6.07 
8.75 
12.67 
16.74 
21.35 
26.40 
31.16 
37.21 
43.57 
50.14 
56.32 
61.70 
65.65 
69.39 
71.45 
73.97 
75.10 
75.27 
75.36 

Change 
in BDD 

(6) 
= (2)-(5) 

0.03 
0.06 
0.10 
0.17 
0.23 
0.31 
0.40 
0.47 
0.53 
0.57 
0.57 
0.52 
0.41 
0.28 
0.19 
0.12 
0.09 
0.10 
0.09 
0.09 
0.09 
0.09 
0.09 

Steel tmss roof 

BDD 
(%) 

(7) 

0.70 
1.54 
2.69 
4.36 
6.22 
8.94 
12.92 
17.04 
21.69 
26.77 
31.53 
37.54 
43.83 
50.32 
56.44 
61.78 
65.71 
69.45 
71.51 
74.02 
75.16 
75.33 
75.42 

Change in 
BDD 

(8) 
= (2)-(7) 

0.01 
0.02 
0.04 
0.06 
0.08 
0.12 
0.15 
0.17 
0.19 
0.20 
0.20 
0.19 
0.15 
0.10 
0.07 
0.04 
0.03 
0.04 
0.03 
0.04 
0.03 
0.03 
0.03 
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Table 5.8. Building Data for Determining Interaction Effects of Damage 
Parameters on Building Damage Degree (set 1) 

Damage Factor 

PI-Roof covering 
(5) Slate roof. Clay tiles 
(10) Mechanically-attached single membrane roof. Ballasted 

single membrane roof 
(7) Flat concrete tiles 

P4-Roof sheathing 
(1) Reinforced concrete 
(2) Precast concrete panels 

P5-Roof stmcture 
(1) Concrete 
(3) Steel beams 

P6-Exterior wall system 
(1) Brick veneer-wood frame 
(5) Stone veneer-wood frame. Solid brick 
(4) Reinforced Concrete block. Solid Stone, 

Precast concrete panels 

P7-Exterior door 
(1) Solid core wood 

PI 0-Beam/column system 
(1) Concrete 

P15-Windows Glass 
(2) Fully Tempered (FT), Monolithic Insulating 

(IG-FT/FT), Monolithic Insulating (IG-HS/HS), 
Laminated glass (LG-FT/FT) 

(3) Heat Strengthened, Monolithic Insulating (IG-AN/AN), 
Laminated glass (LG-HS/HS) 

P19-0verhead door 
(0)No 

P21-Shutters on exterior doors and windows 
(1) Yes 
(0)No 

Maximum change in 
percent damage 

0.88 

1.18 
1.68 

1.16 
0.94 

0.79 
0.57 

0.60 
0.89 
1.08 

0.53 

0.52 

1.84 

0.92 

1.45 

4.26 
0 (basic) 
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tractability ofthe analysis. By the generalized multiplication principle for counting (Milton 

and Arnold 1990), the 3 basic types of factor PI, 2 of P4, 2 of P5, 3 of P6, 2 of P15, and 

one each for factors P7, PlO, and P19 shown in Table 5.8 fiimish ^ P̂  (or 72) 

combinations for a building that is not provided with shutters on its exterior doors and 

windows, and 36 combinations for a building with shutters. Each one ofthe total 108 

combinations ofthe most significant damage factors is then combined with the non

significant damage factors taken at the basic building values, to obtain new building 

configurations (or characteristics). The corresponding damage degrees are then 

determined as previously described (section 5.3). 

The results are summarized in Table 5.9 and Appendix C, in terms of maximum 

percent decrease in damage degree over the basic building damage degree. Combinations 

that furnish the same range of percent change in BDD are listed together in one table. For 

example, combinations that furnish a 5-9% decrease in BDD over the basic building 

damage degree are listed in Table 5.9. 

Although the greatest improvements in wind resistance (or reduction in BDD) is 

achievable by use ofthe building characteristics described above, these same building 

configurations may not always be practicable or cost-effective. To include the more 

traditional building features and yet obtain reasonable improvements in wind resistance, 

building attributes such as use of asphah shingles, plywood roof deck, wood roof tmss, 

and overhead doors are combined with the most significant damage factors listed in Table 

5.8. Also to ensure a more flexible choice of exterior door type and building beam/column 
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Table 5.9. Combination ofBuilding Characteristics for a 5-9 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Altemative combinations of building parameters 

Pl(l), P4(3), P5(4), P6(2), P15(l), P19(0), P21(0) 

Pl(l), P4(3), P5(4), P6(5), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(l), P6(2), P15(l), P19(l), P21(0) 

Pl(5), P4(3), P5(l), P6(5), P15(l), P19(l), P21(0) 

Pl(5), P4(3), P5(4), P6(2), P15(l), P19(l), P21(0) 

Pl(5), P4(3), P5(4), P6(5), P15(l), P19(l), P21(0) 

Pl(5), P4(3), P5(4), P6(4), P15(l), P19(l), P21(0) 

Pl(l), P4(l), P5(l), P6(2), P15(l), P19(l), P21(0) 

Pl(l), P4(l), P5(4), P6(2), P15(l), P19(l), P21(0) 

Pl(l), P4(l), P5(4), P6(5), P15(l), P19(l), P21(0) 

Pl(l), P4(l), P5(4), P6(4), P15(l), P19(l), P21(0) 

Pl(l), P4(3), P5(l), P6(2), P15(l), P19(l), P21(0) 

Pl(l), P4(3), P5(l), P6(5), P15(l), P19(l), P21(0) 

Pl(l), P4(3), P5(l), P6(4), P15(l), P19(l), P21(0) 

Pl(l), P4(3), P5(4), P6(2), P15(2), P19(l), P21(0) 

Pl(l), P4(2), P5(4), P6(4), P15(l), P19(l), P21(0) 

Pl(7), P4(3), P5(4), P6(2), P15(l), P19(l), P21(0) 

Pl(7), P4(3), P5(4), P6(5), P15(l), P19(l), P21(0) 
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Table 5.10. Building Data for Determining Interaction Effects of Damage 
Parameters on Building Damage Degree (set 2) 

Damage Factor 

P1 -Roof covering 
(1) Asphalt shingles 
(5) Slate roof. Clay tiles 
(7) Flat concrete tiles 

P4-Roof sheathing 
(3) Plywood 
(1) Reinforced concrete 

P5-Roof stmcture 
(4) Wood tmss 
(1) Concrete 

P6-Exterior wall system 
(2) Brick veneer-wood frame 
(5) Stone veneer-wood frame. Solid brick 
(4) Reinforced Concrete block. Solid Stone, 

Precast concrete panels 

P15-Windows Glass 
(1) Annealed 
(2) Fully Tempered (FT), Monolithic Insulating 

(IG-FT/FT), Monolithic Insulating (IG-HS/HS), 
Laminated glass (LG-FT/FT) 

P19-Overhead door 
(1) Yes 
(2) No 

P21-Shutters on exterior doors and windows 
(1) Yes 
(2) No 

Maximum change in 
damage degree (%) 

0 (basic) 
0.88 
1.68 

0 (basic) 
1.16 

0 (basic) 
0.79 

0.60 
0.89 
1.08 

0 (basic) 
1.84 

1.45 
0 (basic) 

4.26 
0 (basic) 
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system, these two factors are taken to be non-significant. This second set of damage 

factors (see Table 5.10) flimish a total of 216 building configurations. The results of 

the damage degree determinations, expressed as maximum percent decrease in damage 

degree are also included in Appendix C and Table 5.9. 

The combinations listed in Appendix C and Table 5.9 represent alternatives that are 

available to a prospective home owner or developer for specified percent reductions in 

wind damage degree over the basic building damage degree. For example, from Table 

5.9, the building configuration numbered 1 indicates that a building constmcted with 

asphalt shingles (roof covering), plywood (roof sheathing), wood tmss(roof stmcture), 

brick veneer-wood frame (exterior wall system), annealed glass (window glass), without 

overhead doors and shutters, and with any type i^(.) of other building characteristics P2, 

P3, P7, P8, P9, PlO, Pl l , P12, P13, P14, P16, P17, P18, and P20, will have a reduction 

of between 5 and 9% in damage degree over the basic building. It is to be noted that in 

Table 5.9 and Appendix C, Pl(lO) is interchangeable with Pl(9), Pl(5) with Pl(4), P6(5) 

with P6(6), P6(4) with P6(7) or P6(8), P15(2) with P15(5), P15(6) or P15(9), and P15(3) 

withP15(4)orP15(8). 

Table 5.9 and Appendix C are most conveniently used for new constmction. Once the 

percent wind damage reduction is decided, any ofthe options listed under the appropriate 

percent damage reduction can then be selected to reflect budgetary constraints and desired 

building style. Although the cost analysis ofthe various options have not been made, in 

general, higher percent decreases in damage degree are associated with increased costs of 

constmction. 
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5.3.3 Portfolio Analvsis and Regional Loss Estimation 

Another important application of building damage bands is the determination of loss to 

a group of buildings. Such group of buildings may constitute the insured properties of an 

insurance company in a particular geographic area, or the properties exposed to hurricane 

wind in a particular region. The loss estimation using the damage band concept involves 

the following steps: (a) Estimate the number of buildings that may be classified as either 

residential, commercial/industrial, govemment/institutional, or 4-10 story buildings, (b) 

For the windspeed or windspeeds of interest, determine the average damage degrees for 

each building class, and (c) Calculate the total loss according to the following equation: 

4 

PML ($) = X ^ ^ 7 i ^ ^ a + ̂ ^y )NjBRVj (5.4a) 

in which PML is the Probable Maximum Loss, RRI'J^ is the average relative resistivity 

index for buildings of class j , DD^^ and DD^ are, respectively, the damage degrees 

furnished by the upper and lower damage functions for building class j given hurricane 

intensity i, Nj is the number of buildings in building class j , and BRVj is the average 

replacement value for buildings of class j. Based on average building characteristics, 

values of RRI'^ suggested for use in Equation 5.4 are shown in Table 5.11. 

Equation 5.4a requires that the average replacement value for buildings in each class 

be used. Since the value of this quantity may not always be available, the expected 

maximum loss may be estimated in terms of a single damage degree for all the buildings as 

follows: 
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Table 5.11. Average Relative Resistivity Indices for Buildings 

Building 

1-story 

2-3 story low-rise 

4-10 story Mid-rise 

Average Relative Resistivity Index 

0.61 

0.53 

0.34 
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Y,RRI';'iDD^-^DD,^)Nj 

PML {%) = ^ . (5.4b) 

To demonstrate the use of Equations 5.4 for portfolio analysis, let us assume the 

following data for Wrightsville Beach, NC, when Hurricane Fran made landfall: 

Number of buildings used for residential purposes = 1(X) (about 40% are 1-story high) 

Number of buildings used for commercial purposes = 20 (about 90% are 1-story high) 

Number of institutional type buildings = 10 (about 50% are 1-story high) 

Number of mid-rise buildings = 60. 

Using Equation 5.4b and the damage bands for residential, commercial, institutional, 

and high-rise buildings, the percent probable maximum loss for the 1-minute sustained 

windspeed of 90 mph at Wrightsville Beach (Houston et al. 1997) is given by the sum of 

column 5 (Table 5.12) divided by the sum of column 3 (= 748/190). This equals 

approximately 4%. This implies that the probable maximum loss to the group of buildings 

will amount to 4% of the average replacement value of all the buildings. 

Application of the above method to different areas of a region, in conjunction with 

real-time weather forecasting, would indicate areas most likely to be affected by a 

hurricane, an information which is useful for planning emergency recovery operations. 
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JJ-LUI mcfiot^M 

Table 5.12. Example Calculation of Wind Damage Degree to a Group of Buildings 

Indexj 

(1) 

1 

2 

3 

4 

Total 

Building Type 

(2) 

Low-rise 
residential 

Low-rise 
commercial 

Low-rise 
institutional 

Mid-rise 

No. of buildings, Â^ 

(3) 

100 

20 

10 

60 

X/V; = 190 

RRr/ 

(4) 

0.56 

0.60 

0.57 

0.34 

RRI^'iDD^ +DD,^)Nj 

(5) 

546 

124 

58 

20 

J^RRI^'iDD!; +DD,^)Nj = 

748 
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CHAPTER 6 

MODEL VALIDATION AND DISCUSIONS 

6.1 Introduction 

The last three chapters have developed a new methodology for wind damage 

prediction using the concept of damage bands. The model principles were enunciated in 

Chapter 3, and implemented in Chapter 4 to obtain building damage bands. The damage 

bands were subsequently applied in Chapter 5 for wind damage prediction of buildings, 

portfolio analysis, and wind damage mitigation. In the present chapter, two comparisons 

ofthe results ofthe damage predictions are made, namely, (1) the damage bands 

developed in this dissertation versus the mean percent damage-windspeed curves 

presented by Hart (1976), and (2) the model-predicted damage degrees ofthe example 

buildings in Chapter 5 versus the actual damage amounts suffered by the buildings in 

Hurricane Fran. The results are discussed. 

6.2 Comparison and Discussion ofResults 

To obtain an indication ofthe validity ofthe damage bands obtained from the present 

study, the bands were compared to the wind damage matrix presented in Hart (1976). 

Although Hart's work was applied to estimate tomado damage, in practice, the damage 

matrices may be applied to other extreme winds such as hurricanes. The appearance of 

wind damage is the same regardless ofthe type of windstorm (McDonald and Mehta 

1981, Minor 1992). The damage matrix in Hart (1976) were obtained by averaging the 
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expert opinion responses of professional wind engineers, and subsequently presented in 

terms of mean percent damage/windspeed relationships. Since the damage bands obtained 

in this work (Figures 4.2-4.5) are presented in terms ofthe sustained one-minute hurricane 

windspeeds, the tomado windspeeds were converted to the equivalent one minute 

hurricane windspeeds. This was done by first converting the tomado windspeeds to the 

corresponding hurricane peak gust speeds using the procedure outlined in Fujita (1971), 

and then converting the resulting hurricane peak gust speeds to one-minute speeds using 

the gust factor/averaging time relationship for hurricane winds (Krayer and Marshall 

1992). The wind damage relationships ofthe present work (indicated as Author) and 

those of Hart (1976) are presented in the same graphs for residential, commercial/ 

industrial, and four or more story buildings (Figures 6.1-6.3). The mean percent 

damage/windspeed relationship contained in Hart (1976) are presented for wood, concrete 

or masonry, and steel buildings. The quality of these building types may be considered as 

spanning the spectmm of building wind damage resistivity, and hence could be compared 

to the damage bands ofthe present work. 

Within the windspeeds of interest in the present work, it is seen from the figures that 

in general, the mean damage curves in Hart (1976) flimish damage percentages smaller 

than the corresponding upper bound values from the present research. This fact is 

important since the present model predicts the probable maximum loss. In the case ofthe 

lower damage functions, the mean percent damage contained in Hart (1976) for wood, 

concrete or steel buildings are greater or the same in the lower windspeed regimes 
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Figure 6.1. Comparison of Damage Predictions for Residential Buildings 
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Figure 6.2. Comparison of Damage Predictions for Commercial Buildings 
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Figure 6.3. Comparison of Damage Predictions for Buildings four or more stories high 
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(i.e., up to category 3 hurricane intensity) but becomes lower than the predictions ofthe 

current study in the higher wind regimes (i.e., category 4 or greater winds). In the higher 

wind regimes, the slope ofthe damage curves for concrete and steel in Hart (1976) either 

decreases or do not increase rapidly as would be expected by virtue of wind damage being 

indirectly proportional to the second power ofthe windspeed. This fact, coupled with the 

wholly subjective nature ofthe damage matrices (Hart 1976) may account for this part of 

Hart's mean damage curves falling outside the respective building damage bands obtained 

in the present work. 

The amount of damage to the three example buildings in section 5.3.1 can be 

estimated using the information collected during the Hurricane Fran post-disaster damage 

investigation. The damage data were recorded on the AAWEAIPLR Hurricane Damage 

Survey Form (IIPLR 1995) as well as on sketches and other notes made during the 

survey. Using these data and the square foot cost, assemblies cost, and unit price 

information contained in the Means Residential Cost Data (R.S. Means 1996a) and the 

Means Light Commercial Cost Data (R.S. Means 1996b), the damage amount to each of 

the buildings is estimated in terms ofthe square foot cost of each building. The square 

foot cost for each building in its undamaged state is also calculated using the above 

information. The damage degree is then obtained as the ratio ofthe square foot cost of 

the damaged portion(s) ofthe building to the square foot cost ofthe undamaged building. 

The estimates are shown in Tables 6.1 and 6.2 for the Single Family dwelling No. 1, and in 

Appendix D. 
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Table 6.1. Repair cost for Single Family Building No. 1* 

Component 

Roofing, asphalt 
shingles 

Roofing, insulation 

Roof, soffit & fascia 

Roof, plywood 
sheathing, 1/2 in th. 

Exterior wall, cedar 
siding (1/2 inx6 in), 
and painting 

Interior, ceiling, 
stucco on gypsum 
lath 

Interior, wall, plaster 
on gypsum lath 

Interior, contents 

Total 

Damaged 
Quantity 

30 % roof area 
= 540 

540 

90 

25 % roof area 
= 450 

30 % wall area 
= 708 

25 % roof area 
= 450 

125 

15% household 
contents 

Unit 

S.F. 

S.F. 

L.F. 

S.F. 

S.F. 

S.F. 

S.F. 

-

Replacement 
Quantity/sq. ft. 
of living area 

1.16(540) 
= 626 

1.3(540) = 702 

0.083(90) =7.47 

1.17(450) = 527 

708 

450 

125 

Cost/Sq. ft. 

0.25(0.75) = 
0.188 

0.28(0.09) = 
0.025 

0.003(0.49) = 
0.001 

0.21(0.94) = 0.197 

0.28(3.76)= 1.053 

0.18(2.61) = 0.470 

0.05(2.63) = 0.132 

0.15(0.5)(56.22) = 
4.217 
6.283 

* Total living area = 2500 ( Roof area = 50 x 36 ft = 1800 sq. ft.) 
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Table 6.2. Total Value of Single Family Building No. 1* 

Item 

Base cost for 2-story building (Average), 
Exterior wall: wood siding-wood frame 

Adjust for fireplace & chimney 

Adjust for kitchen cabinets 

Adjust for built-in garage 

Adjust for bathrooms (full bath) 

Sub-total 

Add household contents @ 50% 

Total 

Cost (sq. ft.) 

$54.00/sq ft. 

$1.236/sqft. 

$0.07/sq ft. 

- $0.46/sq ft. 

$1.37/sqft. 

$56.22/sq ft. 

$28.11/sqft. 

$84.33/sq ft. 

' Living area = 2500 sq. ft. 
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Table 6.3. Comparison of Model-predicted Damage Degree and 
Actual Damage Degree 

Building 95 % Prediction 
Interval on Model-
predicted Damage 
Degree (%) 

Cost of damage/sq ft. 
Cost of building/sq ft. 

(%) 
Single-Family 
Residential Building 
No. 1 at Wrightsville 
Beach 

6.1-7.9 6.283/84.33 = 7.5 

Single-Family 
Residential Building 
No. 2 at Wrightsville 
Beach front 

5.1-7.2 6.757/92.41 =7.3 

Topsail Elementary 
School Cafeteria 

3.5-6.7 4.203/107.54 = 3.9 
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It is seen from Table 6.3, that for all practical purposes, the model predictions are 

good. The actual damage amounts are within the 95% prediction intervals ofthe model-

predicted damage degrees in all three cases. 
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CHAPTER 7 

CONCLUSIONS 

7.1 Summary of Research 

The landfall of Hurricanes Hugo (1989), Andrew (1992), and Iniki (1992) caused a 

combined total in excess of $21 billion in insured losses, and in the process, gave rise to an 

increased awareness ofthe enormity ofthe hurricane wind problem. Wind damage 

prediction and mitigation soon became extremely important issues to the constmction and 

insurance industries. 

This dissertation has proposed a model for predicting the probable maximum loss to 

buildings due to hurricane winds. A new approach using the concept of building damage 

bands is proposed for predicting the percent damage to individual buildings or groups of 

buildings for any given hurricane scenario. Building damage bands fumish the damage 

degree range (for hurricane intensities) whose bounds are derived from the set of building 

components types and connections associated with the least (lower bound) and the highest 

(upper bound) probabilities of damage. 

The damage prediction model is based on the principles of stmctural reliability, using a 

quasi Fault Tree Analysis (FTA) method to obtain the failure probability of individual 

building components. The degree of damage to a building impacted by hurricane winds 

(wind pressure and windbome missiles) is estimated as a function ofthe probability of 

failure ofthe building components, the degree to which failed components are damaged. 
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and the cost ofthe building components. Hence a characterization of building 

components based upon their relative likelihood of damage and cost contribution was 

employed. 

Damage of individual building components serve as the Top events in a multiple fault 

tree scheme for both the building envelope components and the building contents. In 

addition to the direct wind damage of building components by pressure and missiles, 

damage propagation and common cause failures which complicate the wind damage 

process were considered by explicit modeling and evaluation ofthe fault trees. 

Component fragilities are obtained using classical strength-stress interference method 

for random-fixed strength variables defined with probability distribution functions, and 

deterministic values ofthe load variable. Component location parameter data, which 

account for the distribution and location of components in relation to their wind damage 

degrees, are obtained by expert judgment of professional wind engineers. The component 

fragility relationships and the location parameter data were subsequently combined in an 

objective weighting technique driven by components cost data to obtain building damage 

degree. 

In the second phase ofthe research, three applications of building damage bands are 

presented. A building relative resistivity model which utilizes specific building information 

and the developed damage bands is the vehicle for predicting the damage to individual 

buildings. Methodologies for distinguishing the relative wind resistance of buildings as 

well as for regional loss estimation are proposed in this phase. The relative wind damage 
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performance of individual buildings are assessed in terms of building damage attributes 

according to a relative resistivity index (RRI) in conjunction with the appropriate damage 

bands. 

The effects of building features and components types on building damage degree are 

investigated and the combinations that lead to specified percentage reductions in damage 

degree were identified for implementing wind-resistant constmction for new buildings. 

The model predictions for selected buildings damaged in a previous hurricane were 

compared to the actual damage amounts, as well as to the damage matrix presented in 

Hart (1976). 

7.2 Significant Results 

The most significant results of this dissertation may be summarized as follows: 

1. Building damage bands have been developed for low-rise (1-3 story) residential, 

commercial/ industrial, institutional, and mid-rise (4-10 story) buildings. In general, the 

methodology outlined in the dissertation enables damage bands to be developed for either 

a particular occupancy class of building and a building type within an occupancy class. 

2. A new and relatively easy to implement methodology for portfolio analysis and 

regional wind damage estimation using the damage band concept has been advanced. 

3. The upper and lower damage functions of 1-3 story buildings tend to approach each 

other above a windspeed of about 155 mph. This implies that in this windspeed regime 

building damage degree ceases to be a function of the components and connections 
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qualities of individual buildings. The damage response of individual mid-rise buildings are 

most easily distinguished in the 155-180 mph wind regime. 

4. Recommendations for wind damage mitigation using appropriate combinations of 

building feamres and components types are made. Several combinations of building 

component types that furnish specified percent reductions in building damage degree over 

that of a conventional building have been identified. These combinations of building 

component types represent alternatives that clients, building contractors, or home owners 

may select to achieve the level of wind damage reduction consistent with their budgetary 

constraints and building styles. 

5. The most significant attributes that affect building damage degree have been 

identified through a quantitative analysis. These include the type of roof covering, 

roof sheathing, roof stmcture, exterior wall system, window glass, exterior door, 

beam-column system, and the availability or otherwise of shutters on exterior doors and 

windows, overhead doors, and nearby sources of debris. 

7.3 Suggestions for Future Work 

As an area of research, building wind damage prediction is still relatively new. A 

researcher in this field is usually confronted with several obstacles, ranging from the lack 

of reliable experimental data on the wind performance of building components to the 

dearth of detailed databases of building damage in windstorms, upon which calibration 

efforts could be based. In the course of this dissertation, certain aspects of 
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implementation ofthe model principles which could benefit from further refinement given 

the availability of additional reliable data and resources have been noted. 

A much larger database of building component cost factors which includes all possible 

types of buildings within each occupancy class would be necessary to determine the effect 

of building occupancy class on the peak values of damage degree of 1-3 story buildings. 

An even further refinement may separate 1-story buildings from 2-3 story buildings in 

order to properly account for the reduced contribution ofthe stmctural system cost factor 

of 1-story buildings to building damage degree. 

It would be interesting to compare the expert-supplied values of component location 

parameters, conditional probabilities, and building attributes with the corresponding values 

based on survey of a very large population of professional wind engineers with stmctural 

engineering background. While it is doubtful that the aggregated results of such a survey 

would differ significantly from that used in this work, the survey would at least validate 

the present set of values. 

Given the availability of more reliable loss data on missile damage in windstorms, 

especially of actual missile impact velocities, the damage bands may be enhanced by use of 

more accurate missile damage probabilities. 

Finally, it would be worthwhile to undertake a similar work to predict the contribution 

to building damage in hurricanes due to storm surge. 
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APPENDIX A 

CONDITIONAL PROBABILITY OF DAMAGE AND 

LOCATION PARAMETER DATA 

(QUESTIONNAIRE NO. 1) 
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Department of Civil Engineering 
Texas Tech University, Lubbock 
Febmary 4, 1997 

Dear Sir: 

In an effort to assemble quality data for use in the development of a model for 

probable maximum loss in hurricanes, I am seeking your expert opinion and that of other 

wind engineering experts on the following probability and damage data. The final values 

adopted and the method of arriving at same will be communicated to you later. 

For Table A. 1, please note that the conditional probability of an event (A), given 

another event (B), denoted by P(A/B), is the probability that event A will occur given that 

event B has occurred already, with a certain probability x. Put another way, if we know 

that event B has occurred with a probability x, how will this knowledge influence the 

probability of occurrence of event A (i.e. in terms of x). 

For Table A.2, please note that Component Location Parameter a, measures the 

distribution and spread of component damage. The probability of damage of a component 

indicates the likelihood of any degree or form of damage ofthe component. On the other 

hand. Component Location Parameter represents the proportion or amount of a 

component that suffers damage. Component Location Parameter is therefore a function of 

the distribution and location ofthe component on the building envelope as well as wind 

intensity. 

Thank you for your time and consideration. 

Sincerely yours, 

Chris Unanwa. 
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A. 1. Data form for Conditional Probability of Damage 

Conditional Probability 

P(Roof structure damage/Exterior wall is damaged*) 

P(Roof Str. damage/Ext. doors & windows are 

damaged*) 

P(Exterior wall damage/Roof structure is damaged*) 

P(Exterior wall damage/Exterior doors & windows 

are damaged*) 

P(Exterior doors & windows/Roof structure is 

damaged*) 

P(Exterior doors & windows/Exterior wall is 

damaged*) 

P(Rainfall due to hurricane landfall) 

P(Interior damage from rain/Roof covering is 

damaged*) 

P(Interior damage from rain/Exterior wall is 

damaged*) 

P(Interior damage from rain/Ext. doors & windows 

are damaged*) 

Hurricane Intensity (mph) 

Catl Cat2 Cat3 Cat4 Ca5 

74-95 96-110 111-130 131-155 >155 

* Please note that damage of these components is a fijnction of hurricane wind intensity 
and that "damage" as used here does not necessarily mean total damage. 
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A.2. Data form for Component Location Parameter 

Component 

Roof covering 

Roof stmcture 

Exterior wall 

Exterior doors & windows 

Building interior 

Hurricane Intensity (mph) 

74-95 96-110 111-130 131-155 >155 
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APPENDIX B 

RATINGS FOR BUILDING DAMAGE PARAMETERS 

(QUESTIONNAIRE NO. 2) 
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Department of Civil Engineering 
Texas Tech University, Lubbock 
March 3, 1997 

Dear Sir: 

This questionnaire pertains to building relative resistivity data that are used in the 

development of a model for probable maximum loss in hurricanes. The purpose is to 

evaluate building attributes that affect the wind resistance of individual buildings. Your 

expert opinion is kindly solicited. 

The degree of damage to buildings impacted by the same hurricane wind pressures and 

missiles varies from building to building. To determine individual building damage 

response to hurricanes, the following building attributes are to be compared to each other, 

to establish their relative importance, weight, or contribution to wind damage (Table B.l). 

Please provide ratings for the relative wind damage importance ofthe factors on a scale of 

(0-100%). The sum ofthe ratings should be equal to 100%. Higher ratings indicate 

higher contributions to wind damage, and vice versa. 

Following Table B.l is a more detailed list, containing altemative forms of each 

damage factor. Please grade the altematives for each of these factors on a scale of (0,1) 

to reflect their wind damage susceptibility. Alternatives that lead to high wind damage 

propensity are to be assigned higher values, and vice versa. As a guide for assigning 

relative grades, some ofthe altematives have been graded in a manner consistent with the 

development of building damage bands used in this model. Please assign grades to the 

other altematives relative to the graded altemative. Emphasis in the present questionnaire 

is on relative rather than absolute wind performance. It is to be noted that, in terms of all 

factors affecting individual building damage in hurricanes considered in the model, this list 

is not exhaustive. End-user input factors requiring yes or no answers are treated 

differently. 

Thank you for your time and consideration. 

Sincerely yours. 

Christian O. Unanwa 
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B.l Relative Weights for Building Damage Factors 

Factor 

Roof Covering 

Roof Deck 

Roof Stmcture 

Exterior Wall 

Exterior Doors 

Exterior Windows 

Partition wall 

Beam/Column/Floor Stmcture 

Roof Geometry 

Canopy 

Building Code 

Maintenance of building envelope 

Age of building 

Total 

Weight Assigned (%) 

100% 

1. Roof Covering: (a) asphalt shingles 0.98 (b) Wood shingles 

(c) Asbestos shingles (d) Slate roof 

(e) Clay tiles (f) Architectural metal roofs 

(g) Flat concrete tiles 0_ (h) Built-up roofs 

(i) Ballasted single membrane roofs 

(j) Mechanically-attached single membrane roofs 
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2. Roof geometry: (a) Flat without parapet (b) Flat with parapet (c) Gable 

(d)Hip (e)Shed (f) Mansard (g) Gambrel 

(h) Multi-level roof (i) Complex J. 

3. Roof span: (a) 0-20 ft. (b) 21-40 ft. (c) 41-70 ft. (d) >70 ft. 0.98 

4. Roof deck: (a) R.C. 0_ (b) Precast concrete panels (c) plywood 

(d) metal panels (e) OSB i 

5. RoofStmcture: (a) Concrete 0_ (b) Steel tmsses or joists (c) Steel beams 

(d) Wood tmsses 0^ (e) Wood beams or joists 

6. Exterior wall system: (a) wood siding-wood frame i 

(b) Brick veneer-wood frame 

(c) Stucco on wood frame 

(d) Concrete block (reinforced) 0.05 

(e) Stone veneer-wood frame (f) Solid brick 

(g) Solid Stone 

(h) Precast concrete panels 

7. Exterior door: (a) Solid core wood 0.05 (b) Sliding glass door 0.97 

(c) Aluminum/Metal door (d) Flush (hollow core) door 

8. Percent wall occupied by ext. doors & windows: (a) 0-25% (b) 26-50% 

(c)>50% i 

9. Partition Wall: (a) Masonry 0.05 (b) Wood frame (c) Metal studs 

10. Beam/Column system: (a) Concrete _0_ (b) Steel (d) Laminated wood 

11. Floor stmcture: (a) Concrete 0 (b) Wood frame (c) Metal frame 
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12. Building Code: (a) ANSI/ASCE Std. (b) Model Building code 

(c) Customized Building code 0.05 (d) No code/unknown 

13. Building age: (a) 1-5 yrs. OOi (b) 6-10 yrs. (c) 11-20 yrs. 

(d) 20-30 yrs. (e) > 30 yrs. i 

14. Building envelope maintenance: (a) 1/yr. (b) 1/5 yrs. 0 

(c) 1/10 yrs. (d) 1/20 yrs. i 
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APPENDIX C 

COMBINATION OF BUILDING CHARACTERISTICS 

FOR SPECIFIED PERCENT DEREASE ESf 

DAMAGE DEGREE 
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Table C.l. Combinations ofBuilding Characteristics for a 10-14 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Altemative combinations of building parameters 

Pl(l), P4(l), P5(4), P6(2), P15(l), P19(0), P21(0) 

Pl(l), P4(l), P5(4), P6(5), P15(l), P19(0), P21(0) 

Pl(l), P4(l), P5(4), P6(4), P15(l), P19(0), P21(0) 

Pl(l), P4(3), P5(l), P6(2), P15(l), P19(0), P21(0) 

Pl(l), P4(3), P5(l), P6(5), P15(l), P19 (0), P21(0) 

Pl(l), P4(3), P5(l), P6(4), P15(l), P19(0), P21(0) 

Pl(l), P4(2), P5(4), P6(4), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(l), P6(2), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(4), P6(2), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(4), P6(5), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(4), P6(4), P15(l), P19(0), P21(0) 

Pl(7), P4(3), P5(4), P6(2), P15(l), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(2), P15(l), P19(l), P21(0) 

Pl(5), P4(l), P5(l), P6(5), P15(l), P19(l), P21(0) 

Pl(5), P4(l), P5(4), P6(2), P15(l), P19(l), P21(0) 

Pl(5), P4(l), P5(4), P6(5), P15(l), P19(l), P21(0) 

Pl(5), P4(l), P5(4), P6(4), P15(l), P19(l), P21(0) 

Pl(5), P4(3), P5(l), P6(4), P15(l), P19(l), P21(0) 
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Tabled. Continued 

Configuration No. 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Altemative combinations of building parameters 

Pl(5), P4(3), P5(4), P6(2), P15(2), P19(l), P21(0) 

Pl(5), P4(3), P5(4), P6(5), P15(2), P19(1), P21(0) 

Pl(5), P4(3), P5(4), P6(4), P15(2), P19(l), P21(0) 

Pl(l), P4(l), P5(l), P6(5), P15(l), P19(l), P21(0) 

Pl(l), P4(l), P5(l), P6(4), P15(l), P19(l), P21(0) 

Pl(l), P4(l), P5(4), P6(2), P15(2), P19(l), P21(0) 

Pl(l), P4(l), P5(4), P6(5), P15(2), P19(l), P21(0) 

Pl(l), P4(3), P5(l), P6(2), P15(2), P19(l), P21(0) 

Pl(l), P4(3), P5(l), P6(5), P15(2), P19(l), P21(0) 

Pl(l), P4(3), P5(l), P6(4), P15(2), P19(l), P21(0) 

Pl(l), P4(3), P5(4), P6(5), P15(2), P19(l), P21(0) 

Pl(l), P4(3), P5(4), P6(4), P15(2), P19(l), P21(0) 

Pl(7), P4(l), P5(4), P6(2), P15(l), P19(l), P21(0) 

Pl(7), P4(l), P5(4), P6(5), P15(l), P19(l), P21(0) 

Pl(7), P4(3), P5(l), P6(2), P15(l), P19(l), P21(0) 

Pl(7), P4(3), P5(l), P6(5), P15(l), P19(l), P21(0) 

Pl(7), P4(3), P5(l), P6(4), P15(l), P19(l), P21(0) 

Pl(7), P4(3), P5(4), P6(4), P15(l), P19(l), P21(0) 
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Table C.2. Combinations ofBuilding Characteristics for a 15-19 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Altemative combinations of building parameters 

Pl(l), P4(l), P5(l), P6(2), P15(l), P19(0), P21(0) 

Pl(l), P4(l), P5(l), P6(5), P15(l), P19(0), P21(0) 

Pl(l), P4(l), P5(l), P6(4), P15(l), P19(0), P21(0) 

Pl(l), P4(l), P5(4), P6(2), P15(2), P19(0), P2l(0) 

Pl(l), P4(3), P5(l), P6(2), P15(2), P19(0), P21(0) 

Pl(l), P4(3), P5(l), P6(5), P15(2), P19(0), P21(0) 

Pl(l), P4(3), P5(l), P6(4), P15(2), P19(0), P21(0) 

Pl(l), P4(3), P5(4), P6(2), P15(2), P19(0), P21(0) 

Pl(l), P4(3), P5(4), P6(5), P15(2), P19(0), P21(0) 

Pl(l), P4(3), P5(4), P6(4), PI5(2), PI9(0), P21(0) 

Pl(5), P4(l), P5(l), P6(2), P15(l), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(5), P15(l), P19(0), P21(0) 

Pl(5), P4(l), P5(4), P6(2), P15(l), P19(0), P21(0) 

Pl(5), P4(l), P5(4), P6(5), P15(l), P19(0), P21(0) 

Pl(5), P4(l), P5(4), P6(4), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(l), P6(5), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(l), P6(4), P15(l), P19(0), P21(0) 

Pl(5), P4(3), P5(4), P6(2), P15(2), P19(0), P21(0) 
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Table C.2 Continued 

Configuration No. 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Altemative combinations of building parameters 

Pl(5), P4(3), P5(4), P6(5), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(4), P6(2), P15(l), P19(0), P21(0) 

Pl(7), P4(l), P5(4), P6(5), P15(l), P19(0), P21(0) 

Pl(7), P4(3), P5(l), P6(2), P15(l), P19(0), P21(0) 

Pl(7), P4(3), P5(l), P6(5), P15(l), P19(0), P21(0) 

Pl(7), P4(3), P5(l), P6(4), P15(l), P19(0), P21(0) 

Pl(7), P4(3), P5(4), P6(5), P15(l), P19(0), P21(0) 

Pl(7), P4(3), P5(4), P6(4), P15(l), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(4), P15(l), P19(l), P21(0) 

Pl(5), P4(l), P5(4), P6(2), P15(2), P19(l), P21(0) 

Pl(5), P4(l), P5(4), P6(5), P15(2), P19(l), P21(0) 

Pl(5), P4(l), P5(4), P6(4), P15(2), P19(l), P21(0) 

Pl(5), P4(3), P5(l), P6(2), P15(2), P19(l), P21(0) 

Pl(5), P4(3), P5(l), P6(5), P15(2), P19(l), P21(0) 

Pl(5), P4(3), P5(l), P6(4), P15(2), P19(l), P21(0) 

Pl(l), P4(l), P5(l), P6(2), P15(2), P19(l), P21(0) 

Pl(l), P4(l), P5(l), P6(5), P15(2), P19(l), P21(0) 

Pl(l), P4(l), P5(l), P6(4), P15(2), P19(l), P21(0) 
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Table C.2. Continued 

Configuration No. 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

Altemative combinations of building parameters 

Pl(l), P4(l), P5(4), P6(4), P15(2), P19(l), P21(0) 

Pl(l), P4(3), P5(4), P6(2), P19(l), P21(l) 

Pl(l), P4(3), P5(4), P6(5), P19(l), P21(l) 

Pl(7), P4(l), P5(l), P6(2), P15(l), P19(l), P21(0) 

Pl(7), P4(l), P5(l), P6(5), P15(l), P19(l), P21(0) 

Pl(7), P4(l), P5(l), P6(4), P15(l), P19(l), P21(0) 

Pl(7), P4(l), P5(4), P6(4), P15(l), P19(l), P21(0) 

Pl(7), P4(3), P5(l), P6(2), P15(2), P19(l), P21(0) 

Pl(7), P4(3), P5(l), P6(5), P15(2), P19(l), P21(0) 

Pl(7), P4(3), P5(4), P6(2), P15(2), P19(l), P21(0) 

Pl(7), P4(3), P5(4), P6(5), P15(2), P19(l), P21(0) 

Pl(7), P4(3), P5(4), P6(4), P15(2), P19(l), P21(0) 
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Table C.3. Combinations ofBuilding Characteristics for a 20-24 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Altemative combinations of building parameters 

Pl(l), P4(l), P5(l), P6(2), P15(2), P19(0), P21(0) 

Pl(l), P4(l), P5(l), P6(5), P15(2), P19(0), P21(0) 

Pl(l), P4(l), P5(l), P6(4), P15(2), P19(0), P21(0) 

Pl(l), P4(l), P5(4), P6(5), P15(2), P19(0), P21(0) 

Pl(l), P4(l), P5(4), P6(4), P15(2), P19(0), P21(0) 

Pl(l), P4(3), P5(4), P6(2), P19(0), P21(l) 

Pl(l), P4(3), P5(4), P6(5), P19(0), P21(l) 

Pl(5), P4(l), P5(l), P6(4), P15(l), P19(0), P21(0) 

Pl(5), P4(l), P5(4), P6(2), P15(2), P19(0), P21(0) 

Pl(5), P4(l), P5(4), P6(5), P15(2), P19(0), P21(0) 

Pl(5), P4(l), P5(4), P6(4), P15(2), P19(0), P21(0) 

Pl(5), P4(3), P5(l), P6(2), P15(2), P19(0), P21(0) 

Pl(5), P4(3), P5(l), P6(5), P15(2), P19(0), P21(0) 

Pl(5), P4(3), P5(l), P6(4), P15(2), P19(0), P21(0) 

PI(5), P4(3), P5(4), P6(4), PI5(2), PI9(0), P21(0) 

Pl(7), P4(l), P5(l), P6(2), P15(l), P19(0), P21(0) 

Pl(7), P4(l), P5(l), P6(5), P15(l), P19(0), P21(0) 
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Table c.3. Continued 

Configuration No. 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

Altemative combinations of building parameters 

Pl(7), P4(l), P5(l), P6(4), P15(l), P19(0), P21(0) 

Pl(7), P4(l), P5(4), P6(4), P15(l), P19(0), P21(0) 

Pl(7), P4(3), P5(l), P6(2), P15(2), P19(0), P21(0) 

Pl(7), P4(3), P5(l), P6(5), P15(2), P19(0), P21(0) 

Pl(7), P4(3), P5(4), P6(2), P15(2), P19(0), P21(0) 

Pl(7), P4(3), P5(4), P6(5), P15(2), P19(0), P21(0) 

PI(7), P4(3), P5(4), P6(4), PI5(2), PI9(0), P21(0) 

Pl(5), P4(l), P5(l), P6(2), P15(2), P19(l), P21(0) 

Pl(5), P4(l), P5(l), P6(5), P15(2), P19(l), P21(0) 

Pl(5), P4(l), P5(l), P6(4), P15(2), P19(l), P21(0) 

Pl(5), P4(3), P5(l), P6(2), P19(l), P21(l) 

Pl(5), P4(3), P5(4), P6(2), P19(l), P21(l) 

Pl(5), P4(3), P5(4), P6(5), P19(l), P21(l) 

Pl(5), P4(3), P5(4), P6(4), P19(l), P21(l) 

Pl(l), P4(l), P5(4), P6(2), P19(l), P21(l) 

Pl(l), P4(l), P5(4), P6(5), P19(l), P21(l) 

Pl(l), P4(l), P5(4), P6(4), P19(1), P21(l) 

Pl(l), P4(3), P5(l), P6(2), P19(l), P21(l) 
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Table c.3. Continued 

Configuration No. 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

Altemative combinations of building parameters 

Pl(l), P4(3), P5(l), P6(5), P19(l), P21(l) 

Pl(l), P4(3), P5(l), P6(4), P19(l), P21(l) 

Pl(l), P4(3), P5(4), P6(4), P19(l), P21(l) 

Pl(7), P4(l), P5(l), P6(2), P15(2), P19(l), P21(0) 

Pl(7), P4(l), P5(l), P6(5), P15(2), P19(l), P21(0) 

Pl(7), P4(l), P5(l), P6(4), P15(2), P19(l), P21(0) 

Pl(7), P4(l), P5(4), P6(2), P15(2), P19(l), P21(0) 

Pl(7), P4(l), P5(4), P6(5), P15(2), P19(l), P21(0) 

Pl(7), P4(l), P5(4), P6(4), P15(2), P19(l), P21(0) 

Pl(7), P4(3), P5(l), P6(4), P15(2), P19(l), P21(0) 

Pl(7), P4(3), P5(4), P6(2), P19(l), P21(l) 

Pl(5), P4(2), P5(3), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 
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Table C.4. Combinations ofBuilding Characteristics for a 25-29 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Altemative combinations of building parameters 

Pl(l), P4(l), P5(4), P6(2), P19(0), P21(l) 

Pl(l), P4(l), P5(4), P6(5), P19(0), P21(l) 

Pl(l), P4(3), P5(l), P6(2), P19(0), P21(l) 

Pl(l), P4(3), P5(l), P6(5), P19(0), P21(l) 

Pl(l), P4(3), P5(l), P6(4), P19(0), P21(l) 

Pl(l), P4(3), P5(4), P6(4), P19(0), P21(l) 

Pl(5), P4(l), P5(l), P6(2), P15(2), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(5), P15(2), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(4), P15(2), P19(0), P21(0) 

Pl(5), P4(3), P5(4), P6(2), P19(0), P21(l) 

Pl(5), P4(3), P5(4), P6(5), P19(0), P21(l) 

Pl(5), P4(3), P5(4), P6(4), P19(0), P21(l) 

Pl(7), P4(l), P5(l), P6(2), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(l), P6(5), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(4), P6(2), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(4), P6(5), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(4), P6(4), P15(2), P19(0), P21(0) 

Pl(7), P4(3), P5(l), P6(4), P15(2), P19(0), P21(0) 
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Table C.4. Continued 

Configuration No. 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Altemative combinations of building parameters 

Pl(5), P4(l), P5(l), P6(2), P19(l), P21(l) 

Pl(5), P4(l), P5(l), P6(5), P19(l), P21(l) 

Pl(5), P4(l), P5(4), P6(2), P19(l), P21(l) 

Pl(5), P4(l), P5(4), P6(5), P19(l), P21(l) 

Pl(5), P4(l), P5(4), P6(4), P19(l), P21(l) 

Pl(5), P4(3), P5(l), P6(5), P19(l), P21(l) 

Pl(5), P4(3), P5(l), P6(4), P19(l), P21(l) 

Pl(l), P4(l), P5(l), P6(2), P19(l), P21(l) 

Pl(l), P4(l), P5(l), P6(5), P19(l), P21(l) 

Pl(l), P4(l), P5(l), P6(4), P19(l), P21(l) 

Pl(7), P4(l), P5(4), P6(2), P19(l), P21(l) 

Pl(7), P4(l), P5(4), P6(5), P19(l), P21(l) 

Pl(7), P4(3), P5(l), P6(2), P19(l), P21(l) 

Pl(7), P4(3), P5(l), P6(5), P19(l), P21(l) 

Pl(7), P4(3), P5(l), P6(4), P19(l), P21(l) 

Pl(7), P4(3), P5(4), P6(5), P19(l), P21(l) 

Pl(7), P4(3), P5(4), P6(4), P19(l), P21(l) 

Pl(5), P4(l), P5(l), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 
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Table C.4. Continued 

Configuration No. 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

Altemative combinations of building parameters 

Pl(5), P4(l), P5(l), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(l), P5(3), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(l), P5(3), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(l), P5(3), P6(5), P7(l), PlO(l), P15(2), P19(0), P2l(0) 

Pl(5), P4(l), P5(3), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(l), P5(3), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(2), P5(l), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(2), P5(l), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(2), P5(l), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(2), P5(l), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(2), P5(l), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(2), P5(3), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(2), P5(3), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(2), P5(3), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(5), P4(2), P5(3), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(2), P5(3), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 
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Table C.4. Continued 

Configuration No. 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

Altemative combinations of building parameters 

Pl(lO), P4(l), P5(l), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(l), P5(l), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(l), P5(l), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(l), P5(3), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(l), P5(3), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(l), P5(3), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(l), P5(3), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(2), P5(l), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(2), P5(l), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(2), P5(l), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(2), P5(l), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(2), P5(3), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(2), P5(3), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(2), P5(3), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(2), P5(3), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(lO), P4(2), P5(3), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(l), P5(l), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(l), P5(l), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

— 
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Table C.4. Continued 

Configuration No. 

73 

74 

75 

76 

11 

78 

79 

Altemative combinations of building parameters 

Pl(7), P4(l), P5(3), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(l), P5(3), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(2), P5(l), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(2), P5(l), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(2), P5(3), P6(2), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(2), P5(3), P6(5), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(2), P5(3), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 
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Table C.5. Combinations ofBuilding Characteristics for a 30-34 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Altemative combinations of building parameters 

Pl(l), P4(l), P5(l), P6(2), P19(0), P21(l) 

Pl(l), P4(l), P5(l), P6(5), P19(0), P21(l) 

Pl(l), P4(l), P5(l), P6(4), P19(0), P21(l) 

Pl(l), P4(l), P5(4), P6(4), P19(0), P21(l) 

Pl(5), P4(l), P5(l), P6(2), P19(0), P21(l) 

Pl(5), P4(l), P5(4), P6(2), P19(0), P21(l) 

Pl(5), P4(l), P5(4), P6(5), P19(0), P21(l) 

Pl(5), P4(l), P5(4), P6(4), P19(0), P21(l) 

Pl(5), P4(3), P5(l), P6(2), P19(0), P21(l) 

Pl(5), P4(3), P5(l), P6(5), P19(0), P21(l) 

Pl(5), P4(3), P5(l), P6(4), P19(0), P21(l) 

Pl(7), P4(l), P5(l), P6(4), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(4), P6(2), P19(0), P21(l) 

Pl(7), P4(3), P5(l), P6(2), P19(0), P21(l) 

Pl(7), P4(3), P5(l), P6(5), P19(0), P21(l) 

Pl(7), P4(3), P5(4), P6(2), P19(0), P21(l) 

Pl(7), P4(3), P5(4), P6(5), P19(0), P21(l) 

Pl(7), P4(3), P5(4), P6(4), P19(0), P21(l) 
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Table C.5 Continued 

Configuration No. 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Altemative combinations of building parameters 

Pl(5), P4(l), P5(l), P6(4), P19(l), P21(l) 

Pl(7), P4(l), P5(l), P6(2), P19(l), P21(l) 

Pl(7), P4(l), P5(l), P6(5), P19(l), P21(l) 

Pl(7), P4(l), P5(l), P6(4), P19(l), P21(l) 

Pl(7), P4(l), P5(4), P6(4), P19(l), P21(l) 

Pl(5), P4(l), P5(l), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(l), P5(l), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(l), P5(3), P6(4), P7(l), PlO(l), P15(2), P19(0), P2l(0) 

Pl(5), P4(2), P5(l), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(5), P4(2), P5(3), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(l), P5(l), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(l), P5(l), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(l), P5(l), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(l), P5(3), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(2), P5(l), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(2), P5(l), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(2), P5(3), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(lO), P4(l), P5(3), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 
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Table C.5. Continued 

Configuration No. 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

Altemative combinations of building parameters 

Pl(7), P4(l), P5(l), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(l), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(l), P6(4), P7(l), P10(0, P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(l), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(l), P5(3), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(3), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(3), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(l), P5(3), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(2), P5(l), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(2), P5(l), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(2), P5(l), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(2), P5(l), P6(4), P7(l), PlO(l), P15(3), P19(0), P21(0) 

Pl(7), P4(2), P5(3), P6(2), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(2), P5(3), P6(5), P7(l), PlO(l), P15(2), P19(0), P21(0) 

Pl(7), P4(2), P5(3), P6(4), P7(l), PlO(l), P15(2), P19(0), P21(0) 
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Table C.6. Combinations ofBuilding Characteristics for a 35-39 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Altemative combinations of building parameters 

Pl(5), P4(l), P5(l), P6(5), P19(0), P21(l) 

Pl(5), P4(l), P5(l), P6(4), P19(0), P21(l) 

Pl(7), P4(l), P5(l), P6(2), P19(0), P21(l) 

Pl(7), P4(l), P5(l), P6(5), P19(0), P21(l) 

Pl(7), P4(l), P5(l), P6(4), P19(0), P21(l) 

Pl(7), P4(l), P5(4), P6(5), P19(0), P21(l) 

Pl(7), P4(l), P5(4), P6(4), P19(0), P21(l) 

Pl(7), P4(3), P5(l), P6(4), P19(0), P21(l) 

Pl(5), P4(l), P5(l), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(l), P5(l), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(l), P5(l), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(l), P5(3), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(l), P5(3), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(l), P5(3), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(2), P5(l), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(2), P5(l), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(2), P5(l), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(5), P4(2), P5(3), P6(5), P7(l), PlO(l), P19(0), P21(l) 
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Table C.6. Continued 

Configuration No. 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

Altemative combinations of building parameters 

Pl(5), P4(2), P5(3), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(l), P5(l), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(l), P5(l), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(l), P5(l), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(l), P5(3), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(l), P5(3), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(l), P5(3), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(2), P5(l), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(2), P5(l), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(2), P5(l), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(2), P5(3), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(2), P5(3), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(lO), P4(2), P5(3), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(l), P5(l), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(l), P5(3), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(l), P5(3), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(2), P5(l), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(2), P5(l), P6(5), P7(l), PlO(l), P19(0), P21(l) 
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Table C.6. Continued 

Configuration No. 

37 

38 

39 

Altemative combinations of building parameters 

Pl(7), P4(2), P5(3), P6(2), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(2), P5(3), P6(5), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(2), P5(3), P6(4), P7(l), PlO(l), P19(0), P21(l) 
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Table C.7. Combinations ofBuilding Characteristics for a 40-45 Percent 
Decrease in Damage Degree 

Configuration No. 

1 

2 

3 

4 

Altemative combinations of building parameters 

Pl(7). P4(l), P5(l), P6(5), P7(l), PlO(l). P19(0). P21(l) 

Pl(7), P4(l), P5(l), P6(4), P7(l), PlO(l), P19(0), P21(l) 

Pl(7), P4(l), P5(3), P6(4). P7(l), PlO(l). P19(0), P21(l) 

Pl(7), P4(2), P5(l). P6(4), P7(l). PlO(l). P19(0), P2l(l) 
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APPENDIX D 

BUILDING COST AND REPAIR ESTIMATION 
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Table D. 1 Repair cost for Single Family Dwelling No. 2' 

Component 

Roofing, asphalt 
shingles 

Roofing, insulation 

Roof, soffit & fascia 

Roof, plywood 
sheathing, 1/2 in th. 

Exterior wall, cedar 
siding (1/2 in X 6 in), 
and painting 

Interior, ceiling, 
stucco on gypsum 
lath 

Interior, wall, plaster 
on metal lath 

Interior, contents 

Total 

Damaged 
Quantity 

35% roof area 
= 560 

560 

80 

30% roof area 
= 480 

20% wall area 
= 100 

30% roof area 
= 480 

100 

16% household 
contents 

Unit 

S.F. 

S.F. 

L.F. 

S.F. 

S.F. 

S.F. 

S.F. 

-

Replacement 1 
Quantity/sq. ft. 
of living area 

1.16(560) 
= 650 

1.3(560) = 728 

0.083(80) = 6.64 

1.17(480) = 562 

100 

480 

100 

Cost/Sq. ft. 

0.41(0.75) = 
0.305 

0.45(0.09) = 
0.041 

0.004(0.49) = 
0.002 

0.35(0.94) = 0.329 

0.06(3.76) = 0.226 

0.3(2.61) = 0.783 

0.06(2.39) = 0.143 

0.16(0.5)(61.61) = 
4.928 
6.757 

* Living area = 1600 sq. ft. 

169 



The total cost of Single Family Dwelling No. 2 is estimated as follows: 

Base cost for 1 story building (Average), 

(Living area = 1600 sq. ft.. Exterior wall: wood siding-wood frame) = $59.40/sq ft. 

Adjust for kitchen cabinets = $0.078/sq ft. 

Adjust for bathrooms (full bath) =$2.13/sq ft. 

Sub-total = $61.61/sqft. 

Add household contents @ 50% = $30.80/sq ft. 

Total =$92.41/sqft. 

Damage degree = 6.757/92.41 = 7.3% 

170 



D.2 Repair cost for the Elementary School building* 

Component 

Roofing, standing 
seam metal panels, 
0.0155 in th.,& 
painting 

Roofing, insulation, 
perlite,ll/2inth. 

Roof, soffit & fascia 

Interior, contents 

Total 

Damaged 
Quantity 

55% roof area 
= 9625 

9625 

100 

4% contents 

Unit 

S.F. 

S.F. 

L.F. 

-

Replacement 
Quantity/sq. ft. 
of living area 

9625 

9625 

Cost/Sq. ft. 

0.55(3.11) = 
1.711 

0.55(0.80) = 
0.440 

0.006(6) = 
0.034 

0.04(50.44) = 
2.018 
4.203 

Floor area = 17500 sq. ft. 
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The total cost ofthe Elementary School building is estimated as follows: 

Base cost for Elementary School dining, (Floor area = 17500 sq. ft.) = $66.75/sq ft. 

Adjust for story height = -$ 1.30/sq ft. 

Adjust for perimeter = $ 1.80/sq ft. 

Sub-total = $67.25/sqft. 

Add contents @ 75% = $50.44/sq ft. 

Total =$117.69/sqft. 

Damage degree = 4.203/117.69 = 3.6% 
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