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ABSTRACT 

Hurricanes are among the most powerful and dangerous natural phenomena. 

Every year in the United States, hurricanes are responsible for casualties and billions of 

dollars in property damage. Recently, researchers have been able to reasonably anticipate 

the number of hurricanes that will develop during a hurricane season and even how many 

of those hurricanes will make landfall in the United States. Unfortunately, forecasters 

have not been able to determine the areas that will be affected by landfalling hurricanes 

on a given year, so that local governments and emergency agencies could reduce the 

impact of these windstorms. Nonetheless, the ability to predict property damage in a 

particular region due to a simulated hurricane could be a valuable tool for wind damage 

mitigation, post-storm recovery, and reliable insurance underwriting for structures against 

wind damage. 

This study presents a prediction scheme to estimate wind-induced damage to 

buildings of an area subjected to hurricane winds. The methodology involves the 

simulation of hurricane winds, application of geographic information system (GIS) 

platforms, and determination of damage to structures using a wind damage prediction 

model and an up-to-date database of building characteristics. The result of the analysis is 

an estimate of wind damage in dollar loss based on the current market value of the 

buildings. 

A case study demonstrates the application of the proposed method. The 

simulation of hurricane winds consists of wind strength vectors likely to result from a 

predefined hurricane. This simulation is accomplished using a hurricane wind field 

model (for winds prior to landfall) and a hurricane decay model (for winds after landfall). 

Once the hurricane winds are produced, GIS software is used to visualize and query the 

wind field. The wind field is overlaid on top of the existing buildings of the area, which 

allows determination of the maximum wind speed sustained by each building. Finally, 

given the maximum wind speed and building attributes for each building, a damage 

fimction gives an estimate of the total damage loss (in dollars). 
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CHAPTER I 

INTRODUCTION 

Hurricanes strike the coasts of the United States, on average, twice a year, causing 

a mean annual damage of $4.8 billion (Pielke and Landsea, 1998). Despite this fact, 

thousands of people still move to the hurricane-prone coasts of the United States every 

year. This concentration of population in vulnerable areas will likely lead to increasing 

the number of deaths and economic losses attributed to landfalling hurricanes. Therefore, 

it is extremely important that research in this field continues to be conducted to provide 

engineers with additional knowledge that would result in safer and yet economical 

building designs. 

Every year, especially during hurricane season, people living in the coastal areas 

of the United States become potential targets to landfalling hurricanes. Hurricane season 

extends from June 1 through November 30, when most favorable conditions for hurricane 

formation, such as warm ocean waters and low vertical wind shear, exist. 

Hurricanes cause billions of dollars in property damage, destruction of the 

environment, direct negative impact in the local economy, physical and psychological 

distress among residents, and most importantly, loss of human lives. Unfortunately, no 

means exist to stop hurricanes from making landfall, despite early attempts such as 

Project STORMFURY (Willoughby et al., 1985). Therefore, people must learn how to 

deal with their destructive wrath in order to mitigate damage and losses. 

For these reasons, researchers have studied windstorms (e.g., hurricanes and 

tornadoes) for years to further understand their behavior and characteristics so humans 

can better prepare for them. Scientists have developed numerical models that can 

simulate hurricane wind fields. Wind engineers are particularly interested in the 

interaction between wind and structures. Damage documentation and investigation 

provide the most reliable source of information on structural performance during extreme 

wind conditions. The wind engineering program at Texas Tech University has 

documented more than 75 windstorm events since its establishment in 1970. These 



investigations have helped scientists and engineers not only to enhance understanding of 

structural response to wind-induced loads, but also to develop wind damage prediction 

models. Wind damage prediction models, also known as damage fiinctions or damage 

indices, estimate the degree of damage to a structure at a given wind speed. The degree 

of damage, usually expressed as a percentage of the ratio of the repair cost to the 

replacement cost, reflects the state of damage of a building caused by external loading 

and environmental conditions. 

1.1 Objectives 

The ability to predict property damage in a particular region due to a simulated 

hurricane could be a valuable tool for wind damage response (planning recovery 

strategies), local engineering authorities (evaluating current building codes), emergency 

management agencies (estimating the amount of money required for aid), and insurance 

companies (adjusting insurance rates). This research has the following objectives: 

1. Select numerical models of hurricane wind fields. 

2. Select damage fimctions. 

3. Source a reliable building inventory database applicable to wind damage 

prediction. 

4. Evaluate geographic information system (GIS) as a platform for manipulating 

hurricane damage data. 

5. Conduct a case study integrating via GIS hurricane wind field models, damage 

prediction models, and building inventories to predict wind-induced damage 

to a community during a hurricane. 

1.2 Scope and Organization 

This research project presents a method to predict wind-induced damage to 

buildings of an entire city subjected to hurricane winds. The method is applicable to any 

city in the United States. The output is given in terms of degree of damage, which in turn 

provides an estimate the loss in U.S. dollars. The investigation involves the simulation of 



a hurricane wind field and the application of a wind damage prediction model using state-

of-the-art GIS platforms. The hurricane wind field is simulated using a numerical model 

developed by Holland (1980) coupled with a hurricane decay model developed by Kaplan 

and DeMaria (1995); wind damage is estimated using a wind damage prediction model 

developed by Unanwa (1997); and the maximum wind speeds sustained by each building 

are determined with ArcView® GIS. Building characteristics can be obtained from 

various Real Property Assessing Offices in each community nationwide. Establishing the 

real property assessment as a reliable source of information and using GIS platforms for 

damage prediction makes this dissertation unique and practical. 

Investigations of Galveston Island and Texas City provide examples (Figure 1.1). 

Hurricane Alicia, which made landfall in Galveston in 1983, is reproduced. Alicia was a 

small- to medium-size hurricane that reached category 3 on the Saffir-Simpson scale 

(Table I.I) prior to making landfall. The simulation uses an up-to-date inventory of the 

buildings, which allows a prediction of possible events if a similar hurricane struck 

Galveston today. The GIS department of the Galveston Central Appraisal District, the 

official organization of Galveston County responsible to assess real property for tax 

purposes, provided the data. Information collected by the Galveston Central Appraisal 

District includes building use, condition of the structure, exterior wall system, roof 

material, and current market value. Buildings are geographically referenced, which 

permits determination of the maximum wind speed each building sustained during the 

simulated hurricane. 



Figure 1.1. Cities used to demonstrate the methodology presented in this dissertation. 

Table 1.1. Saffir 

CATEGORY 

1 

2 

3 

4 

5 

-Simpson hurricane 

WIND SPEED 
(mph) 

7 4 - 9 5 

96-110 

111-130 

131-155 

>156 

scale. 

PRESSURE 
(mb) 

>980 

965 - 979 

945 - 964 

920 - 944 

<920 

STORM SURGE 
(ft) 

4 - 5 

6 - 8 

9 - 1 2 

13-18 

>18 

DAMAGE 

Minimal 

Moderate 

Extensive 

Extreme 

Catastrophic 



Indirect losses such as temporarily business shut down, relocation of families to 

shelters or hotels while residences are being repaired, and debris removal go beyond the 

scope of this investigation. The study excluded damage caused by flood, wind erosion, 

or storm surge associated with hurricanes; however, the methodology can be used to 

predict wind-induced and other damage to buildings from these and other natural 

disasters. 

Chapter II reviews some of the available hurricane wind field models, hurricane 

decay models, damage functions, and property data sources. This chapter includes a 

background of different building classification systems and GIS. Chapter III advances 

the proposed methodology and discusses the selected models and GIS software used in 

this research project in detail. Chapter IV describes a case study to illustrate the 

implementation of this methodology and presents the data used to generate the hurricane 

wind field and the real property data on existing structures in Galveston Island. It gives a 

step-by-step analysis and compares the results to official damage reports after Hurricane 

Alicia. Finally, Chapter V presents conclusions and recommendations as a result of the 

findings of this investigation. 



CHAPTER II 

BACKGROUND 

After years of research, scientists and engineers have been able to develop 

numerical models that predict hurricane winds. These numerical models are referred to 

as hurricane wind field models. More than a dozen models are available in the technical 

literature. Sections 2.1 and 2.2 discuss some of these models. 

Recent efforts have improved our understanding of wind-structure interaction. 

Most of our knowledge comes from investigating the structural performance or damage 

after extreme wind conditions. As a result, several attempts have been made to establish 

a relationship between wind speed and structural damage. This relationship is often 

referred to as damage function. A damage fimction estimates the degree of damage that a 

building would experience when subjected to high winds. Although this area of study 

still requires extensive research, several models have been derived based on engineering 

principles and calibrated with experience. Section 2.3 describes some of these models. 

This chapter also reviews various sources of data regarding building attributes on 

large scale (section 2.4), building classifications commonly used (section 2.5), and a brief 

history of the development and applications of geographic information systems (section 

2.6). 

2.1 Hurricane Wind Field Models 

A number of hurricane wind field models have been proposed in the literature. 

Some of these models include the Rankine vortex (Rankine, 1901), the Modified Rankine 

vortex (Depperman, 1947), Batts et al. (1980), Holland (1980), Shapiro (1983), Georgiou 

et al. (1983), the Gradient model (Holton, 1992), and Vickery and Twisdale (1995). The 

models may vary in complexity, but essentially they all try to represent wind speeds and 

directions at any given point in space within the storm. 

The Rankine vortex model (Rankine, 1901) gives a simple representation of both 

hurricane and tornado winds. The Rankine vortex model assumes a vertical tube of 



uniform vorticity (i.e., wind speed is assumed constant with height), a constant pressure 

field, constant air density, and no radial component in the wind velocity vector. The 

wind field is divided into 2 regions: an inner core similar to solid body rotation (F QC r ) 

and an outer region where dissipation leads to a decaying speed with radius (V xl/ r),as 

shown in Figure 2.1. The wind speed relationships for each region are given by 

V = rK^ r<R,„ax (2-1) 

V = ^ r>Rr„a. (2.2) 
r 

where F denotes the wind speed, Ki and Ko are constants, Rmax denotes the radius of 

maximum winds, and r denotes the distance from the center of the storm to the point of 

interest. This model assumes that the velocity increases lineariy inside the radius of 

maximum winds and then decreases inversely proportional to r outside the radius of 

maximum winds. The model requires knowledge of the radius of maximum winds and 

the maximum wind speed in order to determine Kt and Ko, which make this model 

unsuitable for simulation purposes. 



-a 

c 

Inner Core (Eye) Outer Core 

Radius 

Figure 2,1, Rankine vortex model. 

Depperman (1947) proposed a variation of the Rankine model to represent 

hurricane winds. Inside the radius of maximum winds, the relationship remained 

identical to the one given by the Rankine model. Outside the radius of maximum winds, 

equation 2.2 changes to: 

D 
(2,3) 

where F denotes the wind speed, r denotes the distance from the center of the storm, and 

D and x are constants determined empirically from wind observations, with x generally 

lying between 0.4 and 0,6, This implies that the wind speed decreases more slowly as r 

increases. Like the Rankine model, this modified version requires knowledge of the 

radius of maximum winds and the maximum wind speed, 

Batts et al, (1980) derived a model from an empirical model developed by the 

National Weather Service in 1972, This model served as the basis to develop the 

hurricane wind speeds given in ASCE 7-88, but it has received critidsm for 



underestimating die maximum wind speeds in intense hurricanes near the eye wall at 

coastal locations (Vickery and Twisdale, 1995). The maximum gradient wind speed (i.e. 

the maximum wind speed at the top of the hurricane boundary layer) is usually assumed 

to occur at a height of 500 meters (Powell and Georgiou, 1987) and determined at the 

radius of maximum winds as given by Simiu and Scanlan (1978) 

F = K^Ap -
R \ 

max 

2 y 
/ (2.4) 

where Vgx denotes the maximum wind speed at gradient height, Ap denotes the central 

pressure drop, Rmax denotes the radius of maximum winds, K denotes a constant, and/ 

denotes the Coriolis parameter. The maximum gradient wind speed is then corrected to 

obtain surface wind speeds (10-minute average) over water at standard instrument height 

(10 meters) following Myers (1954) and Graham and Nunn (1959) 

F(I0, i?_) = 0.865F^+0.5c (2.5) 

where c denotes the translation speed of the hurricane. Then, the 10-minute wind speed 

over the ocean at any location in the storm is 

F(lO,r,e) = F(lO,i?_)F,(r)-O.5c(l-cos0) (2.6) 

where Vr(r) denotes the ratio of the maximum 10-minute wind speed at the radius of 

maximum winds to the 10-minute wind speed at a distance r from the storm center. The 

angle 0 is measured from a line making an angle of 115° (clockwise) from the direction 

of motion of the storm, while the ratio F^r) is given in nomograph form in Batts et al. 

(1980). The necessity of using nomograph or graphical aids makes this model 

impractical for computer simulations. 

Shapiro (1983) presents another wind field model in the technical literature. This 

model, very similar to that developed by Chow (1971), is based on the nonlinear 

conservation of momentum equations for a slab boundary layer of constant depth under 



an imposed symmefric pressure disfribution. The coordinate system moves with the 

hurricane vortex, which is in gradient balance (i.e., the pressure gradient force balances 

the sum of the cenfripetal and Coriolis forces) with the pressure field above the boundary 

layer. The radial and tangential momentum equations in polar coordinates (r, X) are 

given as 

du v^ V du d^ (2 u 2 dv^ 
u- fv + + _ ! _ / : 

or r r dX dr 
V'u 

V 

dv V J. y dv J 
u — + — + /w + K 

dr r r dX 

r' r ' dX, 

2 du 

+ F(c,u) = 0 (2.7) 

V^v- — - h — — +F(c,v) = 0 (2.8) 
r r oXJ 

where u and v denote the vertically integrated average values of the radial and tangential 

components of the velocity, r denotes the radial distance from the storm center (i.e., from 

the center of the eye of the hurricane), X denotes the angle measured counterclockwise 

from an easterly direction, c denotes the translation speed of the storm,/denotes the 

Coriolis parameter, K denotes a constant coefficient of eddy diffusion, and F denotes the 

frictional drag force. The frictional drag force is computed using a sea surface drag 

coefficient that varies linearly with velocity. The model assumes a constant boundary 

layer depth of 1 km over the domain of the storm and the pressure distribution to be 

symmetric and in gradient balance with a specified vortex. The model defines the vortex 

in the inner core in the form of (r/Rmax)'^, while in the outer core a constant profile 

exponent (n) defines the vortex in the form of (r/Rmax)'"- Shapiro solved the momentum 

equations with the relative wind decomposed into a spectral representation (i.e., Fourier 

series) where 

u = Uo (r) + M̂i (r) cos X + w,, (r) sin X + u^j (O ̂ '^^ 2A, + ŵ j ('") sin 2X (2.9) 

V = Voir) + v^,(r)cosA, -h v,.,(r)sinA, + v^2('")cos2X -I- v^2('')sin2A-. (2.10) 
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The output of the Shapiro model consists of 91 coefficients that are used to calculate the 

upper-level wind speeds. Upper-level wind speeds are then reduced applying empirical 

factors to obtain surface wind speed. This complex method to determine wind speeds 

within a hurricane produces results that do not differ significantly from those obtained 

with simpler methods (Vickery and Twisdale, 1995). 

Georgiou et al. (1983) proposed a model originally developed by Holmboe 

(1945). In this model, the equations for a steady-state force balance on an air mass within 

a moving hurricane are solved directly to obtain the gradient wind field at any location 

within the storm (Kriebel et al., 1996). Empirical correction factors applied to the 

gradient wind speeds give surface wind speeds (10-minute average) over water at 

standard instrument height (10 meters). The wind science and engineering community 

widely accepts this model due to its strong theoretical foundation and ease of application. 

The Gradient wind field model (Holton, 1992) is a simple model based on a 

balance between the horizontal pressure gradient force, the centrifiigal force, and the 

Coriolis force that can be solved using available meteorological parameters. The wind 

speed is given by 

ApRe^ (2.12) 
pr 

rf^rV^^ (2.13) 
2F 

where Vgr denotes the gradient wind speed, Ap denotes the pressure difference between 

the center of the storm and the periphery of the storm, R^ax denotes the radius of 

maximum winds, p denotes the air density,/denotes the Coriolis parameter, F/̂  denotes 

the translation speed of the storm, 0 denotes the angle counterclockwise from the 

II 



translation velocity vector to radius r at the point of interest, Vc denotes the cyclostrophic 

flow, and y denotes a parameter used to calculate Vgr. 

Vickery and Twisdale (1995) developed a wind field model based on the Shapiro 

model (1983). This model reduces the sea surface drag coefficient suggested by Shapiro 

by 50% because this drag coefficient was originally developed for surface winds. 

Vickery and Twisdale argue that this reduction in the drag coefficient resuUs in more 

realistic upper-level wind speed computations. In addition, Vickery and Twisdale 

performed Monte Carlo simulation to cover the ftiU range of combinations of Ap (the 

pressure difference between the center of the storm and the periphery of the storm), Rmax 

(the radius of maximum winds), translation speed of the hurricane, and/(Coriolis 

parameter): they generated 968 storms for each latitude along the hurricane coastline of 

the United States. Also, Shapiro used a constant profile exponent («) equal to 0.62, while 

Vickery and Twisdale examined other values in their model (0.4, 0.5, and 0.62). Finally, 

they converted the hourly surface-level wind speeds using the gust-factor curve 

developed by Krayer and Marshall (1992) specifically for hurricanes. Like the Shapiro 

model (1983), the application of this sophisticated model requires involved mathematical 

solutions, but produces results that are similar to those obtained with simpler methods 

(Vickery and Twisdale, 1995). 

This research project uses the Holland wind field model (1980). This 

semiempirical model was derived following Schloemer's model (1954), and it was later 

modified (Hubbert et al., 1990) to include a first order asymmetry. The wind profile is 

determined using the gradient wind equations. Scaling parameters {A and B) define the 

location of the shape of the pressure profile relative to the origin and the shape of the 

pressure profile, respectively. 

A comparative study (Skwira et al., 1997) showed that the Rankine vortex model 

better represented a compact hurricane, whereas the Modified Rankine vortex model and 

the Gradient model best described a hurricane of substantial size. Meanwhile, the 

Holland model accommodates a range of sizes by adjusting the pressure profile parameter 

{B) from 1.0 to 2.5. Thus, the Holland model adapts to storms that have wind fields 

12 



falling between the two extreme values of 5, making possible the simulation of 

hurricanes of various intensities. Although the Georgiou model (1983) is also a simple 

model that realistically represents hurricane wind fields, the Holland model was preferred 

because of its ability to represent hurricanes of a wide variety of sizes. Section 3.1 

discusses the Holland model in detail. 

2.2 Hurricane Decay Models 

After making landfall, hurricanes begin to weaken rapidly because of lack of 

moisture and heat provided by the ocean. A hurricane makes landfall when the center of 

die eye crosses the coastline. A model that predicts the decay of tropical cyclone winds 

after landfall must be used in conjunction with the wind field model to account for this 

decrease in strength. This decrease in hurricane strength should not be confused with the 

decrease in wind speed caused due to the increase in surface friction in the sea-land 

interface of wind motion, which begins to occur as the hurricane approaches the coastline 

but before it makes landfall. 

Most early attempts to model the decay or "filling" of a hurricane have been 

empirical. Hubert (1955) determined that tropical cyclones making landfall along the 

Atlantic coast of the United States decayed faster than those making landfall along the 

Gulf of Mexico or Florida. Schwerdt et al. (1979), on the other hand, studied 16 

landfalling hurricanes and found that those making landfall on the Gulf of Mexico 

decayed the fastest and storms making landfall on Florida filled the slowest. Malkin 

(1959) found that the most intense hurricanes usually decayed the most rapidly. 

Based on previous observational studies, Batts et al. (1980) developed an 

empirical equation that is a function of the time the tropical cyclone was over land and 

the angle at which the storm enters the coast, given as 

Ap(0 = A/»o-0.675(1 +sin (|))/ (2.14) 

where Ap{t) denotes the central pressure difference at time t after landfall, Apo denotes 

the central pressure difference at the time of landfall, and <]) denotes the angle between 

13 



the storm direction and the coastline at the point of landfall. The inland wind speeds are 

then calculated using an approximate form of the gradient wind equations. Vickery and 

Twisdale (1995) criticized this model for overestimating wind speeds at inland locations. 

Georgiou (1985) employed a modified version of Shapiro's (1983) hurricane 

planetary boundary layer to develop empirical filling models for 4 different geographic 

regions. Georgiou abandoned the assumption that filling is a function of time after 

landfall. Instead, his models depend on the distance traveled by the storm since making 

landfall. 

Ho et al. (1987) used the pressure deficit after landfall to determine filling rates 

for 3 geographic regions in the United States: Gulf Coast, Florida Peninsula, and Atlantic 

Coast. Ho et al. (1987) fitted data from 23 hurricanes into filling rate curves for all 3 

geographic regions. They concluded that hurricanes making landfall along the Gulf 

Coast filled most rapidly, while those that made landfall along the Florida Peninsula 

filled the slowest, corroborating the findings of Schwerdt et al. (1979). 

Vickery and Twisdale (1995) also subdivided the filling rates into the same 3 

geographic regions used by Hubert (1955), Schwerdt et al. (1979), and Ho et al. (1987). 

They used 38 hurricanes in their investigation: 20 on the Gulf Coast, 9 on the Florida 

Peninsula, and 9 on the Atlantic Coast. They developed the fiUmg rates using central 

pressure and position data obtained from the National Hurricane Center and are given as 

Ap{t) = Ap,e'-'"^ (2.15) 

where Ap{t) denotes the central pressure difference at time t after landfall, Apo denotes 

the central pressure difference at the time of landfall, and a denotes the filling constant 

computed as 

o = a(,+a,Apo+s (2.16) 

where 8 denotes a normally distributed error term with a mean of zero and ao and ai 

denote constants varying from region to region. 
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Kaplan and DeMaria (1995) developed an empirical model to predict the decay of 

hurricane winds after landfall for the National Oceanic and Atmospheric Administration 

(NOAA). They formulated the model as a simple 2-parameter exponential decay model, 

which is a fimction of the wind speed at landfall and the time since landfall. The model 

directiy predicts the decrease in wind speeds, rather than predicting the pressure increase 

and then inferring the winds from the pressure. This model includes a correction term 

that accounts for the proximity of the storm center to the coast. This term makes up for 

differences in the translation speed of storms as they move inland. A sample of 67 

hurricanes from die Gulf Coast, Florida Peninsula, and the Atlantic Coast constittited the 

database to develop this model. In their study, Kaplan and DeMaria concluded no 

significant regional differences exist in the decay rate, contradicting results from previous 

researchers (Hubert, 1955; Malkin, 1959; Schwerdt et al., 1979; Ho et al., 1987). Kaplan 

and DeMaria showed that the model was able to explain 93% of the variance of the decay 

for all cases. This level of accuracy and the simplicity of the model were the reasons to 

select this approach in this research project. Section 3.2 explains this model in detail. 

2.3 Damage Functions 

Damage prediction is a relatively new field that will demand much greater 

attention in the years to come from emergency management agencies and local 

governments aiming to mitigate casualties and economic losses during windstorms and 

other natural disasters. Wind damage prediction models, also known as damage 

functions or damage indices, estimate the degree of damage to a structure at a given wind 

speed. The degree of damage, usually expressed as a percentage of the ratio of the repair 

cost to the replacement cost, reflects the state of damage of a building caused by external 

loading and environmental conditions. 

Leicester et al. (1979) performed a risk assessment for potential hurricane damage 

to dwellings along the northern coastline of Australia using detailed structural 

engineering theories. Their study included an assessment of (I) the regional wind regime 

and (2) the damage that would be caused by various regional winds. The assessment of 
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the regional wind regime was accomplished using Monte Cario simulation. They 

described the damage caused by the regional winds in terms of a damage index ranging 

from 0 to 1. A damage index consists of the repair cost divided by the initial cost of the 

building. Next, to determine buildings strength, surveys were made over a period of 4 

weeks and information pertaining to design, approval, supervision, and construction was 

gathered. In addition, they considered shielding and exposure (escarpments, hills, 

housing clusters, and open spaces). They classified buildings according to terrain 

category and structure type. Finally, they computed a relationship between wind speed 

and expected damage for each survey location based upon the information collected. 

While this approach was scientifically sound and thorough, it was oriented to a specific 

geographic region in Australia. Therefore, to obtain expected damage for different areas 

of the United States (e.g., Gulf Coast) a similar comprehensive study must be performed. 

Mehta et al. (I98I) presented two procedures for predicting wind damage to 

buildings: a subjective approach and an analytical approach. The subjective approach 

requires a visit to the building to obtain information about roofing system, exterior wall, 

connections, construction drawings, and specifications. The inspector can then formulate 

a subjective opinion on potential damage to the building based on the collected data and 

engineering judgment. The analytical approach involves structural mechanics principles, 

wind loading conditions, and knowledge of strengths of construction materials to predict 

the wind speed associated with a sequence of failures. This study provided valuable 

methods to identify those building components that are vulnerable to high winds, 

facilitating necessary corrections to improve the wind resistance of the building. 

However, the procedures did not quantify the amount of damage to a building, and the 

necessity of collecting explicit information on individual buildings makes the application 

of this approach impractical for the assessment of an entire city. 

In addition to engineers and emergency management agencies, the insurance 

industry also has an interest in wind damage prediction. Knowing the damage potential 

ofbuildings helps insurance companies establish plausible insurance rates in hurricane 

prone areas. Smith et al. (1995) developed WIND-RITE^M for the insurance industry. 
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WIND-RITETM is a knowledge-based system that classifies buildings according to their 

structural system and calculates a relative wind resistance grade for a building. The 

method requires input of structural parameters such as the frame (construction material, 

roof span, and story height), roof envelope (e.g., roof structure, roof geometry, roof 

covering), wall envelope (e.g., cladding, percent glass, shutters), and other considerations 

(e.g., building code, construction year). Environmental conditions (e.g., topography, 

terrain exposure, and wind speed region) are also required. Although WIND-RITE™ is 

useful to insurance companies in the underwriting process, this method does not predict 

the damage to a given building. Furthermore, because a database with all the required 

parameters for all buildings in a city (in the United States) does not exist, the application 

of WIND-RITE^M proves unwieldy for wind resistance assessment ofbuildings on a 

large scale. 

Unanwa (1997) proposed a new approach to predict hurricane wind damage. He 

computes a new definition of damage index, defined as the ratio of the repair cost of a 

damaged building to the replacement cost of the building, using the concept of damage 

bands. Damage bands encompass upper and lower bounds to building damage thresholds 

and are derived using 3 factors: (1) building component factors (to relate individual 

component damage degrees to the damage degree of the entire building), (2) component 

fragilities (to define the relationship between the conditional probability of failure of the 

component and hurricane wind intensity), and (3) location parameters (to account for the 

distribution and location of components relative to their degrees of wind damage). The 

method predicts wind damage of individual buildings as well as groups ofbuildings (say, 

an entire city). The application of this model requires knowledge of certain building 

characteristics, most of which reside in real property assessing offices. Section 3.3 

explains this model in detail, as it was the model selected for use in this research project. 

Chiu (1999) presented a wind damage assessment scheme for single-family 

timber dwellings based on post-hurricane data collection. His scheme expresses damage 

in terms of a damage index between 0 and I, which refiects the state of damage to a 

single-family detached dwelling on a fixed scale. A damage index of 0 denotes 

17 



negligible damage, while a value of I represents complete devastation. The damage 

index is a fimction of (I) three main systems (external architecttiral, internal 

architectural, and structural system), (2) a weight factor for each system, and (3) the 

correlation between the damage of the three systems. The weight factors are assigned to 

the major components based on their importance to the overall integrity of the dwelling. 

The correlation between damage states of the systems accounts for the influence that a 

damaged system component has on another system component. Values of 0.3, 0.3, and 

0.4 are given to the three main systems, respectively, and the correlation between the 

damage of the systems is given in matrix form. However, Chiu failed to describe how he 

derived these weight factors and the correlation matrix. Finally, each of the three main 

systems is assigned a system index that quantifies the magnitude of damage through 

visual observation. Shortcomings of this method include a damage index that does not 

reflect a dollar-damage relationship and the limitation to assess single-family timber 

dwellings only. But the major drawback of this method lies in its requirement of an on-

site survey to determine, subjectively, the damage state of the main systems. Therefore, 

the method cannot be used in wind damage prediction but rather in wind damage 

assessment after a hurricane impact. 

Reardon and Henderson (2000) performed a three-year study in which they 

collected a comprehensive set of data about the physical attributes of approximately 

40,000 houses in three cities of North Queensland, Australia. The physical attributes of 

the houses include roof system, building orientation, aspect ratio, external wall cladding, 

and window size. The survey data was used to produce descriptions of typical houses 

within discrete subdivisions in each city. They obtained construction details and 

performed house inspections. With a typical house defined for each subdivision, they 

carried out a structural analysis of likely strength to define the overall risk for the 

subdivision. Having determined the strength of the selected typical houses for each 

subdivision, their frequency within the data set was used to estimate the strength 

distribution of the group. The end product consisted of a collection of strength 

distribution maps for North Queensland. These sfrength disfribution maps can be 
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integrated with similar maps of wind strength vectors likely to result from a predefined 

hurricane. This integration results in an estimate of the distribution of likely damage over 

each city for die hurricane. Because this wind damage prediction model was developed 

based on building attributes of North Queensland, its application cannot be generalized to 

include cities in the United States. Consequently, a similar sttidy must be conducted for 

each area of interest. 

2.4 Real Propertv Data Sources 

Damage to buildings caused by hurricane winds can be predicted using a damage 

function as described in the previous section. Damage functions require, in general, 

knowledge of building attributes such as structural characteristics (e.g., roof system, 

exterior wall system, and construction material), age, and value. Therefore, to perform a 

wind damage prediction study of a region vulnerable to hurricane impact, it is necessary 

to establish an inventory of existing structures. The collection ofbuildings can then be 

analyzed to determine the degree of damage sustained during the windstorm. The most 

accurate approach consists of collecting building attributes by inspecting each building 

individually. Obviously, this method requires a tremendous amount of time and, 

therefore, a more practical approach is warranted. Several sources for real property data 

were investigated and the following sections discuss them in detail. 

2.4.1 Bureau of the Census 

The Bureau of the Census is an official agency under the jurisdiction of the 

federal government of the United States. It conducts national surveys to obtain 

demographic (every 10 years), economic (every 5 years), and housing (every 2 years) 

information. The Bureau of the Census conducts the American Housing Survey (AHS) 

for the United States Department of Housing and Urban Development. The data include 

apartments, single-family homes, mobile homes, vacant housing units, household 

characteristics, income, housing and neighborhood quality, housing cost, equipment and 

fuels, size of housing unit, and recent movers. Housing information collected by the 
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Bureau of the Census was the first option for use in this research project because it is 

compiled by an authoritative organization nationwide. However, this database has 

several problems. First, even though the survey includes apartments and residences, the 

Bureau of the Census does not make a distinction between the two. Instead, it uses the 

concept of a "housing unit." A housing unit is defined as a house, apartment, mobile 

home or trailer, group of rooms, or single room occupied as separate living quarters. 

Separate living quarters are those in which the occupants do not live and eat with any 

other person in the structure and which have direct access from the outside of the 

building through a common hall. Second, the information contained in this database does 

not include building attributes such as construction materials or structural components. 

The statistics compiled are limited to information like the number of housing units in a 

structure, sources of water, sewage disposal system, year the structure was built, heating 

fuel system, number of housing unit bedrooms, plumbing facilities, householder race, and 

number of vehicles available, which are not useful in wind damage prediction. Finally, 

the methodology for collecting the information relies solely on the veracity of the 

responses given by the interviewees when answering the questionnaires of the Bureau of 

the Census. There are 2 types of questionnaires: a short form and a long form. The long 

form questionnaire includes the same 6 population questions and 1 housing question that 

are on the short form, plus 26 additional population questions and 20 additional housing 

questions. On average, about 1 in every 6 households receives the long form. Appendix 

A contains a census sample questionnaire of the long form (www.census.gov). 

Additionally, the Department of Commerce carries out an Economic Census 

every 5 years that profiles the economy of the United States from the national to the local 

level. It includes information about the construction industry, manufacturing, retail frade, 

health care, and educational services. Reports are available at state, metropolitan area, 

county, and place (city) levels. The data gathered in the Economic Census consists of 

number of establishments (i.e., a single physical location at which business is conducted), 

sales, payroll, and number of employees. This database, however, does not contain any 

information on the structure and is unusable for wind damage prediction. 
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2.4.2 Insurance Companies 

Insurance companies could provide valuable information about the structural 

components ofbuildings. The information contained in their databases is likely to be 

more accurate than the information gathered by the Bureau of the Census because (1) less 

buildings are surveyed allowing the underwriters to dedicate more time to each building, 

and (2) building owners usually will make sure that the information collected is as 

accurate as possible to obtain a reasonable rate. The problem with their databases is that 

they are limited to those buildings that are insured against flooding, fire, burglary, or 

wind damage. Consequentiy, an undetermined number ofbuildings would not be 

included in the analysis, and the wind damage prediction for an entire city would be 

inaccurate. Also, insurance companies are extremely reluctant to give out this 

information because of competitive and confidentiality reasons. 

2.4.3 Municipal Departments 

Another source of building attributes are local building authorities. Two 

municipal departments in Lubbock, Texas, were contacted to determine the availability of 

information about physical attributes ofbuildings: the Building Inspection Department 

and the Office of Emergency Management. Such authorities exist in all large 

metropolitan areas. The Building Inspection Department regulates the allocation of 

building permits for new constructions and maintains records of all buildings including 

structural details and engineering plans. Unfortunately, these records are not kept in an 

electronic database format. To obtain an inventory of a city, each building record must 

be examined and the necessary information retrieved. This process would become time-

consuming and cumbersome, since even a small city like Lubbock (population of about 

200,000) is comprised of more than 75,000 buildings. The Office of Emergency 

Management, on the other hand, collects no records ofbuildings. Their main purpose is 

to assist people affected by natural disasters such as flooding and tornadoes. 
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2.4.4 Emergency Commimication District 

The Emergency Communication District (ECD) is a special district created 

through the Texas Health and Safety regulations to provide enhanced 911 services. Most 

cities in the United States offer 911 emergency services. Although there was no reason to 

believe that ECD would maintain a database with building attributes, the Lubbock ECD 

was contacted to learn if a digitized map of the City of Lubbock with all the existing 

buildings had been developed. Such a map could aid in predicting the wind damage 

using a database of building attributes, a damage function, and a geographic information 

system. The map is currently under production. 

2.4.5 Cenfral Appraisal District 

In the State of Texas, the Central Appraisal District (CAD) was created by the 

66* Legislature in 1979 (Senate Bid 621, 1979 Texas Laws p. 2217, Ch. 841, Sec. 1). 

The basic responsibility of CAD is to locate, list, and appraise property in the district for 

property tax purposes. CAD must provide a single appraisal for each property in the 

district. The process involves visits to the properties to obtain physical characteristics of 

the buildings used to calculate the taxable value of the property. Because the method 

utilized to appraise the buildings has not been regulated by the state, each county 

implements its own system. However, most counties follow the guidelines described by 

Marshall & Swift (Harrison, 2000), one of the leaders in collecting, processing, and 

distributing residential and commercial building cost data for insurance underwriting and 

claims departments, property appraisal, and tax assessment. According to these 

guidelines, data collected by the appraiser should include roof characteristics, exterior 

wall system, structure condition, foundation, building age, and number of stories. To 

verify this, a questionnaire was sent to the Central Appraisal Districts of Lubbock, 

Galveston, and Nueces Counties (Appendix B) in which a list of building attributes was 

included and the appraisers were asked to identify those attributes assessed by their 

counties. Indeed, all respondents included all of the above attributes in the list of 

building characteristics collected. 
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Due to the large number ofbuildings in each county, the information is stored in a 

database that allows access to specific records about individual buildings. Consequently, 

most counties possess a database containing several building attributes required to 

perform wind damage prediction using damage functions. 

2.4.5.1 Data Reliability 

State of Texas regulations establish that buildings must be appraised at least once 

every 5 years. In fact, buildings are usually appraised more often than required by law 

(Harrison, 2000). In addition, property owners have the right to appeal an assessment 

should they disagree with the appraisal. According to the Lubbock CAD (LOAD), 

between July 1998 and July 1999 there were 7,343 claims that resulted in 3,316 changes 

in value. 

To verify the dependability of the information collected by LOAD, 50 properties 

in Lubbock were inspected. The properties, located all over the city, were selected 

randomly. The list consisted of a wide variety of building types, including residential 

buildings, stores, warehouses, restaurants, hospitals, and offices (Appendix C). During 

the survey, the structural characteristics supplied by LOAD were compared against the 

actual structural components of the buildings. In most cases, the information collected by 

LCAD was in accordance with the inspected buildings. The only discrepancies found 

were 2 houses whose roof geometry were listed as "hip" when they in fact had "gable" 

roofs, and 1 commercial building whose address did not agree with the address listed in 

LCAD database. Based on these findings, the database maintained by CAD is reasonably 

up-to-date and reliable. 

2.4.5.2 Data Availability Nationwide 

To determine the availability of this database in cities of states other than Texas, a 

questionnaire was sent to 47 tax assessing offices in Maine, Michigan, Massachusetts, 

New York, Virginia, North Carolina, South Carolina, Florida, Tennessee, Oklahoma, 

Louisiana, Iowa, and California (Appendix D). The questionnaire consisted of the 
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following questions: (1) How often are the properties appraised? (2) Are the physical 

characteristics of the properties assessed? (3) Is this information available to the public? 

(4) Is a GIS database being developed? and (5) Can people appeal an assessed value? 

The response was overwhelming. Thirty-two tax assessing offices answered the 

questionnaire and indicated that various building attributes are collected, including the 

ones used in this research project. The answers showed that the frequency of appraisals 

for each building varied between once per year to once every 5 years. In addition, 94% 

of the cities surveyed have converted—or are in the process of converting—^their 

database in GIS format. In all the states surveyed an appeal process exists and the data 

are accessible to the public. The existence of such a database nationwide, its availability 

to the public, its continuous renewal, and its reliability make this database a valuable 

source of information to conduct research and/or solve engineering problems. Table 2.1 

lists the tax assessing offices that responded the feedback form, including the previously 

interviewed counties of Lubbock, Galveston, and Nueces. 
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Table 2.1. Tax assessing offices that responded to the questionnaire. 

PLACE 

Contra Costa 
El Dorado 
San Diego 
San Mateo 
Santa Cruz 
Charlotte 

Duval 
Indian River 

Leon 
Marion 

Palm Beach 
Pinellas 

Seminole 
Volusia 

Black Hawk 
Johnson 
O'Brien 
Palo Alto 

Caddo 
Orleans 

Cambridge 
Newton 

Wellesley 
Holland 
Forsyth 

Henderson 
Oklahoma 
Charleston 
Williamson 
Galveston 
Lubbock 
Nueces 
Fairfax 
Henrico 

Virginia Beach 

STATE 

California 
California 
California 
California 
Califomia 

Florida 
Florida 
Florida 
Florida 
Florida 
Florida 
Florida 
Florida 
Florida 
Iowa 
Iowa 
Iowa 
Iowa 

Louisiana 
Louisiana 

Massachusetts 
Massachusetts 
Massachusetts 

Michigan 
North Carolina 
North Carolina 

Oklahoma 
South Carolina 

Tennessee 
Texas 
Texas 
Texas 

Virginia 
Virginia 
Virginia 

CONTACT 

Jack Reimche 
Tim Holcomb 
Aron Miller 
Terry Flinn 
Tod Connor 

Sheila Armour 
Maybank Scurry 

David Nolle 
Donna Anderson 
Cathy Cavalier 
John Thomas 

Jim Smith 
Laurie Heatley 

Morgan Gilreath 
Tami McFarland 

Bill Greazel 
Lowell Dykstra 
Ross Simmelink 
Garland Weidner 

Tom Arnold 
Sally Powers 

Elizabeth Dromey 
Donna McCabe 
Glen Beekman 

Angela Pearman 
Robert Baird 
Steve Storff 

Kristina Hursey 
Dennis Anglin 
David Amold 
Ron TroUinger 

Tim Pendergraft 
Guy Yates 
Sam Davis 

Larry Thurston 

E-MAIL 

jreim@assr.co.contra-costa.ca.us 
tholcomb@co.el-dorado.ca.us 

arcc@co.san-diego.ca.us 
tflinn@care.co.sanmateo.ca.us 

asr031 @co.santa-cruz.ca.us 
sheilaa@co.charlotte.fl.us 

mscurry@coj.net 
prop-appraiser@indian-river.fl.us 

paadmin@lcpa.leon.fl.us 
ccav@propappr.marion.fl.us 

jthomas@co.palm-beach.fl.us 
jim smith@pao.co.pinellas.fl.us 

laurie@scpafl.org 
morganG@co.volusia.fl.us 

tmcfarland@co.black-hawk.ia.us 
bgreazel@co .j ohnson. ia.us 

assess@pionet.net 
paassess@ncn.net 

chiefdeputy@caddoassessor.org 
tommya@bellsouth.net 

spowers@ci.cambridge.ma.us 
dromey@mis2.ci.newton.ma.us 

asr@ci.wellesley.ma.us 
beekman@ci.holland.mi.us 

holderag@lares.co.forsyth.nc.us 
rbaird@henderson.lib.nc.us 
stesto@oklahomacounty.org 

khursey@charlestoncounty.org 
dennisa@wiIliamson-tn.org 
davidagcad@hotmail.com 

rtrollin@nts-online.net 
tpendergraft@interconnect.net 

gyates@co.fairfax.va.us 
dav 1 O@co.henrico.va.us 

lthursto@city.virginia-beach.va.us 
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2.5 Building Classification 

Buildings can be categorized in several ways depending on the purpose of the 

classification scheme. Usually, the classification scheme developed depends on the 

objectives of the classifying body. In the past, buildings have been classified based on 

their engineered content, use, insurance policies, number of occupants, age, or location. 

For wind loss. The Insurance Services Office, Inc. (ISO) uses 9 construction 

classes based on characteristics for fire resistivity (Devlin, 1997). Each class is, in ttim, 

subdivided into loss-cost groups: wind-resistive, semi-wind-resistive, and ordinary 

construction. This classification format, however, applies only to commercial structures. 

ISO claims that some wind engineers have criticized this type of classification arguing 

that the classification format should be more sensitive to engineering principles of wind 

resistivity (Devlin, 1997). 

A classification system widely accepted by the wind engineering community 

groups buildings according to the engineering input. The categories are: fully-

engineered, pre-engineered, marginally-engineered, or non-engineered (Minor et al., 

1977). Fully-engineered buildings consist of those that receive specific design attention 

from professional architects and engineers (e.g., high-rise offices and hotels, hospitals, 

and public buildings). Pre-engineered buildings receive engineering attention in advance 

of a commitment to construction and are then marketed in similar units (e.g., metal 

buildings and manufactured housing units). Marginally-engineered structures are built 

with some combination of masonry, light steel framing, wood framing, and wood rafters 

in which portions of the building receive engineering attention while others do not (e.g., 

motels, and commercial and light industrial buildings). Finally, non-engineered buildings 

consist of those that receive no specific engineering attention (e.g., most single- and 

multi-family residences, most I- or 2-story apartment units, and some small commercial 

buildings). Several wind engineers have used this classification system, including 

Johnson and Ramey (1981). 

The classification system described above (Minor et al., 1977) served as the basis 

of another classification format used by Mehta (1984). Buildings were fiirther ranked in 
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4 classes: high-rise buildings (offices, hotels, or apartments of several stories), low-rise 

indusfrial and commercial buildings (factories, warehouses, and retail stores), industrial 

structures (chimneys and transmission line towers), and single and multiple family 

dwellings. 

A knowledge-based system, called WIND-RITE™, developed at the Wind 

Engineering Research Center at Texas Tech University by Smith et al. (1995) classifies 

buildings into one of 8 categories following Mehta et al. (1992): high rise, heavy steel, 

reinforced concrete, reinforced masonry, light steel, timber, unreinforced masonry, and 

non-engineered. This classification system is similar to the one developed by Minor et al. 

(1977) in that categories represent the degree of engineering attention given to the 

structure during its design and construction. High-rise buildings include all buildings 

having 6 stories or more, regardless of their structural systems. Since buildings in this 

category receive a great deal of engineering attention, they have a low probability of 

frame damage or collapse. On the other end of the spectrum, non-engineered buildings 

are the most susceptible to collapse. These buildings are constructed using prescriptive 

requirements (building codes) and include residential and small light commercial 

structures. 

All of the building classification systems mentioned so far require knowledge of 

specific structural details of the buildings. While application of these classification 

methods are appropriate for analysis of individual cases (or a small number of cases), 

their use becomes cumbersome when investigating a large number ofbuildings such as 

an entire city population. 

A more practical way to classify buildings is by their use. Walker (1975) used a 

simple classification system: houses (traditional high set construction, traditional low set 

construction, and systems built construction), apartment buildings, and engineered 

buildings. Realizing that the amount of engineering attention in design and consti^ction 

given to a building depends on its use, Chiu et al. (1995) also utilized this method in their 

investigation. Chiu et al. (1995) classified buildings as: single-family dwellings, multi-

family dwellings, hotels, commercial and indusfrial buildings, and public buildings. 
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Unanwa (1997) followed a similar approach. Depending on the purpose of the 

building, Unanwa considered the following types of structures: residential (1- to 3-story 

single-family, 1- to 3- story apartments, nursing homes, motels), commercial/industrial 

(restaurants, banks, service stations, offices, convenience stores), 

government/institutional (churches, police stations, post offices, schools), and 4- to 10-

story (apartments, hotels, office buildings). 

Sometimes organizations, rather than individuals, have interest in a building 

classification that satisfies their needs. For example, real property assessing officers for 

tax purposes must group buildings in different classes. Because they must deal with 

thousands ofproperties, tax assessors need a robust method to classify buildings. For that 

reason, assessing officers classify buildings based on their use. 

In this dissertation, buildings are categorized based on their use due to the 

following reasons: (1) the large number ofbuildings in a typical city inventory, (2) data 

are readily available from various Real Property Assessing Offices, which classify 

buildings based on their use, and (3) the damage fimction used herein was developed by 

Unanwa (1997), and also classifies buildings based on their use. This dissertation 

required categorization of more than 27,000 buildings. Attempting to utilize a building 

classification based on individual structural characteristics would have failed, because the 

data do not exist in the detail required, and/or this data are not in accessible form given 

the time frame of the project. 

2.6 Geographic Information System 

The concept of geographic information system (GIS) had been used even before 

GIS was developed. Drawings reproduced on acetate paper (i.e., transparencies) were 

overlaid to visualize the interaction between certain features, like the influence of certain 

soils on vegetation in a specific region. As computers became available in the 1960s, 

Roger Tomlinson, considered the father of GIS (Niemann and Niemann, 1999), 

developed and implemented the Canada Geographic Information System. GIS consists of 

a computer system designed to collect, store, manipulate, query, analyze, and display 
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spatial data. Spatial data are any data that can be tied to geographic coordinates. GIS 

represents objects in the form of points, lines, and polygons, creating maps that can be 

overlaid on top of one another. The main components of GIS are computer hardware, 

computer software, and data. 

Today, GIS is a powerful tool that has applications in cartography, image 

processing, surveying, database management systems, and emergency management, to 

name a few. Insurance companies are increasingly using GIS as an essential business 

tool (Thomas, 2000). Real-time damage assessment modeling is now possible by using 

GIS to link meteorological field information to damage statistics from infrastructure 

databases (Powell et al., 1995). GIS can provide answers to questions such as "Where 

should fire stations be located if a 5-minute response time is expected?" or "What 

evacuation routes should be selected if a toxic cloud or plume is accidentally released 

from a plant or storage facility based on different wind patterns?" 

Some of the GIS software currently available are Arclnfo^'^, ArcView® GIS, and 

AtlasGIS™ by the Environmental Systems Research Instittite, Inc. (ESRI), GeoMedia® 

by Intergraph, and Maplnfo® by Maplnfo Corporation. ArcView® GIS was selected for 

use in this research project because it is affordable, it is especially designed for desktop 

computers, and it is capable of performing the required analysis of this dissertation. 
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CHAPTER III 

METHODOLOGY 

In order to predict wind-induced damage to buildings in an area subjected to 

hurricane winds, the first step consists of defining the wind field produced by the tropical 

cyclone. A wind field consists of wind sfrength vectors (i.e., magnitude and direction) 

for any point in the vicinity of the storm. Wind fields for simulated hurricanes can be 

constructed using numerical models based on meteorological parameters such as central 

pressure and the radius of maximum winds. This simulation of wind fields allows a 

parametric study of the impact that a hurricane of certain characteristics has on a specific 

geographic region. The next step consists of establishing an inventory of the existing 

buildings of the region. The inventory should include location, age, value, and structural 

characteristics such as roof and wall systems. Using GIS software, the wind field can be 

superimposed on the region to determine the maximum wind speed sustained by each 

building during the hurricane. Given the maximum wind speed and building attributes, a 

damage function can be applied to estimate the degree of damage for each building. 

Finally, the degree of damage can be used to estimate the total damage (in dollar loss) of 

the region based on the current market value of the buildings. Figure 3.1 shows the 

required steps involved in the analysis. 
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Figure 3.1. Flowchart of the steps involved in the proposed methodology. 

The following sections discuss in detail the explicit wind field models, GIS 

software, and damage function used in this research project. It should be noted, however, 

that the models and software used herein could be substituted as they are improved with 

on-going research and technological advances. Sections 3.4 and 3.5 discuss the source of 

data to establish the inventory ofbuildings and the building classification system used in 

the case study presented in this research project, respectively. 
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3.1 Holland Hurricane Wind Field Model 

The Holland model (1980) is a semiempirical model derived following 

Schloemer's model (1954). The hurricane profiles are normalized to remove variations 

due to differing central and ambient pressures by 

ip-Pc) 
(P.-Pc) 

(3.1) 

where/> denotes the pressure of the point of interest,/7c denotes the central pressure, and 

p„ denotes the ambient pressure. The normalized pressure profiles for a sample of 9 

hurricanes were observed to resemble a family of rectangular hyperbolas and thus, 

approximated by 

P = Pc +iPn -Pc)^ (3.2) 

where r denotes the distance from the center of the hurricane to the point of interest, and 

A and B denote scaling parameters. Using the gradient wind equations (Simiu and 

Scanlan, 1978), the wind profile is determined by 

V,r = 
AB(p„-pJe^^'> 

+ 
r'f 

pr 

rf_ 
2 

(3.3) 

K^=A' (3.4) 

where Vgr denotes the gradient wind speed,/denotes the Coriolis parameter, p denotes 

the air density, and R^ax denotes the radius of maximum winds. 

Physically, B defines the shape of the pressure profile and A determines its 

location. By substitiiting (3.4) into (3.3), the equation for the gradient wind speed can be 

rewritten as 
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F„, 
gr 

r£ 
2 

(3.5) 

As B increases from zero, the eye of the hurricane expands, the pressure drop becomes 

concenfrated near the radius of maximum winds, and the stronger winds occur near the 

radius of maximum winds. The larger the value of 5, the stronger the maximum winds 

and the smaller the overall dimensions of the storm. An examination of the radius of 

maximum pressure gradient for a number of hurricanes indicated a lower limit of 1.0 for 

B. Similarly, an upper limit of 2.5 was established based on conservation of relative 

angular momentum (Fr = constant). 

Further research (Hubbert et al., 1990) suggested that B could be empirically 

determined by 

5 = 1.5 + 
(980-j^ J 

120 
(3.6) 

(where pc has dimensions of hectopascals) and that a first-order asymmetry should be 

included by adding the velocity of the storm to the symmetric field and rotating the field 

so that die maximum winds are located 70° to the right (left in the Southern Hemisphere) 

of the direction of the hurricane motion (Figures 3.2 and 3.3). In addition, the radial wind 

field is obtained by rotating the fiow to a constant inflow angle of 25° outside the radius 

of maximum winds (Figure 3.4). Finally, 10-minute average surface winds are obtained 

using a constant reduction factor of 0.7 on the gradient wind following Powell (1980). 
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Figure 3.2. Symmetric hurricane wind field produced with the HoUand model. Lines 
represent wind speeds of equal magnitude. The red cirde denotes the eye of 
the hurricane. 
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Figure 3.3. First-order asymmetric hurricane wind field produced with the HoUand 
model. The red circle denotes the eye of the hurricane. The blue line 
indicates the region of maximum wind speeds, which Ues m the right front 
quadrant of the storm. 

35 



Figure 3.4. The final representation of the Holland model is obtained by rotating the 
wind speed vectors 25° counterclockwise outside the radius of maximum 
winds. 

The empirical determination ofB is useful when simulating a standard hurricane 

(i,e,, a hurricane with the average characteristics of past hurricanes). The fact that B was 

derived empirically using Australian hurricanes (Peterson, 1999) raises the question of 

whether or not the empirical expression of 5 appUes to hurricanes in other regions (eg,. 

Gulf of Mexico), In any case, hurricane models of different sizes and intensities arise as 

B varies between 1,0 and 2,5, 
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3.2 Kaplan and DeMaria Hurricane Decay Model 

The Kaplan and DeMaria model (1995) empirically predicts the decay of 

hurricane winds after landfall. The database used to derive this model consists of 64 

hurricanes that made landfall in the Gulf Coast, Florida Peninsula, and the Atiantic Coast 

between 1967 and 1993. The position and intensity estimates for the hurricanes were 

obtained from the HURDAT file maintained by the National Hurricane Center. The 

HURDAT file consists of 6-hour estimates of position, central pressure, and maximum 

sustained I-minute surface wind speed for all named hurricanes from 1886 to 1993 in the 

Atlantic basin. The sample was resfricted to: (1) hurricanes making landfall in the United 

States (because Kaplan and DeMaria argue that outside the United States fewer surface 

observations are available), and (2) hurricanes making landfall from the Texas-Mexico 

border to the North Carolina-Virginia border (because Kaplan and DeMaria believe that 

hurricanes making landfall north of this region have different decay properties). 

Additionally, 3 landfalling Florida hurricanes prior to 1967 were included in the 

sample to evaluate the claim of previous authors (Hubert, 1955; Malkin, 1959; Schwerdt 

et al., 1979; Ho et al., 1987) that hurricanes making landfall in the Florida Peninsula 

decay less rapidly than hurricanes in other regions in the United States. Data describing 

these hurricanes came from the National Climatic Data Center (NCDC) in North Carolina 

and the United States Weather Bureau. The total sample consists of 401 estimates of 

maximum sustained 1-minute surface wind speeds (at 6-hour intervals) from these 67 

hurricanes. 

The basis of this model relies on the fact that the largest rate of decay of 

hurricanes occurs just after landfall (i.e., as the eye of the hurricane crosses the coastline) 

and that the decay rate is proportional to the landfall intensity (Miller, 1964; Schwerdt et 

al., 1979; Tuleya et al., 1984; Ho et al, 1987; Tuleya, 1994). In this model, the landfall 

intensity is assumed to be the maximum sustained 1-minute surface wind speed. A close 

examination of the 67-hurricane sample showed that hurricanes decayed to approximately 

the same intensity after about 24-30 hours regardless of their intensity at landfall. 
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Assuming that hurricanes decay at a rate proportional to their landfall intensity, 

the wind speed after landfall can be expressed as 

V(t) = V,e-''' (3.7) 

where VQ denotes the maximum sustained I-minute surface wind speed (in knots) at the 

time of landfall, a denotes the decay constant (in hours"'), and t denotes the time after 

landfall (in hours). Recalling that hurricanes decay to approximately the same intensity, 

and since observational results indicate that hurricanes decay abruptiy as the eye crosses 

the coastline (Myers, 1954; Schwerdt et al., 1979), a background wind speed term (F*) 

and a reduction factor (R) were used to account for these conditions 

F(0 = F,+( i?Fo-FJe-« ' . (3.8) 

The parameters Vt, and a were calculated using the method of least squares for a range of 

R values between 0.7 and 1.0. 

Hurricanes whose centers are partially over water decay less rapidly than those 

that are entirely over land (Malkin, 1959). Hence, a correction factor (Q was included to 

account for the proximity of the hurricane to the coastline. This correction factor was 

empirically derived following results of Shea and Gray (1973) and Jorgensen (1984) 

suggesting that when the distance inland (i.e., the distance from the coastline to the center 

of the hurricane eye) is less than 70 kilometers, the eyewall of many hurricanes remains 

partially over water resulting in less decay than hurricanes that are more th£ui 70 

kilometers inland. The correction factor is given by 

C = m In 
^ D^ 

v^oy 
-\-b (3.9) 

m = c,t(to-t) (3-10) 

b = d,t{t,-t) (3.11) 
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where D denotes the hurricane distance inland (in kilometers), Do denotes taken as I 

kilometer, and m and b are determined by the method of least squares. The best-fit 

curves for w and 6 as quadratic fiinctions of time are obtained when c/ = 0.0109 knot-

hour ^ d} = -0.0503 knot-hour"^, and to = 50 hours. 

The final version of the decay model, including all correction factors, is given by 

F(0 = F , + ( / ? F o - F J e - " ' - C (3.12) 

where Vo denotes the maximum sustained 1-minute surface wind speed, R = 0.9, F̂  = 

26.7 knots, a = 0.095 hour"', and C is given by (3.9) with m and b determined from (3.11) 

and (3.12), respectively. Kaplan and DeMaria showed that the model explained 93% of 

the variance of the decay for all 401 cases in the sample. 

When developing this model, Kaplan and DeMaria included a parametric study to 

examine previous hypotheses that regional differences exist in the decay rates of 

landfalling hurricanes (Hubert, 1955; Malkin, 1959; Schwerdt et al., 1979; Ho et al., 

1987). The study suggested that the regional differences in the decay model could be 

accounted for by differences in the landfall intensities combined with a small intensity 

bias and so are not considered reliable. This result is consistent with Tuleya (1994), who 

demonsfrated that the reduction of latent and sensible heat fluxes, which is the main 

cause of hurricane decay after landfall, are due to the decrease in land temperature 

beneath the storm center. Kaplan and DeMaria argue that this reduction in land 

temperature is due to the low heat capacity and conductivity of the soil subsurface, which 

does not vary considerably from region to region. Consequently, Kaplan and DeMaria 

concluded that their decay model applies to the Gulf Coast, Florida Peninsula, and the 

Atlantic Coast south of the North Carolina-Virginia border. 

3.3 Unanwa Damage Bands 

Unanwa (1997) infroduced the concept of damage bands to define upper and 

lower bounds to building damage degree as a function of wind speed. The upper bound 

establishes the damage degree for the set of building components and connections 
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characteristics associated with the highest probability of failure. Similarly, the lower 

bound establishes the damage degree for the set of building components and connections 

characteristics that are associated with the least probability of failure. The damage 

degree employed in this model is the ratio of the repair cost of a damaged building to the 

replacement cost of the building. Manufactured homes were not included in the model 

because the failure mode of mobile homes is significantiy different from typical 

buildings. A few wind damage models for manufactured homes are available in the 

technical literature (Vann and McDonald, 1978; Vasquez, 1994). 

When developing this model, Unanwa (1997) considered a building as a group of 

building components assembled together by their connections following principles of 

engineering and construction technology. Damage of a building component occurs when 

the component or its connection fails. Therefore, the probability of damage to buildings 

exposed to extreme wind conditions is a function of the resistance of the building 

components and their connections. Unanwa (1997) considered a building to consist of 

the following building components: roofcovering, roof structure, exterior doors and 

windows, exterior wall, interior, structural system, and foundation. He assumed that 

building foundations do not suffer wind damage and therefore, excluded foundations 

from his model. He considered several modes of failure: blow-off of covering at the 

attachments, roof sheathing failure by fastener pull-out and pull-through, roof system 

uplift at roof-to-wall connection, breakage of exterior doors and windows by wind-borne 

missiles, lateral pressure failure of exterior wall, failure of exterior wall by uplift, and 

failure of building interior due to failure of roof covering, roof structure, exterior doors 

and windows, and/or exterior wall. Table 3.1 summarizes the modes of failure 

considered by Unanwa, as well as those not included in the model. 
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Table 3.1. Building components failure modes (Unanwa, 1997). 

COMPONENT 

Roof Covering 

Roof Stmcture 

Exterior Doors 
and Windows 

Exterior Wall 

Interior 

FAILURE MODE 

(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 roofcovering 

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

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

(c) Supporting member failure 

(a) Breakage by wind-borne missiles 

(b) Interior surface failure by pressure 

(c) Edge or anchorage failure 

(d) Supporting member failure 

(a) Lateral pressure failure 

(b) Wall-to-foundation uplift 

(c) Breaching by wind-borne missiles 

(a) Failure of roof covering 

(b) Failure of roof structure 

(c) Failure of exterior doors and 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 
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Unanwa (1997) produced damage bands for 4 categories of structures: 1-3 story 

residential buildings, 1-3 story commercial/industrial buildings, 1-3 story institutional 

buildings, and 4-10 story buildings (Figures 3.5, 3.6, 3.7, and 3.8). Within each category, 

damage bands were developed using methods of statistics and probability, as well as 

principles of structural and wind engineering. The approach involved fault tree analysis 

(i.e., a procedure by which undesired events, such as damage of a building component, 

are related to the failure modes and events that cause them) to determine component 

failure probabilities and a weighting technique to account for building component cost 

factors, component fragilities, and location parameters. Building component cost factors 

are replacement values of the components normalized by the replacement value of the 

building. Component fragilities define the relationship between the conditional 

probability of failure of the components and hurricane wind intensity. Location 

parameters account for the distribution and location of building components with respect 

to their degrees of wind damage, since wind pressure varies from one part of the building 

to another. 
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Figure 3.5, Hurricane wind damage band for 1-3 story residential buildings (Unanwa, 
1997), 
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Figure 3.6, Hurricane wind damage band for 1-3 story commercial/industrial buildings 
(Unanwa, 1997), 
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Figure 3,7. Hurricane wind damage band for 1-3 story institutional buildings (Unanwa, 
1997), 
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Figure 3,8, Hurricane wind damage band for 4-10 story buildings (Unanwa, 1997), 

Although Unanwa developed damage bands for 1-3 story residential buildings, 1-

3 story commercial/industrial buildings, 1-3 story institutional buildings, and 4-10 story 

buildings only, damage bands could be developed for any particular occupancy class of 

building or building type within an occupancy class. 
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To determine the extent of damage to a specific building, the relative 

damageability' of this building needs to be ascertained. The relative damageability 

measures the wind damage performance of a building in terms of its individual building 

components and can be obtained using the expression 

RDI = ^ (3.13) 

(=1 

where i?D/denotes the relative damageability index, P, are the quality points between 0 

and 1 assigned to each building component, Wi denote the weights (%) assigned to each 

building component, and n denotes the number of building components. P, measure the 

contribution of each building component to the overall wind resistance of the building, 

while Wi account for the relative importance of each building component against wind 

pressures (Tables 3.2 and 3.3). Building component characteristics would determine the 

damage function of that specific building, which would lie within the upper and lower 

bounds of the damage band for that building class. Hence, given the attributes of a 

building and knowing the maximum wind speed sustained by the building during a 

hurricane, the damage band corresponding to that building class can be utilized to predict 

the percent damage of that building applying 

BDD = [DD, + RDI(DD^ - DD^)] (3.14) 

where BDD denotes the building damage degree (%), RDI denotes the relative 

damageability index for that building, DDL denotes the damage degree supplied by the 

lower bound of the damage band for that wind speed, and DDu denotes the damage 

degree supplied by the upper bound of the damage band for that wind speed. Since the 

damage degree is defined as the ratio of the repair cost of a damaged building to the 

Unanwa called this property the relative resistivity, 
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replacement cost of the building, the total damage in terms of dollar loss can be 

calculated by muftiplying the damage degree by the value of the building. 

Table 3.2. Building damage parameters (Unanwa, 1997). 

BUILDING 
PARAMETER 

Roof Covering 

Roof 
Geometry 

Roof Span 

Roof 
Sheathing 

Roof Structure 

Exterior Wall 

Exterior Door 

Percent Wall 
Occupied by 

Exterior Doors 
And Windows 

Partition Wall 

Beam/column 

Floor 
Structure 

Building Code 

Building Age 

Maintenance 

Window Glass 

PARAMETER QUALITY POINT, P 

Asphah shingles (0.98), Wood shingles (0.74), Built-up roof (0.70), 
Architectural metal roof (0.65), Asbestos shingles (0.64), Slate roof (0.51), 

Clay dies (0.5), Ballasted single membrane roof (0.35), Mechanically-attached 
single membrane roof (0.34), Flat concrete tiles (0.07) 

Complex (1), Flat without parapet (0.7), Gable (0.7), Shed (0.6), Multi-level 
roof (0.6), Flat with parapet (0.5), Mansard (0.5), Hip (0.4), Gambrel (0.4) 

> 70 ft (0.98), 41-70 ft (0.75), 21-40 ft (0.6), 0-20 ft (0.4) 

OSB (1), Plywood (0.8), Metal panels (0.6), 
Precast concrete panels (0.15), Reinforced concrete (0) 

Wood trusses, beams, or joists (0.5), Steel trusses or joists (0.37), 
Steel beams (0.14), Concrete (0) 

Wood siding-wood frame (1), Stucco on wood frame (0.6), Brick veneer-wood 
frame (0.49), Stone veneer-wood frame (0.3), Solid brick (0.2), Solid stone 

(0.1), Precast concrete panels (0.1), Reinforced concrete block (0.05) 
Sliding glass door (0.97), Flush door (0.68), 

Aluminum/metal door (0.35), Solid core wood (0.1) 

> 50% (1), 26-50% (0.8), 0-25% (0.6) 

Wood frame (0.46), Metal studs (0.43), Masonry (0.05) 

None (1), Laminated wood (0.37), Steel (0.09), Concrete (0) 

Wood frame (0.33), Metal frame (0.16), Concrete (0) 

No code/unknown (0.7), Model building code (0.35), 
Customized building code (0.05), ANSI/ASCE (0.04) 
> 30 years (0.9), 20-30 years (0.5), 11-20 years (0.37), 

6-10 years (0.12), 1-5 years (0.01) 

1/20 years or greater (1), 1/10 years (0.62), 1/5 years (0.22), 1/1 year (0) 

Unknown glass type (1), Annealed AN (1), Laminated glass LG-AN/AN (1), 
Heat strengthened (0.5), Monolithic insulating IG-AN/AN (0.5), Laminated 
glass LG-HS/HS (0.5), Fully tempered (0), Monolithic insulating IG-FT/FT 

(0), Monolithic insulating IG-HS/HS (0), Laminated glass LG-FT/FT (0) 
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Table 3.3. Building component weights (Unanwa, 1997). 

BUILDING 

Roof Covering 

Roof Deck 

Roof Structure 

Exterior Wall 

Exterior Doors 

Exterior Windows 

Partition Wall 

Beam/column/floor Structure 

Roof Geometry 

Canopy 

Building Code 

Maintenance of Building Envelope 

Building Age 

WEIGHT, W (%) 

14 

11 

12 

9 

7 

14 

4 

4 

6 

4 

5 

5 

5 

Additionally, damage bands can be used to estimate the loss of a group of 

buildings or indeed an entire community ofbuildings. Such groups ofbuildings could be 

those structures exposed to hurricane winds in a particular geographic region. The total 

loss can be calculated using 
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PML = Y,BRVj[DD,^N^+RDI^^,^^^{DD,.-DD,,)Nj] (3.15) 
j = i 

where PML denotes the probable maximum loss ($), RDIavgj denotes the average relative 

damageability index for buildings of classy, DDuj and DDLJ denote the damage degrees 

for buildings of classy supplied by the upper and lower bounds of the damage bands for 

that wind speed, Nj denotes the number ofbuildings in building classy, and BRVj denotes 

the average replacement value for buildings of classy. Equation 3.15 differs slightiy from 

the equation presented by Unanwa because a different averaging technique was used. 

Suggested values ofRDIavg are shown in Table 3.4, according to Unanwa (1997). 

Table 3.4. Average relative damageability indices for buildings (Unanwa, 1997). 

BUILDING 

I story 

2-3 story 

4-10 story 

AVERAGE RELATIVE DAMAGEABILITY INDEX 

0.61 

0.53 

0.34 

While the damage bands developed by Unanwa are based on a sound theoretical 

foundation, some aspects of the method remain questionable. For instance, a panel of 

experts in structural and wind engineering subjectively supplied conditional failure 

probabilities, component location parameters, and quality points (P,) and weights (Wi) 

given to each building component based on experience. Relying solely on these opinions 

to assign numerical values to parameters that describe the structural integrity of a 

building is arguable. Also, the assumption to assess the value of building contents at 
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50% of the replacement value for residential type buildings and 100% of the replacement 

value for commercial/industrial and government/institutional type buildings could be 

considered too general. Additionally, because certain modes of failure were not 

considered when developing these damage bands, in some cases the application of these 

bands could underestimate wind damage predictions. Furthermore, the design pressures 

were computed using a "typical" building with a plan area of 35 ft by 85 ft, gable roof, 

roof pitch 20°, 10 ft story height, a mean roof height of 60 ft, and 2 ft overhangs. Hence, 

using these bands on buildings of sizes considerably different from the size of the 

"typical" building might introduce errors. 

Kumar has conducted research at Texas Tech University to revise some of the 

assumptions made by Unanwa. His objective was to obtain a more precise damage band 

specifically for 1-2 story residential buildings (Figure 3.9). Rather than using fault tree 

analysis like Unanwa, Kumar implement a fuzzy logic method. Some of the parameters 

revised include the conditional probabilities supplied by the panel of experts, the height 

of the typical building used to calculate the wind pressures, and the properties for upper 

and lower bound fragilities (Kumar, 2000). Additional damage bands for other types of 

buildings could also be investigated in the future. 
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Figure 3,9, Hurricane wind damage band for 1-2 story residential buildings (Kumar, 
2000). For comparison purposes, Unanwa's band for 1-3 story residential 
buildings is also shown. 

3.4 Galveston Central Appraisal District 

The Galveston Central Appraisal District (GCAD) is responsible for appraising 

nearly 200,000 parcels of property in Galveston County, making it the 8* largest 

appraisal distrid in Texas with a market value of approximately $20 biUion (Galveston 

Central Appraisal Distrid, 2000), Currently staffed by 48 property tax professionals. 
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GCAD collects information about structural aspects ofbuildings, which it uses to 

evaluate die condition of the property to determine its market value. Such information 

includes, but is not limited to: roofcovering, exterior wall system, foundation, structtire 

condition, area, car storage facility, and building age. All these attributes are stored on a 

mainframe computer, allowing quick access to information about specific buildings. 

By law, GCAD must evaluate each building at least once every 5 years. This 

requirement resuUs in an up-to-date database of building attributes. Because this 

information lies in the public domain, everyone has access to the database. In fact, most 

of the records can be obtained through the Intemet (www.GalvestonCAD.org). The law 

also establishes the right to appeal assessed values. Property owners who disagree with 

their property evaluation can file a protest to the Appraisal Review Board. 

Additionally, GCAD has a GIS department that maintains property ownership 

maps using state-of-the-art computer software. These maps display all parcels of 

property contained in die county. Each parcel is geographically referenced. Hence, by 

linking the database containing the building attributes to the property ownership maps, 

information about a building based on its location can be easily obtained. 

3.5 Categorization ofBuildings by Their Use 

The building attributes database maintained by tax assessing offices categorize 

buildings based on their use. Similarly, Unanwa (1997) also grouped buildings by their 

use when developing the damage bands. Therefore, the application of these tools to 

predict wind damage during hurricane events called for the implementation of the same 

classification system. 

In this research project, each property was assigned a code to identify its use as 

shown in Table 3.5, following the system used by GCAD. Since commercial and 

industrial properties are comprised of more than 35 different types ofbuildings, this 

category was further subdivided. A two-letter code was added to the original codes of 

these buildings (Table 3.6). Such subdivision and coding system allowed fitting 

buildings into one of the 4 damage bands (i.e., 1-3 story residential buildings, 1-3 story 

53 

http://www.GalvestonCAD.org


commercial/industrial buildings, 1-3 story institutional buildings, and 4-10 story 

buildings) used in the analysis of wind damage. 

Table 3.5. Categories ofproperties and then corresponding codes. 

DESCRIPTION 

Real residential single family 
Real residential mobile homes 

Real residential condos 
Exempt real residential single family 

Real residential muldfamily 
Real commercial muhifamily 

Exempt real commercial muldfamily 
Real vacant plotted lots/tracts 

Exempt real vacant plotted lots/tracts 
Real acreage ranch land 

Timberland 
Farm land 

Undeveloped 
Exempt real acreage ranch/farm land 
Real farm and ranch improvements 

Exempt real farm and ranch improvements 
Real commercial 
Real industrial 

Exempt real commercial 
Oil, gas, and mineral reserves 

Minerals, non-producing 
Real and tangible personal utilities, water systems 

Gas companies 
Electric companies 

Telephone companies 
Railroads 
Pipelines 

Exempt real personal utilities, water systems 
Tangible personal commercial 
Tangible personal industrial 

Inventory vacant land 
Inventory town home/condo 

CODE 

Al 
A2 
A3 
A4 
Bl 
B2 
B9 
CI 
C9 
Dl 
D2 
D3 
D4 
D9 
El 
E9 
Fl 
F2 
F9 
Gl 
G3 
Jl 
J2 
J3 
J4 
J5 
J6 
J9 
LI 
L2 
Ol 
02 
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Table 3.6. Commercial and indusfrial buildings and then additional two-letter codes. 

BUILDING TYPE 

Auto dealership 
Auto repair 
Apartments 

Bank 
Country club 

Church 
Condominium 

Car wash 
Day care 

Department store 
Dormitory 

Funeral home 
Government 

Hanger 
Hospital 

Hotel 
Industrial storage 

Laundromat 
Manufacturing 

Medical 
Motel 

Mini warehouse 
Nursing home 

Office 
Parking structure 

Recreational 
Retail 

Retail strip 
Restaurant 

School 
Shopping mall 
Service station 
Supermarket 

Storage warehouse 
Theater 

Veterinary 

CODE 

AD 
AR 
AT 
BA 
CC 
CH 
CO 
CW 
DC 
DE 
DO 
FH 
GB 
HA 
HO 
HT 
IS 
LA 
MA 
MB 
MO 
MW 
NH 
OB 
PS 
RC 
RE 
RS 
RT 
SC 
SM 
SS 
SU 
SW 
TH 
VB 
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3.6 ArcView® GIS 

ArcView GIS was the software selected for use in this research project. 

ArcView , a desktop GIS developed by the Environmental Systems Research Institute, 

Inc. (ESRI), comes with an easy-to-use, point-and-click graphical user interface that 

allows loading spatial and tabular data so that the information can be displayed as maps, 

charts, and tables. ArcView® also provides tools for performing spatial analysis and data 

manipulation. Additionally, optional extensions are available (at additional cost) to 

incorporate more advanced analysis features, such as the 3D Analyst, Spatial Analyst, or 

the Tracking Analyst. 

ArcView links sets of map features and attributes in themes and manages them 

in a view. Map features are objects represented on maps; each feature has a location and 

a representative shape. Attributes are information about map features such as name, size, 

or color. Themes, commonly known as layers, are collections of features and attributes. 

By superimposing themes in a view, ArcView® can be used to study the interaction 

between features, such as the impact of hurricane winds on buildings. 

56 



CHAPTER IV 

CASE STUDY 

The methodology presented in the previous chapter is now exemplified with a 

case study. The case study estimates the wind-induced damage (in 2000 dollars) 

produced by a hurricane similar to Hurricane Alicia. Hurricane Alicia came onshore the 

Texas Coast just west of Galveston Island on August 18, 1983. Alicia was a small- to 

medium-size hurricane that reached minimal category 3 status on the Saffir-Simpson 

scale because of storm surge, rather than wind speed. Maximum sustained wind speed 

has been documented, ranging between 75 mph and 100 mph (Case and Gerrish, 1984; 

Nelson and Morgan, 1985; Marshall, 1985). The radius of maximum winds, minimum 

central pressure, and forward speed of Alicia were reported to be 34.5 miles, 962 mb, and 

8 mph, respectively (Ho et al., 1987). Rainfall amounts exceeded 5 inches in most 

places, and the highest storm surge was a I2-feet reading at Seabrook on Galveston Bay. 

Several tornadoes were reported. Damage estimates as a resuU of Hurricane Alicia 

ranged between $250 million and $2 billion in 1984 dollars (National Research Council, 

1984), as shown in Table 4.1. The Texas Department of Public Safety estimated damage 

of $1.2 billion; the American Insurance Association estimated losses of approximately $1 

billion; and the Texas Catastrophe Property Insurance said damage could have been 

between $715 milUon and $1.65 billion. The U.S. Army Corps of Engineers pubUshed 

estimates that were considerably lower: $256 million. These estimates do not include 

damage to infrastructure, business interruption, evacuation, or temporary housing cost. 

Post-storm investigations (National Research Council, 1984; Case and Gerrish, 1984; 

Nelson and Morgan, 1985; Marshall, 1985) revealed that even though maximum winds 

did not exceed design wind speeds, most damage was due to wind. 
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Table 4.1. Damage estimates caused by Hurricane Alicia according 

ORGANIZATION 

Texas Department of Public Safety 

American Insurance Association 

Texas Catastrophe Property Insurance 

U.S. Army Corps of Engineers 

to different sources. 

DAMAGE (million dollars) 

1,200 

1,000 

715-1,650 

256 

The case study presented in this chapter focuses on property damage (including 

building content) due to wind experienced on Galveston Island. The predicted damage 

includes damage to the contents of the building. Additionally, a wind damage analysis 

was performed to the surrounding city of Texas City as an illustration of the applicability 

of this methodology to more than one location. 

4.1 Damage in Galveston Island During Hurricane Alicia 

The City Manager of Galveston Island made the following statement after 

Hurricane Alicia: "There were no storm-related deaths in the City of Galveston. 

However, the destruction was citywide. My staffs current storm-related damage 

assessment is as follow: commercial damage estimate is $355 million, residential damage 

estimate is $314 million, the city property is located at about $9.4 million, and the 

University of Texas medical branch suffered somewhere between $7 to $9 million worth 

of damage" (U.S. House of Representatives, 1984, p. 90). The seawall buiU after the Big 

Storm of 1900 helped minimize storm surge damage in Galveston Island. The main 

cause of damage was attributed to sfrong winds, wind-borne debris, and erosion, as well 

as the fad that minimal attention had been given to anchorage, bracing, and connedions 

when homes were constructed (National Research Council, 1984; Nelson and Morgan, 
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1985; Marshall, 1985). Figures 4,1 shows a residential building that sustained severe 

damage, while Figure 4.2 shows a commercial building that suffered minor damage to its 

dadding system (source: Wind Science and Engineering, Texas Tech University). 

Figure 4.1. Residential building severely damaged due to wind during Hurricane Alida. 
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Figure 4.2. The cladding system of this commercial building suffered minor damage 
during Hurricane Alicia. 

4,2 Wind Field Data Generation 

The wind field of a similar hurricane was simulated using the Holland model and 

Kaplan and DeMaria decay model. The wind field was modeled on a 1 km by 1 km 

spatial grid. Due to the large number of computations required to obtain such grid, the 

models were coded using Visual Basic® 6, Upon execution, this computer program 

prompts the user to input the following parameters: (1) the city being impaded by the 

hurricane (this is needed to use the corresponding Coriolis parameter), (2) the radius of 

maximum winds, (3) the central pressure, (4) the forward speed of the hurricane, (5) the 

shape of pressure profile parameter (B), and (6) the storm direction. The radius of 

maximum winds, the central pressure, and the forward speed of the hurricane are 

restrided to lower and upper limits based on the data presented by Ho et al, (1987) to 

prevent the user from introducing unreaUstic meteorological parameters. The shape of 

the pressure profile parameter (5) is also restrided to lower and upper limits according to 

Holland (1980). Table 4.2 shows the permissible range of values for the meteorological 
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parameters required by the computer program. The simulation assumed that the radius of 

maximum winds (34.5 miles), the central pressure (962 mb), the forward speed (8 mph), 

and the environmental pressure (1,013.25 mb) remained constant; B was taken as 2, the 

hurricane direction was assumed perpendicular to the coastline (the direction of 

Hurricane Alicia), and a constant air density of 1.15 kg/m^ was used as suggested by 

Holland. 

Table 4.2. Lower and upper limits of meteorological parameters. 

METEOROLOGICAL PARAMETER 

Radius of maximum winds (miles) 

Minimum central pressure (mb) 

Forward speed of storm (mph) 

Shape of pressure profile parameter 

LOWER LIMIT 

5 

900 

I 

1 

UPPER LIMIT 

50 

1000 

35 

2.5 

The computer model initially locates a hurricane 300 km off the coast and moves 

it onshore. This model assumes the coastline to be a straight line. Wind fields are 

calculated every 50 km and then every 10 km when the hurricane is within 50 km from 

the coastiine. This approach ensures that even hurricanes large in size remain completely 

over water at the beginning of the simulation. The extent of the wind field is limited to 

wind speeds in excess of 62 mph. 

Once the wind speed at a point is calculated from the Holland model, the forward 

velocity of the storm is added vectorially to the wind speed; this results in stronger winds 

in the right side of the hurricane relative to the direction of the storm. Then, the 0.7 

correction factor converts the gradient wind speeds to 10-minute average surface winds. 

The 10-minute average surface winds are converted to I-minute sustained wind speeds 
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using Krayer-Marshall gust-factor curve (Krayer and Marshall, 1992). Next, each point 

of the wind field is rotated 20° counter-clockwise to situate the region of maximum 

winds in the front-right quadrant (i.e., 70° clockwise relative to the storm motion). The 

computer model checks whether the point is over water or over land. If the point is over 

land, a correction factor of 0.85 is applied following Simiu and Scanlan (1996) to account 

for surface friction. The implementation of the Holland model is completed by rotating 

each wind speed vector 25° counter-clockwise outside the radius of maximum winds to 

obtain the wind directions. The location of each point is finally transformed to 

latitude/longitude coordinates. 

After the hurricane makes landfall, the computer program applies the Kaplan and 

DeMaria decay model to reduce the wind field at landfall as a function of time. The 

decay model produces wind fields every 30 minutes after landfall. Given the forward 

velocity of the storm, the correction factor that accounts for the proximity of the 

hurricane to the coastline (C) is computed for each point. The program keeps track of 

those points that remain over water, and the correction factor for surface friction is 

applied once those points cross the coastline. The program is terminated when the 

maximum sustained wind speed of the wind field falls below 47 mph. 

The output of the program consists of a series of tables, one for each wind field 

corresponding to the location of the hurricane as it moves onshore and inland. The tables 

contain the calculated wind speed and direction for each point, as well as their 

geographical location. 

All wind field grids produced in this case study consisted of approximately 

50,000 points, until 60 minutes after landfall when the size of the wind field grid reduces 

to 36,000 points; 90 minutes after landfall the wind field grid decreases to 15,000 points; 

and 120 minutes after landfall the wind field grid reduces to 300 points. The maximum 

sustained wind speed was 113 mph; the maximum sustained wind speed over Galveston 

Island ranged between 89 mph and 94 mph. These wind speeds are consistent with 

reported wind speeds during Hurricane Alicia (Case and Gerrish, 1984; Nelson and 

Morgan, 1985; Marshall, 1985). 
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4.3 Existing Structures in Galveston Island 

The inventory of existing buildings in Galveston Island was obtained from the 

Galveston Central Appraisal Disfrict (GCAD). GCAD classifies buildings as residential 

or commercial. Commercial buildings include stores, restaurants, hospitals, hotels, 

churches, industrial buildings, warehouses, banks, and schools. Commercial buildings 

are assigned a code that gives information about their type of use, which allows assigning 

an appropriate damage band to each building. However, since the damage bands 

developed by Unanwa for 1-3 story commercial/industrial and 1-3 story 

government/institutional are almost identical, only the former damage band was utilized. 

Although GCAD records the number of stories for every building, this 

information could not be retrieved from their database because of technical problems. 

But a visit to Galveston Island revealed that mid-rise buildings are scarce and thus, these 

buildings were treated as commercial buildings. It is important to mention that damage 

bands for mid-rise buildings differ considerably from damage bands for low-rise 

buildings. Using a damage band for 1-3 story buildings to predict wind damage to 4-10 

story buildings would overestimate damage. Therefore, in cities where the number of 

mid-rise buildings is high compared to the total population ofbuildings, obtaining the 

number of stories of each building from the central appraisal district would lead to better 

wind damage estimates. 

The database provided by GCAD contained information about the location of the 

buildings, use, exterior wall system, roof covering, roof geometry, foundation, area, 

effective year built, condition of the building, value of the structure, and value of the land 

parcel. Each building is geo-referenced and has a unique identification number that 

permitted the GIS department of GCAD to develop a map showing the location of the 

buildings in Galveston Island. The GIS department of GCAD kindly made this map 

available for this research project. The map is linked to the table of attributes of the 

buildings, allowing obtaining information about a building based on its geographic 

location. The ability to retrieve information in such way is the key to determining the 

maximum wind speed sustained by each building during the hurricane simulation. 
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The coast of Galveston Island is mainly a resort and tourist area. Most buildings 

along the beach are wood-framed, elevated structures. Toward the east of the beach area, 

these buildings are used primarily for commercial purposes (e.g., restaurants, souvenir 

shops, and dance halls). The West Beach area contains predominantly single-family 

dwellings. With the exception of a few mid-rise buildings, usually hotels or banks, most 

structures are 1-3 story buildings. The type of construction in Galveston Island is typical 

of that found in other cities along the Gulf Coast: timber exterior wall systems with wood 

siding and/or brick veneer, gable roof systems made of timber trusses and OSB (or 

plywood) sheathing with composite shingles, and concrete slab or timber pile 

foundations. Other commonly, but less frequently used, systems include masonry 

exterior walls with stucco, masonry and steel roofs (gable, hip, or flat), and pier-and-

beam foundations. 

According to GCAD, there are 17,846 buildings in Galveston Island. 

Approximately 90% of the buildings are residential and 10% are commercial. Figure 4.3 

shows the distribution between residential and commercial buildings. Of the 17,846 

buildings, 2,228 buildings have been constructed since Hurricane Alicia (i.e., 12.5%). 

GCAD records show that most buildings are between 20 and 40 years old, in good 

condition, and the material most commonly used for roof covering is asphalt shingles 

(Figures 4.4, 4.5, and 4.6). 
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Figure 4,3, Distribution ofbuildings by their use in Galveston Island. 
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Figure 4.4. Building age distribution in Galveston Island, 
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Figure 4.5. Building condition distribution in Galveston Island. 
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4.3.1 Data Validation 

The validation of the data used in this case study included a trip to Galveston 

Island to verify the information provided by GCAD. Prior to the visit, 30 properties were 

selected so that residential buildings, stores, goveniment buildings, restaurants, hotels, 

schools, and a church would be included in the sample. Table 4.3 lists the buildings used 

in the data validation (sample pictures are available in Appendix E). The buildings were 

selected in such a way that all areas of the city were encompassed: downtown Galveston, 

North, East and West Galveston, and the coastline. Each building was inspected and the 

structural characteristics documented. The actual use of the building, the exterior wall 

system, the roofcovering and geometry, the foundation, and the condition of the building 

were compared to the corresponding information provided by GCAD. The verification of 

the data revealed that the information supplied by GCAD was consistent with the current 

characteristics of the 30 buildings inspected. Only in two cases the database did not 

contain information about the roof system and the foundation (refer to Table 4.3). 
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Table 4.3. Selected buildings used for data validation. 

ADDRESS 

5016 Denver 
4627 Sherman 

18403 EDe Vaca 
17632 Glei 

13228 Stewart Rd. 
2118 Grover Ave. 

827 Broadway 
128Mackeral 
2407 54'" St. 
3913 Ave. L 

4021B. DeGalvez 
1702 SeawaU Blvd. 
2024 Seawall Blvd. 
5222 Seawall Blvd. 

2300 Mechanic 
600 Harborside Dr. 
1002 SeawaU Blvd. 
2302 Seawall Blvd. 
1328 Seawall Blvd. 
2502 Seawall Blvd. 

3901 Ave. O 
1902 Market 

1000 Mechanic 
1001 Winnie 

2601 Ursuline 
713 19* St. 

601 Rosenberg 
301 University Blvd. 

803 Market 
1302 Broadway 

USE" 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 
F 

CONST*' 

B14 
B13 

BH19 
BH14 
BH7 
F8 

Fll 
311 

REBF 
F7 
F7 

HTBF 
HTAA 
HTAG 
HTBG 
MOBF 
MOBF 
MOBF 
RTBA 
RTCA 
RTCF 
OBAA 
SCAA 
SCBG 
SCBA 
GBAA 
GBAG 
HOAG 
HOAG 
CHBE 

ROOF' 

RA 
TI 
CS 
CS 
CS 
CS 
RA 
TG 
FL 

GA, CS 
GA,CS 

TG 
GA, TI 

FL 
TG 
FL 
FL 
TG 
TG 
TG 
HP 
TG 

FL 
TG 
FL 

HP,T1 

CS 
CS 

FOUND'' 

PB 
PB 

WPL 
WPL 
WPL 
WPR 
WPR 
CS 
CS 
PB 
PB 
CS 
CS 
PT 
CS 
CS 
CS 
CS 
CS 
CS 
CS 
CS 

CS 
CS 
CS 
RIB 

CS 
CS 

YEAR 

1977 
1966 
1991 
1989 
1955 
1965 
1980 
1965 
1965 
1965 
1962 
1941 
1946 
1984 
1962 
1971 
1964 
1985 
1975 
1987 
1954 
1971 
1975 
1965 
1955 
1975 
1957 
1980 
1984 
1911 

COND" 

3 
3 
1 
3 
5 
4 
3 
5 
5 
4 
4 
8 
4 
4 
4 
4 
5 
4 
3 
2 
4 
4 
4 
4 
4 

4 
4 
2 
3 
1 

' Land use of the building indicates whether the building should be used for residential (A) or 
commercial (F) purposes, tt is possible, however, to find commercial buildings in areas 
assigned for residential use, like the ninth building listed in this table. 
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Table 4.3. Continued. 

Construction gives information about the exterior wall system of residential buildings and the 
type of commercial building. In the case of residential buildings, B stands for brick veneer, BH 
denotes beach house, F stands for timber frame, and TH indicates town home. The 
accompanying numbers indicate the tax rate to be applied: the higher the number, the higher the 
tax rate. In commercial buildings, the first two letters of this code identify the type of building 
(e.g., HT is hotel, SC is school, and CH is church) and the last two letters establish the tax rate 
to be applied to that building. 

" Roof indicates the covering and/or geometry of the roof system. For example, RA stands for 
rigid asbestos, TI denotes tile, CS indicates composite shingles, TG stands for tar-and-gravel, 
FL stands for flat, GA stands for gable, and HP stands for hip. 

'' Foundation describes the type of foundation used. The codes include CS for concrete slab, PB 
for pier-and-beam, WPL are wood pilings, WPR are wood piers, and RIB stands for concrete 
ribbon. 

" The condition of the structure is ranked subjectively from 1 (excellent) to 8 (poor). 

4.3.2 Limitations of the Building Inventory Database 

No set of procedures or regulations for data collection has been established at 

state or federal level for tax assessing offices in die United States. Each county follows 

its local methodology for gathering building attributes. As a result, information about 

building characteristics gathered by tax assessing offices across the nation may differ 

from city to city. In Galveston Island alone some buildings have information about roof 

geometry and others do not, probably because collecting this attribute is optional. 

Although the database maintained by GCAD provides valuable information about 

building attributes necessary to estimate wind damage, several limitations were 

identified. The main drawback of this database is the lack of other important structural 

characteristics such as beam/column systems, interior walls, roof structure, and windows. 

Also unavailable is whether or not a building would be secured with shutters on exterior 

doors and windows and hurricane clips. Only the information collected by GCAD was 

used to evaluate the impad of hurricane winds in Galveston Island. Several assumptions 

had to be made to complement the analysis, as discussed in section 4.4. 
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Another shortcoming of this database is that information about the exterior wall 

system is only available for residential buildings. In addition, the exterior wall data do 

not specify whether the walls are timber-framed, masonry-framed, or steel-framed. 

Instead, GCAD utilizes a general code "F" to describe "framed" exterior walls. Another 

code used by GCAD on exterior walls is "B", which denotes an exterior wall with brick 

veneer. The problem is that "B-walls" and "F-walls" are closely rdated: a "B-wall" also 

could be an "F-wall." The other 2 codes used by GCAD are ambiguous as well: "BH" 

stands for beach house and "TH" stands for town house. When either "BH" or "TH" is 

used, information about the exterior wall remains unclear. 

Because of subjective assessment of the condition of the building, inconsistent 

ranking is inevitable. Human perception tends to be affected by mood swings, 

psychological stress levels, time of day, and even weather conditions (Bruce and Green, 

1990; Levine and Parkinson, 1994). Considering that several building appraisers collect 

data for GCAD, it is not surprising to find that a building judged by one building 

appraiser to be in average condition could be ranked as good condition by another 

appraiser. 

The number of stories ofbuildings is one of the attributes gathered by GCAD. 

However, due to technical problems this statistic could not be retrieved in Galveston 

Island. Hence, the identification of mid-rise buildings was not possible and 

consequently, the application of damage bands for 4-10 story buildings could not be 

carried out. 

Another minor problem involved a few commercial buildings categorized 

incorrectly as residential buildings (column 2 in Table 4.3) because they were located in 

residential zones. This happens sometimes when residential buildings are converted into 

commercial buildings. These situations were easily identified by a code that describes 

the type of commercial building (column 3 in Table 4.3). 

Finally, human errors can never be avoided. It is possible for building appraisers 

to make mistakes when collecting data: using the wrong code or even filling the form of 

the wrong address. But even if all the gathered data are correct, somebody must input the 
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information for thousands ofbuildings into the computer database. Assuming that at 

some point the wrong data will be entered or the wrong button will be pushed is only 

logical. This may explain why a few buildings (less than 1%) have all the information 

except for roofcovering, or why some commercial buildings have no code identifying the 

type of building and its tax rate. 

4.4 Analysis and Results 

After executing the computer program described in section 4.2, 16 wind fields 

were produced corresponding to 16 hurricane eye locations with respect to the coastline. 

Each wind field was stored in a separate table (Table 4.4 shows a 5-point sample of the 

output). Because most wind fields had approximately 50,000 points, trying to manipulate 

these tables would have been extremely cumbersome. To overcome this problem, GIS 

was used to visualize and query the wind fields. The tables were imported into 

ArcView GIS, and each wind field was displayed on the map. Clicking on any point of 

a wind field gives information about that point (e.g., wind speed, location, wind 

direction). Also it was possible to verify if (1) the wind fields followed the theoretical 

shape and orientation, with the region of maximum winds in the front-right quadrant, (2) 

the location of each wind field was geographically correct (e.g., 300 km off the coast, 250 

km off the coast, and so on), (3) in the transition ocean-land wind speeds reduced due to 

surface friction, and (4) the hurricane decayed after landfall. Displaying the wind fields 

with GIS showed that in the transition ocean-land wind speeds decreased indeed, but the 

coastline (assumed a straight line) and the wind field did not align correctly. This 

occurred because the transformation between coordinate systems (x,y to 

latitude/longitude) is extremely sensitive, since 1 degree latitude and 1 degree longitude 

are approximately 100 km. To align the coastline and the wind field, a trial and error 

process was required during the coordinate transformation to rotate the entire wind field 

around the center of the hurricane. After 5 trials, the transition of the wind field from 

ocean to land was accurately modeled. 
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Table 4.4. Five-point sample output of the hurricane simulation program. 

RADIUS' 
(km) 

31 

32 

33 

34 

35 

GUST'' 
(mph) 

68 

73 

77 

81 

85 

GLOBAL 
X ' 

-10.60 

-10.94 

-11.29 

-11.63 

-11.97 

GLOBAL 
Y" 

29.13 

30.07 

31.01 

31.95 

32.89 

WIND 
DIR.' 

218 

218 

218 

218 

218 

LAT.^ 

29.38167 

29.38726 

29.39285 

29.39844 

29.40403 

LONG. ^ 

-95.13277 

-95.13982 

-95.14687 

-95.15393 

-95.16098 

SUST.'' 
(mph) 

54 

58 

61 

64 

67 

' Radius is the distance from the point of interest to the center of the hurricane. 

'' Gust is the 3-second wind speed at 10 meter-height after adjusting for surface terrain. 

" Global X is the x-coordinate of the point relative to the storm direction with the origin at 
Galveston airport. 

'' Global Y is the y-coordinate of the point relative to the storm direction with the origin at 
Galveston airport. 

' Wind direction is the azimuthal direction of the velocity vector. 

^Latitude. 

^ Longitude. 

^ Sustained is the 1-minute wind speed at 10 meter-height after adjusting for surface terrain. 

The map of Galveston Island containing the land parcels and existing buildings of 

the cities was then loaded into ArcView®, as well as the table of building attributes. The 

city map and the table of building attributes supplied by GCAD were linked together 

through a common field: the unique identification code of land parcels. With the wind 
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; maximum fields, city map, and table of building attributes loaded into ArcView®, the 

wind speed sustained by each building was easily determined. First, each wind field 

partially or completely over Galveston Island was displayed on the map. By querying 

ArcView , it was identified that Galveston Island experienced the maximum sustained 

wind speeds when the hurricane was 50 km off the coastline, ranging between 89 mph 

and 94 mph (west and east of Galveston Island, respectively). This small range was 

expected since Galveston Island is small relative to the hurricane size. However, to 

demonstrate the power of GIS in cases where larger areas are investigated (and thus, 

larger wind speed ranges are anticipated), wind speed increments of 1.5 mph were used in 

the analysis. ArcView® allows selection of objects within a specified distance from other 

objects. Considering that the wind fields were produced on a I km by I km grid, those 

buildings within a radius of 0.75 km of points of the wind field whose wind speed ranged 

between 89 and 90.5 mph were located. The same procedure was done for each wind 

speed range until each and every building was assigned a maximum wind speed. 

The wind speed increments utilized in the analysis of this case study were 

arbitrarily chosen. A smaller increment, or no increment at all, also could have been 

used; ArcView could accurately perform the analysis. However, the level of accuracy 

to determine the maximum wind speed experienced by each building would depend upon 

the accuracy of the data. In cases where real-time data are used, performing an analysis 

with such a degree of precision might be justifiable. But since the wind fields in this case 

study were generated using a semiempirical model, and considering that the damage 

bands produce only crude estimates of damage due to the complex nature of wind 

damage prediction, a smaller increment seemed unnecessary. As research progresses in 

the field of wind damage prediction and improved damage ftmctions become available, 

GIS could be used to determine the maximum wind speed to any level of accuracy, 

provided that the wind field data are reliable. 

73 



4.4.1 Individual Buddings 

After assigning to each building the maximum wind speed experienced during the 

hurricane, the table was exported to Microsoft® Excel 2000 for application of the damage 

bands. Even diough ArcView® has the capability to perform calculations similar to 

spreadsheets. Excel was used because it provides more flexibility through the use of 

conditional statements, currently not available in ArcView®. Each building component 

was analyzed based on the database supplied by GCAD and their contribution to the 

overall structural system was graded using the system proposed by Unanwa. 

GCAD provides information about the roofcovering of both residential and 

commercial buildings. In the rare cases where this information was missing, it was 

assumed that asphalt shingles (quality point = 0.98) were used since this is the most 

popular material for roof covering in Galveston Island. This is a conservative assumption 

because the resulting damage degree for these buildings will be closer to the upper bound 

of the damage band. 

GCAD also collects roof geometry. Whenever possible, this building parameter 

was rated according to Table 3.2. However, for unknown reasons this attribute was 

missing for a large number ofbuildings. In such cases, and considering that most roof 

shapes rank between 0.4 and 0.7, a value of 0.5 was used. 

GCAD collects information about exterior wall system for residential buildings 

only; information about exterior wall system for commercial buildings is not gathered. 

As discussed earlier, the only type of exterior wall that GCAD clearly catalogues are 

walls having brick veneers. Because in Galveston Island most buildings are wood-

framed with wood siding, it was assumed during the analysis that those buildings not 

having brick veneers were wood-framed with wood siding (rated 1). However, to 

account for those buildings having stronger exterior wall systems (e.g., stucco on wood 

frame, concrete block), a ranking of 0.2 was used whenever the value of the building 

exceeded $500,000 under the assumption that the higher the value of the building, the 

more engineering attention is given. 
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The building age was easily calculated from the effective year built supplied by 

GCAD, and the corresponding parameter value was assigned according to Table 3.2. The 

building envelope maintenance parameter was ranked based on the condition category of 

the building. GCAD ranks the building condition on a scale from I to 8, 1 being 

excellent and 8 being poor. Quality points for this parameter were assigned as follow 

(refer to Table 3.2): condition 7 or 8 corresponding to maintenance once every 20 years; 

5 or 6 corresponding to maintenance once every 10 years; 3 or 4 corresponding to 

maintenance once every 5 years; and 1 or 2 corresponding to maintenance once per year. 

GCAD does not collect information about window glass type, roof sheathing, roof 

structure, partition wall, beam/column system, floor structure, building code usage, roof 

span, exterior door, or percent wall occupied by exterior doors and windows. Window 

glass type was assigned a value of 1 (unknown glass type) as suggested by Unanwa. The 

other building parameters were assigned based on the same assumption of building value 

used for the exterior wall system, whenever possible. Again, the idea was to distinguish 

between those buildings receiving little or no engineering attention and those designed 

following architectural and engineering principles. Buildings exceeding $500,000 were 

given a value of 0.6 for roof sheathing (metal panels), 0.14 for roof structure (steel 

beams), 0.43 for partition walls (metal studs), 0.09 for beam/column system (steel), 0.16 

for floor structure (metal frame), and 0.35 for building code (model building code). 

Buildings whose value is less than $500,000 were given a value of 0.8 for roof sheathing 

(plywood), 0.5 for roof structure (steel beams), 0.46 for partition walls (wood frame), 1 

for beam/column system (none), 0.33 for floor structure (wood frame), and 0.7 for 

building code (no code/unknown). Roof span, exterior door, and percent wall occupied 

by exterior doors and windows were not considered because there seems to be no 

correlation between these parameters and building value. 

After all possible building damage parameters were assigned based on the 

available data, the relative damageability index was calculated for each individual 

building using equation 3.13 and Tables 3.2 and 3.3. Next, the damage bands for 

residential and commercial buildings were fitted to a third-order polynomial equation. 
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allowing calculating the upper and lower damage degrees given the maximum wind 

speed experienced by each building. Finally, the building damage degree was computed 

using equation 3,14, and damage for each building was calculated in terms of dollar loss 

by multiplying the building damage degree by the value of the building. The value of the 

building was taken as the market value according to GCAD plus the estimated building 

content used by Unanwa during the development of the damage bands (i,e,, 50% of the 

replacement value for residential type buildings and 100% of the replacement value for 

commercial buildings). 

Based on the available data and calculating the relative damageability indices 

using the individual bmlding attributes supplied by GCAD, winds from a hurricane 

similar to AUcia would cause property damage (including building contents) in Galveston 

Island in the order of $293 miUion (2000 value). Figure 4,7 shows the distribution of 

damage between residential and commercial buildings. 

Total damage in Galveston Island = $293 milhon 

I $124 
|$169 

I Residential • Commercial 

Figure 4,7. Estimated damage (2000 value) in Galveston Island, 
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Maximum sustained wind speeds over Galveston Island during the simulation 

ranged between 89 mph and 94 mph. Residential buildings suffered damage degrees 

between 5% and 12% and commercial buildings between 6% and 13%, as depicted in 

Figure 4,8, 

I Minimum • Average • Maximum 

Residential Commercial 

Figure 4.8. Building damage degrees in Galveston Island during simulation. 
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4.4.2 Building Portfolio 

Additionally, wind damage in Galveston Island was estimated as a group of 

buildings. Because buildings were analyzed as a group, the maximum average wind 

speed was used. Rather than using building damage parameters to compute individual 

relative damageability indices, the average relative damageability indices suggested by 

Unanwa (Table 3.4) were used. The procedure requires that the number of 1 story, 2-3 

story, and 4-10 story buildings be known. Since the number of stories was not available, 

the analysis was performed considering 3 situations: (1)1 story and 2-3 story buildings 

comprising 90% and 4-10 story buildings comprising 10% of the total number of 

buildings, (2) 1 story and 2-3 story buildings comprising 95% and 4-10 story buildings 

comprising 5% of the total number ofbuildings, and (3) I story and 2-3 story buildings 

comprising 100% and 4-10 story buildings comprising 0% of the total number of 

buildings. Within each case, the distribution of 1 story and 2-3 story buildings also was 

varied, as shown in Table 4.5. Wind damage estimates using the portfolio analysis 

ranged between $215 million and $274 million (2000 value). 
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Table 4.5. Building disfribution used to perform portfolio analysis in Galveston Island. 

PERCENT 1 STORY' 

50 
55 
60 
65 
70 
75 
80 
85 
90 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 
100 

PERCENT2-3 STORY' 

40 
35 
30 
25 
20 
15 
10 
5 
0 

45 
40 
35 
30 
25 
20 
15 
10 
5 
0 
50 
45 
40 
35 
30 
25 
20 
15 
10 
5 
0 

PERCENT 4-10 STORY' 

10 
10 
10 
10 
10 
10 
10 
10 
10 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Include both residential and commercial buildings. 
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4.4.3 Sensitivity Study 

A sensitivity analysis investigated how input parameters affected the damage 

estimate. Assuming that the number ofbuildings provided by GCAD is correct, the 

following scenarios were explored: 

1. The relative damageability index can take a minimum value of 0 and a 

maximum value of 1. For the wind speeds experienced during the hurricane, 

damage was estimated using the relative damageability index calculated from 

building attributes supplied by GCAD, as well as minimum and maximum 

possible values. The objective was to assess the wind damage losses caused 

by the hurricane based on the available data, and determine the probable 

minimum and maximum damage sustained by Galveston Island given the 

maximum wind speeds. 

2. Wind speeds were varied from 80 mph to 140 mph in increments of 10 mph, 

assuming that the entire city experienced the same wind speeds. As with 

scenario 1, wind damage was estimated using the lower relative damageability 

index limit (i.e., 0), the upper relative damageability index limit (i.e., 1), and 

the calculated relative damageability index. The analysis shows how wind 

damage varies as a function of wind speed, allowing prediction of wind 

damage in Galveston Island at a specific wind speed. 

3. As described in section 3.3, Kumar conducted research at Texas Tech 

University to revise some of the assumptions made by Unanwa. As a result, 

Kumar produced a damage band specifically for 1-2 story residential buildings 

(Kumar, 2000). Scenario 1 was repeated using the damage band for 

residential buildings produced by Kumar (since the revised version of damage 

band applies only to residential buildings, Unanwa's damage band for 

commercial buildings was used), as well as portfolio analysis. 

When the lower and upper limits of the relative damageability indices were used, 

wind damage was estimated to be $36 million and $454 million (2000 value), 

respectively. Although it is virtually impossible for all buildings to have a relative 
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damageability index of 0 (or 1), these lower and upper damage estimates serve as 

indicators for the minimum and maximum damage expected to occur in Galveston Island 

for that wind speed range. The variation of wind damage as a function of wind speed 

also was investigated, assuming a uniform wind speed across the island. Wind speeds of 

80 mph would produce $87 million in property damage. As wind speed increased, the 

expected damage rose rapidly. At 140 mph, property damage was estimated in $1,995 

million (almost 23 times the expected damage at almost twice the wind speed). 

Minimum and maximum expected damage were also computed at each wind speed 

increment; the lower and upper bounds approached each other as wind speed increased. 

This implies that I -3 story buildings exposed to maximum sustained wind speeds of 

about 140 mph or higher experience near total destruction, regardless of the quality of 

their components and connections. Figure 4.9 shows the variation of wind damage with 

wind speed. In this graph, the expected damage caused by the wind speeds produced 

during the simulation (i.e., wind speeds ranging between 89 mph and 94 mph) is 

represented by the weighted wind speed average equal to 93 mph. Note that the average 

expected damage at this wind speed is the same as the estimated damage given in Figure 

4.7. 
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Figure 4.9. Property damage (2000 value) in Galveston Island at various wind speeds. 

Using the damage band for 1-2 story residential buildings developed by Kumar, 

property damage was estimated to be $211 milUon, with minimum and maximum 

expected losses of $33 miUion and $342 miUion, respectively. Figures 4.10 and 4.11 

show the distribution of damage among residential and commercial buildings and the 

damage range, respectively. 
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Total damage in 

• $42 ^ ^ ^ 

Galveston Island = = $211 million 

• Residential • Commercial 

Figure 4.10. Damage distribution (2000 value) in Galveston Island using the damage 
band for residential buildings produced by Kumar and the damage band for 
commercial buildings produced by Unanwa. 
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Figure 4.11, Expected damage (2000 value) in Galveston Island using the damage band 
for residential buildings produced by Kumar and the damage band for 
commercial buildings produced by Unanwa, 

PortfoUo analysis of the existing buildings in Galveston Island using the damage 

bands developed by Kumar (for residential buildings) and Unanwa (for commercial 

buildings) predided wind damage ranging between $78 milUon and $96 million, 

4.4,4 Comparison of Predided and Reported Damage 

The population of Galveston Island has not changed significantly since 1984, 

suggesting that major new development has not occurred on the island m the last 15 

years. This assumption is fiirther reaflfirmed by the fact that more than 85% of the 

buildings were built before 1983, as illustrated eariier in Figure 4.4. Hence, the building 

inventory used for analysis during this simulation probably is similar to the number of 

existing buildings in 1983 when Hurricane Alicia came on-shore, and the comparison 

between simulated and reported damage to buildings is appropriate. 
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After Hurricane Alicia, the City Manager of Galveston Island estimated property 

damage of residential and commercial buildings to be $314 million and $373 million, 

respectively, totaling $687 million (U.S. House of Representatives, 1984). Since markd 

values as of January 2000 were used to assess wind damage in this case study, the 1984 

damage estimates needed to be adjusted to 2000 dollars in order to make a fair 

comparison of the results. Using the U.S. Department of Commerce implicit price 

deflator for consti^ction, property damage estimates in 1984 translated into 2000 dollars 

as follow: $487 million for residential buildings and $578 million for commercial 

buildings, for a total of $1,065 million. 

The damage proportion for residential and commercial building was similar for 

botii 1984 and predided damage estimates using Unanwa's bands. Meanwhile, the 

predicted estimate was approximately 70% less than the 1984 estimate. This difference 

may be attributed to the fact that only wind damage was modeled in the simulation and 

damage caused by storm surge, flooding, erosion, or isolated tornadoes was not included. 

Also, when computing die relative damageability indices of the buildings it was assumed 

that construction quality was adequate. However, post-storm investigations revealed that 

most severely damaged buildings did not comply with building code requirements. To 

compensate this situation, a comparison between 1984 damage estimates and the upper 

bound of predicted damage estimates obtained using relative damageability indices of I 

seemed appropriate. When such comparison was made, the difference between the 

predicted estimate and the 1984 estimate reduced to about 55%. Other possible causes 

for discrepancies between 1984 and predicted damage estimates might be uncertainties in 

Unanwa's damage bands due to: (1) imperfect choice of probability distributions to 

evaluate component resistance, (2) subjective expert opinions used to obtain conditional 

probabilities, location parameters, and building damage parameters, and (3) exclusion of 

certain modes of failure. However, variations due to these factors are probably smaller as 

compared to the fact that only wind damage was included in the simulation. 

^ City public property and the University of Texas medical branch were included in this category 
since they were analyzed using the damage band for 1-3 story commercial buildings, 
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Using the damage band for 1-2 story residential buildings developed by Kumar, 

property damage estimates were approximately 28% lower than property damage 

predicted by Unanwa's bands. Since the damage band produced by Kumar applies only 

to residential buildings, commercial buildings were analyzed using the damage bands for 

1-3 story buildings developed by Unanwa. Consequently, damage to commercial 

buildings was the same, whereas damage to residential buildings predicted by Kumar's 

band was approximately one third the damage of residential buildings estimated by 

Unanwa's bands. Compared to 1984 damage estimates of Hurricane Alicia, property 

damage assessment using the damage band produced by Kumar was roughly 80% less. 

Once again, the analysis also was performed using the upper limit of the damage bands 

(i.e., setting the relative damageability indices equal to 1) to account for post-storm 

reports indicating poor quality construction in most severely damaged buildings, in which 

case predicted property damage was about 68% less than property damage reported in 

1984. 

The damage prediction to properties due to wind obtained from the analysis of 

individual buildings using Unanwa's damage bands was 7% more than the upper bound 

of the damage range of the portfolio analysis using the same damage bands. On the other 

hand, when Unanwa's damage band for residential buildings was substituted with the 

damage band produced by Kumar, the damage estimate from the analysis of individual 

buildings was off the damage range of portfolio analysis by a factor of 2.5. The reason 

for such inconsistency is that portfolio analysis involves averaging damage bands for 

residential and commercial buildings. The lower and upper damage degrees fiimished by 

Unanwa for residential and commercial buildings are almost identical at the wind speed 

used in the portfolio analysis (i.e., 93 mph sustained wind speed). However, the lower 

and upper damage degrees given by the damage band for residential buildings produced 

by Kumar are about one third of the lower and upper damage degrees for commercial 

buildings given by Unanwa. Table 4.6 presents a summary of the damage estimates 

obtained from the various cases described in this chapter. 
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Table 4.6. Summary of results. 

DAMAGE BAND 

1. Unanwa 

Residential 

Commercial 

Total 

2. Kumar 

Residential 

Commercial ̂  

Total 

3. Hurricane Alicia ^ 

Residential 

Commercial 

Total 

PROPERTY DAMAGE, 2000 (million dollars) 

Minimum ^ 

12 

24 

36 

8 

24 

32 

-

Expected'' 

124 

169 

293 

42 

169 

211 

550 

515 

1,065 

Maximum '^ 

169 

285 

454 

56 

285 

341 

-

Portfolio 

-

-

215-274 

-

-

7 8 - 9 6 

-

-

^ Minimum probable damage calculated using a relative damageability indices of 0 for all 
buildings. 

'' Expected damage calculated using relative damageability indices computed for each 
building using the quality points and weights given in Tables 3.2 and 3.3. 

" Maximum probable damage calculated using relative damageability indices of 1 for all 
buildings. 

** Kumar has not developed a damage band for commercial buildings. 

^ Reported damage after Hurricane Alicia adjusted to 2000 dollars. These estimates are 
likely to include damage due to wind, storm surge, erosion, rain, and flooding. 
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4.5 Surrounding Area: Texas City 

The same procedure used to predict wind damage in Galveston Island was applied 

to neighboring Texas City, located approximately 6 miles north of Galveston Island. The 

purpose was to demonsfrate that the methodology presented in this research project is 

applicable to any city in the United States, including inland cities. Wind damage to 

residential and commercial properties was estimated for each building using Unanwa's 

damage bands. A comparison of predicted damage for various wind speeds also was 

conducted. Additionally, buildings were analyzed as a group and a range of damage was 

calculated, similarly to the portfolio analysis performed in Galveston Island. Wind 

damage assessment in Texas City was only performed to show the suitability of the 

proposed predictive scheme to surrounding cities and an extensive analysis was not 

intended. Consequently, the damage band developed by Kumar was not used in the 

analysis, and reported damage in Texas City after Hurricane Alicia was not included. 

Texas City experienced maximum wind speeds when the hurricane was 40 km 

and 30 km off the coastline. In contrast to Galveston Island, whose maximum sustained 

wind speeds during the simulation ranged between 89 mph and 94 mph, every building of 

Texas City was subjected to a maximum wind speed of 93 mph. This was not surprising, 

considering that Galveston Island extends nearly 30 miles along the coastline while Texas 

City measures just 3 miles in the direction parallel to the coastline. As a result, only a 

small area of the hurricane wind field affected Texas City at a given time. 

GCAD records show a total of 9,338 buddings in Texas City - 91% residential 

and 9% commercial buildings (Figure 4.12). Damage degrees varied between 7% and 

11% for residential buildings and 6% and 12% for commercial buildings (Figure 4.13). 

Predicted wind losses (buildings and contents) for Texas City amoimted to $77 million 

(Figure 4.14). Finally, Figure 4.15 shows wind damage for a range of wind speeds in 

which relative damageability indices were calculated from building attributes and 

minimum and maximum probable damage were computed using lower and upper limits 

of relative damageability indices (i.e., 0 and I). 
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Figure 4.12. Distribution ofbuildings in Texas City, 
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Figure 4,13. Building damage degrees in Texas City during simulation. 
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Total damage m Texas City = $77 million 

I $51 
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I Residential • Commercial 

Figure 4.14. Estunated damage (2000 value) in Texas City, 
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Figure 4.15, Property damage (2000 value) in Texas City at various wind speeds. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

The ability to anticipate wind damage in any city of the United States has great 

value to local engineering authorities, emergency management agencies, and insurance 

companies. The main thrust of this work consisted of coupling hurricane wind field 

models developed by meteorologists, wind damage functions developed by wind 

engineers, and an up-to-date database of building attributes developed by local official 

authorities and available across the nation, to produce a wind damage prediction scheme. 

The methodology advanced in this interdisciplinary effort includes the application of GIS 

platforms to visualize the hurricane simulation and to estimate maximum wind speeds 

sustained by each building. GIS makes possible the integration of hurricane wind field 

models, damage functions, and database of building attributes to produce a dollar-loss 

value ofbuildings and its estimated contents. 

5.1 Conclusions 

The most significant contribution of this work consists of the implementation of a 

building inventory database maintained by non-engineering organizations to solve 

engineering problems using GIS platforms. The methodology presented in this research 

study can be applied to any city in the United States to predict damage caused by 

potential natural disasters and hence, better prepare against them. The conclusions drawn 

from this work are: 

1. The methodology and the building inventory database presented in this 

research study can be used to predict, in a rational and consistent basis, an 

estimate of future hurricane damage from an engineering point of view. 

2. The methodology presented in this research study applies directly to wind 

damage caused by hurricanes. However, the methodology also applies to 

prediction of damage due to other types of natural phenomena such as 

tornadoes, severe thunderstorms, and flooding. 

91 



3. The building inventory database implemented in this research study contains 

information about building characteristics that engineers can use. The 

database is reliable, updated with time, obtainable across the nation, and in 

most cases available in GIS format. 

4. The wind field and wind damage models used in this work are interchangeable 

modules that can be replaced for improved wind field models or damage 

fimctions as they become available in the future, as shown in the case study 

where 2 damage functions provided estimates of wind damage. 

5. A simulation of a hurricane with the same characteristics of Hurricane Alicia 

was performed to validate the prediction capability of the method presented 

here. The wind speeds obtained from the simulation were consistent with 

reported wind speeds during Hurricane Alicia. Predicted damage to 

residential and commercial buildings was approximately 70% less than 

reported damage to these types ofbuildings after Hurricane Alicia, probably 

because (a) only wind damage was considered in the simulation while 

reported damage most likely included damage due to wind, storm surge, 

erosion, and flooding, (b) minimal attention had been given to anchorage, 

bracing, and connections when homes were constructed (National Research 

Council, 1984; Nelson and Morgan, 1985; Marshall, 1985), thus resulting into 

more damage than predicted, (c) the damage fiinctions used in this research 

study seem to underestimate predicted damage, and (d) reported damage after 

Hurricane Alicia was only an approximate and, most likely exaggerated, 

estimate of the actual damage. 

6. GIS is a powerful tool with applications in a wide variety of fields. Thanks to 

technological advances in the area of personal computers, GIS has gained 

popularity in recent years. Scientists and engineers must take advantage of 

the capability of GIS to simplify complex problems, as demonstrated in this 

research project in which maximum wind speeds sustained by the buildings of 
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Galveston Island during a hurricane was determined by superimposing the 

wind field with the location of the buildings. 

5.2 Recommendations 

This research sttidy presented the basis for a system intended to predict damage to 

large areas of the United States, particularly hurricane-prone cities. The following 

measures are warranted to achieve a comprehensive system for damage prediction: 

1. Currently, no set procedure exists for data collection of building attributes for 

tax assessing purposes. A nationwide standard method that regulates the type 

of data collected would resuU in a uniform database of useful information for 

engineers and other professionals across the country. Rather than developing 

a new database, including those building attributes that are missing in the 

existing database in future property assessment rounds would prove less 

expensive and more efficient. 

2. The hurricane decay model used in this research project applies to hurricanes 

making landfall from the Mexico-Texas border to the North Carolina-Virginia 

border. Investigations of hurricane impact for regions north of the North 

Carolina-Virginia border should incorporate a hurricane decay model suitable 

for the region. 

3. The application of most damage functions requires a vast amount of 

information regarding the structural system, roof envelope, and cladding of a 

building. This makes wind damage assessment at a large scale using current 

damage ftmctions impractical. Therefore, future damage functions should 

consider building characteristics that are readily available from sources like 

the database used in this investigation. 

4. GIS can easily analyze the interaction of several variables through 

superimposing layers with information about these variables. Future analyses 

should include topographic effects and damage resulting from storm surge and 

flooding. 
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5. The proposed methodology neglects damage to manufactured homes. 

However, manufactured homes usually sustain severe damage when subjected 

to high winds. The analysis technique can incorporate a wind damage 

prediction model for manufactured homes to complete the assessment of 

damage to dwellings during extreme wind conditions. 

6. The proposed damage prediction scheme was validated with a case study of 

Hurricane Alicia making landfall in Galveston Island in 1983. According to 

GCAD, 2,228 buildings have been constructed in Galveston Island since 

1984. Since the damage prediction is based on appraised value ofbuildings as 

of 2000, the comparison involved adjusting reported damage from 1984 to 

2000. Therefore, for a more consistent validation of the proposed damage 

prediction scheme (i.e., a comparison between reported and predicted damage 

based on the same building inventory and eliminating the need to adjust dollar 

values), the results should be validated again the next time a hurricane strikes 

the United States. 
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PLEASE DO NOT FILL OUT THIS FORM. 
This is not an official census form. It is for informational purposes only. 

^^United States 

Census 
2000 

The "Informational Copy" shows 
the content of the United States 
Census 2000 " long" form 
questionnaire. Each household will 
receive either a short form 
(100-percent questions) or a long 
form (100-percent and sample 
questions). The long form 
questionnaire includes the same 
6 population questions and 
1 housing question that are on the 
Census 2000 short form, plus 
26 additional population questions, 
and 20 additional housing 
questions. On average, about 1 in 
every 6 households wil l receive the 
long form. The content of the forms 
resulted from reviewing the 1990 
census data, consulting with 
federal and non-federal data users, 
and conducting tests. 

For additional information about 
Census 2000, visit our website at 
www.census.gov or write to the 
Director, Bureau of the Census, 
Washington, DC 20233. 

U.S. Department of Commerce / V L \ 
Bureau of the Census : w i f _• 

This is the official form for all the people at this address. 
It is quick and easy, and your answers are protected by 
law. Coinplete the Census and help your community get 
what it needs — today and in the future! 

Start Here Please use a black or 
blue pen. 

How many people were living or staying in this house, 
apartment, or mobile home on April 1, 2000? 

Number of people 

INCLUDE in this number: 

• foster children, roomers, or housemates 
• people staying here on .April 1, 2000 who 

nave no other permanent place to stay 
• people living here most of the time while 

working, even if they have another place to live 

DO NOT INCLUDE in this number: 
• college students living away while 

attending college 

• people in a correctional facility, nursing home. 
or mental hospital on April 1, 2000 

• Armed Forces personnel living somewhere else 
• people who live or stay at another place most 

of the time 

Please turn the page and print the names of all the 
people living or staying here on April 1, 2000, 

W^U,,^ 

, If you need help completing this form, call TSOO-XXX-XXXX between 8:00 am and 
; 9:00 p.m.. 7 days a week. The telephone call is free 

\ TOD - Telephone display device for the hearing impaired. Ca/i !-S0O-XXX-XXXX between 
j 8:00 a.m and 9:00 p.m., 7 days a week. The telephone call is free. 

\ ^NECESITA AYUDA? 5/ u i ted necesita ayuda para completar este cuestionano llame al 
; 1-800-XXX-XXXX entre las 8:00 a.m. y las 9:00 p.m., 7 dias a la semana La llamada 
\ teiefdnica es gratis 

1D-6IB 

The Census Bureau estimates that for the average household, this form will lake about 
38 rninutes to complete, including the time for reviewing the instructions and answers 
Comments about the estimate should be directed to the Associate Director (or Finar\ce zr.6 
Administration, Attn- Paperwork Reduction Project 0607-0856, Room 3104, Federal 
Building 3. Bureau of the Census, Washington. DC 20233 

Respondents are not required to respond to any information collection unless it displays a 
valid approval number from the Office of Management and Budget, 

0MB No. 06070856: Approval Expires 12/31/2000 
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Lest o f PersQcus 
Please be sure y o u a n s w e r e d ques t ion 1 on the f ron t 
page be fo re c o n t i n u i n g . 

Please p r i n t the names o f all the people w h o you 
ind ica ted in ques t i on 1 w e r e l i v ing or stavina here 
on Apr i l 1, 2000, 
Example — Last Name 

JOHNSON 
First Name 

U 3 I N 
Ml 

Start w i t h the person , or one of the people l iv ing 
here w h o o w n s , is b u y i n g , or rents th is house, 
a p a r t m e n t , or m o b i l e home . If there is no such 
person, s tar t w i t h any adu l t l i v ing or s tay ing here. 

Person 1 — Last Name 

First Name 

Person 2 — Last Name 

First Name 

Person 3 — Last Name 

First Name 

Person 4 — Last Name 

First Name 

Person S — Last Name 

First Name 

Ml 

Ml 

Ml 

Ml 

Ml 

Person 6 — Last Name 

First Name 

Person 7 — Last Name 

First Name 

Person 8 — Last Nam? 

First Name 

Person S — Last Name 

First Name 

Person 10 — Last Name 

First Name 

Person 11 — Last Name 

First Name 

Person 12 — Last Name 

First Name 

Ml 

Ml 

Ml 

Ml 

Ml 

Ml 

Q 9 N e x t answer quest ions abou t Person 1. 

A, JIC1 B, JIC2 C, JIC3 D, JIC4 

Fofm 0-618 

m-i^^f^-
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K f r ? « J What is this person's race? Mark ( 2 one or 
'-' ^^ more races to indicate what this person considers 

tiimself/herself to be 

•'^W'*^^^^^'rWS^lmWsmiximipt!mgw^'<'''mrV^-

i r ^ » P W h a t is this person's name? Print the name of 
^^ Person 1 from page 2 

Last Name 

First Name Ml 

W h a t is this person's telephone number? We may 

contact this person if we don't understand an answer 

Area Code + Number 

f r - ? ^ f c W h a t is this person's sex? ti^ark ( 3 ONE box 

O Male 
O Female 

[ r - 3 " t » W h a t is this person's age and w h a t is th is person's 
' ^ date of birth? 

Age on April 1, 2000 

Pnr)t numbers in boxes 

Month Day Year of birth 

A NOTE: Please answer BOTH Questions 5 and 6. 

!r-3-^^ Is this person Spanish/Hispanic/Latino? Marl< (Z) 
^ ^ the 'No' box if not Spanish I Hispanicl Latino 

D No, not Spanish/Hispanic/Latino 

O Yes, Mexican, Mexican Am., Chicane 

D Yes, Puerto Rican 

O Yes, Cuban 
O Yes, other Spanish/Hispanic/Latino — Pnnr group ^ 

D White 

D Black, African Am , or Negro 

O American Indian or Alaska Native 

of enrolled or principal tribe ^ 
- Pnn( name 

O Asian Indian 

L J Chinese 

[_) Filipino 

L ) Japanese 

D Korean 

O Vieliismese 

O Othicr A.:ian -

D Native Havviaiian 

D Guamanian or 
Chamorro 

LJ Samoan 
O Other Pacific 

Islander — 
Print race 7 

• Print race ^ / 

O Some other race — Pr/nr race 7 

W h a t is this person's mar i ta l status? 

D Now married 

D Widowed 

O Divorced 

O Separated 

O Never married 

I a. At any time since February 1, 2000, has this 
person attended regular school or college? 
(nc/ude on(y nursery school or preschool, 
kindergarten, elementary school, and schooling which 
leads to a high school diploma or a college degree. 

O No, has not attended since February 1 -1 Skip to 9 

O Yes, public school, public college 

D Yes, private school, private college 

Q ^ Question is asked of all persons on 
the short (100-peicent) and long 
(sample) forms 

•M. • 
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Person 1 (continued) 

' ^T^'oNfi:: ''^''""'"''''''°" "̂̂ "̂ -5' 
D Nursery school, preschool 

U Kindergarten 

O Grade 1 to grade 4 

L J Grade 5 to grade 8 

O Grade 9 to grade 12 

D College undergraduate years (freshman to senior) 

D Graduate or professional school (for example medical 
dental, or law school) 

} What is the highest degree or level of school 
this person has COMPLETED? f^ark ® ONE box 
If currently enrolled mark the previous grade or highest 
degree received 

L J No schooling completed 

O Nursery school to 4th grade 

L J 5lh grade or 6th grade 

L J 7th grade or 8th grade 

D 9th grade 

D lOth grade 

O n t h grade 

O 12th grade. NO DIPLOMA 

O HIGH SCHOOL GRADUATE — high school DIPLOMA 

or the equivalent (for example. GEO) 

U Some college credit, but less than 1 year 

L J 1 or more years of college, no degree 

LJ Associate degree (for example: AA, AS) 

O Bachelor's degree (for example: BA, AB. DS) 
L J Master's degree rfor examp/e M/1 MT MEnu tvtEd. 

t^SW, MBA) 

L J Professional degree (for example M.D DOS DVM 
LLB, JD) 

LJ Doctorate degree (for exampie- PhD, EdD) 

^ y What is this person's ancestry or ethnic origin? 

(Par example: Italian, Jamaican, African Am., Cambodian, 
Cape Verdean, Norwegian, Dominican, French Canadian, 
Haitian, Korean, Lebanese, Polish, Nigerian, Mexican, 
Taiwanese, Ukrainian, and so on ) 

^ J a. Does this person speak a language other than 
English at home? 

a Yes 

O No -» Skip to I? 

b. What is this language? 

(For example Korean, Italian. Spanisli. Vietnamese) 

c. How well does this person speak English? 

L J Very well 

D Well 

O Not well 

Q Not at all 

^ J Where was this person born? 

L J In the United States — Print namie of state 

O Ouisidt the United States — Print name of foreign 
coiiniry, or Puerto Rico, Guam, etc 

| ! Is this person a CITIZEN of the United States? 

U Yes, born in the United States -> Skip to 15a 

O Yes. born in Puerto Rico. Guam, the U S Virgin Islands, 
or Northern Marianas 

L J Yes, born abroad of American parent or parents 

L J Yes. a US citizen by naturalization 

L J No. not a citizen of the United States 

y y When did this person come to live in the 
United States? Pnnt numbers in boxes 

\ J a- Did this person live in this house or apartment 
5 years ago (on April 1, 1995)? 

L J Person is under 5 years old -> Skip to 33 

L J Yes, this house —t S<r/p to 16 

O No, outside the United States — Pnnt name of 
foreign country, or Puerto Rico, Guam, etc, below, 
then skip to 16 

L J No, different house in the United States 
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Person 1 (continued) 

i J b. W h e r e d id th is person l ive S years ago? 

Name of c i ty, t o w n , or post of f ice 

Did th is person l ive inside the l imi ts of the 
c i ty or t o w n ? 

D Yes 

L J No. outside the city/town limits 

Name of coun ty 

Name of state 

ZIP Code 

<D 

0 Does th is person have any of the f o l l o w i n g 
long- las t ing cond i t i ons : 

Yes 
a Blindness, deafness, or a severe 

vision or hearing impairment ' L J 

b A condition that substantially limits 
one or more basic physical activities 
such as walking, climbing stairs, 
reaching, lifting, or carrying? 

+ Because o f a phys ica l , m e n t a l , or emot iona l 
c o n d i t i o n las t ing 6 m o n t h s or more , does 
th is person have any d i f f i cu l t y in do ing any of 
the f o l l o w i n g act iv i t ies: 

Yes 
a Learning, remembering, or 

concentrating? L J 

b Dressing, bathing, or gett ing around 
inside the home? L J 

c (Answer if this person is 16 YEARS OLD 
OR OVER ) Going outside the home 
alone to shop or visit a doctor's office? L J 

d (Answer if this person is 15 YEARS OLD 
OR OVER.) Working at a |ob or business? L J 

C^ Was this person under 15 years of age on 
X April 1, 2000? 

Skip to 33 

April 

O Yes. 

O No 

No 

T 
D G 

No 

D 

D 

D 

D 

a. Does this person have any of his/her o w n 
grandchi ldren under the age of 18 l iv ing in this 
house or apar tment? 

D Yes 

Q No -> Skip to 20a 

b. Is this g randparen t current ly responsible for 
most of the basic needs of any grandchi ld{ren) 
under the age of 18 w h o live(s) in this house 
or apar tment? 

D Yes 

D No -^ Skip to 20a 

c. How long has this grandparent been responsible 
for the(se) grandchild(ren)? If the grandparent is 
financially responsible foi rr-.'^re than one grandchild, answer 
the gueslion lor the grandchild for whom the grandparent 
has been respons,bit tor the longest period ol time 

O Less than 6 months 

D 6 to 11 .1-iomhs 

D 1 or 2 years 

O T or •; '/ears 

D 3 years or more 

a. Has this person ever served on active du ty in 
the U.S, A rmed Forces, mi l i tary Reserves, or 
Nat ional Guard? Active duty does not include training 
for the Reserves or National Guard, but DOES include 
activatron, for example, for the Persian Gulf War 

D Yes. now on active duty 

Q Yes. on active duty in past, but not now 

D No. training for Resen/es or National 

Guard only -> Skip to 21 

LJ No, never served in the military —> Skip to 21 

b. W h e n did this person serve on active duty 
in the U.S. A rmed Forces? Mark IZ) a box for 
EACH period in which this person served 

O April 1995 or later 

O August 1990 to March 1995 (including Persian Gulf War) 

O September 1980 to July 1990 

O May 1975 10 August 1980 

O Vietnam era (August 1964—April 1975) 

0 February 1955 to July 1964 

D Korean conflict (June 1950—January 1955) 

D World Wat II (September 1940—July 1947) 

O Some other time 

c. In t o t a l , h o w many years of act ive-duty mi l i ta ry 
service has this person had? 

O Less than 2 years 

L J 2 years or more 

^i^^mWM^t: ^ w ? ' • '-W'" --i*: -M- rS' • • ••••• 
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Person 1 (continued) 

O LAST WEEK, did this person do ANY work for 
either pay or profit? Mark ( 2 the 'Yes' box even if the 
person worked only 1 hour, or helped without pay in a 
family business or farm for 15 hours or more, or was on 
active duty in the Armed Forces 

D Yes 
D No -> Skip to 25a 

At what location did this person work LAST 
WEEK? If this person worked at more than one location, 
print where he or she worked most last week 

a. Address (Number and street name) 

(If the exact address is not known, give a description 
of the location such as the building name or the nearest 
street or intersection) 

b. Name of city, town, or post office 

c. Is the work location inside the limits of that 
city or town? 

O Yes 
LJ No, outside the city/town limits 

d. Name of county 

e. Name of U.S, state or foreign country 

f. ZIP Code 

^ ^ a. How did this person usually get to work LAST 
^ ^ WEEK? If this person usually used more than one method 

of transportation during the trip, mark @ the box of the 
one used for most of the distance. 

O Car, truck, or van 
O Bus or trolley bus 
O Streetcar or trolley car 
U Subway or elevated 

O Railroad 
U Ferryboat 

O Taxicab 
O Motorcycle 
O Bicycle 
D Walked 
D Worked at home -> Skip to 27 
D Other method 

C) 

If "Car, truck, or van" is marked in 23a, go to 23b. 
Otherwise, skip to 24a. 

b. How many people, including this person, 
usually rode to work in the car, truck, or van 
LAST WEEK? 

D Drove alone 
LJ 2 people 
Q 3 people 
LJ 4 people 
O 5 or 6 people 
L j 7 or more people 

a. What time did this person usually leave home 
to go to work LAST WEEK? 

l_i a m D p mi 

b. How many minutes did it usually take this 
person to get from home to work LAST WEEK? 

ff} Answer questions 25-26 for persons who did not 
" ^ vork for pay or profit last week. Others skip to 27. 1 
t'Vl a, LAST WEEK, was this person on layoff from 
^^ a job? 

D Yes -^ Skip to 25c 
O No 

b, LAST WEEK, was this person TEMPORARILY 
absent from a job or business? 

D Yes, on vacation, temporary illness, labor 
dispute, etc, -> Skip to 26 

D No -( Skip to 25d 
c. Has this person been informed that he or she 
will be recalled to work within the next 6 months 
OR been given a date to return to work? 

0 Yes -V Skip to 25e 

Q No 
d. Has this person been looking for work during 
the last 4 weeks? 

O Yes 
O No -• Skip to 26 

e, LAST WEEK, could this person have started a 
job if offered one, or returned to work if recalled? 

O Yes, could have gone to work 
LJ No, because of own temporary illness 
O No, because ol all other reasons (in school, etc) 

^ % When did this person last work, even for a 
T^ few days? 

D 1995 to 2000 
D 1994 or earlier, or never worked -> Skip to 31 

^^^m^mn. 
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Person 1 (continued) 

Industry or Employer — Describe dearly tivs persons 
chief lob activity or business last week If this person had 
more than one lob, describe the one at which this person 
worked the most hours If this person liad no job or 
business last week, give the information for hislher last lob 
or business since 1995 

a. For w h o m did this person work? // now on 
active duty in the Armed Forces, mark 0 this box -, Q 
and print the branch of the Armed Forces 

Name of company, business, or other employer 

b. W h a t kind of business or industry was this? 
Describe the activity at location where employed (For 
example hospital, newspaper publishing, mail order 
house, auto repair shop, bank) 

c. Is this mainly — Mark @ ONE box 

L J Manufac tur ing ' 

D Wholesale trade? 

D Retail trade? 

O Other (agriculture, construction, seivice, 
government, etc J'' 

Occupation 

a. W h a t kind of v.'ork was this person doing? 
(For example: registered nurse, personnel manager, 
supen/isor of order department, auto mechanic, accountant) 

o 

b. W h a t w e r e this person's most important 
activities or duties? (For example: patient care, 
directing hiring policies, supervising order clerks, repairing 
automobiles, reconciling financial records) 

Was this person — Mark (Z) ONE box 

O Employee of a PRIVATE-FOR-PROFIT company or 
business oi ol an individual, for wages, salary, or 
commissions 

O Employee of a PRIVATE NOT-FOR-PROFIT, 
lax-exempt, or charitable organization 

L J Local GOVERNMENT employee (city county, etc) 

O State GOVERNMENT employee 

D Federal GOVERNMENT employee 

O SELF-EMPLOYED in own NOT INCORPORATED 
business, professional practice, or farm 

O SELF-EMPLOYED in own INCORPORATED business, 
professional practice, or farm 

O Working WITFIOUT PAY in family business or farm 

a. LAST YEAR, 1999, did this person work at a 
job or business at any time? 

Q Yes 

O t lo -•) Skip to 31 

b. How many weeks did this person work in 1999? 
Co'j.-if paid vacation, paid sick leave, and military semce 
vVeeks 

c. During the weeks WORKED in 1999, how many 
hours did this person usually work each WEEK? 
Usual hours worked each WEEK 

INCOME IN 1999 — Mark{E]the -Yes' box lor each 
income source received during 1999 and enter the total 
amount received during 1999 to a maximum of $999,999 
Mark ( 3 the 'No' box if the income source was not 
received. If net income was a loss, enter the amount and 
mark 0 f'le 'Loss' box next to the dollar amount 

For income received jointly report, if possible, the 
appropriate share for each person, otherwise, report 
the whole amount for only one person and mark 0 
the 'No' box for the other person If exact amount is 
not known, please give best estimate 

a. Wages, salary, commissions, bonuses, or tips 
from all jobs — Report amount before deductions for 
taxes, bonds, dues, or other items 

D Yes Annual amount — Dollars 

O No 

b. Self-employment income from own nonfarm 
businesses or farm businesses, including 
proprietorships and partnerships — Report NET 
income after business expenses 

O Yes Annual amount — Dollars 

'mmm §\§\\\ 
O No 

D Loss 

Kt^>^^: .•^iiii y i i ^ i t ^^ 
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Person 1 (continued) 

^ 
c. Interest, dividends, net rental income, royalty 
income, or income from estates and trusts — Report 
even small amounts credited to an account 

LJ Yes Annual amount -

D No 

- Dollars 

O Loss 

d. Social Security or Railroad Retirement 

O Yes Annual amount — Do/fars 

D No 

e. Supplemental Security Income (SSI) 

LJ Yes Annual amount — Dollars 

D No 

f. Any public assistance or welfare payments 
from the state or local welfare office 

LJ Yes Annual amount — Dollars 

O No 

g. Retirement, survivor, or disability pensions — 
Do NOT include Social Security. 

O Yes Annual amount — Dollars 

O No 

h. Any other sources of income received regularly 
such as Veterans' (VA) payments, unemployment 
compensation, child support, or alimony — Do NOT 
indude /ump-sum payments such as money from an 
inheritance or sale of a home. 

O Yes Annual amount — Dollars 

O No 

I What was this person's total income in 1999? Add 
entries in questions 3 la—31 h, subtraa any tosses. If net 
income was a loss, enter the amount and mark \J(]the 
'Loss' box next to the dollar amount 

Annual amount — Dollars 

HOUSING QUESTIONS 

Now, please answer questions 33—53 about 
your household. 

¥ 1 Is this house, apar tment , or mobi le home — 

O Owned by you or someone in this household wit l i a 
mortgage or loan? 

LJ Owned by you or someone in this household tree and 

clear (without a mortgage or loan)' 

LJ Rented for cash rent? 

O Occupied without payment of cash rent ' 

O None OR O Loss 

Q ^ O u e s t i o n is asked of all households on 
the short (100-percent) and long 
(sample) forms 

o Which best describes this bu i ld ing? Include all 
apartments, flats, etc , even if vacant 

CD A mobile home 

O A one-family house detached from any other house 

LJ A one-family house- attached to one or more houses 
O A building viith .' apartments 
LJ A building with 3 or 4 apartments 
D A buildir-iu with 5 to 9 apartments 
Q A t)'jilding with 1 0 to 19 apartments 
Q A building with 20 to 49 apartments 
LJ f- building with 50 or more apartments 
G Boat, RV. van. etc 

^ i About when was this bu i ld ing first bui l t? 

O 1999 or 2000 
D 1995 10 1998 
O 1990 10 1994 
D 1980 10 1989 
D 1970 10 1979 
O 196010 1969 
O 195010 1959 
O 1940 10 1949 
O 1939 or earlier 

I When did this person move into this house, 
apartment, or mobile home? 

D 1999 or 2000 

D 1995 to 1998 

D 1990 10 1994 

O 1980 to 1989 

D 1970 10 1979 

O 1969 or earlier 

\ How many rooms do you have in this house, 
apartment, or mobile home? Do NOT count bathrooms. 
porches, balconies, foyers, halls, or half-rooms 

Q 1 room D 6 rooms 

LJ 2 rooms O ^ 'oorns 
O 3 rooms D 8 rooms 
O 4 rooms Q 9 or more rooms 
O 5 rooms 

'^ii."^-1j '•••• 
• ^ ' 
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Person 1 (continued) 

H o w many bed rooms do y o u have; that is. h o w 
many bedrooms w o u l d y o u l ist if th is house, 
a p a r t m e n t , or mob i l e home w e r e on the market 
fo r sale or rent? 

L J No bedroom 

m 

o 
u 
u 
u 
u 

1 bedroom 
2 bedrooms 
3 bedrooms 
4 bedrooms 
5 or more bedrooms 

o 

o 

Do you have COMPLETE p l u m b i n g facil i t ies in this 
house, apa r tmen t , or mob i le home; that is, 1) hot 
and cold p iped wa te r , 2) a f lush to i le t , and 3) a 
b a t h t u b or shower? 

D Yes, have all three facilities 

O No 

Do y o u have COMPLETE k i tchen faci l i t ies in this 
house, apa r tmen t , or mob i le home ; tha t is. 
1) a sink w i t h p iped wa te r . 2) a range or stove, 
and 3) a re f r igera to r? 

O Yes, have all three facilities 

O No 

Is there t e l ephone service avai lab le in this house, 
apa r tmen t , or mob i le home f r o m wh i ch you can 
b o t h make and receive calls? 

D Yes 

D No 

Wh i ch FUEL is used MOST fo r hea t ing this house, 
apa r tmen t , o r mob i l e home? 

D Gas: from underground pipe? seizing 

the neighborhood 

O Gas: bottled, tank, or IP 

O Electricity 

D Fuel oil, kerosene, etc. 

D Coal or coke 

D Wood 

D Solar energy 

O Other fuel 

D No fuel used 

( ) 
H o w many automobiles, vans, and t rucks of 
one-ton capaci ty or less are kep t at home for use 
by members of your household? 

D None 

D 
O 
D 
D 
D 
U 

1 
2 
3 
4 
5 
6 or more 

Answer ONLY if this is a ONE-FAMILY HOUSE 
OR MOBILE HOME — All others skip to 45. 

a. Is there a business (such as a store or barber 
shop) or a medical off ice on this proper ty? 

D Yes 

O No 

b. How many acres is this house or mobi le 
home on? 

O Less than 1 acre -> Skip to 45 

O 1 to 9 9 acres 

O 10 or more acres 

c. In 1999, w h a t were the actual sales of all 
agr icul tural products f rom this proper ty? 

O None O S2.500 to $4,999 

D $1 to $999 O $5,000 to $9,999 

O $1.000 10 52.4^9 0 $10,000 or more 

W h a t are the annual costs of ut i l i t ies and fuels for 
this house, apar tment , or mobi le home? If you have 
lived here less than I year, estimate the annua/ cost 

a Electricity 

Annual cost — Do//ars 

OR 

Q Included in rent or in condominium fee 

Q No charge or electricity not used 

b. Gas 

Annual cost — Dollars 

OR 

O Included in lent or in condominium fee 

O No charge or gas not used 

I., Wa te r and sewer 

Annual cost — Dollars 

OR 

D Included in rent or in condominium tee 

D No charge 

d. Oi l . coal, kerosene, w o o d , etc. 

Annual cost — Do//ars 

OR 

D Included in rent or in condominium fee 

Q No charge or these fuels not used 

mm^:^ ^*?;t^^ai 
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Person 1 (continued) 

m 

( ) 

O 

Answer ONLY if you PAY RENT for this house 
apartment, or mobile home — All others skip'to 47. 
a. W h a t is the monthly rent? 

Monthly amount — Dollars 

b. Does the monthly rent include any meals^ 

D Yes 

D No 

Ansvyer questions 47a—53 if you or someone 
in this household owns or is buying this house, 
apartment, or mobile home; otherwise, skip to' 
questions for Person 2. 

a. Do you have a mortgage, deed of trust, contract 
to purchase, or similar debt on THIS property? 

L J Yes, mortgage, deed of trust, or similar debt 

D Yes, contraa to purchase 

O No -^ Skip to 48a 

b. How much is your regular monthly mortgage 
payment on THIS property? Include payment only on 
first mortgage or contraa to purchase 

Monthly amount — Dollars 

OR 

U No regular payment required -> Skip to 48a 

c. Does your regular monthly mortgage paymettt 
include payments for real estate taxes on THIS 
property? 

L J Yes, taxes included in mortgage payment 

L J No. taxes paid separately or taxes not required 

d. Does your regular monthly mortgage payment 
include payments for fire, hazard, or flood 
insurance on THIS property? 

L J Yes, insurance included in mortgage payment 

L J No, insurance paid separately or no insurance 

a. Do you have a second mortgage or a home 
equity loan on THIS property? Mark ( 2 all boxes 
that apply 

L J Yes, a second mortgage 

L J Yes, a home equity loan 

O No -> Skip to 49 

b. How much is your regular monthly payment on 
all second or junior mortgages and all home equity 
loans on THIS property? 

Monthly amount -

OR 

• Dollars 

i)i:i 

L J No regular payment required 

<r) 

O 

What were the real estate taxes on THIS prooertv 
last year? 

Yearly amount — Dollars 

OR 

L J None 

J What was the annual payment for fire, hazard, 
and flood insurance on THIS property? 

Annual amount — Dollars 

OR 

LJ None 

^ J What is the value of this property; that is, 
^ how much do you think this house and lot, 

apartment, or mobile home and lot would sell 
for if it were for sale? 

o 

O less than $10,000 

D 110,000 to $14,999 

U $15,000 to $19,999 

n $20,000 to $24,999 

O $25,000 to $29,999 

D $30,000 to $34,999 

O $35,000 to $39,999 

O $40,000 to $49,999 

D $50,000 to $59,999 

O $60,000 to $69,999 

D $70,000 to $79,999 

O $80,000 to $89,999 

O $90,000 to $99,999 

D $100,000 to $124,999 

Q $125,000 to $149,999 

O $150,000 to $174,999 

O $175,000 10 $199,999 

D $200,000 to $249,999 

D $250,000 to $299,999 

O $300,000 to $399,999 

O $400,000 to $499,999 

D $500,000 to $749,999 

O $750,000 to $999,999 

O $1,000,000 or more 

Answer ONLY if this is a CONDOMINIUM — 

What is the monthly condominium fee? 

Monthly amount — Dollars 

Answer ONLY if this is a MOBILE HOME — 

a. Do you have an installment loan or contrart 
on THIS mobile home? 

D Yes 

O No 

b. What was the total cost for installment loan 
payments, personal property taxes, site rent, 
registration fees, and license fees on THIS mobile 
home and its site last year? Exclude real estate taxes 

Yearly amount — Dollars 

Are there more people living here? If yes. 
continue wi th Person 2. 

•^•W^^'^B 
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What is this person's name? Prrnr the name of 
Person 2 from page 2 

Last Name 

First Name 

C F ^ J ^ How is this person related to Person 1? 
Mar«r ® ONE box 

LJ Husband/wife 
LJ Natural-born son/daughter 
LJ Adopted son/daughter 
D Stepson/stepdaughter 
LJ Brother/sister 
LJ Father/mother 
O Grandchild 
LJ Parent-in-law 

LJ Son-in-law/<3aughter-in-law 

O Other relative — Print exact relationship 

If NOT RELATED to Person 1 

LJ Roomer, boarder 
LJ Housemate, roommate 
Q Unmarried partner 
O Foster child 
O Other nonrelative 

i ( n ^ Question is asked of Persons 2-6 
I on the short (100-percent) and 
! long (sample) forms. 

Ml 

For Person 2, repeat 
questions 3-32 of 
Person 1. 
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For Persons 3-6. repeat questions 1-32 of 
Person 2. 

NOTE - The content for Question 2 varies 
between Person 1 and Persons 2-6. 

Thank you for completing your official 
U.S. Census form. If there are more than 
six people at this adcdress, the Census 
Bureau may contact you for the same 
information about these people. 
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APPENDIX B 

BUILDING ATTRIBUTES COLLECTED IN TEXAS 

BY THE CENTRAL APPRAISAL DISTRICT 
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David Amold 
Director, GIS/Mapping 
Galveston Central Appraisal District 
June 19,2000 

Dear Mr. Arnold, 

I talked to you over the phone yesterday about the database built by the Central 

Appraisal District in Galveston. I am a graduate student at Texas Tech University in 

Lubbock, pursuing a Ph.D. in Wind Engineering. My research involves the assessment 

of hurricane impact in coastal cities of Texas using GIS. 

As I explained to you over the phone, I am looking for data about existing 

buildings in Galveston. I understand that the Central Appraisal District collects a lot of 

information about such buildings. As I suggested during our conversation, I am attaching 

the list of attributes that I require. I would appreciate if you take a few minutes to review 

it and let me know whether the Central Appraisal District collects this data or not. 

I want to thank you again for your input in this research. Should you have any 

questions, please let me know. I will be eagerly awaiting your response. 

Carlos Company Fernandez 
Wind Engineering and Science 
Texas Tech University 
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ROOF SYSTEM: 

• Roof Covering (for example: asphalt shingles, wood shingles, clay tiles, etc.) 
• Roof Geometry (for example: gable, hip, mansard, flat, complex, etc.) 
• Roof Slope (for example: < 3°, 3°-15°, > 15°) 
• Roof Span (for example: 0-20 ft, 21 -40 ft, 41 -70 ft, >70 ft) 
• Roof Sheathing (for example: plywood, metal panels, OSB, concrete) 
• Roof Structure (for example: concrete, steel trusses, steel beams, wood trusses) 

EXTERIOR WATTS-

• Frame (for example: wood studs, masonry, concrete, steel) 
• Exterior finish (for example: wood-siding, brick veneer, stucco, metal-siding) 

FOUNDATION: 

• Type (for example: slab, pier & beam) 
• Material 

GLASS: 

• Type of glass (for example: annealed, fully tempered, heat strengthened) 
• Glass size 

Percentage of glass occupied by exterior walls 
Protection of the glass (for example: window screens, window shutters) 

MISCELLANEOUS: 

Structure condition (for example: excellent, very good, good, average, fair) 
Beam/column system (for example: concrete, steel, laminated wood) 
Building age 
Value ($) 
Use of building (for example: residential, commercial, educational) 
Number of stories 
Square-footage 
Car storage (for example: capacity, size, attached garage, detached garage) 
Exterior door (for example: solid core wood, sliding glass door, alum/metal) 
Skylights 
Number of rooms (for example: bedrooms, bathrooms, living rooms) 
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QUESTIONS: 

1. How do you classify the buildings? (Residential, Offices, Hospitals, Retail, etc.) 

2. Are the locations of the land parcels (latitude and longitude) recorded? 

3. What coordinate system do you use? 

4. Are properties given a code number so that each property has a unique ID? 

5. Could I get a description of the codes? 
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Table B. 1. Responses on the building attributes recorded. 

BUILDING ATTRIBUTE 

Roof covering 

Roof geometry 

Roof slope 

Roof span 

Roof sheathing 

Roof structure 

Exterior wall frame 

Exterior wall finish 

Foundation type 

Foundation material 

Window glass type 

Window glass size 

Window percent 

Window protection 

Structure condition 

Beam/column system 

Building age 

Building value 

Building use 

Number of stories 

Square-footage 

Car storage 

Exterior door type 

Skylights 

Number of rooms 

COUNTY 

Galveston 

Yes 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

Lubbock 

Yes 

Yes 

No 

No 

No 

No 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

Yes 

Nueces ^ 

Yes 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

' Corpus Christi is the major city of Nueces County. 
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Table B.2. Responses to questions. 

QUESTION 

1 

2 

3 

4 

5 

COUNTY 

Galveston 

By use 

Yes 

State plane NAD 83 

Yes 

Yes 

Lubbock 

By use 

Yes 

State plane NAD 83 

Yes 

Yes 

Nueces ^ 

By use 

Yes 

None yet 

Yes 

Yes 

Corpus Christi is the major city of Nueces County. 
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APPENDIX C 

DATA VALIDATION IN LUBBOCK COUNTY 
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Table C. 1. Properties used to validate data from the Lubbock Central Appraisal District. 

ADDRESS 

4406 20* St. 

2524 82"'' St. 

4617 34* St. 

4421 19*81 

4424 36* St. 

5811 34* St. 

4411 19* St. 

1961 Texas Ave. 

4521 Brownfield Hwy. 

2217 University Ave. 

2301 Quaker Ave, 

4401 20* St. 

2710 34* St. 

4553 Brownfield Hwy. 

4520 35* St. 

3721 30* St. 

301 University Ave, 

2303 Quaker Ave. 

2213 University Ave, 

4611 34* St. 

3716 22"''St. 

4613 34* St, 

2205 University Ave, 

313 University Ave. 

4709 40* St. 

2701 36* St. 

3722 31''St. 

4512 37* St. 

2801 33''' St, 

3315 22"''St, 

4817 16* St. 

2214 Buddy Holly 

4715 40* St, 

4512 36* St. 

4909 19* St. 

2406 Utica Ave. 

CLASS 

AA2 

0FC2E 

AG2 

0FC3A 

DF4 

RC2 

OFC2A 

OFC2A 

AA2 

CS2 

HP3 

AA2 

AM2 

CS2 

DV3 

DV5 

FF3 

0FC2G 

RC2 

RD2 

RE2 

RE2 

RE2 

FF3 

RF2 

RF3 

RF3 

RF4 

RF4 

RF5 

RF5 

R02 

RSM3 

RSM4 

RVll 

RV5 

YEAR 

1967 

1999 

1965 

1998 

1958 

1983 

1964 

1950 

1967 

1975 

1999 

1967 

1999 

1988 

1966 

1961 

1979 

1985 

1948 

1965 

1989 

1981 

1960 

1973 

1951 

1952 

1951 

1959 

1947 

1975 

1952 

1923 

1954 

1956 

1948 

1958 

VALUE 
($) 

97,727 

427,669 

138,289 

293,975 

34,824 

187,696 

140,878 

31,786 

1,179,999 

39,941 

1,976,528 

67,206 

109,714 

113,846 

39,053 

60,020 

201,616 

697,506 

45,638 

105,671 

133,418 

65,489 

162,682 

260,204 

25,290 

26,464 

29,387 

43,595 

38,969 

78,956 

52,876 

30,263 

40,803 

47,077 

432,515 

57,563 

COND 

A 

A 
-

-

-

-

-

A 

A 

-

F 

A 

A 

A 

A 

A 

A 

-

A 

A 

A 

A 

FOUND 

. 

S 

-

PB 

-

-

-

-

PB 

-

-

-

-

-

S 

PB 

S 

PB 

PB 

PB 

S 

S 

PB 

S 

S 

ROOF 

. 

-

CMPGBL 

. 

-

-

-

G 

-

-

-

-

G 

CMPGBL 

G 

CMPGBL 

CMPGBL 

CMPHIP 

CMPGBL 

CMPHIP 

CMPHIP 

CMPHIP 

CMPGBL 

GARAGE 
DESCRIP, 

Canopy 
. 

. 

Canopy 

Canopy 

Garage 

-

Garage 

Carport 

Garage 

Garage 

Garage 

Garage 

Garage 

Garage 
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Table C. 1. Continued. 

ADDRESS 

2703 36* St. 

4520 37* St. 

4705 40* St, 

4608 16* St, 

4514 37* St, 

4804 17* St, 

4610 27* St, 

4606 16* St. 

2702 34* St. 

1964 Buddy Holly 

1940 Texas Ave. 

4601 34* St. 

3416 Frankford Ave. 

4521 34* St. 

CLASS 

RF3 

RSM4 

RSM4 

RVIO 

RV5 

RV5 

RV6 

RV8 

SCI 

WHl 

WHl 

WOl 

WRl 

WR2 

YEAR 

1952 

1955 

1951 

1958 

1957 

1958 

1964 

1956 

1957 

1950 

1933 

1995 

1984 

1963 

VALUE 
($) 

34,821 

72,871 

44,760 

300,622 

73,986 

60,306 

72,158 

174,031 

51,639 

57,713 

25,276 

224,962 

116,748 

155,428 

COND 

A 

A 

A 

E 

A 

A 

A 

A 

-

-

FOUND 

PB 

S 

s 
s 
s 
s 
s 
s 

-

ROOF 

CMPGBL 

CMPGBL 

MDGBL 

CPSGBL 

CMPHIP 

CMPGBL 

CMPGBL 

CMPGBL 
-

GARAGE 
DESCRIP, 

Garage 

Garage 

Garage 

Garage 

Garage 

Garage 

Garage 

-
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APPENDIX D 

DATA AVAILABILITY NATIONWIDE 
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Guy L. Yates 
Senior Real Estate Appraiser 
Department of Tax Administration 
Fairfax Coimty, Virginia 
July 28, 2000 

Dear Mr. Yates, 

I am a graduate student at Texas Tech University conducting research in Wind 

Engineering. Part of my effort includes obtaining information about building 

characteristics throughout the United States. I have included 5 questions that will help 

me understand the extent of the data collected by your department. I would appreciate if 

you take a few minutes to answer them. You may reply to my e-mail address or fax me 

at (806) 742-3446. Thank you very much. Your input to this research is very important. 

Carlos Company Fernandez 
Wind Science and Engineering 
Texas Tech University 
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QUESTIONS: 

1. How often are the properties appraised? 

2. Are the physical characteristics of the properties assessed? These may include: 

a. Roofcovering (asphalt shingles, clay tiles, etc.) 

b. Roof sheathing (plywood, metal panels, etc.) 

c. Roof geometry (gable, hip, flat, etc.) 

d. Exterior walls (wood siding, brick veneer, etc.) 

e. Structure condition (excellent, good, poor, etc.) 

f. Building age 

g. Number of stories 

3. Is this information available to the public? 

4. Is a Geographic Information System (GIS) database being developed? If so, 

when do you think it will be ready? 

5. Can people appeal an assessed value? 
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Table D.l. Responses to the 

LOCATION 

Contra Costa, CA 

El Dorado, CA 

San Diego, CA 

San Mateo, CA 

Santa Cruz, CA 

Charlotte, FL 

Duval, FL 

Indian River, FL 

Leon, FL 

Marion, FL 

Palm Beach, FL 

Pinellas, FL 

Seminole, FL 

Volusia, FL 

Black Hawk, L^ 

Johnson, lA 

O'Brien, lA 

Palo Alto, lA 

Caddo, LA 

Orleans, LA 

Cambridge, MA 

Newton, MA 

Wellesley, MA 

Holland, MI 

Forsyth, NC 

Henderson, NC 

Oklahoma, OK 

Charleston, SC 

Williamson, TN 

Galveston, TX 

Lubbock, TX 

Nueces, TX 

Fairfax, VA 

Henrico, VA 

Virginia Beach, VA 

questions from 35 locations across the United States. 

QUESTION 
1 
* 

* 

* 

* 

* 

3 years 

3 years 

3 years 

3 years 

3 years 

3 years 

3 years 

3 years 

3 years 

2 years 

2 years 

2 years 

2 years 

4 years 

4 years 

Annually 

Annually 

Annually 

Annually 

8 years 

4 years 

4 years 

5 years 

5 years 

5 years 

5 years 

5 years 

Annually 

Annually 

Annually 

2 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

3 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

4 

In process 

Yes 

Yes 

In process 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

In process 
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* Whenever there is a change of ownership or completed new construction 
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APPENDIX E 

SAMPLE PICTURES OF BUILDINGS IN 

GALVESTON COUNTY 
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Figure E. 1, Residence - 4627 Sherman, The building attributes collected by GCAD 
indicate that: land use = residential; exterior wall = brick; roof covering = 
tiles; foundation = pier-and-beam; year = 1966; condition = 3 (1 is best, 8 is 
worst); value = $155,240. Maximum wind speed = 93 mph. 

. - j « « » , ; . . ^ . , „ w « j i - « m . « . , , 

Figure E.2, Beachfront property - 18043 E De Vaca. The building attributes collected 
by GCAD indicate that: land use = residential; exterior wall = beach house; 
roofcovering = composite shingles; foundation = wood pilings; year =1991; 
condition = 1 (1 is best, 8 is worst); value = $344,640. Maximum wind 
speed = 91 mph. 

128 



Figure E.3. Restaurant - 3901 Avenue O. The building attributes collected by GCAD 
indicate that; land use = commercial; type of commercial = restaurant; roof 
covering = hip; foundation = concrete slab; year = 1954; condition = 4 (1 is 
best, 8 is worst); value = $82,340. Maximum wind speed = 93 mph. 

<th Figure E.4. Shop - 2407 54" Street. The building attributes collected by GCAD indicate 
that: land use = residential; type of commercial = retail; roofcovering = flat; 
foundation = concrete slab; year = 1965; condition = 5 (1 is best, 8 is worst); 
value = $63,110, Maximum wind speed = 93 mph. 
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Figure E.5. Hotel - 5222 Seawall Boulevard. The building attributes collected by 
GCAD indicate that: land use = commercial; type of commercial = hotel; 
roofcovering = flat; foundation = post-tension concrete; year = 1984; 
condition = 4 (1 is best, 8 is worst); value = $7,259,660. Maximum wind 
speed = 93 mph. 

Figure E.6. Elementary school - 1001 Winnie. The building attributes collected by 
GCAD indicate that: land use = commercial; type of commercial = school; 
roofcovering = flat; foundation = concrete slab; year =1965; condition = 4 
(1 is best, 8 is worst); value = $2,744,760. Maximum wind speed = 94 mph. 
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Figure E.7. Hospital - 301 University Boulevard. The building attributes collected by 
GCAD indicate that: land use = commercial; type of commercial = hospital; 
roofcovering = not available; foundation = not available; year = 1980; 
condition = 2(1 is best, 8 is worst); value = $82,684,900, Maximum wind 
speed = 94 mph. 

Figure E.8. Church - 1302 Broadway. The building attributes collected by GCAD 
indicate that; land use = commercial; type of commercial = church; roof 
covering = composite shingles; foundation = concrete slab; year =1911; 
condition = 1 (1 is best, 8 is worst); value = $3,081,100. Maximum wind 
speed = 94 mph. 
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