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Abstract 

Modeling of Hurricane-Induced Interior and Contents Damage and Associated Time-

Related Expenses to Residential Buildings 

Author: Roberto Vicente Silva de Abreu 

Advisor: Jean-Paul Pinelli, Ph.D. 

Hurricanes are a main cause of economic losses in many parts of the world, including the 

state of Florida. They affect the exterior, interior, and the contents of residential buildings. 

The damage of the interior can be as much as half of the total damage, but the estimation of 

the interior damage is still somewhat crude.  Most damage models estimate interior damage 

as a percentage of the exterior damage, or through simple relationships, that relate the 

height of water ingress in the building to the interior damage.  The current version of the 

Commercial Low-Rise Residential vulnerability model (CLR) of the Florida Public 

Hurricane Loss Model (FPHLM), v6.2 uses this simple relationship, but the new model, 

which this thesis presents, is a test-based model. This new methodology is used for interior 

damage estimation, which takes into account the physical mechanisms of hurricane-induced 

interior damage. The method incorporates the results of large-scale tests to quantify the 

water propagation and distribution from component to component in the interior of the 

building. The thesis describes the methodology and presents the resulting building, contents, 

and time-related expenses vulnerability curves. 



 

iv 
 

Table of Contents 

Table of Contents ................................................................................................... iv 

List of Figures ........................................................................................................ vii 

List of Tables .......................................................................................................... xi 

Acknowledgement ................................................................................................. xii 

Chapter 1. Introduction ...................................................................................... 1 

1.1 Background ......................................................................................................... 1 

1.2 Motivation ........................................................................................................... 3 

1.3 Objectives ............................................................................................................ 3 

1.4 Scope .................................................................................................................... 4 

Chapter 2. Literature Review............................................................................. 5 

2.1 Introduction ........................................................................................................ 5 

2.2 Hurricane-induced interior and contents vulnerability .................................. 5 

2.3 HAZUS-MH ........................................................................................................ 6 

2.3.1 Interior Damage ............................................................................................. 6 

2.3.2 Content Damage ............................................................................................. 6 

2.3.3 Time Related Expenses .................................................................................. 6 

2.4 Florida Public Hurricane Loss Model (FPHLM) v6.2 .................................... 7 

2.5.1 Introduction .................................................................................................... 7 

2.4.2 Personal Residential Model (PR) .................................................................. 7 

2.4.2.1 Interior Damage ............................................................................................... 8 

2.4.2.2 Content Damage ............................................................................................. 10 

2.4.2.3 Time Related Expenses .................................................................................. 11 

2.4.3 Low-Rise Commercial Residential Model ................................................. 12 

2.4.3.1 Interior Damage ............................................................................................. 13 

2.4.3.2 Content Damage ............................................................................................. 16 

2.4.3.3 Time Related Expenses .................................................................................. 16 



 

v 
 

2.5 Water Propagation in Residential Buildings ................................................. 17 

2.5.1 Introduction .................................................................................................. 17 

2.5.2 Wall of Wind (WoW) Testing ..................................................................... 17 

2.5.3 Test Configuration ....................................................................................... 17 

2.5.4 Test Results ................................................................................................... 21 

Chapter 3. Interior, Contents and ALE Damage Model ............................... 27 

3.1 Introduction ...................................................................................................... 27 

3.2 Building layout and interior components ....................................................... 27 

3.3 Water Absorption Capacities of Interior Components ................................. 28 

3.3.1 Ceilings .......................................................................................................... 28 

3.3.2 Partitions ....................................................................................................... 29 

3.3.3 Flooring ......................................................................................................... 29 

3.3.4 Cabinets ........................................................................................................ 30 

3.3.5 Electrical Components ................................................................................. 30 

3.3.6 Contents ........................................................................................................ 30 

3.4 Processing of the WoW test results ................................................................. 31 

3.5 Water Accumulation ........................................................................................ 38 

3.6 Water Propagation ........................................................................................... 39 

3.7 Additional Living Expenses (ALE) ................................................................. 40 

3.8 Damage Evaluation .......................................................................................... 41 

3.9 Multi-Story vs One Story Buildings ................................................................ 42 

Chapter 4. Implementation of the new method in the FPHLM .................... 43 

4.1 Introduction ...................................................................................................... 43 

4.2 Implementation ................................................................................................. 43 

4.3 ALE implementation in the FPHLM .............................................................. 55 

4.4 Vulnerability curves resulting of the new CLR beta v8.0 ............................. 58 

4.5 Verification of the new source code ................................................................ 69 

Chapter 5. Conclusions ..................................................................................... 72 

5.1 Summary of work ............................................................................................. 72 



 

vi 
 

5.2 Recommendations for future work ................................................................. 73 

Chapter 6. References ....................................................................................... 75 

Appendix A – New modified Matlab code example ............................................ 78 

 

 

  

 

 

  



 

vii 
 

List of Figures 

Figure 1- Statistics on the effects of natural disasters for 2017 (CRED, 2018) ......... 2 

Figure 2 – Insured losses caused by hurricanes adjusted by inflation from 1986-

2015 (NOAA, 2018) .......................................................................................... 2 

Figure 3 - Percentage of occupation at each type of residence in the state of Florida 

(U.S.  Census Bureau , 2015) ............................................................................. 8 

Figure 4 - Example of building vulnerability curves of the personal residential 

model of the FPHLM for a masonry one story building in the south ................ 9 

Figure 5 - Contents vulnerability curve for a one story building with medium 

strength in the south with masonry walls ......................................................... 11 

Figure 6 – Example of a Personal Residential ALE vulnerability curve for a 

masonry wall building in the south (Murphree, 2004) ..................................... 12 

Figure 7 - Example of building CLR Vulnerability Curves for weak (blue), medium 

(green) and strong (red) for a one story building with timber walls, gable roof 

in a High Velocity Hurricane Zone .................................................................. 13 

Figure 8 –FPHLM Commercial Residential v.6.2 interior model flowchart ........... 14 

Figure 9 – Example of interior CLR Vulnerability Curves for weak (blue), medium 

(green) and strong (red) for a one story building with timber walls, gable roof 

in a High Velocity Hurricane Zone .................................................................. 15 

Figure 10 - Wall of Wind Testing Facility (Raji et al., 2018) .................................. 17 

Figure 11 - Hip and gable roof types and model layout with full-scale dimensions 

in ft-in (Raji, 2018) .......................................................................................... 18 

Figure 12 - Breaches and defects on gable and hip roof components of the tested 

building for different damage states (Raji, 2018) ............................................ 20 

Figure 13 - Breaches and defects on the vertical components of the tested building 

for different damage states (Raji, 2018) ........................................................... 20 



 

viii 
 

Figure 14 – Ingressing volume of water (in grams) into the attic’s components for 

light damage state (Raji, 2018) ........................................................................ 22 

Figure 15 – Ingressing volume of water (in grams) into the room components for 

light damage state (Raji, 2018) ........................................................................ 23 

Figure 16 – Ingressing volume of water (in grams) into the attic’s components for 

minor damage state (Raji, 2018) ...................................................................... 24 

Figure 17 – Ingressing volume of water (in grams) into the room components for 

minor damage state (Raji, 2018) ...................................................................... 24 

Figure 18 – Ingressing volume of water (in grams) into the attic’s components for 

moderate damage state (Raji, 2018) ................................................................. 25 

Figure 19 – Ingressing volume of water (in grams) into the room components for 

moderate damage state (Raji, 2018) ................................................................. 25 

Figure 20. Infrared photos of the walls of compartments 1 and 2, subjected to 0° 

wind (Raji, 2018) ............................................................................................. 26 

Figure 21. Infrared photos of the walls of compartments 1 and 2, subjected to 45° 

wind(Raji, 2018) .............................................................................................. 26 

Figure 22 – Building layout and location of interior components ........................... 28 

Figure 23 – Storm rotation representation ............................................................... 38 

Figure 24 - Water propagation scheme among the interior components and contents

 .......................................................................................................................... 40 

Figure 25 – Damage Evaluation graphs ................................................................... 41 

Figure 26 – Part 1 of the process flowchart with the initial loops and constant 

loading .............................................................................................................. 44 

Figure 27 – Part 2 of the process flowchart with the water distribution due to 

defects on the external components ................................................................. 47 

Figure 28 - Part 3 of the process flowchart with the water distribution due to 

breaches on the external components ............................................................... 49 

Figure 29 – Part 4 of the process flowchart with the water percolation routine ...... 50 



 

ix 
 

Figure 30 – Part 5 of the process flowchart with the damage evaluation routine .... 51 

Figure 31 – Part 6 of the process flowchart with the additional living expenses new 

routine .............................................................................................................. 53 

Figure 32 – Part 7 of the process flowchart with the routine to plot the vulnerability 

curves ............................................................................................................... 54 

Figure 33 - Delay time versus wind speed for the purpose of calculating the ALE of 

CLR beta v8.0 .................................................................................................. 57 

Figure 34 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a weak one story building with timber exterior wall and 

gable roof ......................................................................................................... 60 

Figure 35 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a medium one story building with timber exterior wall and 

gable roof ......................................................................................................... 60 

Figure 36 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a strong one story building with timber exterior wall and 

gable roof ......................................................................................................... 61 

Figure 37 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a weak one story building with masonry exterior wall and 

gable roof ......................................................................................................... 61 

Figure 38 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a medium one story building with masonry exterior wall 

and gable roof ................................................................................................... 62 

Figure 39 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a strong one story building with masonry exterior wall and 

gable roof ......................................................................................................... 62 

Figure 40 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a weak two story building with masonry exterior wall and 

gable roof ......................................................................................................... 63 



 

x 
 

Figure 41 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a medium two story building with masonry exterior wall 

and gable roof ................................................................................................... 63 

Figure 42 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a strong two story building with masonry exterior wall and 

gable roof ......................................................................................................... 64 

Figure 43 – Interior vulnerability curve comparison CLR v6.2 (red) versus CLR 

beta v8.0 (blue) for a strong two story building with masonry exterior wall and 

gable roof ......................................................................................................... 64 

Figure 44 – Contents vulnerability curve for a weak one story timber walls CLR 

beta v8.0 model ................................................................................................ 66 

Figure 45 – Contents vulnerability curve for a medium one story timber walls CLR 

beta v8.0 model ................................................................................................ 66 

Figure 46 – Contents vulnerability curve for a strong one story timber walls CLR 

beta v8.0 model ................................................................................................ 67 

Figure 47 - ALE vulnerability curve for a weak one story timber walls CLR beta 

v8.0 model ........................................................................................................ 68 

Figure 48 - ALE vulnerability curve for a medium one story timber walls CLR beta 

v8.0 model ........................................................................................................ 68 

Figure 49 - ALE vulnerability curve for a strong one story timber walls CLR beta 

v8.0 model ........................................................................................................ 69 



 

xi 
 

List of Tables 

Table 1 - Share of attic compartments from water intrusion through the gable roof 

removed cover .................................................................................................. 31 

Table 2 - Share of attic compartments from water intrusion through the hip roof 

removed cover .................................................................................................. 32 

Table 3 - Share of attic compartments from water intrusion through the gable roof 

removed sheathing at minor damage state ....................................................... 33 

Table 4 - Share of attic compartments from water intrusion through the hip roof 

removed sheathing at minor damage state ....................................................... 34 

Table 5 - Share of attic compartments from water intrusion through the gable roof 

removed sheathing at moderate damage state .................................................. 34 

Table 6 - Share of attic compartments from water intrusion through the hip roof 

removed sheathing at moderate damage state .................................................. 34 

Table 7 - Share of attic compartments from water intrusion through the gable end 

defects .............................................................................................................. 35 

Table 8 - Share of partitions and floorings from the water intrusion through the 

vertical wall defects (hip/gable model at DS0) ................................................ 36 

Table 9 - Share of partitions and floorings from the water intrusion through the 

vertical wall defects (hip/gable model at DS1 and DS2) ................................. 37 

Table 2 – Repair time (days) of building components (Barandaranshoraka, 2017) 56 

Table 3 – Repair time for interior components ........................................................ 56 

Table 4 – Delay time versus wind speed (Barandaranshoraka, 2017) ..................... 57 

Table 13 – Comparison between CLR v62 and CLR v70 ingressed volume of water 

example……………………………………………………………………………71 

 

 



 

xii 
 

Acknowledgement 

I would like to thank Dr. Pinelli for giving me the opportunity of working on the Florida 

Public Hurricane Loss Model and for being so important on my process of learning and 

improving not only as an engineer, but also as a person, by giving so many helpful advices. 

All the meetings we had, helped me to have more critical thinking. I could learn a lot and I 

felt prepared to do better as the tasks were assigned to me. I come from a very poor place in 

Brazil and my mother struggled a lot to keep food on the table and being able to present this 

document as a requirement for my Master’s Degree makes me feel accomplished. Coming 

back to the US was a dream to me since I was here for a short exchange program and I felt 

home at this University.  

I would like to thank all the professors who gave me so much knowledge during this degree 

and also to the Civil Engineering Department for all the support and Dr. Cosentino for 

helping me to come back here also. A special thanks also for Dr. Suksawang and Dr. Lazarus 

for accepting to be part of this thesis committee.  

I am also very thankful for my girlfriend Ella Madison for all the love and support and also 

for her mom, Melissa Madison, and Kristi Vorwaller and Mark Vorwaller for being like 

parents to me and always helping me when I need.  

The Florida Sea Grant College Program (FSGCP) supported this work [grant number: R/C-

S- 63-B]. The opinions, findings, and conclusions presented in this thesis are those of the 

author alone, and do not necessarily represent the views of the FSGCP.

 

  

 



1 

 

 
 

Chapter 1. Introduction 

1.1 Background 

Tropical cyclones are weather systems with rotating low-pressure and organized 

thunderstorms, but they do not have fronts (NOAA, 2018).  If the wind speed is lower than 

39 mph, the cyclone is called tropical depression.  Otherwise, they are called tropical storms.  

Hurricanes are storms with maximum sustained wind speed of 74 mph or higher.  They are 

also categorized from 1 to 5 depending on their wind speed.   

The growth in Florida’s population in recent decades resulted in a high amount of 

infrastructure and economic development.  However, hurricanes, one of the costliest disaster 

if not the most, often affect the coastal areas.  Pielke et al.  (2008) showed how this increasing 

number of people and wealth exposure coupled with a high hurricane activity can cause 

economic instability in the State of Florida.  According to CRED (2018), in 2017 hurricanes 

might not have affected the highest number of people or caused the most deaths, but they 

were the main cause for economic losses as Figure 1 shows.     

Figure 2 shows the insured losses caused by hurricanes from 1986 to 2015 and it shows that 

Florida is the most affected state.  According to NOAA (2018), the cumulative cost in billion-

dollar weather events in 2017 was $306.2 billion.  Given that context, in response to the 

devastation brought by hurricane Andrew in 1992, the Florida Office of Insurance 

Regulation (FOIR) commissioned a group of researchers and engineers to develop the 

Florida Public Hurricane Loss Model (FPHLM, 2016) to model the impact of hurricanes on 

residential buildings and the associated economic losses.  The different components of the 

FPHLM estimate the aggregate insured losses for residential property portfolios.  Insurance 
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companies and state regulators are the main users of the FPHLM.  The model can carry on 

stochastic analyses or scenario analyses (based on either hypothetical or actual storm events). 

 

Figure 1- Statistics on the effects of natural disasters for 2017 (CRED, 2018) 

 

Figure 2 – Insured losses caused by hurricanes adjusted by inflation from 1986-2015 (NOAA, 

2018) 
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1.2 Motivation 

The interior components of a building can represent up to 80 % of the total cost of a residence 

(Bell, 2013), and 50% or more of hurricane-induced losses.  However, despite of its high 

value, few if any test-based models, that would take into account the physics of water 

propagation, predict the losses to the interior and contents of buildings (Pinelli et al., 2011).   

The current version 6.2 of the FPHLM relates the accumulated height of water inside a 

building to interior damage, through a simple empirical linear relationship.  Above a 

threshold of 1 inch of water height on the floor, the model assumes 100% damage.  The 

contents and time related expenses are modeled as percentages of the interior damage.   

Therefore, there is a need to develop a more realistic and physics based interior damage 

model that could result in better estimates of the economic losses related to hurricanes.  This 

thesis presents such a model to estimate interior, contents, and ALE damage, which will be 

part of the FPHLM.    

1.3 Objectives 

The goal of this thesis is to develop a new methodology to estimate interior and contents 

damage and associated time related expenses for residential buildings subjected to 

hurricanes.  The specific objectives to satisfy these goals are: 

 Model the interior and content damage mechanism related to water ingress based on 

simulations, using full- and large-scale physical test results, for hurricane induced 

rain penetration, water propagation and moisture accumulation process for typical 

residential coastal structures.  

 Incorporate the above models, informed by full and large-scale physical tests, into 

the interior and contents vulnerability models of the FPHLM, providing a test-based 



4 

 

 
 

causal relationship between ‘exterior damage and building defects’ and ‘interior and 

contents damage.’ 

 Use the results of the previous step coupled with realistic Florida-based repair time 

estimates to enhance the existing time related expenses (ALE) model of the FPHLM. 

1.4 Scope 

The thesis starts with the Introduction in Chapter 1 and it shows the importance of studying 

hurricane damage and also present the objectives of this document. Chapter 2 is a literature 

review and description of different interior, content, and time related expenses (ALE) 

models, like the HAZUS model and the FPHLM.  Also, this same chapter presents the results 

from the Wall of Wind (WoW) tests, which are incorporated in the new FPHLM interior, 

contents, and ALE models. Chapter 3 describes the new interior and contents damage and 

all the steps that were developed in order to achieve the new model, for example the 

treatment given to the raw test results from WoW, the division of the interior in 5 major 

components, the water propagation, accumulation of water from each wind rotation, 

percolation to lower stories and damage evaluation. Chapter 4 describes the implementation 

process and the results of this document. Chapter 5 presents the concluding remarks and 

recommendations.  Chapter 6 contains the references to other researcher’s work used in this 

project. The Appendix section shows an example of the source code modification used to 

compose the new interior/contents model and the related additional living expenses.  
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Chapter 2. Literature Review 

2.1 Introduction 

This chapter presents the literature review necessary to relate the results of the current thesis 

with work that has been done by other researchers and companies.  The goal is to introduce 

information related to how the interior, contents and time related expenses have been 

modeled so far, based on current literature.  Also, this chapter presents a description of the 

tests executed in the Wall of Wind that are going to the part of the new methodology. 

2.2 Hurricane-induced interior and contents vulnerability 

The way hurricane models estimate the exterior damage has shifted from historical insurance 

claim data to physical simulations with more realistic methods.  On the other hand, the 

interior damage estimation still relies on empirical relationships (e.g. linear) which 

extrapolate it from the exterior damage based on engineering judgement.  However, in many 

situation the interior damage value can be equal or higher than the envelope and structure 

damage.  Therefore, the development of a more accurate and physics-based interior and 

contents damage models to predict losses from real life hurricane events is crucial (Pita, 

2015).   

According to Pita (2015), one of the first models developed to estimate contents damage was 

done by Stubbs and Boissonade, in 1993, where they made their evaluation mostly based on 

engineering judgment and the method correlates the envelope and contents damage.  Sparks 

and Bhinderwala, (1994), evaluated contents damage in which the method relates contents 

damage intervals with envelope damage intervals and its likelihood of occurrence.    
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2.3 HAZUS-MH 

HAZUS Hurricane Model was created to estimate losses due to storms and federal, state, 

regional and local government use it to plan for storm emergency management and for 

mitigation, preparedness, response and recovery actions.  The model uses various types of 

databases and as any estimation model, uncertainties are expected (FEMA, 2006).   

2.3.1 Interior Damage 

HAZUS (FEMA, 2006) calculates the interior damage to be the highest economic damage 

to the interior of the building due to water ingress through the roof cover, roof sheathing, 

and openings.  The model assumes that the interior damage will be 100% and need a total 

replacement if the roof sheathing reaches a damage ratio of 25% or if the height of water on 

the floor is ¼ inch.  Therefore, the HAZUS model uses a simple relationship to estimate the 

interior damage based on engineering judgment and the damage is derived empirically.  

2.3.2 Content Damage 

HAZUS (FEMA, 2006) states that the contents damage is highly associated with the interior 

damage, but that it only starts to happen after some interior damages occurs.  The model also 

assumes that the contents damage can be caused either by the failure of the interior 

components above it, for example failure in the ceilings can cause the water to reach the 

contents, or the fenestration in the external component, like roof cover or walls.  It also 

assumes that in case of roof cover loss, the contents damage will only start when 20% or 

more of the roof cover is lost.  This is due to the fact that the ceilings can absorb some amount 

of water before they collapse.  The damage to the contents is taken here as the maximum 

value of losses among the ones caused by roof cover, roof sheathing or fenestration on 

external components.     

2.3.3 Time Related Expenses 

In the HAZUS (FEMA, 2006) model, the time related expenses (ALE) are associated with 

the Hazus Earthquake Model which has the ALE in function of five different damage states 
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(none, slight, moderate, extensive, and complete).  The percentages for each of them 

respectively are 0%, 2%, 10%, 50%, and 100% and the recovery time for each also 

respectively are 0, 5, 120, 360, and 720 days.  The model takes in consideration the fact that 

people can still be living in their house during the reconstruction or have to stay in a 

temporary hotel depending on the level of damage in the building.    

2.4 Florida Public Hurricane Loss Model (FPHLM) v6.2 

2.5.1 Introduction 

The Florida Public Hurricane Loss Model is a probabilistic risk model funded in the early 

2000’s by the Florida Office of Insurance Regulation (FOIR) to estimate insured losses in 

residential buildings due to hurricanes.  The FPHLM has a wind and rain model (FPHLM, 

2016) as well as an inland and coastal flood prototype model (Baradaranshoraka et al., 2017).   

The FPHLM wind model has of four main parts: 

 the hazard model provides information related to wind/rain; 

 the engineering model gather the information provided by the hazard team and 

convert it into damage; 

 the actuarial model converts the damages into insured losses; and, 

 the computer model integrates all the models into one in order to create a 

comprehensive platform.   

2.4.2 Personal Residential Model (PR) 

The personal residential model was the focus of the first years of the FPHLM.  It estimates 

the economic losses due to hurricanes in single family homes, which represents around 64% 

of the total residential units in Florida (U.S.  Census Bureau, 2015) as Figure 3 shows, with 

one or two stories. 
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Figure 3 - Percentage of occupation at each type of residence in the state of Florida (U.S.  

Census Bureau , 2015) 

2.4.2.1 Interior Damage 

Once the external damage has been calculated for a given Monte Carlo simulation, the 

internal, utilities, and contents damages to the building are then extrapolated from the 

external damage. For the interior and utilities of a home, there is no explicit means by which 

to compute damage. Damage to the interior and utilities occurs when the building envelope 

is breached, allowing wind and rain to enter. Damage to roof sheathing, roof cover, walls, 

windows, doors, and gable ends present the greatest opportunities for interior damage. For 

manufactured homes, sliding and overturning are additional factors. Figure 4 shows an 

example of building vulnerability curves.  
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Figure 4 - Example of building vulnerability curves of the personal residential model of the 

FPHLM for a masonry one story building in the south 

Interior damage equations were derived as functions of each of the external components. 

These equations are developed primarily on the basis of experience and engineering 

judgment. Observations of homes damaged during the 2004 hurricane season helped to 

validate these predictions. The interior equations are derived by estimating typical 

percentages of damage to each interior component, given a percentage of damage to an 

external component. The interior damage as a function of each modeled component is the 

same for both site-built and manufactured homes.  

To compute the total interior damage for each model simulation, all values in the damage 

matrices are converted to percentages of component damage. The interior equations are 
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applied to each component, one at a time. The total interior damage for each simulation is 

the maximum interior damage value produced by these equations. The maximum value is 

used instead of a summation to avoid the possibility of counting the same interior damage 

more than once. That is, once water intrusion from one breach of the envelope has thoroughly 

damaged any part of the interior, further water intrusion from other sources will not increase 

the cost of the damage of that part. 

Utilities damage is estimated on the basis of interior damage. A coefficient is defined for 

each utility (electrical, plumbing, and mechanical), which multiplies the interior equations 

defined for each component. As in the case of interior damage, the maximum value is 

retained as the total damage. The utilities coefficients are based on engineering judgment. In 

both site-built and manufactured homes, it is assumed that electrical damage occurs at half 

the rate of interior damage (0.5). Plumbing damage is set to 0.35 of interior damage for site-

built homes and for manufactured homes. Mechanical damage is set to 0.4 of interior damage 

for site-built homes and for manufactured homes.  

2.4.2.2 Content Damage 

The contents of a residence is classified as everything that is not attached to the main 

structure of the building or house.  For instance, it can be furniture, appliances, clothes, etc.  

Usually, a typical insurance policy covers the contents up to 50% of the insured building 

cost.  However, some companies pay only 5% of the insured building value.     

As with the interior and utilities, the contents of the home are not modeled by Monte Carlo 

simulations. Contents damage is assumed to be a function of the interior damage caused by 

each failed component that causes a breach of the building envelope. The functions are based 

on engineering judgment and are validated using actual claims data.  The contents cost are 

not based on any physical tests in the current model and it is calculated as a percentage of 

the interior of the building using a multiplier called kc.  This value is taken as 0.35 of each 

interior damage equation for each component that causes breaches on the building envelope 
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in the current FPHLM v.6.2 (Murphree, 2004).  Figure 5 shows an example of a contents 

vulnerability curve.  

 

Figure 5 - Contents vulnerability curve for a one story building with medium strength in the 

south with masonry walls 

2.4.2.3 Time Related Expenses 

Time related expenses or Additional Living Expenses (ALE) are the additional cost due to 

the fact that the insured residence is under repair and the insured individual or family needs 

to live away from the insured location.  The insurance companies usually only cover ALE in 

case the residence is unlivable.  According to Murphree (2004), typical insurance policies 

covers up to 20% of the insured cost of the residence.  On average, this 20% is equivalent to 

a year of covered expenses.   

In the PR model, the ALE is based on the interior damage which is extrapolated from the 

exterior damage and there are different ALE vulnerability curves for each model type, 
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structure types, materials, region, etc.  (Murphree, 2004).  Figure 6 shows an example of a 

PR ALE vulnerability curve.  

The authors states also that some random distribution was applied on the model in order to 

account for uncertainties in the repair time and some variation in the ALE.   

The equations and methods used for manufactured and residential homes are identical. 

However, it seems logical to reduce the manufactured home ALE predictions because 

typically a faster repair or replacement time may be expected for these home types. 

Therefore, an ALE multiplier factor of 0.75 was introduced into the manufactured home 

model.  

 

Figure 6 – Example of a Personal Residential ALE vulnerability curve for a masonry wall 

building in the south (Murphree, 2004) 

2.4.3 Low-Rise Commercial Residential Model 

The commercial residential model (CLR) estimates the economic losses due to hurricanes in 

commercial residential buildings, which are condominiums or apartment buildings, also 

referred to as multi-family buildings.  When a commercial residential building has up to 

three stories, it is called a low-rise building (Pita, 2015).  Figure 7 shows an example of CLR 

vulnerability curves.  
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Figure 7 - Example of building CLR Vulnerability Curves for weak (blue), medium (green) 

and strong (red) for a one story building with timber walls, gable roof in a High Velocity 

Hurricane Zone 

2.4.3.1 Interior Damage 

The FPHLM introduced a novel approach to assessing the interior damage by considering 

the physics of the problem. The approach starts from the damage to the building envelope 

(Weekes et al., 2009), described in the previous section. The model then estimates the 

amount of wind-driven rain that enters through the breaches and defects in the building 

envelope and converts it to interior damage. The approach is summarized below.  More 

details are provided in (Pita, 2012; Pita et al., 2012; Johnson et al., 2018).  

The method (Figure 8) combines existing building defects and estimated building envelope 

damage with the impinging rain to predict the amount of water that will enter a building. 

This physically based approach models the main contributor to interior damage, addresses 

the uncertainty in the interior damage source, and documents the individual water ingress 

contribution of each component to the total water intrusion. 
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Figure 8 –FPHLM Commercial Residential v.6.2 interior model flowchart 

While the personal residential interior damage model is based on heuristic or empirical rules, 

the commercial residential model incorporates physical model to estimate the amount of 

water that penetrates into a building during a hurricane.  The interior damage of the FPHLM 

v.6.2 is calculated based on the height of water that ingress the building through defects and 

breaches on the external components.  First, the program computes the direct impinging rain 

(DI) and the surface runoff (SR) and then multiply each by the area of the defects and 

breaches of each exterior components in order to estimate the amount of water that gets into 

the building.  The defects are assumed to be present before and after the occurrence of 

maximum wind speed and the breaches only after it has been reached.  The external 

components are: roof cover, roof sheathing, gable end cover, gable end sheathing, walls, 
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windows, doors, sliders, and soffits.  Each hurricane simulation includes the rotation of the 

wind and the water accumulates at each story (Johnson, 2015).   

In case of multi-story building the program assumes that 12% of the water present in a top 

story goes to the lower story.  After all the wind directions have been considered and all the 

water that gets through the external components is already into the building, the accumulated 

height of water in each story is calculated dividing the volume of water by the area of each 

floor.  The model relates the accumulated height of water inside a building to interior 

damage, through a simple empirical linear relationship.  Above a threshold of 1 inch of water 

height on the floor, the model assumes 100% damage (Johnson, 2015).   

Figure 9 shows the interior vulnerability curves of the CLR model v6.2. According to 

Johnson (2015) the maximum interior damage in the v6.2 is 0.66 that corresponds to the 

contribution of the total interior replacement cost ratio for this particular combination of 

parameters of the model, timber exterior wall, gable roof and shingle roof cover. This is the 

reason the graph maxes out at a damage value of 66%.   

 

Figure 9 – Example of interior CLR Vulnerability Curves for weak (blue), medium (green) 

and strong (red) for a one story building with timber walls, gable roof in a High Velocity 

Hurricane Zone 
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2.4.3.2 Content Damage 

Policies regarding contents for apartment buildings cover the apartment appliances and 

everything in the common areas that are not attached to the main structure of the building. 

For condominiums, contents policies cover all the elements that are located in common areas, 

but are not attached to the building, for instance furniture (Pita, 2012).  

According to Pita (2012), the expected damage value due to contents (EDVc) in the FPHLM 

v6.2 is proportional to the interior damage, where they are calculated as the insured cost 

(CV) multiplied by the interior damage ratio (DAI) and divided by the cost coefficient (ki) 

used in the model: 

𝐸𝐷𝑉𝑐 =
𝐷𝐴𝐼

𝑘𝐼
 𝑥 𝐶𝑉  (1) 

The term DAI in the equation is the accumulated interior damage of all the components 

considered in the model, such as roof cover, roof sheathing, windows, etc, and the way the 

model calculates it is by computing the height of water at each floor due to the ingressing 

volume of water through each external component. 

2.4.3.3 Time Related Expenses 

According to Baradaranshoraka (2017), in the personal residential model of the FPHLM, the 

time in which the family have to stay away from the house is called additional living 

expenses (ALE) and it is paid to the insured family to live in a temporary place, for instance 

a hotel or a rental place. The coverage in this case is related to the increase of living expenses 

only related to the covered damage and the additional cost of living away from the house 

until it is fixed. However, in the commercial residential model the ALE is not covered, 

instead the insurance companies cover time related expenses which is associated with the 

loss of rent.  
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2.5 Water Propagation in Residential Buildings 

2.5.1 Introduction 

Current interior models predict the interior losses due to hurricanes, based on some 

extrapolation of the damage to other external components, or some simple relationship 

between water ingress and damage.  Therefore, there is a need for tests that will document 

the propagation of water inside a building and the resulting damage to different interior 

components. As part of this research effort, a team of experimentalists carried on a series of 

large-scale tests.  They are described below. 

2.5.2 Wall of Wind (WoW) Testing 

The Wall of Wind (WoW) is a testing facility located at Florida International University 

(FIU) in Miami.  It is composed of 12 fans, as Figure 10 shows, that can create wind and rain 

conditions to simulate up to a category 5 hurricane.   

 

Figure 10 - Wall of Wind Testing Facility (Raji et al., 2018) 

2.5.3 Test Configuration 

The models tested at the WoW had 1:4 scale with a 5:12 roof pitch.  Figure 11 shows that 

the test had both hip and gable roof.  It also shows the layout of the building with 6 

compartments with exact same dimensions, although 2 of them have different configurations 

for doors and windows. The door has dimensions of 6’8” in height and 3’6”in width (full-
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scale).  The windows are 2’8”from the floor and are square with 4’in length and width 

(dimensions in full-scale) (Raji, 2018). 

 

 

Figure 11 - Hip and gable roof types and model layout with full-scale dimensions in ft-in (Raji, 

2018) 

Raji et al.  (2018) tested the models assigned three different damage states, DS0 for light 

damage, DS1 for minor damage, and DS2 for moderate damage. For each DS, simulations 

were done for the two roof types and three different wind directions, 0o, 45 o, and 90 o. The 

tests were done only for three wind direction because the building is considered to be 

symmetric and then the other directions will have similar results.  The tests occurred for 5 

minutes of wind together with rain for each direction.  The wind speed of the tests were 
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constant at 60 mph (full-scale wind speed) when measured at the roof eave and the Wind 

Driven Rain (WDR) was calibrated to have a rate of 86 mm/hr.   

In order to simulate the breaches and defects on the external components, some openings 

were left at some specific locations.  Figure 12 shows the areas where the researchers decided 

to remove the roof sheathing (lines crossing the areas) and remove the roof cover for each 

damage state (hatched area).  The dimensions in the figure are in inches. Breaches of the roof 

cover expose defects of the roof sheathing (i.e. gaps or joints), so the option chosen was to 

remove it in some locations in order to simulate what would happen in a real life roof under 

hurricane conditions.  Figure 13 shows the same procedure, but for the vertical components 

(windows, doors, walls, etc) in which for DS0 there are only defects on the walls, represented 

by the small squares, and for DS1 one DS2 breaches on the windows are introduced.  

As the damage state increases, the size of defects and breaches increases to simulate how the 

intensity of the hurricane winds affect the external components of the building. 



20 

 

 
 

 

Figure 12 - Breaches and defects on gable and hip roof components of the tested building for 

different damage states (Raji, 2018) 

 

Figure 13 - Breaches and defects on the vertical components of the tested building for different 

damage states (Raji, 2018) 

DS0 

DS1 

DS2 

DS0 DS1 DS2 
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2.5.4 Test Results 

After each test, the researchers who conducted the tests collected the amount of water present 

in each of the three components tested, ceilings, flooring, and partitions.  For the ceilings 

and floorings, the modelers placed containers inside the building to collect the amount of 

water that reach each of those components and then they weighted the amount of water at 

each container at the end of each test.  Using a scale, they measured the volume of water at 

each ceiling and flooring containers.   For the partitions, the researchers used a moisture 

meter to collect the data.  

The results of the tests are presented from Figure 14 to Figure 19. Figure 14, 16 and 18 

represent the volume of water that was collected in the attic compartment for light, minor 

and moderate damage state, respectively. The values are in grams and the numbers 1 to 6 

express the 6 adopted compartments of the model. Figure 15, 17 and 19 show the volumes 

of water collected in the partitions and the flooring for light, minor and moderate damage 

state, respectively. The values are in grams also and the numbers in the center of the 

compartment are the volume for the corresponding flooring and the values closer to the 

borders of the compartments are the volume of water in the partitions.  

First, the results in Figure 14 show that there was water ingressing only in compartment 1 

because the defects and breaches were assumed only in that location for that particular set of 

test (light damage state). Figure 12 shows the location of the defects and breaches in the roof 

for the three damage states adopted in the tests. Figure 15 is still a representation of light 

damage state, but for in that case the water enters the residence by the openings and walls 

rather than the roof. The middle compartments did not have any water ingressing due to the 

fact that the researcher that conducted the tests did not assume any breaches or defects in 

those compartments. Also, the direction that the wind/rain hits the building is determinant 

on the water distribution among the compartments. For example, as Figure 15 shows, the 

wind coming from the 0 degrees (hitting the building in the frontal direction) will affect most 

likely the frontal compartments and their corresponding defects and breaches. However, for 
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wind coming in the 45 degrees direction will most likely affect the frontal compartments and 

the also the side ones. With the same way of analyzing, when the wind/rain hits the building 

in the 90 degrees direction, the affected compartments should be the frontal ones with 

relation to that direction. The symmetry of the building and the fact that the wind/rain can 

come from all the direction makes the process easy to extrapolate from test results from only 

a few directions, frontal, sideway, and inclined. That is one of the reasons the researchers at 

the WoW chose to test only in this three main wind/rain direction.  

 

Figure 14 – Ingressing volume of water (in grams) into the attic’s components for light 

damage state (Raji, 2018) 
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Figure 15 – Ingressing volume of water (in grams) into the room components for light damage 

state (Raji, 2018) 

Figures 16 to 19 shows very similar behavior as Figure 14 and 15, but with the difference 

that the size and position of the defects and breaches were increased in order to represent 

minor and moderate damage states. 
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Figure 16 – Ingressing volume of water (in grams) into the attic’s components for minor 

damage state (Raji, 2018) 

 

Figure 17 – Ingressing volume of water (in grams) into the room components for minor 

damage state (Raji, 2018) 
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Figure 18 – Ingressing volume of water (in grams) into the attic’s components for moderate 

damage state (Raji, 2018) 

 

Figure 19 – Ingressing volume of water (in grams) into the room components for moderate 

damage state (Raji, 2018) 
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Figure 20 and 21 are infrared photos of the tests for 0 and 45 degree direction, respectively. 

They show that the size and position of the opening is directly proportional to the height of 

water in the walls and in which walls it will affect the most.  

 

Figure 20. Infrared photos of the walls of compartments 1 and 2, subjected to 0° wind (Raji, 

2018) 

 

Figure 21. Infrared photos of the walls of compartments 1 and 2, subjected to 45° wind(Raji, 

2018)  
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Chapter 3. Interior, Contents and ALE Damage 

Model 

3.1 Introduction 

This chapter presents the development of a new methodology to estimate the interior and 

contents damage using the large and full-scale test results.  First, we describe how we 

processed and arranged the WoW test results, so that we could use them in the proposed 

methodology.  Second, the document presents how we defined the interior and its 

components.  The following section describes the water absorption capacity of each internal 

component and contents.  After that, we describe the water propagation scheme, how the 

excess water at each component propagates to other components and a way to calculate the 

interior and contents damage at the end of all the iterations of Monte Carlo simulations, wind 

speed and wind directions.   

3.2 Building layout and interior components 

The new methodology divides the interior of the building into 5 major components: 

partitions, flooring, ceiling, cabinets, and electrical components, in addition to contents 

which is treated separately from interior, for insurance purposes. The rainwater penetrates 

into the buildings though defects and breaches of the roof and wall envelope as the storm 

rotates around the building.   

The researchers divided the building into 6 compartments, and within each compartment, 

based on the results of the large-scale tests, carried on at the Wall of Wind, the modelers 

distributed the water among 3 interior components (ceiling, partitions, and flooring) and the 

contents, as it propagates inside the building. Figure 22 is a representation of the building 

layout and where each tested interior component is located. Cabinets and electrical 

components were not tested and their damage is estimated to be a percentage of the 
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components to which they are attached.  The method keeps track of the accumulation of 

water into each component, including contents, within each compartment.  As a component 

exceeds it water absorption capacity, any excess water propagates to other components, and 

from floor to floor. This water propagation follows a specific order assumed by the authors 

of this project based on engineering judgement.  At the end of the storm, the model tallies 

the total accumulated water-induced interior and contents damage. 

 

Figure 22 – Building layout and location of interior components 

3.3 Water Absorption Capacities of Interior Components 

The components tested at WoW, ceilings, floorings, and partitions, have their damage 

evaluated in function of their water absorption.  Gypsum boards are the material chosen to 

partitions and ceilings and the flooring can have two different material, waterproof and non-

waterproof, such as tiles and carpets, respectively.   

3.3.1 Ceilings 

ASTM C473 states that the water absorption of gypsum boards without any water resistant 

component is 10% of its weight.  Based on that, we can determine the maximum volume of 

water the ceilings and partitions can absorb.  The water that enters through the roof due to 

breaches in the roof cover and sheathing is going to distribute among the 6 ceiling 
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compartments.  Note that in the current model, the assumption is that the defects of the roof 

cover do not affect the roof membrane and therefore do not lead to water penetration.  

Removal of the roof cover on the other hand exposes the defects of the roof sheathing.   

For the purpose of this research, the capacity of the gypsum boards were assumed as 30% of 

its weight. The value was increased because the gypsum boards can have up to 50% cellular 

air voids according to Flumiani, Bruce and Elliot (2007). This increase in the capacity will 

be calibrated in future researches. The gypsum boards adopted here have thickness of 5/8”.   

3.3.2 Partitions 

The interior walls or partitions are made of gypsum board and we assumed here that they 

have the same 30% water absorption capacity of its weight like the ceilings, described in the 

previous section, and the analysis follow the same procedure as for the ceiling, with the 

difference in the thickness of the material, which we assumed to be ½” boards for partitions. 

The researchers also increased the area of the partitions by 50% to account for any additional 

interior partition in the compartment, such as interior walls of closets.  

3.3.3 Flooring 

The floor types assumed in this research were waterproof (ceramic tiles) or non-waterproof 

(carpet). For the waterproof type of floor, since the water absorption is very low, we 

considered it 100% impermeable.  In future revisions, we shall investigate the effect of water 

percolation through the tile joints, and under the partitions, where tile discontinuities can 

exist.  Therefore, all the water that reaches this floor and is not absorbed by the partitions, 

the contents, and other components will propagate to a lower part of the house if the number 

of stories is greater than one. Otherwise it will just accumulate on the floor, and eventually 

leak out of the house.  On the other hand, the non-waterproof floors can absorb 9.5 oz/sf and 

let water pass through at the rate of 2.37 oz/sf according to Matsinc’s catalog (2018).  In this 

project, the assumed water absorption of carpet was about twice higher than the 

recommended amount of 9.5 oz/ft to account for any additional amount it can absorb. This 
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increase also represents any other flooring component layer that is under the carpet and can 

absorb water, such as wood decking (present in both timber and masonry structures).  

3.3.4 Cabinets 

The cabinet’s location is very important to determine if they will be damaged or not. We can 

have wall cabinets and floor cabinets, both in the kitchen and in the bathrooms, or even in 

the garage.  We assume they have an equal probability to be in any part of the house.  In 

other words, the value of the cabinets was uniformly distributed throughout the house. The 

model calculates the water propagation, percolation and damage per compartment. So, the 

assumption is that the cabinets will be located at each compartment along two of the four 

walls.  The new model assumed that the damage to the cabinets were proportional to the 

damage of the floor and partitions in which they are attached to.  

3.3.5 Electrical Components 

According to the National Electrical Manufacturers Association (2011), switches, outlets 

and wires that are not supposed to be located in any wet areas must be replaced if they are 

exposed to water in order to prevent malfunctioning.  The model assumes that the electrical 

components are uniformly distributed throughout the house, between the ceiling and wall 

areas.  Therefore the value of the damage to electrical components shall be proportional to 

the percentage of wall and ceiling areas damage.   

3.3.6 Contents  

The contents can be various types of components located inside a residence.  It can be 

appliances and electronics, which would not absorb a high amount of water, all the way to 

couches and rugs, which have high water absorption capacity.  Therefore, it is a hard task to 

predict their absorption capacity due to all the uncertainty and variation on the material type. 

For the purpose of this research, the contents water absorption capacity was assumed to be 

five times the absorption of the floor based on engineering judgment and the fact that some 

contents items, such as couches, rugs and mattresses can have very high water absorption 

capacity.  We assumed the value of the absorption capacity of the contents and that adds a 
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high amount of uncertainty to it, so future improvement of this parameter will be done by 

adopting a probabilistic approach.  

3.4 Processing of the WoW test results 

This section presents how we processed the raw test results, presented in section 2.5.4 of this 

document, to use in the CLR model. The raw results were in grams of water and first we 

converted them into percentage of water distribution.  

First, Table 1 shows the values used in the model for the distribution of water ingressing 

through a gable roof cover for light damage state. In the raw results for roof of a light damage 

state, the distributed volume of water was conditioned to the location of the defects and 

breaches. However, the CLR model of the FPHLM does not specify the location of the 

defects and breaches in the roof and therefore, assumptions had to be done here in order to 

determine the water distribution. We assumed that the volume that passed through the roof 

was uniformly distributed in the ceiling below it. For 0 and 180 degrees, the assumption is 

that the volume is equally distributed in the components in the windward direction. For all 

the other possible directions, the volume was assumed to be equally distributed to all the 

ceilings.  

Table 1 - Share of attic compartments from water intrusion through the gable roof removed 

cover 

 Compartment wind directions 

 # 0 45 90 135 180 225 270 315 

1 33.3% 16.7% 16.7% 16.7% 0.0% 16.7% 16.7% 16.7% 

2 33.3% 16.7% 16.7% 16.7% 0.0% 16.7% 16.7% 16.7% 

3 0.0% 16.7% 16.7% 16.7% 33.3% 16.7% 16.7% 16.7% 

4 0.0% 16.7% 16.7% 16.7% 33.3% 16.7% 16.7% 16.7% 

5 0.0% 16.7% 16.7% 16.7% 33.3% 16.7% 16.7% 16.7% 

6 33.3% 16.7% 16.7% 16.7% 0.0% 16.7% 16.7% 16.7% 
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For a hip roof, the procedure and assumptions are similar to the previous table, but with the 

difference that we assumed that some leeward compartment had not water ingress. Figure 2 

shows how we assumed the water distribution in the model. For 0 and 180 degrees, the values 

are the exact same as Table 1. For 90 and 270 direction for hip roof, we assumed that only 

the frontal compartments that is first impacted by the wind/rain gets water ingress and 

therefore each gets half of the ingressed volume for that specific wind direction. For all the 

other possible direction, due to the geometry of the building, this projects assumes that the 

water ingresses through the roof of the frontal compartments in relation that direction. The 

percentages for those angles multiples of 45 are equally distributed in the compartments that 

are directly being hit by the wain/rain and the two compartments at the back (leeward) had 

the assumption of not receiving any water ingress.   

Table 2 - Share of attic compartments from water intrusion through the hip roof removed 

cover 

 Compartment wind directions 

 # 0 45 90 135 180 225 270 315 

1 33.3% 25.0% 50.0% 25.0% 0.0% 0.0% 0.0% 25.0% 

2 33.3% 25.0% 0.0% 0.0% 0.0% 25.0% 50.0% 25.0% 

3 0.0% 25.0% 50.0% 25.0% 33.0% 25.0% 0.0% 0.0% 

4 0.0% 0.0% 0.0% 25.0% 33.0% 25.0% 50.0% 25.0% 

5 0.0% 0.0% 0.0% 25.0% 33.0% 25.0% 0.0% 0.0% 

6 33.3% 25.0% 0.0% 0.0% 0.0% 0.0% 0.0% 25.0% 

 

Table 3 shows the share of water in percentages for breaches in the roof sheathing of a gable 

roof. These values are derived from the raw results in Figure 16. Before converting into 

percentages, we had to adjust the values of those volumes in Figure 16 once the volumes in 

compartment 1 and 2 should be the same since the size of the assumed opening in the roof 

sheathing right above them is the same. However, we see that there is a slightly difference 

that is probably due to small issues when collecting the water in the test or loss of water by 

any means. So, we took an average of the values in compartment 1 and 2 and also for 

compartments 3 and 4. The percentages in these two sets of compartments should be the 
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same and by taking the average we adjusted these values. After that, we worked to get the 

percentages that are presented in Table 3 by just computing the percentage of water in each 

compartment with respect to the total water ingress for that particular wind direction.  

Table 3 - Share of attic compartments from water intrusion through the gable roof removed 

sheathing at minor damage state  

 Compartment wind directions 

 # 0 45 90 135 180 225 270 315 

1 36.5% 35.3% 1.7% 1.0% 8.0% 7.3% 47.7% 36.1% 

2 36.5% 36.1% 47.7% 7.3% 8.0% 1.0% 1.7% 35.3% 

3 8.0% 1.0% 1.7% 35.3% 36.5% 36.1% 47.7% 7.3% 

4 8.0% 7.3% 47.7% 36.1% 36.5% 35.3% 1.7% 1.0% 

5 2.3% 1.1% 0.6% 19.2% 8.8% 19.2% 0.6% 1.1% 

6 8.8% 19.2% 0.6% 1.1% 2.3% 1.1% 0.6% 19.2% 

 

The procedure described above is the same we used to correct the values for Table 4, 5 and 

6. The method also follow the same calculations for all the directions that apply due to 

symmetry in the building and the tests. For example, the directions 0, 90, 180 and 270 hit 

perpendicularly one of the sides of the building and therefore, any compartment that is frontal 

to that win/rain direction should have the same water percentage as well as the ones in the 

leeward position. The other directions, that are inclined with respect to the two symmetry 

axis of the building, have the values based on the test and since they have no direct 

relationship with the symmetry of the building, their values were not adjusted as the other 

ones.  
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Table 4 - Share of attic compartments from water intrusion through the hip roof removed 

sheathing at minor damage state  

 Compartment wind directions 

 # 0 45 90 135 180 225 270 315 

1 47.4% 18.7% 41.2% 17.5% 0.5% 16.8% 6.2% 38.6% 

2 47.4% 38.6% 6.2% 16.8% 0.5% 17.5% 41.2% 18.7% 

3 0.5% 17.5% 41.2% 18.7% 47.4% 38.6% 6.2% 16.8% 

4 0.5% 16.8% 6.2% 38.6% 47.4% 18.7% 41.2% 17.5% 

5 0.3% 1.5% 2.6% 6.8% 3.9% 6.8% 2.6% 1.5% 

6 3.9% 6.8% 2.6% 1.5% 0.3% 1.5% 2.6% 6.8% 

 

Table 5 - Share of attic compartments from water intrusion through the gable roof removed 

sheathing at moderate damage state  

 Compartment wind directions 

 # 0 45 90 135 180 225 270 315 

1 37.88% 21.70% 41.94% 8.76% 12.12% 21.59% 8.06% 39.00% 

2 37.88% 39.00% 8.06% 21.59% 12.12% 8.76% 41.94% 21.70% 

3 12.12% 8.76% 41.94% 21.70% 37.88% 39.00% 8.06% 21.59% 

4 12.12% 21.59% 8.06% 39.00% 37.88% 21.70% 41.94% 8.76% 

5 0.00% 8.68% 0.00% 0.27% 0.00% 0.27% 0.00% 8.68% 

6 0.00% 0.27% 0.00% 8.68% 0.00% 8.68% 0.00% 0.27% 

 

Table 6 - Share of attic compartments from water intrusion through the hip roof removed 

sheathing at moderate damage state  

 Compartment wind directions 

 # 0 45 90 135 180 225 270 315 

1 41.69% 20.67% 46.71% 20.94% 1.54% 9.46% 2.69% 22.74% 

2 41.69% 22.74% 2.69% 9.46% 1.54% 20.94% 46.71% 20.67% 

3 1.54% 20.94% 46.71% 20.67% 41.69% 22.74% 2.69% 9.46% 

4 1.54% 9.46% 2.69% 22.74% 41.69% 20.67% 46.71% 20.94% 

5 4.57% 10.43% 0.60% 15.75% 8.97% 15.75% 0.60% 10.43% 

6 8.97% 15.75% 0.60% 10.43% 4.57% 10.43% 0.60% 15.75% 
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Table 7 shows the values for the isolated case of a gable end defects. We assumed here that 

any wind direction that has wind/rain hitting directly the end side of the building will have 

equal contribution to the water ingress in the end compartments. 

Table 7 - Share of attic compartments from water intrusion through the gable end defects 

 Compartment wind directions 

 # 0 45 90 135 180 225 270 315 

1 0% 50% 50% 50% 0% 0% 0% 0% 

2 0% 0% 0% 0% 0% 50% 50% 50% 

3 0% 50% 50% 50% 0% 0% 0% 0% 

4 0% 0% 0% 0% 0% 50% 50% 50% 

5 0% 0% 0% 0% 0% 0% 0% 0% 

6 0% 0% 0% 0% 0% 0% 0% 0% 

 

Table 8 and 9 represent the share of water, in percentage, for light and minor/moderate 

damage states respectively, inside each compartment between floorings and partitions. The 

way we got the values shown was by taking the average of specific results from WoW. Based 

on the assumption made that any set of compartments that is hit directly and frontally by the 

wind/rain will have equal shares of water, we took the average of the floor values, converted 

them into percentages and then the percentage for the partitions is the remaining value that 

summed will give 100% percentage.  

For example, Figure 15 has all the volumes of water that reaches the floorings and partitions 

of each compartment. The water distribution in for the flooring and partitions is not 

dependent on the roof type, so we can take the average of the two set of results shown in 

Figure 15. For the case of 0 and 90 degrees direction, the average is for all these cells since 

they are hit directly by the wind/rain and they therefore should have the same water 

distribution. The values in those cells are 356g, 372g, 366g, 340g, 192g, 204g, 234g, and 

220g which correspond to 71%, 76%, 74%, 76%, 59%, 86%, 89%, and 86%, respectively of 

the percentage for flooring in each of the frontal cells in Figure 15. The total volume entered 

in cell 1 of the hip roof at 0 degrees is 356g plus 147g (503g total) and if we divide 356 by 
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503, we get the 71% and to get the other values of percentage, the procedure just need to be 

repeated to cells 2 and 6 for 0 degrees and cells 1 and 3 for 90 degrees. Knowing these 

probability of share, we calculated the average of water distribution for the percentages 

explained above and we multiplied that mean percentage by the maximum share at each cell, 

which is 33.33% for each cell in the 0 degrees direction, and that gives us the 25.7% (rounded 

up to 26%) for flooring from Table 8. 

 The share for partitions is the remaining amount from the maximum at each cell, so 33.33% 

- 25.7% gives us around 8% for the partitions. This process is repeated for each wind 

direction. The values in Table 9 follow the same procedure, but instead of using the values 

of volumes from Figure 15, the values are derived from Figures 17 and 19. Since in the 

FPHLM the specific location of a broken window or defects and breaches are not known, 

we decided to add the results from minor and moderate damage state and come up with the 

percentages in Table 9.  

Table 8 - Share of partitions and floorings from the water intrusion through the vertical wall 

defects (hip/gable model at DS0) 

Compartment # Type 
Wind directions 

0 45 90 135 180 225 270 315 

1 
partitions 8% 12% 24% 5% 0% 0% 0% 9% 

flooring 26% 27% 26% 8% 0% 0% 0% 10% 

2 
partitions 8% 9% 0% 0% 0% 5% 24% 12% 

flooring 26% 10% 0% 0% 0% 8% 26% 27% 

3 
partitions 0% 5% 24% 12% 8% 9% 0% 0% 

flooring 0% 8% 26% 27% 26% 10% 0% 0% 

4 
partitions 0% 0% 0% 9% 8% 12% 24% 5% 

flooring 0% 0% 0% 10% 26% 27% 26% 8% 

5 
partitions 0% 0% 0% 11% 8% 11% 0% 0% 

flooring 0% 0% 0% 18% 26% 18% 0% 0% 

6 
partitions 8% 11% 0% 0% 0% 0% 0% 11% 

flooring 26% 18% 0% 0% 0% 0% 0% 18% 
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Table 9 - Share of partitions and floorings from the water intrusion through the vertical wall 

defects (hip/gable model at DS1 and DS2) 

Compartment # Type 
Wind directions 

0 45 90 135 180 225 270 315 

1 
partitions 16% 16% 23% 24% 0% 0% 0% 16% 

flooring 18% 16% 27% 1% 0% 0% 0% 2% 

2 
partitions 16% 16% 0% 0% 0% 24% 23% 16% 
flooring 18% 2% 0% 0% 0% 1% 27% 16% 

3 
partitions 0% 24% 23% 16% 16% 16% 0% 0% 
flooring 0% 1% 27% 16% 18% 2% 0% 0% 

4 
partitions 0% 0% 0% 16% 16% 16% 23% 24% 
flooring 0% 0% 0% 2% 18% 16% 27% 1% 

5 
partitions 0% 0% 0% 23% 16% 23% 0% 0% 
flooring 0% 0% 0% 2% 18% 2% 0% 0% 

6 
partitions 16% 23% 0% 0% 0% 0% 0% 23% 

flooring 18% 2% 0% 0% 0% 0% 0% 2% 

 

The new methodology uses the test results from WoW to distribute the water among the six 

compartments and then among the interior components. For example, if for a particular wind 

speed, 100 liters of water ingresses the building through the roof cover in the 0o wind 

direction, Table 1 tell us that 33.3 liters will be added the compartment 1, another 33.3 liters 

to compartment 2 and another 33.3 liters to compartment 6. The method considers that 100% 

of the water is distributed and there is no loss of water in the process. So, the ingressing 

volume is multiplied by these percentages to know where the water goes and then, once the 

water is distributed to all the compartments, the model distribute that portion to the interior 

components. All the water that ingress the roof goes straight to the ceiling. However, for 

water ingressing through openings, like windows and doors, and the walls the water 

distribution is done by a table similar to Table 1 where the volume is multiplied by the shares 

of the partitions and floorings.  
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3.5 Water Accumulation 

The new model considers the water accumulation at each internal component.  As the storm 

rotates, the direction of the maximum wind speed and the adjacent wind direction changes 

and so does the water distribution based on the test results from the WoW.  Therefore, for 

each direction of the maximum wind speed, the volume of water ingressing through breaches 

and defects changes and the new interior model takes in account the water that is already 

accumulated by the internal component. As the storm moves, the program adds water to the 

internal component until all the directions have been done.  After that, the excess of water at 

each component and the percolation to other components are computed.    

Figure 23 shows a representation of how the storm rotates and how the model treats it. The 

α’s and β’s are portions of the horizontal rain (HR) that reaches the building envelope. The 

storm has a maximum wind speed and before it reaches the maximum value, the portions of 

the rain at each multiple of 45 degrees direction is called α’s and the directions after the 

occurrence of the maximum wind speed is called β’s. If the rain is before the maximum wind 

speed, it is called HR1 and after it is HR2.  

 

Figure 23 – Storm rotation representation 
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3.6 Water Propagation 

Figure 24 shows how the new methodology considered the water propagation. Starting with 

the roof, the water that ingress through the breaches and defects of the roof sheathing and 

cover distributes among the 6 ceiling components.  That water is absorbed by the ceiling and 

the excess of water that cannot be absorbed propagates to the lower components right below 

one of the ceiling component that reached the maximum absorption capacity.  

The excess from the ceiling percolates to the lower components. These components 

(partitions, contents and floorings) already have accumulated volume of water that entered 

the building through the defects and breaches on the walls and openings. So for example, the 

partitions receive this excess from the ceiling and then if any excess of water is not absorbed, 

it percolates to the next component, the contents.  

The contents absorb excess water from the partitions.  After the contents reach the maximum 

absorption capacity, their excess propagates to the flooring.  

The flooring can either be made of tiles or carpet. In the case of tile floor, the excess from 

the contents and the water from the vertical components that reaches the flooring should not 

reach the ceiling below it and it should percolated to the lower story through stairs for 

example.  However, for the purpose of this project, we assumed that this excess from the tile 

floor will reach the ceiling below it and in the next stage of this project it will be further 

investigated.  On the other hand, with the carpet floor the water that reaches the floor, the 

excess from contents and the water coming from vertical external components, is absorbed 

and the excess from it goes to the ceiling below it.  

The process is repeated as many times as needed.  In case of one story building, the water 

instead of percolating to the ceiling below, accumulates at the floor.  
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Figure 24 - Water propagation scheme among the interior components and contents 

3.7 Additional Living Expenses (ALE)  

The additional living expenses (ALE) are the costs incurred by an occupant of a residence 

who is forced to stay away from it due to hurricane effects. Two time concepts govern the 

ALE, the delay time, which is the time from the event up to the point that repairs start, and 

the repair time, which is the time the repair starts until the resident is able to move back.  The 

total repair time is calculated as the sum of the expected physical damage for each component 

multiplied by the time to repair it.   

Then, the model calculates, using Monte Carlo simulations, the ALE ratio as a ratio between 

the sum of the delay time and repair time, calculated in the previous steps, and the maximum 
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delay and maximum repair time, defined in the FPHLM model.  After calculating the 

resulting pdf’s of ALE ratio, within each wind speed intervals, the resulting ALE 

vulnerability curves are the mean values of each pdf as a function of the wind speed 

(Baradaranshoraka, 2017). 

3.8 Damage Evaluation 

Figure 25 shows how the accumulated water within each interior components and contents 

translates into the damage. The blue curve and equation 2 describe the relationship between 

damage and water content for the interior components. The red curve and equation 3 describe 

the relationship between damage and water content for the contents damage.  The dashed 

line in Figure 25 is the linear relationship between the ratio of the accumulated volume of 

water in each interior component (WCT) and the water absorption capacity (WAC) and its 

damage. As observed, the assumed curves have lower damage then the linear behavior for 

the same ratio of WCT/WAC. To capture the fact that we did not test water absorption 

capacities (WAC) of the interior components and also that the components can absorb more 

water than assumed, we chose the equations and the shape of the curves in Figure 25. 

 

Figure 25 – Damage Evaluation graphs 
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Equations 2 and 3 represent the interior and contents damage evaluation curves, respectively: 

𝐷𝑎𝑚𝑎𝑔𝑒 =
(

𝑊𝐶𝑇

𝑊𝐴𝐶
)5

2
+ 0.6785 ∗ (

𝑊𝐶𝑇

𝑊𝐴𝐶
) (2) 

𝐷𝑎𝑚𝑎𝑔𝑒 =
𝑠𝑖𝑛(

𝑊𝐶𝑇

𝑊𝐴𝐶
)1.5

2
+ (

𝑊𝐶𝑇

𝑊𝐴𝐶
)20 (3) 

Electrical components and cabinets have their damages taken as a weighted average of the 

damage of the components they are attached to. So, for cabinets, the damage is taken as a 

weighted average of the damage of the partitions and floorings with 60% weight on the 

flooring and 40% weight on the partitions. These values were assumed based on engineering 

judgement and a sensitivity analysis can be conducted in the future to improve them.  In a 

similar way, electrical components have their damage evaluation as a weighted average with 

40% accounting for the damage of the ceilings and 60% for the partitions damage. 

3.9 Multi-Story vs One Story Buildings 

The methodology should apply to any number of stories.  For a 1 story building, the excess 

of water from all the internal components accumulates on the floor of the ground floor. On 

the other hand, for a 2 and 3 stories building, the excess water from one story percolates to 

the lower story through the flooring, staircase, and other means. So, the water travels from 

the floor of the top story to the ceiling of the lower story, as Figure 24 shows.  
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Chapter 4. Implementation of the new method in 

the FPHLM 

4.1 Introduction 

This chapter presents the implementation of the methodology proposed and described above. 

The process flowchart is an essential part of the work since it helped to develop the methods 

and it is used here in this chapter to describe how we reached the results, also shown at the 

end of this chapter.  

4.2 Implementation 

Figure 30 shows the first part of the process flowchart that describes the methodology used 

in the model. This part of the method did not change since it is still valid and used as basis 

for the new model beta v8.0. In this part of the flowchart, the variables are loaded, some 

other variables have their values defined, the horizontal rain (HR), is sampled and the size 

of the defects and breaches are calculated. After all this initial process, the program start 

three loops that are the core of this method, the loop over all the simulations, the loop over 

all the wind speed, and then the loop over the wind directions. So for all the simulations, all 

the wind speeds, the program calculates for one wind direction at the time the water ingress, 

distribution, accumulation and percolation. Then the process is repeated for all the values in 

the loops. Also, there is a loop over the stories since there is a need to start the water ingress 

routine from the top story to the lower ones, if any.  

If any yellow boxes are present in Figures from 30 to 36, it means that we contributed by 

this research to that process in this new CLR beta v8.0. The other boxes are processes that 

already exist in the CLR v6.2 and were not changed for this new method.  
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Figure 26 – Part 1 of the process flowchart with the initial loops and constant loading 

After exiting the first part of the flowchart, we need to look at Figure 31, which deals with 

water ingress through defects. So, at the beginning of that part, the program asks if there is 

any defect to be considered and if the answer is yes, the routine is executed and if not, it is 

skipped.  

This routine calculates the volume that ingresses into the building through defects using the 

following equation: 

 
𝑊𝐴𝑇 = ((𝐴𝑟𝑒𝑎𝑑𝑒𝑓𝑒𝑐𝑡 ∗ 𝑅𝐴𝐹 + 𝐴𝑟𝑒𝑎𝑆𝑅𝐶 ∗ 𝑆𝑅𝐶) ∗ 𝜎 ∗ 𝑓𝑙𝑜𝑔𝑙𝑎𝑤 ∗ 𝐼𝑅1)/𝐴𝑟𝑒𝑎𝑏𝑎𝑠𝑒  

 

(4) 
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Where: 

WAT = accumulated height of water at each floor (in) for all the possible wind directions 

Areadefect = area of the defects in that particular external component (ft2) 

RAF = rain admittance factor (unitless) 

AreaSRC= area of the surface runoff (ft2) 

SRC = Surface runoff coefficient (unitless) 

σ = portion of the horizontal rain for wind directions before the max wind speed (unitless) 

floglaw = factor that corrects the wind speed depending on the height of the location 

(unitless) 

IR1 = horizontal rain before the max wind speed (in) 

Areabase = are of the floor (ft2). 

 
The addition of this new method is that we use the consolidated test results described in 

chapter 3 to distribute this volume of water that is already calculated in the previous model. 

Inside this sub routine that Figure 31 shows, there is another loop that is started for the 

compartment, which is called z. The test results tell what percentage of the total ingressed 

volume of water will go to each compartment. Here we call the tables with the test results 

CDt for ceiling distribution tables, PDt for partitions, and FDt for flooring. So, we calculate 

the volume of water that goes to each compartment multiplying the WAT*Areabase by the 

corresponding distribution tables (CDt, PDt, and FDt). Note that the previous version of the 

model needed only the height of water to compute the damage, but now in this new model 

we need the volume of water, so the height needs to be multiplied by the area of the floor 

again to be converted to volume. Also, the original WAT variable holds the accumulated 
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height of water for all the wind directions in the model, but for the purpose of this project, 

the wind directions need to be calculated one at the time so we can use the water distribution 

tables to share the volume of water from each direction and then accumulate it.  

 
𝑊𝐶𝑇𝑐𝑒𝑖𝑙𝑖𝑛𝑔 = 𝑊𝐴𝑇 ∗ 𝐴𝑟𝑒𝑎𝑏𝑎𝑠𝑒 ∗ 𝐶𝐷𝑡 

(5) 

𝑊𝐶𝑇𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠 = 𝑊𝐴𝑇 ∗ 𝐴𝑟𝑒𝑎𝑏𝑎𝑠𝑒 ∗ 𝑃𝐷𝑡 (6) 

 

𝑊𝐶𝑇𝑓𝑙𝑜𝑜𝑟𝑖𝑛𝑔 = 𝑊𝐴𝑇 ∗ 𝐴𝑟𝑒𝑎𝑏𝑎𝑠𝑒 ∗ 𝐹𝐷𝑡 (7) 

 

Where: 

WAT = accumulated height of water at each floor (in) for all the possible wind directions 

WCTceiljng= accumulated volume of water at each ceiling of each compartment 

WCTpartitions= accumulated volume of water at the partitions of each compartment 

WCTflooring= accumulated volume of water at each floor of each compartment 

CDt = table with percentages of water distribution for the ceiling components 

PDt = table with percentages of water distribution for partitions 

FDt = table with percentages of water distribution for floors 

Areabase = are of the floor (ft2). 
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Figure 27 – Part 2 of the process flowchart with the water distribution due to defects on the 

external components  

Figure 32 shows the third part of the process flowchart and it works the same exact way as 

the previous part of the flowchart, but now we are dealing with breaches rather than defects. 

So, equation 5 is very similar to equation 4, but instead of σ we now use β and instead of 

IR1 we use IR2 since in the model the breaches occur after the occurrence of the maximum 

wind speed and the change in number of the impinging rain is just to differentiate also if we 

are dealing with a storm before or after the max wind speed. 
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𝑊𝐴𝑇 = ((𝐴𝑟𝑒𝑎𝑑𝑒𝑓𝑒𝑐𝑡 ∗ 𝑅𝐴𝐹 + 𝐴𝑟𝑒𝑎𝑆𝑅𝐶 ∗ 𝑆𝑅𝐶) ∗ 𝛽 ∗ 𝑓𝑙𝑜𝑔𝑙𝑎𝑤 ∗ 𝐼𝑅2)/𝐴𝑟𝑒𝑎𝑏𝑎𝑠𝑒 

 

(8) 

Where: 

WAT = accumulated height of water at each floor (in) for all the possible wind directions 

Areadefect = area of the defects in that particular external component (ft2) 

RAF = rain admittance factor (unitless) 

AreaSRC= area of the surface runoff (ft2) 

SRC = Surface runoff coefficient (unitless) 

Β = portion of the horizontal rain for wind directions after the max wind speed (unitless) 

floglaw = factor that corrects the wind speed depending on the height of the location 

(unitless) 

IR2 = horizontal rain after the max wind speed (in) 

Areabase = are of the floor (ft2). 
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𝑊𝑎𝑡𝐼𝑛𝑔𝐷𝑓𝑁_𝑆𝑅(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠) = 𝐴𝑆𝑅 𝑑𝑎𝑚 _𝑚𝑜𝑑𝑒 𝑂𝑖
∗ 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 ∗  𝑆𝑅𝐶(𝑑𝑎𝑚_𝑚𝑜𝑑𝑒, 𝑁𝑏𝑟𝑆𝑡𝑜𝑟𝑖𝑒𝑠 , 𝐹𝑠, 𝑂𝑖) ∗ 𝛽(𝑚) ∗  𝑓𝑙𝑜𝑔𝑙𝑎𝑤(𝐹𝑠) ∗ 𝐼𝑅2 

𝑊𝑎𝑡𝐼𝑛𝑔𝐵𝑟𝑁_𝐷𝐼(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠) = 𝐴𝑜_𝑑𝑎𝑚 _𝑚𝑜𝑑𝑒 ∗  𝑅𝐴𝐹(𝑑𝑎𝑚_𝑚𝑜𝑑𝑒, 𝑁𝑏𝑟𝑆𝑡𝑜𝑟𝑖𝑒𝑠 , 𝐹𝑠, 𝑂𝑖) ∗ 𝛽(𝑚) ∗  𝑓𝑙𝑜𝑔𝑙𝑎𝑤(𝐹𝑠) ∗ 𝐼𝑅2 

   𝑊𝑎𝑡𝐼𝑛𝑔𝐵𝑟𝑁_𝑆𝑅(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠) = 𝐴𝑆𝑅 𝑑𝑎𝑚 _𝑚𝑜𝑑𝑒 𝑂𝑖
∗ 𝑆𝑅𝐶(𝑑𝑎𝑚_𝑚𝑜𝑑𝑒, 𝑁𝑏𝑟𝑆𝑡𝑜𝑟𝑖𝑒𝑠 , 𝐹𝑠, 𝑂𝑖) ∗ 𝛽(𝑚) ∗  𝑓𝑙𝑜𝑔𝑙𝑎𝑤(𝐹𝑠) ∗ 𝐼𝑅2 

𝑊𝐴𝑇(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠) =  𝑊𝑎𝑡𝐼𝑛𝑔𝐷𝑓𝑁_𝑆𝑅(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠) + 𝑊𝑎𝑡𝐼𝑛𝑔𝐷𝑓𝑁_𝐷𝐼(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠) +

𝑊𝑎𝑡𝐼𝑛𝑔𝐵𝑟𝑁_𝑆𝑅(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠) +𝑊𝑎𝑡𝐼𝑛𝑔𝐵𝑟𝑁_𝐷𝐼(𝑁𝑏𝑟𝑆𝑖𝑚, 𝑑𝑎𝑚𝑚𝑜𝑑𝑒 , 𝑖𝑖, 𝑗𝑗, 𝐹𝑠)  

Y

N

z=1

z>6?

z=z+1

Distribute and Accumulate the water ingress for each of the different octants, at each floor, in each 

cell, in ceilings, partitions, and floorings
WCT(NbrSim,ii,jj,NbrStories,z,1)=WCT(NbrSim,ii,jj,NbrStories,z,1) + WAT(NbrSim, dam_mode, ii, jj, Fs)*CDt(dam_mode,Oi,z)

WCT(NbrSim,ii,jj,NbrStories,z,2)= WCT(NbrSim,ii,jj,NbrStories,z,2) +WAT(NbrSim, dam_mode, ii, jj, Fs)*PDt(dam_mode,Oi,z)

WCT(NbrSim,ii,jj,NbrStories,z,3)= WCT(NbrSim,ii,jj,NbrStories,z,3)+ WAT(NbrSim, dam_mode, ii, jj, Fs)*FDt(dam_mode,Oi,z)

c

d

Y

 

Figure 28 - Part 3 of the process flowchart with the water distribution due to breaches on the 

external components 

Part 4 of the process flowchart deals with the routine for the percolation of the excess of 

water in a components to others. So, the process starts from the highest story in case of a 

multi-story building and from the highest component, the ceiling for each compartment. We 

assumed here that the water from one compartment would only move vertically and this will 

be further improved to capture the horizontal movement as well. So, if any excess (q) from 

the top story ceiling is observed, that excess percolated to the partitions and then contents 

and then flooring. The excess q is defined as the difference between the accumulated water 

volume in a component (WCT) and the water absorption capacity (WAC). This process is 

repeated for each compartment (z) at the current floor and it is represented by the loop over 
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the internal components that we see in Figure 33. Then if the building has 2 or 3 stories, the 

process is repeated as many times as needed.  

Go to the 

next floor 

below    

Any floor 

left?
Y

Define Initial Floor Fs

Fs=NbrStories 

Any cell left

Define Initial 

Initial Cell z

z=1

Y

N

N

Check saturation for each component 

q

Excess (q)=WCT(NbrSim,ii,jj,NbrStories,z,q) - 

WAC(q)
Y

Any internal 

component left

Go to next internal 

component q

Define Internal 

components (q)

q = 1 (ceiling)

q = 2 (partitions)

q = 3 (contents)

q = 4 (flooring) 

Excess (q)>0?

WCT(NbrSim,ii,jj,NbrStories,z,q+1)=WCT(NbrSim,ii,jj,

NbrStories,z,q)+Excess(q)  

Y

N

q=4N

Y

WCT(NbrSim,ii,jj,Fs-1,z,1)=WCT(NbrSim,ii,jj,Fs-1,z,1)+Excess(4)  

Go to 

next Cell

z=z+1

Water Percolation

Floor type = tile? WAC(4) = 0Y

N

Start with 

q=1

Allocate flooring amount of water at q equal to 4 in order to define q equal 
to 3 for the contents. This needs to be done due to percolation reasons. The 

water percolates from CeilingPatitionsContentsFlooring
WCT(NbrSim,ii,jj,NbrStories,z,4) = WCT(NbrSim,ii,jj,NbrStories,z,3)

WCT(NbrSim,ii,jj,NbrStories,z,3) = zeros(NbrSim,ii,jj,NbrStories,z,q)

e

f N

Use data from literature 

and take into account 

accumulation of water and 

subsequent components 

absorption capacities and 

cascading effects

The excess from the 

ceiling percolates to 

partitions. The 

excess from 

partitions percolates 

to the contents. The 

excess from the 

contents percolates 

to the flooring. The 

excess from the 

flooring percolates to 

the ceiling below it, 

in the lower story if 

any. Otherwise, the 

excess on the 

flooring will be 

accumulated on it. 

See figure in the left 

for more details. 

 

Figure 29 – Part 4 of the process flowchart with the water percolation routine 

The next part of the process flowchart calculates the damage to each components at each 

compartment and in each floor. The way the previous version of the program calculated the 

damage was by applying a height of water threshold of 1 in. So, if at the end the WAT, height 

of water at each floor, was higher or equal to 1 in, the program assumed 100% interior 

damage, as shown in Figure 8.  However, in the new proposed beta version of the model, we 

show in Figure 34 how it is done. The damage evaluation is based on this ratio of WCT/WAC 
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in which is possible to know how much of the water capacity has been reached. Then 

equations of damage evaluation are applied, according to section 3.8 of this document. This 

iteration of damage for each component is repeated for each compartment at each floor. At 

the end, when the damage to the ceiling, partitions, contents and flooring, at each 

compartment, has already been computed, the program calculates the approximate damage 

to cabinets and electrical components for that particular compartment. They have their 

damage extrapolated from the other interior components. As we show here in Figure 34, the 

damage to cabinet is a weighted average with 60% weight to damage of the floor and 40% 

weight to the damage of the partitions. The electrical components have similar approach, but 

the weighted average is taken from 60% of the damage of the partitions and 40% from the 

ceiling.   

Damage Evaluation

Go to the 

next floor 

below    

Any floor left?Y

Define Initial 

Floor Fs
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Any cell left

Define Initial 

Initial Cell z
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WCT(NbrSim,ii,jj,NbrStories,z,q)/
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Figure 30 – Part 5 of the process flowchart with the damage evaluation routine 
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Figure 35 shows part 6 of the process flowchart and it deals with the aggregation of the 

damage of the interior components and the approximation of the additional living expenses 

ratio. First, the programs remove the contents from the list of interior components. Since the 

tests at the WoW did not have the contents as part of the interior, we assumed that it would 

get water from the percolation routine. However, for the purpose of damage evaluation, the 

contents have their own curves and results, so we need to have their damage separate from 

the interior. After that, the program aggregates all the damage for all the components of the 

interior, for all the compartments by taking an average. The next steps are done for ALE 

ratios calculations purposes and this is better described in the next section of this chapter. 

Section 4.3 explains all the reasoning and inputs used to estimate the ALE ratios.  

Figure 35 also shows that the program sum the aggregated damage of the interior and the 

damage for the exterior both places in arrays called DAI (Damage Array for Interior) and 

DAE (Damage Array for Exterior), respectively, in order to get the overall building damage, 

placed in an array called DAT (Damage Array Total). Note that the DAE comes from the 

Damage Matrices, which are inputs for this process. They are calculated from other source 

codes and they contain the damage of each external component per simulation.  
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Aggregate NbrStories dimension of the 

Damage_component(NbrSims,ii,jj,Nbrstories) array

Damage_component(NbrSims,ii,jj) = 

sum(Damage_component,4)/NbrStories

Calculate ALE ratios for each simulation using the following equation

 
ALE (NbrSims, ii)= (delay time + RT(NbrSims, ii))/(delay time max + 

RT(NbrSims, 250))

Delay time max and Repair time max are the times corresponding to the 

maximum wind speed used in the model (250 mph). For each 

simulation, aggregate the ratios in an ALE Vulnerability Matrix 

Estimate repair times for the interior components based on 

their damage calculated in the previous steps and exterior 

components repair times based on their damage from the 

Damage Matrix. 

RT(NbrSims, ii) = DAE*RepairExt + DAI*RepairInt

RepairExt is related to the time to repair the damaged 

external component and RepairInt is the repair time for the 

interior. DAE and DAI are the arrays that have the damage 

of the external and internal components. The time of repair 

is directly proportional to how damaged is the component 

and how long it takes to repair the whole component. 

Define Delay times as the sum of  Processing time, Event 

Time, Evacuation time from Baradansharoka (2017) in 

function of the wind speed. The higher the wind speed, the 

higher the delay time. 

The methodology was adapted from the table on the left. 

Instead of Damage States (DS) the program related the wind 

speed with the delay times. So instead of DS 1, it was used 

60 mph, DS 2 was 70 mph, DS 3 was 90 mph, DS 4 was 

140 mph, DS 5 was 200 mph, and DS 6 was 250 mph.

Aggregate components (q) and cells (z) dimensions of 

Damage_component(NbrSims,ii,jj,NbrStories,z,q) and 

also for the contents array

Damage_component(NbrSims,ii,jj,Nbrstories) = 

squeeze(mean(mean(Damage_component,6),5))

DAI_cont(NbrSims,ii,jj,Nbrstories) = 

squeeze(mean(mean(Damage_component,6),5))

The squeeze function aggregate the desirable dimension 

with either mean or sum. In this case the mean was taken 

because the damage to the internal components is the 

average damage of each internal component at each cell.

Calculate the total damage as DAT being the sum of 

the interior and exterior damage plus the permitting 

cost

DAT = DAE + DAI + permitcost

Calculate the cost of the external damage (DAE) and 

aggregate dam_mode dimension

DAE(NbrSims,dam_mode,ii,jj) = 

DAE(NbrSims,dam_mode,ii,jj).* PC

DAE(NbrSims,dam_mode,ii,jj) = squeeze(sum(DAE,2))

DAE is an array indexed on NbrSims, dam_mode, ii, and jj and 

it comes from the Damage Matrix

PC is the cost factor

Calculate the cost of the internal damage 

(DAI)

DAI(NbrSims,dam_mode,ii,jj) = 

Damage_component(NbrSims,dam_mode,ii,jj).* 

PCint

PCint is the cost factor for interior

Remove damage to contents from the 

array and save it in a different array

DAI_cont(NbrSim,ii,jj,NbrStories,z,3) = 

Damage_component(NbrSim,ii,jj,NbrStories,z,3)

Aggregate External and Internal Damage and Estimate ALE ratios

i

j

 

Figure 31 – Part 6 of the process flowchart with the additional living expenses new routine 

Before going to the next part of the flowchart, the program comes back to the loops we 

started in the first part and go to the next simulation repeating this process for as many times 

as simulations, then do it again for all the wind directions and wind speed values.  

Figure 36 shows the final part of the program in which there were no modification of the 

previous version of the CLR v6.2. The process of computing the vulnerability matrices (VM) 

is the same. The DAT and DAI are damage ratios that are in function of the wind speed. 

After all the damage values are calculated for the interior, contents and ALE, the program 

uses a histogram to build the vulnerability matrix. Basically a new loop for wind speed and 

wind direction is started and for each value of damage, the code place the damage ratio in 
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the respective vulnerability matrix. At the end, there will be an overall building VM, an 

interior VM, a contents VM and an ALE VM as well. To calculate the vulnerability curves 

(VC), the program takes the mean values from the multiplication of the VM by the adopted 

damage ratio interval (d). The damage ratio is the ratio of the cost of the damage over the 

cost of the component of interest. So, if we are deriving a building VC, the damage ratio is 

the cost to repair the damage of the building over the cost of the building. This d is the 

damage ratio interval that goes with 2% increment from 1% to 20% and then 4% increment 

until we reach 100% damage.  

End

Generate Interior, Building, Contents, ALE 

Vulnerability curves

VC_int = squeeze(mean(mean(PCint*DAI,3),1))

VC_bldg = squeeze(mean(mean(DAT,3),1))

VC_cont = squeeze(mean(mean(DAI_cont,3),1))

VC_ale = squeeze(mean(Aler,1))

Calculate Vulnerability Matrices for building and 

interior using DAT and DAI, respectively by reducing 

the NbrSims and jj dimensions using a histogram

VM_bldg(:,ii) = VM_bldg(:,ii) + hist(DAT(:,ii,jj),d)' 

VM_int(:,ii) = VM_int(:,ii) + hist(DAI(:,ii,jj),d)' 

VM_cont(:,ii) = VM_cont(:,ii) + hist(DAI_cont(:,ii,jj),d)' 

VM_ale(:,ii) = VM_cont(:,ii) + hist(ALE(:,ii),d)' 

Define Initial 

wind speed

ii = 1

ii > 41?

Increase wind 

speed by 5 mph

ii = ii+1

Define Initial 

wind direction

jj = 1

jj > 8?Y

N

Increase angle 

by 45

jj = jj+1

N

Y

Generate Vulnerability Matrices and Curves

k

d is the damage interval in which the 

matrix is constructed.

d = [0 0.01:0.02:0.19 0.22:0.04:0.98 1]

 

Figure 32 – Part 7 of the process flowchart with the routine to plot the vulnerability curves 

Appendix A has an example of the new source code for one external component. Due to 

limitations in size of this document, only this example will be presented, but the 
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methodology to compute the ingressing volume of water is the exact same. The only 

difference is the water distribution tables (CDt, PDt and FDt). 

4.3 ALE implementation in the FPHLM 

The first step of calculating the ALE ratios is to estimate the amount of days it will take to 

repair the components of the building. Table 10 shows the repair times for external 

components, approximated using RS Means and engineering judgement, described by 

Baradaranshoraka (2017) in chapter 5 of his dissertation.  

Table 11 shows the repair times for interior components. The geometry of the CLR model 

has length of 56 ft., width of 44 ft., and each story has a height of 10 ft. That gives a floor 

area of 2464 ft2. Therefore, the area of ceilings and floorings are simply the floor area divided 

by 6 since the model calculates the damage per compartment and in this case there are 6 

compartments. The area of the partitions is the perimeter of one compartment times the 

height. For the cabinets the quantity is linear feet and the assumed amount is half of the 

perimeter of the compartment, meaning that there would be cabinets in two of the four walls 

of the compartment. For electrical, the cost is for demolition and repair of a whole floor 

system, so the cost was just divided by 6.   

The total repair time then will be the sum of the repair time of the external components and 

the repair time of the internal ones also. The external damage is prevenient from the damage 

matrices (one of the inputs of this model that is approximated by Monte Carlo simulations 

that estimates the damage of the external components of the building envelope) and the 

internal damage is one of the outputs of the new model. So, for the internal components, the 

repair times are calculated for each simulation, wind speed and wind direction and at the end 

they are aggregated.   
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Table 10 – Repair time (days) of building components (Barandaranshoraka, 2017) 

 

Table 11 – Repair time for interior components 

Components 
Area per  

compartment  
Unit Demolition Unit Repair Unit Total repair time (days) 

Ceiling 410.67 SF 0.02 Hours/SF 0.033 Hours/SF 0.91 

Partitions 813.33 SF 0.008 Hours/SF 0.035 Hours/SF 1.46 

Electrical 0.17 ea. 6.723 Hours/ea. 12.301 Hours/ea. 0.13 

Flooring - Carpet 410.67 SF 0.008 Hours/SF 0.018 Hours/SF 0.44 

Flooring - Tile 410.67 SF 0.024 Hours/SF 0.087 Hours/SF 1.90 

Cabinets 40.67 LF 0.008 Hours/LF 0.2135 Hours/LF 0.38 

           Total 5.22 
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Table 12 and Figure 33 show how the delay times were approximated. They were derived 

from Baradanranshoraka (2017) and the graph represents the values in the table. The delay 

time increases as the wind speed increases in order to account to the fact the high level wind 

speed is most likely to affect a high amount of residences and the local contractors might 

have a hard time fixing multiple places at the same time. Also, the amount of supply might 

be one of the factors that can affect how long the repairs will start.   

Table 12 – Delay time versus wind speed (Barandaranshoraka, 2017) 

Wind Speed (mph) Delay time (days) 

60 4 

70 6 

90 11 

140 19 

200 37 

250 69 

 

  

Figure 33 - Delay time versus wind speed for the purpose of calculating the ALE of CLR beta 

v8.0 
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Equation 9 shows how the new CLR beta v8.0 calculates the ALE ratios based on the repair 

and delay times. Repair time total is the sum of the repair of internal and external 

components, delay time is approximated by Table 12. The maximum delay time is the value 

for wind speed 250 mph since that would be 100% damage to the residence. The maximum 

repair time is obtained by multiplying the repair times by the highest damage values, which 

also should be observed at 250 mph (the maximum wind speed considered in the model).  

  

𝐴𝐿𝐸𝑟𝑎𝑡𝑖𝑜 =  
(𝑟𝑒𝑝𝑎𝑖𝑟 𝑡𝑖𝑚𝑒 𝑡𝑜𝑡𝑎𝑙 + 𝑑𝑒𝑙𝑎𝑦 𝑡𝑖𝑚𝑒)

(𝑚𝑎𝑥𝑖𝑚𝑢𝑚_𝑟𝑒𝑝𝑎𝑖𝑟 𝑡𝑖𝑚𝑒 + 𝑚𝑎𝑥𝑖𝑚𝑢𝑚_𝑑𝑒𝑙𝑎𝑦 𝑡𝑖𝑚𝑒)
 

 

(9) 

 
For each simulation and each wind direction the model calculates the pdf’s of damage and 

the vulnerability curves.  

 

4.4 Vulnerability curves resulting of the new CLR beta 

v8.0 

Figures 34 to 49 show the results of this documents. The purpose of the CLR vulnerability 

model is to estimate the damaged of Commercial Residential buildings under certain hazard 

conditions, in this case wind speed. A vulnerability curve is the output of the model where 

the s shaped curve represents the damage versus wind speed. The x axis of the figures below 

represents the intensity measure of the hazard and in this case is miles per hour. The y axis 

represents the damage ratio, which is the ratio of the cost of the damage over the cost of the 

component. For example, if a vulnerability curve for interior of a building is calculated, the 

damage ratio is the cost to repair the damages to the interior over the total cost of the interior. 

In a similar way, the building curves can be calculated also, but considering the cost of the 

damage to the whole building (exterior + interior) over the cost of the whole building.  
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The comparisons made here are useful in order to understand how close the new model, beta 

v8.0 (in blue), is from the previous one, v6.2 (in red). Since the newer version is a test-based 

model and the previous model was based on a linear relationship with engineering 

judgement, the comparisons are important to understand how close the assumptions made in 

the version 6.2 were to real life behavior of water ingressing in a residential building and 

interior damage.  

Figures 34, 35 and 36 show the vulnerability curves for a weak, medium and strong model, 

respectively, for a one story building, with exterior wall made of timber, gable roof, shingles 

as roof cover and in a High Velocity Hurricane Zone (HVHZ) sub region. The behavior of 

the curves are very similar at some mid-range wind speed and the discrepancies are only 

observed at high range wind speed, in which the previous version of the model has a higher 

vulnerability. Also, for strong model, the newer model has lower vulnerability for all the 

wind speed range used in the model.  

The same combination of parameters were tested also for masonry walls and Figures 37, 38 

and 39 show these results. The results are similar to the ones for timber walls. The strength 

of masonry walls are higher than timber walls, so the vulnerability should be smaller for 

masonry.  

Figures 40, 41 and 42 present the case of multi-story building. The vulnerability curves 

follow the same behavior as the ones for one story, with similar values at low wind speed 

and reduced vulnerability for the newer model for higher wind speed ranges.  
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Figure 34 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a weak one story building with timber exterior wall and gable roof 

 

 

Figure 35 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a medium one story building with timber exterior wall and gable roof 
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Figure 36 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a strong one story building with timber exterior wall and gable roof 

 

Figure 37 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a weak one story building with masonry exterior wall and gable roof 
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Figure 38 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a medium one story building with masonry exterior wall and gable roof 

 

Figure 39 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a strong one story building with masonry exterior wall and gable roof 
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Figure 40 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a weak two story building with masonry exterior wall and gable roof 

 

Figure 41 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a medium two story building with masonry exterior wall and gable roof 
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Figure 42 – Building vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a strong two story building with masonry exterior wall and gable roof 

The damage of the building is driven by the interior, so the interior curves have the same 

behavior or the curves for the building. Figure 43 shows a comparison of a weak one story 

model for timber walls for v6.2 (in red) and beta v8.0 (blue). There is no need to present the 

other interior curves for medium and strong because they will have the same difference with 

the previous version as the building curves.  

 

Figure 43 – Interior vulnerability curve comparison CLR v6.2 (red) versus CLR beta v8.0 

(blue) for a strong two story building with masonry exterior wall and gable roof 
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One of the explanations for the lower vulnerability of the new model is the fact that the older 

version had the damage of the interior empirically derived with the 1 inch height of water 

threshold. This threshold value could be exaggerating the damage in some cases and 

therefore, making the curves be higher. The new method uses physics based methodology 

and for some components it can be a better approximation to real life then the assumptions 

done in the older method. It does not mean that the new model is 100% accurate, but is shows 

a better approximation using results from test. These curves will be validated and calibrated 

in the next stage of this research.  

Figures 44 to 46 show the new contents model vulnerability curves. They are for a one story 

timber walls building. The damage at low wind speed for all the three strengths is very low 

and then at mid-range wind speed the damage increases abruptly having lower increase at 

very high wind speed. This can be explained by the fact that at lower wind speeds the interior 

components, such as ceilings, floorings, and partitions will absorb most of the ingressed 

water and the contents will not receive any water. The contents were not tested at the WoW 

and the only way they get water in this model is by percolation from other components, more 

precisely from the excess of water from the partitions. For mid-range wind speed, the interior 

components start to have excess of water accumulated and therefore that excess will 

percolate to the contents and the damage ratio will increase. For very high wind speed, the 

flat behavior of the curve is explained by the fact that there is only so much contents to be 

damaged and at that stage most of the contents have been damaged already, so no more 

increase is observed.  
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Figure 44 – Contents vulnerability curve for a weak one story timber walls CLR beta v8.0 

model 

 

Figure 45 – Contents vulnerability curve for a medium one story timber walls CLR beta v8.0 

model 
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Figure 46 – Contents vulnerability curve for a strong one story timber walls CLR beta v8.0 

model 

Figures 47 to 49 show the new ALE vulnerability curves and they show that as the wind 

speed increases, the ALE ratios increase reaching the maximum value for the maximum wind 

speed.  
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Figure 47 - ALE vulnerability curve for a weak one story timber walls CLR beta v8.0 model 

 

Figure 48 - ALE vulnerability curve for a medium one story timber walls CLR beta v8.0 

model 
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Figure 49 - ALE vulnerability curve for a strong one story timber walls CLR beta v8.0 model 

4.5 Verification of the new source code 

Table 13 shows a method used to check the validity of the source code of the new model by 

comparing the volumes of water ingress from the CLR v6.2 model with the CLR beta v8.0 

model. One of the biggest addition of the new method is to have the volumes of water that 

ingress the building being computed at each wind direction. That way it is possible to 

distribute the water according to the test results presented in Chapter 3 of this document.  

The equations that calculates the volumes of water in both models are very similar, the 

difference is that CLR v6.2 calculates the total volume of water for all the wind directions at 

once while CLR beta v8.0 calculates the volume of water for each octant. Therefore, the sum 

of the water of all the wind directions for beta v8.0 of the model has to be equal to the volume 

of water of v6.2 model. Another difference is that for version 6.2 of the model, the volume 

of water itself is not the focus because the model needs height of water to calculate the 

damage, therefore, the volume of water in the model v6.2 is divided by the area of the floor. 
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This is why the comparison has to be made between the sum of the volume of water for all 

the octants from beta v8.0 and the height of water multiplied by the area of the floor from 

v6.2. 

The last two columns of Table 13 show that the volume of water from both versions of the 

models agree. These volumes are for the wind speed of 50 mph for the wind directions 

shown. There are only 5 wind directions because the roof cover of the model is assumed only 

to have breaches and not defects. In the CLR model, there are 4 wind directions (jj_1 to jj_4) 

for breaches and 3 directions for defects (rr_1 to rr_3) and one direction that is coincident to 

both (jj). The model repeats the method for 2000 times, which is the number of simulations. 

Due to limitations on the length of this document, only a few cases are shown, but this check 

were repeated for all the Monte Carlo simulations, wind directions, wind speeds, external 

components, and stories.   

The Appendix section has an example of how the new code was implemented and how the 

water calculation and distribution was done.   

 

 

 

 

 

 

 

 



71 

 

 
 

Table 13 – Comparison between CLR v62 and CLR v70 ingressed volume of water example 

Simulation 
# 

VM (in3) beta v8.0 v6.2 

1 jj jj_1 jj_2 jj_3 jj_4 
Sum of 

VM (in3) 
wat1* 

AreaBase (in3) 

2 970.7737 6604.213 53.74904 75.40823 24.03843 53.66793077 53.66793077 

3 882.5215 6003.83 48.86277 68.55294 21.85312 48.78902797 48.78902797 

4 794.2694 5403.447 43.97649 61.69764 19.66781 43.91012517 43.91012517 

5 1676.791 11407.28 92.83926 130.2506 41.52093 92.69915315 92.69915315 

6 676.5998 4602.936 37.46146 52.55725 16.75406 37.40492145 37.40492145 

7 382.426 2601.66 21.17387 29.70627 9.469686 21.14191212 21.14191212 

8 1206.113 8205.234 66.77912 93.68901 29.86593 66.67833823 66.67833823 

9 1412.034 9606.127 78.18043 109.6847 34.96499 78.06244476 78.06244476 

10 1117.861 7604.851 61.89284 86.83372 27.68062 61.79943543 61.79943543 

11 647.1824 4402.808 35.8327 50.27215 16.02562 35.77862051 35.77862051 

12 2912.321 19812.64 161.2471 226.2247 72.1153 161.0037923 161.0037923 

13 823.6868 5603.574 45.60525 63.98274 20.39625 45.53642611 45.53642611 

14 3618.338 24615.7 200.3373 281.067 89.5978 200.0350147 200.0350147 

15 353.0086 2401.532 19.54511 27.42117 8.741248 19.51561119 19.51561119 

16 647.1824 4402.808 35.8327 50.27215 16.02562 35.77862051 35.77862051 

17 941.3563 6404.085 52.12029 73.12313 23.31 52.04162984 52.04162984 

18 647.1824 4402.808 35.8327 50.27215 16.02562 35.77862051 35.77862051 

19 1000.191 6804.34 55.3778 77.69333 24.76687 55.2942317 55.2942317 

20 2647.565 18011.49 146.5883 205.6588 65.55936 146.3670839 146.3670839 

21 470.6781 3202.042 26.06014 36.56157 11.655 26.02081492 26.02081492 

22 735.4346 5003.191 40.71897 57.12745 18.21093 40.65752331 40.65752331 

23 411.8434 2801.787 22.80263 31.99137 10.19812 22.76821305 22.76821305 

24 941.3563 6404.085 52.12029 73.12313 23.31 52.04162984 52.04162984 

25 441.2608 3001.915 24.43138 34.27647 10.92656 24.39451399 24.39451399 
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Chapter 5. Conclusions 

5.1 Summary of work 

The thesis presents a new methodology, informed by laboratory tests results, to model the 

physical behavior of rain water propagation inside a building, and predict the subsequent 

damage.  The method considers different interior components and their water absorption 

capacities. The model expands test results from the WoW to simulate the water propagation 

inside the building, and its distribution among the components.   If a component receives an 

accumulated volume of water higher than its absorption capacity, the excess of water 

distributes to other interior components. The process is repeated for a number of simulations 

with increasing maximum wind speed with various wind directions. For each simulation, the 

damage to each interior component depends on the accumulated amount of water that the 

component absorbed.  The total damage is then calculated based on the accumulation of all 

the damage of the interior components. In parallel to the building interior damage, the 

method evaluates the damage to the contents and the associated time related expenses.  Since 

it estimates physical damage for each external and internal component of the building, it can 

result in a more realistic assessment of time related expenses, depending on the estimates of 

repair times. 

The methodology was implemented in the FPHLM.  The resulting new vulnerability curves 

present a vulnerability similar to the curves from previous version of the FPHLM at low and 

mid-range wind speed, but for high wind speed, the new curves have a lower vulnerability.   

The advantage of this method is that it is anchored into the physics of the problem: it models 

the water path inside the building, and the action of the water on the different interior 

components and contents of the building.  Therefore it provides a link between the defects 

and breaches of the external envelope, the rain acting on the building, and the resulting 

damage. Therefore, the method lends itself to parametric studies, where the influence of 
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different building characteristics, both external and internal, can be investigated for different 

hurricane conditions.  In particular, researchers should be able to investigate the 

effectiveness of different mitigation measures more accurately.  

5.2 Recommendations for future work 

Like all components of a catastrophe risk model, these new interior and contents damage 

models, and time related expenses model have several sources of uncertainty.  First of all, 

the WoW tests were limited in scope.  The epistemic uncertainty due to the extension of the 

tests results to the more generic cases covered in the FPHLM, would need to be reduced with 

additional tests covering more configurations of damage, different types of buildings, and 

more wind speeds.   The definition of a generic residential building interior divided in six 

compartments carries also substantial uncertainty, although it is reasonable to assume that 

the interior components are uniformly distributed over the layout of the building.   The 

quantification of the water absorption capacity of the interior components, e.g. gypsum 

panels, might require additional tests, than those reported in the literature.  Tests are also 

needed to better understand the water percolation mechanisms between floors, as well as the 

water propagation between components.  For example, data is needed to quantify the water 

distribution, absorption and resulting damage to cabinets and electrical components.  

Contents can vary a lot from residence to residence and its water absorption capacity is 

highly uncertain. 

The time related expenses model needs to be further improved with a better understanding 

of the time delays and time of repairs.  This involves not only engineering but social and 

economic studies. 

All these sources of uncertainty, and more, suggest that a systematic probabilistic treatment 

of the various parameters in the model must be carried on.  Future work will concentrate on 

estimating the probability distribution functions of these parameters, and incorporating them 

into the model. 
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In parallel to a better understanding of the probabilistic nature of the different parameters of 

the model, it is critical to be able to validate and calibrate the model.  To that effect, the 

overall vulnerability model will be validated and calibrated against claim data from different 

insurance companies as they become available. 
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Appendix A – New modified Matlab code example 

The following Matlab code is an example of the method used to modify the CLR v62 

program. The old equations and iterations are all presents and the new equations and loops 

are presents also in the code. It is just an example of one of the external components (damage 

mode). The other components have similar methodology and due to that, only the first 

damage mode is being presented here. This part of the code is inside a loop for wind speed 

(ii), which is inside a loop for wind direction (jj), which is inside a loop for simulations. 

Therefore, for each of the simulations, wind directions and wind speed, this program 

calculates the amount of water that ingresses into the building due to breaches and defects 

on the external components. After that, the program distributes this water among the three 

internal components and the contents. The process takes in account the accumulation of 

water, so for each iteration, the amount of water from previous iterations is considered.  

%% 1) Roof Cover 

                         

for      dam_mode = 1; % External component  Roof cover 

                             

ExtDam = (DP(:,dam_mode) - DP(:,2))./ 100;                         

% Effective Roof cover area, i.e. subtracting already 

damaged roof sheathing (DP is an Array that comes from 

the Damage Matrices) 

ExtDam = abs(ExtDam); 

EDperInp = {Zed,Zed,Zed};                                          

% Initialize Input cell to percolation routine 

EDperInp{NbrStories} = ExtDam;                                     

% Damage is located on last story for roofs & gables 

% Volume of water entering the roof cover is due to 

breaches in the roof cover and membrane that exposes 

"gaps" in the roof sheathing. 

% define constants 
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% reference area vector used in calculating the Surface 

runoff value such that each wind direction indicates a 

different reference area vector 

A0= 8*(WidthFLR+2*WidthOverhang);  

A45= 

(sqrt(4^2+8^2))*(sqrt((LengthFLR+2*WidthOverhang)^2+ 

WidthFLR+2)^2)); A90 =4*(LengthFLR+2*WidthOverhang); 

A_SRC = [ A0 A45 A90 A45 A0 A45 A90 A45]; % Assumed 

reference area 

Adef= DefSheathngrf .* AreaRoof.* ExtDam;  % Defects 

area used for Direct impinging rain estimate 

AreaPanel= 4*8; 

num_pan = AreaRoof.* ExtDam./AreaPanel; 

% Constants multiplied to both RAF and SRC components 

Ingress_Breach = fRedRoof(a6,jj).*IR2 ./ (AreaBase); 

                             

% Direct impinging rain 

DI_Breach = 

Adef.*fv.*(Beta(m,1).*RAF_roof(NbrStories,jj) + 

Beta(m,2).*RAF_roof(NbrStories,jj_1)+ 

Beta(m,3).*RAF_roof(NbrStories,jj_2)+ 

Beta(m,4).*RAF_roof(NbrStories,jj_3)+ 

Beta(m,5).*RAF_roof(NbrStories,jj_4)); 

 

% Surface runoff rain 

 

SR_Breach 

=num_pan.*fv.*(Beta(m,1).*SRC_roof(NbrStories,jj).*A_SR

C(jj) + 

Beta(m,2).*SRC_roof(NbrStories,jj_1).*A_SRC(jj_1) + 

Beta(m,3).* SRC_roof(NbrStories,jj_2).*A_SRC(jj_2)+ 

Beta(m,4).* SRC_roof(NbrStories,jj_3).*A_SRC(jj_3)+ 

Beta(m,5).* SRC_roof(NbrStories,jj_4).*A_SRC(jj_4));                    

% Water entered inches                  

                             

                            % cycle through stories, 

calculate water height for each story 

                            % Acummulate the water in 

VM  
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                            octants = [jj, jj_1, jj_2, 

jj_3, jj_4]; % jj is the direction of the maximum wind 

speed and jj_1 to jj_4 are adjacent wind directions in 

the counterclockwise direction 

                            for io = 1:length(octants) 

                                

VM(:,dam_mode,ii,octants(io),jj,NbrStories)= 

144*(Adef.*fv.*(Beta(m,io).*RAF_roof(NbrStories,octants

(io)))+(num_pan.*fv.*(Beta(m,io).*SRC_roof(NbrStories,o

ctants(io)).*A_SRC(octants(io))).*((1-

DP(:,dam_mode+1)./100)))).*fLogLaw_roof(a8,NbrStories).

*fRedRoof(a6,octants(io)).*IR2; % Ingressed Volume of 

water through roof cover at each simulation, wind 

direction, wind speed and story 

                            end 

           % Distribute the water into the cells z and 

           % corresponding partitions q 

                             

                            if rooftype == 1 % gable 

                                for o = octants(:)' 

                                    for cell = 1:6 

           % q equals to 1 means ceiling 

                                       

WCT(:,ii,jj,NbrStories,cell,1) =  

WCT(:,ii,jj,NbrStories,cell,1) + 

(VM(:,dam_mode,ii,o,jj,NbrStories) * RC_Gbl(cell,o)); 

                                    end %end for cell 

%RC_Gbl is the water distribution ratios for Gable Roof 

Cover obtained from the experiments at WoW, each octant 

will have a different water distribution 

                                

                                end%end for octants 

                            elseif rooftype == 2 % hip  

                                for o = octants(:)' 

                                    for cell = 1:6 

                                        

                                       

WCT(:,ii,jj,NbrStories,cell,1) =  

WCT(:,ii,jj,NbrStories,cell,1) + 

(VM(:,dam_mode,ii,o,jj,NbrStories) * RC_Hip(cell,o)); 



81 

 

 
 

                                    end %end for cell 

%RC_Hip is the water distribution ratios for Hip Roof 

Cover obtained from the experiments at WoW, each octant 

will have a different water distribution 

                                end %end for octants 

                            end % end if rooftype 

                             

      wat1 =(DI_Breach+SR_Breach.*(1-

DP(:,dam_mode+1)./100)).*fLogLaw_roof(a8,1).* 

Ingress_Breach;   % Ingressed Water in 1st story 

%wat1 is the height of water ingressed at the first 

floor  

                            end % end for io octants 

end % end for dam_mode = 1 

 


