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Abstract 

TITLE: Estimation of Interior and Contents Damage Due to Wind Driven Rain      

Ingress into Mid/High-Rise Buildings 

AUTHOR: Zhuoxuan Wei 

MAJOR ADVISOR: Jean-Paul Pinelli, Ph. D. 

Hurricanes can lead to the loss of millions of dollars and the death of hundreds of 

people. The increasing concentration of people in coastal cities, exacerbates this 

problem and results in greater hurricane damage to residential buildings. In 

particular, recent hurricanes in Florida have shown the vulnerability of mid/high-

rise buildings (MHRB) to hurricane-induced water ingress. However, few damage 

models are able to produce realistic estimates of interior damage. To accurately 

estimate the interior and contents damage of mid/high-rise buildings due to water 

ingress during hurricanes, this thesis proposes a new physics-based methodology, 

which extends the results of previous work on low-rise buildings. The methodology 

combines estimates of impinging and surface run-off wind driven rain, envelope 

defects and breaches, and interior water distribution and propagation, plus 

component cost analyses to produce realistic estimates of interior and contents 

damage in mid/high-rise buildings.  The physics of the mechanisms of rainwater 

ingress, distribution, and propagation, provide the basis for the methodology to 

achieve more realistic and credible interior and contents damage models.  Once 

implemented in a cat model, such methodology shall result in better loss 

predictions and shall facilitate the evaluation of the effectiveness of mitigation 
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measures.  The thesis also provides the complete flow charts, which detail the logic 

of the internal and contents damage models for both one-of-a-kind buildings and 

for building classes. The flow charts are language independent, so programmers 

with different background can easily code them.  
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Chapter 1 

Introduction 

1.1 Background 

According to Saffir-Simpson hurricane wind scale, for category 1 hurricanes, one-

minute average wind speed at 33 ft above open water is in the interval from 74 

mph to 95 mph. For category 5 hurricanes, it corresponds to more than 157 mph.  

The National Oceanic and Atmospheric Administration (NOAA) plotted the 

historical hurricane tracks (Figure 1-1) illustrating category 4 and 5 hurricane 

tracks from 1851 to 2016 in the East Atlantic Ocean basin.  It shows that east coast 

of the United States, especially Florida State, is a region suffering hurricanes 

frequently. Since 2000, more than 10 hurricanes made landfall in Florida. The 

hurricanes led to death and hundreds of billions of losses. In 2005, hurricane 

Katrina had total cost of 161 billion dollars, which ranks as the first costliest 

weather disaster on record for the nation. For the recent hurricane Irma, the total 

cost is 50 billion dollars (NOAA, 2019). 
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Figure 1-1 Historical hurricane tracks (NOAA,2019) 

Insurance is an effective practice for building owners to reduce the influence of 

hurricane. From 1986 to 2015, hurricane-induced insured losses in Florida 

amounted to 68.6 billion dollars accounting for 13.3% of total insured losses in 

America (see Figure 1-2). With the population growth in coastal cities, the losses 

are likely to increase to a higher level. 

Catastrophe models capture the mechanism of hurricane-induced damage of 

residential buildings and estimate the resulting insured losses.  As an example, the 

Florida Public Hurricane Loss Model (FPHLM), models the relationships between 

wind speed, rain intensities, building façade construction and damage. 
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Figure 1-2 Insured catastrophic losses in the United States from 1986 to 2015 (NOAA, 2019) 

 

1.2 Motivation 

Mid/high-rise commercial residential buildings (MHRB) are condominium or 

apartment buildings with 4 or more stories. MHR buildings are engineered steel 

and/or concrete structures and suffer few significant structural failures during a 

tropical cyclone (Pita et al., 2016).  However, recent hurricanes in Florida have 

displayed the vulnerability of MHRB to wind-driven rainwater ingress during 

hurricane events. 

Even for low-intensity events, with no damage to the openings, fenestration, 

especially sliding doors, experience a large amount of water leaks. For instance, 
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when Hurricane Irma passed through South Florida, wind speeds were far less than 

the wind speed required by the Florida Building Code. Notwithstanding this, a 

remarkable amount of water passed through the fenestrations of buildings, bringing 

about millions of dollars in interior damage. 

The current damage models produce estimates of interior and contents damage 

based on a simple empirical linear relationship between the accumulated height of 

water inside the MHRB and interior damage (Pinelli et al., 2011). It is necessary to 

produce more realistic test-based interior damage models, that would take into 

account the physics of water propagation, to predict the losses to the interior and 

contents of buildings (Pinelli et al., 2011). 

1.3 Objectives 

The goal of this thesis is to develop a new methodology to produce realistic 

estimates of interior and contents damage in MHRB.  The methodology combines 

estimates of impinging wind driven rain, envelope defects and breaches, and 

interior water distribution and propagation.  The objectives to achieve this goal are:  

• Extend the results of previous work on wind driven impinging rain on low-rise 

buildings to produce realistic estimates of impinging rain and surface run-off 

on façades of MHRB.  

• Extend the results of rainwater ingress distribution in the interior of low-rise 

buildings to the case of apartment units in MHRB.  The methodology will be 

able to incorporate the results of parallel efforts on testing of wind-driven rain 

effects and wind-induced vibrations on building façade at the Florida 

International University (FIU) Wall of Wind (WoW).  

• Model the water propagation among apartment units and from floor to floor.  
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• Develop flow charts detailing the methodology to estimate interior and 

contents damage in a MHRB under hurricane conditions and transform this 

physical damage into monetary losses. 

1.4 Scope 

The scope of this thesis is as follow: 

Chapter 2 is a literature review related to interior damage models under hurricane 

conditions. It also describes WoW tests related to rain admittance factors, surface 

run-off coefficients, and wind driven rainwater ingress and propagation. 

Chapter 3 deals with the processing of the tests results described in Chapter 2, and 

their incorporation in matrix form into numerical models. 

Chapter 4 describes how the test matrices from Chapter 3 are combined with other 

components to produce a physics-based model for interior and contents damage. 

Chapter 5 translates the methodology described in Chapter 4 into detailed 

flowcharts for the estimation of interior and contents damage in MHRB caused by 

hurricane wind-driven rain.  The chapter develops flowcharts for one-of-a-kind 

buildings and for generic building classes. 

Chapter 6 presents the conclusions of this thesis and recommendations for further 

research in interior and contents damage modeling. 
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Chapter 2 

Literature Review  

2.1 Introduction 

Unlike low-rise residential buildings, MHRB are engineered buildings where 

structure failures are rarely happen during hurricanes. MHRB are engineered 

structures built mainly from steel and concrete, and occasionally from glulam, 

which have high resistance to hurricane forces. Previous observations and 

investigations show that MHRB, especially reinforced concrete building, performs 

well with minimal structural damage (Eamon et al., 2007).  On the other hand, on 

non-structural external components, especially openings, have a high probability of 

wind damage (Mileti and Henry, 1999).  Even for low-intensity event, the 

buildings suffer widespread interior damage and water leaks through openings 

(Pita et al., 2016) and wind driven rain is proved to be the predominant source of 

interior related losses (Chowdhury et al., 2011; Mullens et al., 2006).  

Furthermore, recent hurricanes in Florida show the vulnerability of MHRB to 

water ingress (Kennedy at al., 2020; Pinelli et al., 2018).   

Adjacent buildings complicate the boundary layer profile during the passage of 

hurricanes. Upwind buildings with gravel-topped roof and lack of rooftop parapet 

increase the damage to fenestration, resulting in interior damage in MHRB (Jain, 

2015).  Additionally, if the building is struck by storm surge, significant damage 

may occur (Eamon et al., 2007).  This thesis discusses only interior damage due to 

wind-driven rain (WDR). 

This literature review presents previous research on interior and contents 

vulnerability for MHRB and describes two public hurricane catastrophe models: 
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the HAZUS-MH model and the Florida Public Hurricane Loss Model.  The water 

ingress, which causes damage to the interior of a building, is the result of direct 

impinging rain and surface runoff.  This Chapter summarizes research on wind 

driven rain deposition on building envelopes under hurricane conditions.  Finally, 

the chapter reports on previous research on water ingress distribution among 

interior components of a building.  

2.2 HAZUS-MH 

The Federal Emergency Management Agency (FEMA) developed Hazards United 

States Multi-Hazards (HAZUS-MH) catastrophe model to estimate the expected 

damage due to combined hurricane wind and flood (Pei et al., 2014).  The 

HAZUS-MH hurricane model uses five key modules: hurricane hazard model, 

terrain model, wind load model, physical damage model, and monetary damage or 

loss model. These models have been validated and calibrated against historical 

hurricane data, wind tunnel test results, field observations of damage caused by 

hurricanes and insurance loss data (Vickery et al., 2006a).   HAZU-MH focuses on 

emergency management and resiliency studies.  This section reviews the damage 

and loss models and focuses on the estimation of interior damage for MHRB. 

2.2.1 Damage Model 

The model uses an engineering-based load and resistance approach. The approach 

developed geometric representations of buildings to describe one- and two-story 

single-family dwellings, one-, two-, three-, and four story multifamily dwellings, 

manufactured houses, pre-engineered metal buildings, low rise retail buildings, 

industrial buildings, and high rise buildings. The building damage is estimated 

based on failure of building envelope components, due to wind loads and debris 

impact acting on the building. This approach incorporates the effects of 
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progressive failures, internal pressures and changes in wind speed and direction 

(Vickery et al., 2006b).  

2.2.2 Loss Model 

The loss model estimates the monetary damage or losses associated with the 

building, contents, and/or inventory losses, and associated with the loss of use of 

the building. The model uses empirical cost estimation techniques to estimate 

losses for building repair and replacement according to building damage states. An 

empirical model connecting contents damage to building envelope performance is 

used to calculate contents loss. Explicit and implicit loss functions yield the cost of 

exterior and interior damage of the building respectively. The implicit functions 

link the cost of interior damage to exterior damage of the building and calculate the 

amount of water ingress through breaches of openings (Vickery et al., 2006b). 

2.3 Florida Public Hurricane Loss Model (FPHLM) 

The Florida Public Hurricane Loss Model (FPHLM) is a catastrophe model funded 

and commissioned by the Florida Office of Insurance Regulation (OIR) to assist 

insurance ratemaking (Hamid et al., 2010; Hamid et al., 2011; Pinelli et al., 2011; 

Gulati et al., 2017).  The Florida Commission on Hurricane Loss Projection 

Methodology has continuously certified the model since 2006. The latest version 

FPHLM 7.0 was certified in 2019 (FPHLM, 2018).  

The FPHLM has four modules (hazard, exposure, vulnerability, and actuarial), and 

the model has three independent programs according to the type of exposure.  

• Personal residential buildings (PR): which deals with single family homes 

composed of 1 or 2 story site built structures, and manufactured homes 

(Pinelli et al., 2008);  
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• Low-rise commercial residential buildings (LRB): which deals with 1 to 3 

story low-rise, predominantly apartment buildings (Pita et al., 2012);  

• Mid/high-rise commercial residential buildings (MHRB): which deals with 

4 stories and higher, predominantly condominium buildings (Pita et al., 

2016).  

2.3.1 Description of FPHLM MHRB exposure model 

Because of a wide variety of building shapes and configurations, which lead to 

different wind-load scenarios and different vulnerabilities, the FPHLM uses a 

modular approach to model the wind vulnerability of MHRB. This approach 

models individual buildings as an aggregation of typical apartment units. Six 

features define the apartment units:  

• Building configuration:  the MHRB are divided into closed and open 

buildings (Figure 2-1). Units of buildings are accessed internally or 

externally for closed or open buildings respectively.  

  

Figure 2-1 Closed (left) and open (right) buildings 

• Position of the unit in the floor plan: there are two kinds of units in MHRB 

in accordance with the location, either corner or middle units.  



10 

 

 

 

 

 

 

• Distribution and types of openings:  the FPHLM models the corner and 

middle units with different numbers of openings (doors, windows, sliding 

doors).  

• Presence or not of a balcony with a sliding door:  Table 2-1 shows the 

typical MHR buildings models including numbers and dimensions of 

openings in corner/middle units in closed/open buildings. 

Table 2-1 Typical MHR buildings models 

Opening type Unit type Quantity* 

Dimensions 

[m] 

Total opening 

areas 

[m2] 

Windows 

Corner/ closed 6 (7) 1.5×1.2 11 (13) 

Corner/ open 7 (8) 1.5×1.2 13 (14) 

Middle/ closed 3 (4) 1.5×1.2 5 (7) 

Middle/ open 4 (5) 1.5×1.2 7 (9) 

Entry door All 1 0.9×2 1.8 

Sliding door All 1 (0) 1.5×2 3 (0) 

Numbers in parenthesis are for the case without slider 

• unit area: the unit area is used to define the height of the accumulated 

water in each story. Based on the results of the survey, the model sets the 

base area as 105 m2. 

• story in which the unit is located: units under 4th story suffer high debris 

impact, units in the range of 4-7 story and these over 7th story suffer 

medium debris impact and low debris impact respectively. 
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2.3.2 FPHLM MHRB Vulnerability Model  

Figure 2-2 displays the flowchart of the FPHLM MHRB vulnerability model, 

which estimates the exterior damage and interior damage, then derives the 

hurricane-induced losses for the total building (Pita et al., 2016).  The model 

computes the total damage as the sum of the external fenestration damage and 

interior damage resulting from rainwater ingress. 
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Figure 2-2 Hurricane vulnerability model for MHR building 

Accumulated water in each story results in interior damage. Two sources of water 

ingress are direct water intrusion through defects and breaches of the openings and 

vertical water percolation from upper story. Water ingress through the breaches in 

every apartment at each story is calculated with apartment breach curves obtained 
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from simulation. The breach curves vary from opening types (Figure 2-3) and 

represent the breach area as a function of wind speed. Accumulated water in each 

story is converted into interior damage a simple linear relationship, with 1 inch of 

height of accumulated water corresponding to 100% interior damage. The model 

aggregates the interior damage from all stories.  

 

(a) 

 

(b) 

Figure 2-3 Breach curves of the openings with the impact resistant glass (a) and                       

with the normal glass (b) 

Contents in insurance parlance is everything inside the building, but not attached to 

the building (e.g. kitchen cabinets and carpet are interior, but tables and rugs are 

contents). The FPHLM MHRB contents vulnerability model assumes that the ratio 
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of contents damage and ratio of interior damage are the same. Thus, the expected 

contents damage is the product of the interior damage ratio by the contents value.  

2.3.3 Wind Driven Rain (WDR) Versus Storm Rotation 

To model the amount of WDR during a hurricane, the FPHLM engineering team 

developed a probabilistic WDR model, which yields distributions of accumulated 

WDR during a hurricane as a function of max wind speed (Pita et al., 2012).  For 

any given storm with a maximum wind speed 𝑉𝑚𝑎𝑥, the total volume of 𝑊𝐷𝑅 is 

divided into the sum of accumulated wind driven rain (𝑊𝐷𝑅1) previous to the 

occurrence of 𝑉𝑚𝑎𝑥 , 𝑡𝑉𝑚𝑎𝑥
, and the sum of wind driven rain (𝑊𝐷𝑅2) from 𝑡𝑉𝑚𝑎𝑥

, 

to the end of the hurricane.  

Johnson et al. (2018) further refined the WDR model, to produce distribution of 

WDR1 and WDR2 in each of 8 wind direction octants from 0 to 360 degrees, as a 

storm rotates at any given location.  Figure 2-4 illustrates the distribution of the 

WDR at a particular location as a function of time.  The red line is the WDR rate 

as a function of time, which peaks at 𝑡𝑉𝑚𝑎𝑥
.  The vertical lines are the limits in time 

between each of the 8 wind direction octants.  The area under the curve in each 

octant is the amount or proportion of WDR, which correspond to that octant.  Total 

volume of WDR is: 

𝑊𝐷𝑅 = 𝑊𝐷𝑅1 × ∑ 𝛼𝑚

𝑖

𝑚=1

+ 𝑊𝐷𝑅2 × ∑ 𝛽𝑛

𝑗

𝑛=1

 (2-1) 

where 𝛼𝑚 is the share of 𝑊𝐷𝑅1 for a particular wind direction octant and 𝑖 is the 

total number of wind direction octants from the start of the storm (𝑡0) to 𝑡𝑉𝑚𝑎𝑥.  𝛽𝑛 

is the percentage of 𝑊𝐷𝑅2 for a particular wind direction octant and 𝑗 is the total 

number of wind direction octants between the times of maximum wind speed and 

the end of the storm.  Note ∑ 𝛼𝑚 = 1𝑖
𝑚=1  and  ∑ 𝛽𝑛 = 1

𝑗
𝑛=1 .  Figure 2-5 shows an 
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example of a possible distribution of these fractions of 𝑊𝐷𝑅1 and 𝑊𝐷𝑅2 as a 

function of wind direction.  Johnson et al. (2018) extracted from the WDR model 

the mean values of 𝛼𝑚 and 𝛽𝑛, as a function of wind speed (Figure 2-6, Figure 

2-7). 

 

Figure 2-4 Wind driven rain as a function of storm rotation and duration 

 

Figure 2-5 Distribution of WDR as a function of wind direction 
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Figure 2-6 Regression function fitted to alpha (m) as a function of wind speed 
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Figure 2-7 Regression function fitted to beta (n) as a function of wind speed 

 

Since the FPHLM does not model time-histories of damage, but instead produces 

estimates of accumulated damage from thousands of Monte Carlo simulations, 

Johnson et al. (2018) used 𝑡𝑉𝑚𝑎𝑥
as a link to incorporate the time-dependent WDR 

model into the FPHLM LRB vulnerability model.  They assume that the external 

damage breaches modeled by the FPHLM, for each simulation, occur at 𝑡𝑉𝑚𝑎𝑥
 

when the wind direction w/respect to the building is the direction of the maximum 

wind speed for that simulation.  They then convert, in each octant, the different 

amounts of WDR1 and WDR2 into impinging rain and surface run-off on the 

façade of the building (see next section), which will ingress into the building 

through the defects only (for WDR1) and through the defect and breaches (for 

WDR2) of the openings.   
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2.4 Wind Driven Rain Tests for Low-Rise Buildings 

and Derived Factors and Matrices 

2.4.1 Wind Driven Rain Tests 

Wind driven rain is the main factor causing interior damage (Mileti and Henry, 

1999).  Researchers simulated the interaction between WDR and building 

envelope, in the 12-fan Wall of Wind (WoW) at Florida International University 

(FIU) (Chowdhury et al., 2017).  The WoW facility can generate a boundary layer 

profile of up to a Category 5 (Saffir-Simpson scale) hurricane and simulate 

associated WDR (Aly et al., 2011).  Baheru et al., (2014; 2015) created a ¼ scale 

test model of a residential building to measure the rain deposition characteristics 

under simulated hurricane conditions.  Figure 2-8 shows the schematic-diagram of 

the 12-fan WoW with a test structure, which can be rotated to a required direction. 

 

Figure 2-8 Schematic-diagram of 12-fan Wall of Wind (WoW) from Baheru (2014) 

The tests quantified two metrics: Rain Admittance Factor (RAF) and Surface 

Runoff Coefficient (SRC) that are presented in the following sections.  
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2.4.2 Rain Admittance Factor (RAF) 

Straube and Burnett (2000) coined the term Rain Admittance Factor (RAF). RAF 

is also called Rain Deposition Factor or Local Intensity Factor (Choi 1993; 1994a, 

b, c; 1999; 2000), which is the fraction of the approaching WDR that impinges on 

the building due to a diversion of large portion of approaching rain around the 

building rather than striking the surface because of aerodynamic effects. This 

factor is defined as: 

 

𝑅𝐴𝐹 =
𝑅𝑅𝑏,𝐷𝐼

𝑅𝑅𝑣
 (2-2) 

where 𝑅𝑅𝑏,𝐷𝐼 is the rate of WDR deposition at a given location on building façade 

caused by direct impinging raindrops. 𝑅𝑅𝑣 is the free-field WDR rate at the mean-

roof-height of the building. 

Blocken and Carmeliet (2010) assumed that RAF is independent of wind speed, 

wind direction and wind-driven rainfall intensity but highly dependent on the 

building geometry.  To study RAF under hurricane conditions, Baheru et al. (2014; 

2015) experimentally produced the distribution of RAF on the envelope of low-rise 

buildings with gable/hip/flat roof for 0°, 45° and 90° respectively. Figure 2-9 (a) 

illustrates the experimental distribution of RAF on gable building model for 0° 

wind direction. Figure 2-9 (b) illustrates the transformation of the contour lines of 

(a) into RAF zones.  In these zone plots, the first value in parentheses represents 

the mean RAF value for each zone based on the spatial distribution of RAF values 

within the zone area and the second value is the standard deviation. In addition, the 

tests proved the RAF independent of wind speed.  
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(a)                                                          (b) 

Figure 2-9 Distribution of RAF on gable building model for 0° wind direction                            

from Baheru et al. (2014) 

 

Johnson et al. (2018) devised a mapping scheme to assign the experimentally 

derived RAF’s to façade components of low-rise commercial residential buildings, 

and the resulting RAF matrices are based on outcomes of Baheru’s deposition 

tests. Figure 2-10 indicates the procedure of mapping RAF values on envelope 

component for 0° wind direction on a given building model. Roof and walls are 

separated into individual components. Table 2-2 summarizes the mean RAF for all 

components in a one-story building. Blank values in the table mean the component 

is on the leeward side of the building for a given wind angle, that is the 

components do not have any contribution of WDR. 
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Figure 2-10 RAF values mapped on envelope components                                                             

for wind angle = 0° from Johnson (2015) 
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Table 2-2 Mean RAF values for building components at specified wind direction 

RAF 1 Story 0° 45° 90° 135° 180° 225° 270° 315° 

Roof Cover 0.14 0.125 0.1 0.125 0.14 0.125 0.1 0.125 

Roof 

Sheathing 

0.14 0.125 0.1 0.125 0.14 0.125 0.1 0.125 

Gable End 1  1 0.9 1     

Gable End 2      1 0.9 1 

Wall 1 0.605 0.44      0.44 

Wall 2  0.38 0.645 0.38     

Wall 3    0.44 0.605 0.44   

Wall 4      0.38 0.645 0.38 

Windows 

Wall 1 

0.68 0.44      0.44 

Windows 

Wall 2 

 0.38 0.72 0.38     

Windows 

Wall 3 

   0.44 0.68 0.44   

Windows 

Wall 4 

     0.38 0.72 0.38 

Doors 0.56 0.44      0.44 

Sliders    0.44 0.56 0.44   
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In addition, Straube and Burnett (2000) compared RAF values on façades of low-

rise building and MHR building (see Figure 2-11). For MHRB, especially those 

with slenderness ratio much greater than one, corner apartment units and units at 

the top floor would have RAF values larger than 0.9. This feature is taken into 

account to extend RAF matrices to the case of MHRB, in Chapter 3. 

2.4.3  Surface Runoff Coefficient (SRC) 

Baheru et al. (2014; 2015) also studied the Surface Runoff Coefficient (SRC).  The 

surface runoff coefficient (SRC) is a factor used to describe the volume of 

accumulated runoff water on the building façade referenced to the free stream 

mean-roof-height WDR rate, RRv: 

 

Figure 2-11 RAF for simple buildings from Straube and Burnett (2000) 
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𝑆𝑅𝐶 =
𝑅𝑅𝑏,𝑆𝑅

𝑅𝑅𝑣
=  

𝑉𝑏,𝑆𝑅

𝐴 ∙ 𝑡 ∙ 𝑅𝑅𝑣
=  

𝑉𝑏,𝑆𝑅

𝐴 ∙ 𝑊𝐷𝑅
 

(2-3) 

 

  

Where 𝑉𝑏,𝑆𝑅 is the measured volume of surface runoff rainwater deposition at a 

given location on a building façade for duration t, and A is the reference surface 

runoff area in the test set up. WDR is free-field wind-driven rain in millimeters 

(mm) for the storm duration measured at the mean-roof-height of the building.  

Baheru et al. (2014; 2015) measured runoff rainwater accumulation at different 

heights on the building façade in the WoW test. They provided the SRC contour 

plots, simplified into SRC zone plots for 0°, 45° and 90° wind directions. Figure 

2-12 represents the distribution of SRC on gable roof building for 0° wind 

direction. For zone plots, the first value in parentheses represents the mean of SRC 

value for each zone based on the spatial distribution of SRC values within the zone 

area and the second value is the standard deviation.  

 

Figure 2-12 Distribution of SRC on gable roof building for 0° wind direction from Baheru (2014) 
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Johnson et al. (2018) developed SRC matrices using the same process used to 

develop RAF matrices, described above. They assumed the defects of the 

fenestration are located at the furthest edge of the component from the direction of 

the runoff flow so that the entire component surface area contributes runoff 

accumulation. Table 2-3 summarizes the mean SRC for breaches and defects, 

which are the main sources of water ingress, in a one-story building. When the 

component is on the leeward side of the building for a given wind angle, SRC 

value is blank in this table implying the components do not have any 

contribution of WDR. 
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Table 2-3 Mean SRC values for defect and breach of building components at specified wind direction 

SRC 1 Story 0° 45° 90° 135° 180° 225° 270° 315° 

Roof Cover 0.004 0.010 0.010 0.010 0.004 0.010 0.001 0.010 

Roof 

Sheathing 

0.004 0.010 0.010 0.010 0.004 0.010 0.001 0.010 

Gable End 1  0.016 0.010 0.016     

Gable End 2      0.016 0.010 0.016 

Wall 1 0.058 0.016      0.016 

Wall 2  0.016 0.047 0.016     

Wall 3    0.016 0.058 0.016   

Wall 4      0.016 0.047 0.016 

Windows 

Breach Wall 1 

0.010 0.016      0.016 

Windows 

Breach Wall 2 

 0.016 0.010 0.016     

Windows 

Breach Wall 3 

   0.016 0.010 0.016   

Windows 

Breach Wall 4 

     0.016 0.010 0.016 

Breach Doors 0.010 0.016      0.016 

Breach Sliders    0.016 0.010 0.016   

Windows 

Defect Wall 1 

0.056 0.016      0.016 

Windows 

Defect Wall 2 

 0.016 0.028 0.016     

Windows 

Defect Wall 3 

   0.016 0.056 0.016   

Windows 

Defect Wall 4 

     0.016 0.028 0.016 

Defect Doors 0.108 0.016      0.016 

Defect Sliders    0.016 0.108 0.016   
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The amount of the accumulated surface runoff water depends on the upstream area 

for a give wind direction. To estimate the amount of water ingress due to the 

surface runoff, the WoW test results are normalized to a reference surface runoff 

area. The SRC value should be multiplied by the reference surface runoff area 

which is defined as the product of a reference length and the width of the leading 

edge of an opening. This thesis focuses on the openings located on the vertical 

surface of the building, whose reference length is the mean height of the building 

and the width is the width or height of the opening when the wind direction is 

0°/90° or 45° respectively. For mid/high-rise buildings, further research should 

investigate the influence of balconies on the reference area for SRC values. 

2.5 Water Ingress Distribution Tests on Low-Rise 

Buildings and Derived Factors and Matrices 

2.5.1 Water Propagation Test Program 

Raji et al. (2019; 2020) tested building models at the WoW with a 1:4 scale with a 

5:12 roof pitch and both hip and gable roofs.  They divided the interior layout of 

the building into 6 interior and 6 attic compartments with exact same dimensions.  

They tested the models for three different damage states (DS), 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, 45o, and 90o (see Figure 2-13).  The tests only considered three wind direction 

because the building model is symmetric and then the other directions will have 

similar results assuming the defects and breaches have symmetry with respect to 

the building also.  
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Figure 2-13 Interior building layout 

The tests modeled the defects and breaches on the roof, walls, windows and doors 

by leaving opening areas on these components and as the damage state increased, 

the size of the opening areas increased also to simulate the intensity of the 

hurricane winds effect on the external components of the building. 

The researchers measured the water distribution among each of the 6-attic 

compartment, and for each of the 6 interior compartments they measured the water 

distribution among the partitions and flooring.  The tests express the results in 

accumulated volume of water in each of the interior components, within each of 

the 6 attic and interior compartments, and they showed that usually the water 

propagation is highly conditioned to the breaches and defects location.  The tests 

did not include contents, cabinets and utility components. 

2.5.2 Water Propagation Matrices 

Pinelli et al. (2019)developed water distribution matrices to assign the proportion 

of total water ingress to each interior component at specific stories in low-rise 

building (see also Siva de Abreu (2019)). The matrices are based on the results of 

WoW testing performed by Raji et al. (2020).   Table 2-4 shows the share of attic 

components from water ingress through the damaged gable roof. Table 2-5 and 

Table 2-6 display the water ingress distribution to partitions and flooring for the 

case of water intrusion through vertical wall defects in the case of DS0, and 
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through defects and breaches for the case of DS1 and DS2, in each of the 6 

compartments of Figure 2-12, and for each of 8 possible wind directions. 

Table 2-4 Share of attic components from water ingress through the damaged gable roof 

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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Table 2-5 Percentage distribution among partitions and flooring of total water ingress through the 

vertical wall defects (light damage state) 

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 2-6 Percentage distribution among partitions and flooring of total water ingress through the 

vertical wall defects and breaches (in minor and moderate damage state)  

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% 
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Chapter 3 

Extrapolation of WoW Test Results for Low-Rise 

Buildings to the Case of Mid/High-Rise 

Buildings 

3.1 Introduction 

This chapter deals with the extension or extrapolation of the WoW test results for 

LRB (Baheru et al., 2014 and 2015, Johnson et al. 2018, Raji et al., 2019 and 2020, 

Pinelli et al., 2019), described in the previous chapter, to the case of MHRB, for 

later incorporation into an interior damage model, as described in Chapter 4. 

Sections 3.2 and 3.3 describe the extension of RAF and SRC matrices to MHRB.  

RAF and SRC matrices map the impinging wind driven rain and subsequent 

surface runoff to the facade.  Section 3.4 describes the extension of water 

distribution matrices to MHRB.  Water distribution matrices assign water ingress 

between the interior components.  Since the proposed interior damage model 

assumes that the wind-driven rain penetrates into the building mainly through 

defects and breaches of the fenestration, this thesis focuses on RAF and SRC 

matrices for windows, doors, and sliders. 

3.2 RAF Multidimensional Array 

Table 2-2 is an example of RAF matrix with the mean RAF values for building 

components at specified wind directions for a one-story building. This matrix 

results from testing a low-rise building with a base plan dimensions of 5.0×7.5 ft2 

and a low height of 2.5 ft with length scale of 1:4.  It corresponds to a full-scale 

building of  20 x 30 = 600 ft2 and an eave height of 10ft.  MHRB, which have four 

or more stories, have larger dimension than low-rise buildings.  Furthermore, the 
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proposed MHR interior damage model adopts a modular approach that treats the 

building as a collection of apartment units. It is necessary to assign RAF values to 

each unit, based on its location on the facade. The thesis proposes a 

multidimensional array to perform the RAF unit assignment for MHR buildings.   

3.2.1 Definition of RAF Multidimensional Array 

The RAF matrix for low-rise building has two indexes: exterior component and 

wind direction (see Table 2-2), while the RAF multidimensional array for MHR 

buildings has five dimensions: Exterior Components, Story Number , Total 

Number of Stories, Building Layout, Wind Direction and Unit Number in Story 

from 1 to total number of units per story Us. Table 3-1 explains the meaning of 

each index.  
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Table 3-1 Glossary for RAF multidimensional array 

Index Meaning 

Exterior Components 1=windows, 2=doors, 3=sliders 

Story Number The story of specified unit in the building 

Total Number of Stories Total number of stories of the building 

Building Layout 
1=open building, 2=closed building with four units in one 

story, 3=closed building with more than four units in one story. 

Wind Direction 1=0°, 2=45°, 3=90°, 4=135°, 5=180°, 6= 225°,7=275°, 8=315° 

Unit Number in Story 
Serial number of specified units depending on building layout 

and total number of units per story 

 

To simplify the calculation, the units in the closed building are supposed to be 

symmetrical. The methodology assumes total number of units in one story is Us 

which is even. For open building, there is only one row of units.  For closed 

building with four units, there are two rows of units in one story. For closed 

building with more than four units, there are three rows of units. The order of Unit 

Number depends on Building Layout, as Figure 3-1 shows. 
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Figure 3-1 Unit Number for Layout Type=1, 2 and 3 from top to bottom 

 

According to RAF zonation plots for 0° and 90° wind directions (Baheru et al., 

2014, 2015) (see Figure 2-10), when the building has a height H,  units from 

stories with a height less than 0.25H, belong to one zone sharing the same RAF 

value. The same is true of units in stories in the ranges 0.25H to 0.6H, and 0.6H to 
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H.  See Figures 18 and 19.  For 45° wind direction, when the building has a wall 

horizontal length L,  all units from any story at a horizontal distance from the 

windward corner less than 0.4L, belong to one zone sharing the same RAF value 

and those at a horizontal distance greater than 0.4L have a different RAF value.  

See Figure 3-5.  For all wind directions, units spanning two zones possess mean 

RAF value.  

Figure 2-11 indicates that in MHRB the corner units and units at the top floor 

should have RAF values larger than 0.9. The RAF values for these units are set to 

0.9 in the array. 

3.2.2 Example of RAF Multidimensional Array 

This section uses a 10-story closed building with Us = 10 apartment units per story 

as an example. Figure 3-2 shows the arrangement of apartment units and Figure 

3-3 shows the zonation plots for distribution of RAF when wind direction is 0°. 

Baheru et al. (2015) tested the RAF values on the surface of three building models 

with different roofs: gable, flat and hip. Results indicated that the overhang had no 

effect in reducing the impinging raindrops deposition. In addition, the gable end 

walls showed vulnerability of water intrusion defects and breaches. Thus, they 

only provided the zone plot of RAF on the gable roof building. 

For the first and second stories, RAF values are 0.3 based on Figure 3-3 when 

wind direction is 0°. In addition, only windward façade has wind driven rain 

deposition. RAF values for unit 1, 2, 3 and 4 are 0.3 and these for unit 5, 6, 7, 8, 9 

and 10 are 0.  There is an increase of RAF values for corner units, so the values for 

unit 1 and 4 are set to 0.9. When the wind direction is 90°, RAF values are selected 

in the same way according to Figure 3-4.  For 45° wind direction (Figure 3-5), the 

values are independent of the height and therefore RAF values are the same in 

different stories. The value of unit 1 is selected as 0.5 and that of unit 3 and 4 is 
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chosen as 0.4 and of unit 5 is 0.3. Unit 2 and 9 spans two zones, so the 

methodology takes the mean RAF (0.45 for unit 2 and 0.4 for unit 9). Due to the 

symmetry of the building and wind directions, the RAF values for 135°, 180°, 

225°, 270° and 315° wind directions, are derived from the results for 0°, 45° and 

90° wind directions.  

The third story spans two regions. The mean RAF is calculated based on the length 

of openings in each region with respect to dimensions of windows/door/sliders and 

the height of each story (Figure 3-6, Table 3-2). For instance, 1/2 of window in this 

story is located in the region where RAF value is 0.3 and the other part of window 

is located in the region where RAF value is 0.6. Therefore: 

𝑚𝑒𝑎𝑛 𝑅𝐴𝐹 =
0.3 × (1/2 − 3/11) + 0.6 × [5/11 − (1/2 − 3/11)]

5/11

= 0.4 

(3-1) 

 

  

Figure 3-2 Arrangement of apartment units per story 
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Figure 3-3 Distribution of RAF for 0° wind direction 

 



39 

 

 

 

 

 

 

 

Figure 3-4 Distribution of RAF for 90° wind direction 
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Figure 3-5 Distribution of RAF for 45° wind direction 

 

 

Figure 3-6 Dimensions of openings and height of story 
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Table 3-2 Dimension of openings  

Index Size (ft) 

Window height 5 

Window width 4 

Door height 6.7 

Door width 3 

Slider height 6.7 

Slider width 5 

Window bottom to flooring 3 

 

Similarly, the array captures RAF values for all units in every other story for all the 

eight wind directions. Table 3-3 is the results of RAF array when Exterior 

Components equals to 1, Building Layout is 3, Total Number of Units is 10, Story 

Number is 2 and Total Number of Stories is 10. Each columns represents serial 

number of apartment unit and rows represent wind directions. Appendix A 

indicates the detailed process of mapping RAF array and examples to cover all the 

case of layout 1, 2 and 3. 
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Table 3-3 RAF values of windows  for all units on the second floor of the closed building with 10 

stories and 10 units per floor in all wind directions 

Wind 

Direction 

Number of Units 

1 2 3 4 5 6 7 8 9 10 

1 0.9 0.3 0.3 0.9 0 0 0 0 0 0 

2 0.9 0.45 0.4 0.9 0.9 0 0 0 0.34 0 

3 0.9 0 0 0 0.9 0 0 0 0.3 0 

4 0.9 0 0 0 0.9 0.5 0.45 0.9 0.34 0 

5 0 0 0 0 0.9 0.3 0.3 0.9 0 0 

6 0 0 0 0.9 0.9 0.4 0.4 0.9 0 0.34 

7 0 0 0 0.9 0 0 0 0.9 0 0.3 

8 0.9 0.4 0.45 0.9 0 0 0 0.9 0 0.34 

 

3.3 SRC Multidimensional Array 

3.3.1 Definition of SRC Multidimensional Array 

The thesis proposes a SRC multidimensional array that has the same dimensions 

and indexes than the RAF multidimensional array. SRC values are selected from 

SRC zonation plots (Figure 3-7, Figure 3-8 and Figure 3-9) following rules similar 

to the ones for RAF. Differences are that for vertical direction, split points are 

0.3H and 0.7H and for horizontal direction, split point is 0.6L.  
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3.3.2 Example of SRC Multidimensional Array 

Table 3-4 illustrates an example of an SRC multidimensional array for the 

following index value: Exterior Components=1, Building Layout = 3, Story 

Number = 2, Total Number of Stories = 10 and total number of units Us = 10. 

Appendix A indicates the detailed process of mapping SRC array and examples to 

cover all the case of layout 1, 2 and 3. Based on the results of Baheru et al. 

(2015)’s testing, the SRC value of a flat building is lower than that of buildings 

with the gable roof or the hip roof. Considering the vulnerability of gable end 

walls, the SRC distribution on gable roof building was generated.  

The RAF values are calculated for the entire component, but SRC values are 

calculated based on the reference zone for a defect or breach (Johnson et al., 2018).  

For the case of 0° and 90° wind direction, SRC values for breaches are selected at 

the top edge of openings, because only the upstream area contributes to the total 

volume of surface runoff.   For defects, we conservatively assume that they are at 

the lowest point on the component (e.g. door or windowsill) so that the area of the 

component is included in the surface runoff reference area.  For 45° wind 

direction, both defects and breaches of exterior components (openings) are taken as 

the mean SRC value for the wall that they are attached to. 
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Figure 3-7 Distribution of SRC for 0° wind direction 
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Figure 3-8 Distribution of SRC for 45° wind direction 
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Figure 3-9 Distribution of SRC for 90° wind direction 
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Table 3-4 SRC values of windows for all units on the second floor of the closed building with 10 

stories and 10 units per floor in all wind directions 

Wind 

Direc-tion 

Number of Units 

1 2 3 4 5 6 7 8 9 10 

1 0.108 0.108 0.108 0.108 0 0 0 0 0 0 

2 0.005 0.01 0.017 0.025 0.039 0 0 0 0.02 0 

3 0.109 0 0 0 0.109 0 0 0 0.109 0 

4 0.039 0 0 0 0.005 0.01 0.017 0.025 0.02 0 

5 0 0 0 0 0.108 0.108 0.108 0.108 0 0 

6 0 0 0 0.039 0.025 0.017 0.01 0.005 0 0.02 

7 0 0 0 0.109 0 0 0 0.109 0 0.109 

8 0.025 0.017 0.01 0.005 0 0 0 0.039 0 0.02 

3.4 Water Distribution Multidimensional Arrays 

3.4.1 Definition of Water Distribution Multidimensional Array 

The thesis expanded  the water distribution matrices from Table 2-5 and Table 2-6 

in Section 2.3.3 into two water distribution multidimensional arrays XDt_n and 

XDt_m, which represent the arrays to distribute water ingress before and after the 

occurrence of opening breaches.  Both arrays have the four dimensions listed in 

Table 3-5.  For Interior Components equals to 1 (ceilings) and 3 (contents), the 

values in the water distribution arrays are set to zero.  MHRB are engineered 

structures with in many cases a concrete slab for the roof, without any attic space.  

Therefore, the water ingress tests for the case of roof defects or breaches from 
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(Raji et al., 2019; 2020) are not applicable, and at this point we assume no water 

ingress from the roof.  Water percolation from upper stories damages the ceilings 

as explained in the next chapters.  Raji et al. (2020) did not test contents.   The 

reason for reserving these two options is computational efficiency, as explained in 

the following chapters.  

Table 3-5 Glossary for water distribution multidimensional array  

Index Meaning 

Building Layout 

1=open building, 

2=closed building with four units in one story,  

3=closed building with more than four units in one story. 

Interior Components 1=ceiling, 2=partitions, 3=contents, 4=flooring 

Wind Directions 1=0°, 2=45°, 3=90°, 4=135°, 5=180°, 6= 225°,7=275°, 

8=315° 

Unit Number of  Serial number of specified unit depending on building 

layout and total number of units in one story 

 

Recall that the proposed interior damage model for MHRB uses a modular 

approach, where the building is an aggregation of corner and middle apartment 

units at each story.  In Table 2-5 and Table 2-6 of Chapter 2, the distribution values 

for the corner compartments 1, 2, 3 and 4 of Figure 11 apply to the corner 

apartment units and the distribution values for the middle compartments 5 and 6 

apply to the middle apartment units.  The percentages of water distribution in 

Table 2-5 and Table 2-6 are percentages of the total water ingress in any given 

story.  The columns of Table 2-5 and Table 2-6 add up to 1 or 100%.  But in the 
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MHRB water distribution arrays, the percentages are with respect to the total water 

ingress in each apartment unit.   

3.4.2 Example of Water Distribution Multidimensional Array 

Table 3-6 illustrates an example of a water distribution multidimensional array 

before the occurrence of breaches,  XDt_n , for a 10 story building with the 

following index values : Interior Components = 2 (partitions), Building Layout = 3 

(closed), and total number of units per story Us = 10.  Figure 3-2 shows the 

building layout. The building has 4 corner units (1, 4, 5 and 8) whose water ingress 

distribution rates are derived from the values for compartment 1, 2, 3 and 4 in 

Table 2-5 and Table 2-6, middle units (2, 3, 6, 7, 9 and 10) whose water ingress 

distribution rates are derived from the values for compartment 5 and 6.  

For 0° wind direction, there is no water intrusion in leeward units (5, 6, 7, 8, 9 and 

10), so water distribution rates for partitions and flooring in these units are zero. 

According to Table 2-5, for windward units (1, 2, 3 and 4), the water distribution 

rate for partitions is 23.5 % =  8% /(8%+26%) and the rate of flooring is 76.5 % =  

26%/(8%+26%). For the 90°wind direction, the water distribution rates of unit 1, 9 

and 10 are selected in the same way according to the values of compartment 1 and 

3 in Table 2-5. 

For 45° wind direction, the water distribution rates for partitions of windward 

corner units 1, 4 and 5 are 30.8% = (
12%

12%+27%
), 47.3%= (

9%

9%+10%
) and 

38.4%=(
5%

5%+8%
) derived from values of compartment 1, 2 and 3. The rates for 

partitions of middle unit 2, 3 and 9 are 37.9%= (
11%

11%+18%
) derived from the value 

of compartment 6. The rate for flooring in each unit can be obtained by subtracting 

the rate for partitions in the same unit from 1 or 100%.  
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Because of symmetry, the water distribution rates for 135°, 180°, 225°, 270° and 

315° wind directions can be derived from the results for 0°, 45° and 90° wind 

directions. Table 3-6 is the results of XDt_n given: Building Layout=3, Interior 

Components=2, total number of units per story Us=10. Appendix B indicates the 

detailed process of mapping water distribution array and examples to cover all the 

case of layout 1, 2 and 3. 

Table 3-6 Share of partitions from the water intrusion through opening defects in closed building 

with 10 stories and 10 apartment units per story in all wind directions 

Wind 

Direction 

Unit Number 

1 2 3 4 5 6 7 8 9 10 

1 0.235 0.235 0.235 0.235 0 0 0 0 0 0 

2 0.308 0.379 0.379 0.473 0.384 0 0 0 0.379 0 

3 0.48 0 0 0 0.48 0 0 0 0.48 0 

4 0.384 0 0 0 0.308 0.379 0.379 0.473 0.379 0 

5 0 0 0 0 0.235 0.235 0.235 0.235 0 0 

6 0 0 0 0.384 0.473 0.379 0.379 0.308 0 0.379 

7 0 0 0 0.48 0 0 0 0.48 0 0.48 

8 0.473 0.379 0.379 0.308 0 0 0 0.384 0 0.379 
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Chapter 4 

Interior and Contents Damage from Wind-

Driven Rain 

4.1 Introduction 

This chapter describes a new hurricane interior damage model for MHRB.  The 

new model incorporates the effect of changes in wind directions as a storm rotates 

around a building, with different values of WDR, RAF and SRC for each wind 

direction.  The model can accommodate different layouts of apartment units, and 

for each wind direction, it calculates the amount of water ingress and how it 

propagates inside the building. 

Section 4.2 indicates building layout and interior components for MHRB. Section 

4.3 defines water absorption capacities for interior components. Section 4.4 to 

Section 4.7 introduce procedures and equations to calculate volume of water 

ingress, assign to interior components, propagate between components, stories and 

adjacent units and evaluate interior damage based on water ingress.  

4.2 Layout and Interior Components 

The interior of MHRB is divided into 5 interior components (ceiling, partitions, 

flooring, cabinets, and utility components, mainly electrical and mechanical since 

water should not damage plumbing) and contents (Silva de Abreu, 2019; Pinelli et 

al., 2019).  As Section 2.3.1 mentions, MHRB can have two generic layouts (open 

and closed), which further divide into three detailed layouts (Layout Type=1, 2 and 

3) with different configurations of units per story in each case.  Section 3.2.1 
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(Figure 3-1) defines the numbering scheme of the apartment units for each building 

layout type.  

4.3 Water Absorption Capacities 

The damage to each interior components and contents depends on the accumulated 

water within each of them, and their water absorption capacities.  This section 

defines the materials and water absorption capacities of interior components 

including the ceiling, partition, flooring, cabinet and electrical components, as well 

as contents.  

The gypsum board is the material of choice for ceilings and partitions in MHRB. 

The ceilings and partitions are assumed to be made of ½” and 5/8” gypsum boards 

respectively. According to ASTM C473, a non-water-resistant gypsum boards can 

absorb water equivalent to 10% of its own weight. Flumiani, Bruce and Elliot 

(2007) proposed that the gypsum board can have up to 50% cellular air void which 

increases the water absorption capacity. For the ceiling and partition, we adopted 

the gypsum boards capacity as 30% of their weight.  

There are two prevalent types of flooring in MHRB. One is a waterproof (ceramic 

tile) floor that is supposed to be 100% impermeable. In this case, excess water 

reaching the flooring is transferred to the lower story, depending on the 

permeability of the floor structure.  Most MHRB have a cast-in-place concrete slab 

flooring which may let the water pass through with different rates.  Further 

research needs to inform the selection of these rates based on engineering 

judgement. Another one is non-waterproof floor (carpet).  Matsinc (2018) indicates 

that a carpet can absorb 9.5 oz of water per ft2 of floor.  If we take into account 

additional amounts of water that the sub-floor can absorb, the water absorption is 

defined as 20 oz/ft2.  Further research is needed to provide insight into the physics 



53 

 

 

 

 

 

 

of water percolation through the joint of tile floors, and to provide more accurate 

water absorption capacity for carpet floors.  

Cabinets, including closets, which are mainly located in rooms, kitchens and 

bathrooms, are susceptible to water damage.  The utilities (mainly electrical and 

mechanical) components are also vulnerable to water, especially switches, outlets 

and wires (NEMA, 2016).  Both cabinets and utilities were not part of the WoW 

tests reported in Chapter 2, and therefore their water accumulation and absorption 

capacities are not directly modeled.  Instead, the model assumes the cabinets and 

the electrical components damage are a weighted average of the partitions and 

flooring damage.  

Contents is highly variables and includes appliances, furniture, rugs, decorations, 

clothing, utensils, etc.  Their water absorption capacity varies dramatically for 

different types of contents.  As a result, there is a high amount of uncertainty to 

estimate the water capacity.  Considering the high absorbtion capacity of some 

kinds of contents, such as sofa, rugs and mattresses, etc., the water absorption 

capacity of contents is supposed to be five times that of carpet floor.  

4.4 Water Ingress 

Wind-driven rainwater ingress is the predominant source of interior damage in 

MHRB.  The proposed interior damage model combines RAF and SRC 

multidimensional arrays, with estimates of WDR, and simulations of fenestration 

damage, to provide more accurate and realistic results of water ingress into each 

apartment unit, taking into account the rotation of the storm.  The water is then 

distributed and accumulated, into all interior components and contents, in each 

apartment unit.  
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Section 2.3.3 describes how, given a direction of maximum wind speed, Johnson et 

al. (2018) developed a methodology to incorporate statistically variable amounts of 

WDR, which are time and rotation dependent, into a vulnerability model without a 

time component. The method assumes that breaches of the openings occur when 

the wind speed reaches its maximum intensity.  For a given direction of maximum 

wind speed, Equations (4-1) to (4-2) calculate the volume of water ingress in a 

particular apartment unit WAT prior to the occurrence of the breaches at time 

𝑡𝑣𝑚𝑎𝑥
, when the storm is in an octant “m’ : 

 

𝑊𝑎𝑡𝐷𝑓𝐷𝐼1 = 𝐴𝐷𝐼𝐷𝑓 ∙ 𝑅𝐴𝐹𝑚 ∙ 𝛼𝑚 ∙ 𝑊𝐷𝑅1 (4-1) 

𝑊𝑎𝑡𝐷𝑓𝑆𝑅1 = 𝐴𝑆𝑅𝐷𝑓 ∙ 𝑆𝑅𝐶𝑚 ∙ 𝛼𝑚 ∙ 𝑊𝐷𝑅1 ∙
1

𝑈𝑠
 (4-2) 

𝑊𝐴𝑇𝑚 = 𝑊𝑎𝑡𝐷𝑓𝐷𝐼1 + 𝑊𝑎𝑡𝐷𝑓𝑆𝑅1 (4-3) 

 

Where:  

• 𝑊𝑎𝑡𝐷𝑓𝐷𝐼1 and 𝑊𝑎𝑡𝐷𝑓𝑆𝑅1 are the volume of water ingress in a particular 

apartment unit through defect of the opening from direct impinging rain and 

surface runoff respectively. 

• 𝐴𝐷𝐼𝐷𝑓 is the average defect area (0.0026 ft2 for window, 0.0258 ft2 for door, 

0.0237 ft2 for slider) derived from ASHRAE (2001).  

• 𝐴𝑆𝑅𝐷𝑓 is the reference area of surface runoff whose value is the product of 

mean height of the building and the width of the opening when wind angle is 

0° and 90°. For 45° wind angle, the value is the product of mean height of the 

building and the height of the opening.  
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• 𝑅𝐴𝐹𝑚 and 𝑆𝑅𝐶𝑚 are the mean direction dependent rain admittance factor and 

surface runoff coefficient, for octant “m”, selected from RAF and SRC 

multidimensional arrays. 

• 𝛼𝑚 and 𝑊𝐷𝑅1 are defined in Section 2.3.3, as the mean portion of WDR when 

the storm is in octant m, before tvmax. 

• 𝑈𝑠 is the total number of units per story. 

• 𝑊𝐴𝑇𝑚 is the aggregation of water ingress due to direct impinging rain and 

surface runoff, while the storm is in octant m. 

After the breaches occur, the fenestration components in an apartment might have 

a combination of defects and breaches, depending on how many of the components 

are breached or not.  The so-called survival function determines the amount of 

defects still present.  Equations (4-4) to (4-6) calculate the volume of water ingress 

WAT through defects and breaches, after the occurrence of the breaches at time 

𝑡𝑣𝑚𝑎𝑥
, when the storm is in an octant “n’: 

𝑊𝑎𝑡𝐷𝑓𝐷𝐼2 = 𝐴𝐷𝐼𝐷𝑓 ∙ 𝑅𝐴𝐹𝑛 ∙ 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 ∙ 𝛽𝑛 ∙ 𝑊𝐷𝑅2 (4-4) 

𝑊𝑎𝑡𝐷𝑓𝑆𝑅2 = 𝐴𝑆𝑅𝐷𝑓 ∙ 𝑆𝑅𝐶𝑛 ∙ 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 ∙ 𝛽𝑛 ∙ 𝑊𝐷𝑅2 ∙
1

𝑈𝑠
 (4-5) 

𝑊𝑎𝑡𝐵𝑟𝐷𝐼 = 𝐴𝐷𝐼𝐵𝑟 ∙ 𝑅𝐴𝐹𝑛 ∙ 𝛽𝑛 ∙ 𝑊𝐷𝑅2 (4-6) 

𝑊𝑎𝑡𝐵𝑟𝑆𝑅 = 𝐴𝑆𝑅𝐵𝑟 ∙ 𝑆𝑅𝐶𝑛 ∙ 𝛽𝑛 ∙ 𝑊𝐷𝑅2 ∙
1

𝑈𝑠
 (4-7) 

𝑊𝐴𝑇𝑛 = 𝑊𝑎𝑡𝐷𝑓𝐷𝐼2 + 𝑊𝑎𝑡𝐷𝑓𝑆𝑅2 + 𝑊𝑎𝑡𝐵𝑟𝐷𝐼 + 𝑊𝑎𝑡𝐵𝑟𝑆𝑅 (4-8) 
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Where:  

• 𝑊𝑎𝑡𝐷𝑓𝐷𝐼2 and 𝑊𝑎𝑡𝐷𝑓𝑆𝑅2 are the volume of water ingress in a particular 

apartment unit through remaining defect of the opening from direct impinging 

rain and surface runoff respectively.  

• 𝑊𝑎𝑡𝐵𝑟𝐷𝐼 and 𝑊𝑎𝑡𝐵𝑟𝑆𝑅 are the volume of water ingress in a particular 

apartment unit through breaches of the opening from direct impinging rain and 

surface runoff respectively.  

• 𝐴𝐷𝐼𝐵𝑟 is the breach area of the opening defined by breach curves (Pita, 2012).  

• 𝐴𝑆𝑅𝐵𝑟 is the reference area of surface runoff which has the same value with 

𝐴𝑆𝑅𝐷𝑓.  In both cases, multiple defects and breaches might be located upstream 

of any particular breach.  That would affect the amount of run-off water 

reaching the breach, an dthe reference area needs to be adjusted accordingly.  

Further research needs to quantify this issue. 

• 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 is the survival function of the opening (Johnson, 2015). For 

windows, it is defined as the number of windows per unit (Table 2-1) minus 

the breach area derived from the breach curves over the area of the window. 

For doors and sliders, it is one minus the division of the breach area and the 

area of the opening.   

• 𝑅𝐴𝐹𝑛 and 𝑆𝑅𝐶𝑛 are the direction dependent mean rain admittance factor and 

surface runoff coefficient, for octant “n”, selected from RAF and SRC 

multidimensional arrays. 

• 𝛽𝑛 and 𝑊𝐷𝑅2 are defined in Section 2.3.3, as the portion of WDR when the 

storm is in octant n, after tvmax. 

• 𝑊𝐴𝑇𝑛 represents the aggregation of water ingress through defects and 

breaches from direct impinging rain and surface runoff coefficient, while the 

storm is in octant n. 
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4.5 Water Distribution 

The volume of water accumulated in partitions and flooring of a particular 

apartment is the product of the volume of water ingress in that unit by the water 

distribution rates for partitions and flooring, respectively selected from the water 

distribution multidimensional array (defined in Section 3.4.1).  Raji et al. (2019; 

2020) showed in their WoW tests, that the partitions absorb only a portion of the 

amount of water impinging on their surface, while the rest runs-off away.  The 

interplay between absorption and run-off depends on several factors, and further 

testing is needed to fully understand this mechanism.  Based on the information 

available, an average value of 0.39 is adopted for the model.  Therefore, the value 

of the water distributed to partitions is multiplied by 0.39 and the run-off goes to 

the flooring.  Equations (4-9) and  (4-10) define the volume of water 𝑊𝐶𝑇 

accumulated in each interior component, when the storm is in an octant “m’ or “n”: 

𝑊𝐶𝑇𝑚(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) = 𝑊𝐴𝑇𝑚 ∗ 𝑋𝐷𝑡(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) ∗ 0.39 (4-9) 

𝑊𝐶𝑇𝑚(𝑓𝑙𝑜𝑜𝑟𝑖𝑛𝑔) = 𝑊𝐴𝑇𝑚 ∗ (𝑋𝐷𝑡(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) ∗ 0.3 + 𝑋𝐷𝑡(𝑓𝑙𝑜𝑜𝑟𝑖𝑛𝑔)) (4-10) 

𝑊𝐶𝑇𝑚(𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠) = 𝑊𝐴𝑇𝑚 ∗ 𝑋𝐷𝑡(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) ∗ 0.31 (4-11) 

𝑊𝐶𝑇𝑚(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) = 𝑊𝐴𝑇𝑛 ∗ 𝑋𝐷𝑡(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) ∗ 0.39 (4-12) 

𝑊𝐶𝑇𝑛(𝑓𝑙𝑜𝑜𝑟𝑖𝑛𝑔) = 𝑊𝐴𝑇𝑛 ∗ (𝑋𝐷𝑡(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) ∗ 0.3 + 𝑋𝐷𝑡(𝑓𝑙𝑜𝑜𝑟𝑖𝑛𝑔)) (4-13) 

𝑊𝐶𝑇𝑛(𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠) = 𝑊𝐴𝑇𝑛 ∗ 𝑋𝐷𝑡(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) ∗ 0.31 (4-14) 
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Where: 

•  𝑊𝐴𝑇𝑚 and 𝑊𝐴𝑇𝑛 is the aggregation of water ingress through defects and 

breaches from direct impinging rain and surface runoff, defined in equations 

(4-3) and (4-8).  

• 𝑋𝐷𝑡(𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛𝑠) and 𝑋𝐷𝑡(𝑓𝑙𝑜𝑜𝑟𝑖𝑛𝑔) are the water distribution factors to 

partitions and flooring from the water distribution arrays defined in section 

3.4.1. XDtn applies to the WATm of equation (4-3)  while XDtm applies to the 

WATn of equation (4-8). 

Note that the coefficients 0.3 and 0.31 are tentative values, and further research 

needs to confirm their validity. 

4.6 Water Propagation 

The excess of water (𝐸𝑥𝑐𝑒𝑠𝑠) in one component is defined as the accumulated 

water (𝑊𝐶𝑇)  minus its water absorption capacity (𝑊𝐴𝐶). If the difference is 

positive, that component is saturated, and the excess of water propagates to the 

next interior component or contents following the water propagation path. 

The methodology assumes that the excess of water can propagate between 

components, between units and between stories.  The water propagation follows 

the paths shown in Figure 4-1. This figure is a schematic elevation of part of an 

MHRB. The dashed boxes represent apartments.  

The process of water propagation starts with the ceiling at the top story down to 

the bottom story. In one apartment unit, the excess water from the ceiling 

percolates to partitions, contents and flooring in a certain proportion. 60% of the 

excess goes to partitions, 30% of the excess goes to contents and 10 % goes to the 

flooring.  Similarly, 70% of excess water from partitions goes to contents and 30% 
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goes to flooring.  The excess water from contents propagates to the flooring.  10% 

of the excess water from flooring propagates to the flooring of the adjacent 

apartment.  All the rest of the excess percolates to the ceiling of the lower unit.  

Engineering judgement governed the selection of these percentages.  Research is 

needed in that area to better understand the water percolation and propagation 

mechanisms, and these percentages will be adjusted as needed in the future. 
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Figure 4-1 Water propagation through components, units and stories 
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4.7 Damage Evaluation 

The physical damage ratio DR of the interior components and the contents is a 

function of the ratio of the amount of the accumulated water and the water 

absorption capacity 
𝑊𝐶𝑇

𝑊𝐴𝐶
.  Gypsum boards and contents need replacement before 

they reach their full water absorption capacity, especially because of mold issues.  

At this point, we did not find clear guidelines on when to replace the boards.  The 

issue is even more uncertain for the case of contents, given its large variety.  

Equation (4-15 is a simple linear relationship between DR and 
𝑊𝐶𝑇

𝑊𝐴𝐶
: 

𝐷𝑅 =
𝑊𝐶𝑇

𝑊𝐴𝐶
×

100

𝑋
 (4-15) 

Where:  

• DR is the damage ratio,  

• 𝑊𝐶𝑇 is the amount of accumulated water in the component  

• 𝑊𝐴𝐶 is the water absorption capacity of the component. 

• X=80% for gypsum boards (partitions and ceilings) and 50% for contents  

Non-linear relationships could also be used in equation (4-15, and the values of X 

are subject to future testing. 

For cabinets and utility components, the damage ratio is a weighted average of the 

damage of the partitions and the flooring they are attached to. The damage ratio of 

cabinets is 60% of the damage to flooring plus 40% of the damage to partitions. 

The damage ratio of utility components is the summation of 40% of the damage to 

ceiling and 60% of the damage to partitions. 

4.8 Cost Estimation 

The damage to the different interior components need to be combined, and 

aggregated with the damage to the external components.  Ultimately, the purpose 

of the damage model is to estimate insured losses.  It is therefore critical to 

transform the estimates of physical damage into monetary damage.  The detailed 

cost analysis reported in (Pita et al., 2016) governs this transformation.  Data from 

the RSMeans CostWorks tool (R.S.Means, 2012) and from manufacturers and 

contractors informed that cost analysis.  Cost matrices provide interior cost 

coefficients, which represent the ratio of interior component cost over the 

replacement cost of the whole building.  The cost of removal and disposal of 
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damaged components needs to be included in the interior component costs.   Cost 

matrices exist for different types of building, with or without balconies with slider, 

with different opening types, different number of stories, and different building 

aggregated floor plan area.  Table 4-1 shows an example of the interior cost matrix 

for an apartment building without slider, with the standard openings without 

shutters. The values in the first column represent the number of stories of the 

building and the total building area over all its floors: e.g. 4_34K is a 4-story 

building with an aggregated area of 34,000ft2.  The values in the rest of the 

columns are the proportion of each interior component in the overall value of the 

building, or component value ratios VR.  
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Table 4-1 Interior value proportion matrix  

Bldg. Type Ceiling Partition Flooring Cabinet 
Elec. 

Comp. 

Total 

Interior 

Comp. 

4_34K 2.40% 5.92% 3.68% 2.59% 9.45% 24.04% 

4_50K 2.50% 5.86% 3.82% 2.68% 8.50% 23.36% 

4_80K 2.58% 5.78% 3.95% 2.78% 7.73% 22.82% 

4_100K 2.61% 5.75% 4.00% 2.81% 7.45% 22.62% 

5_34K 2.35% 6.14% 3.59% 2.52% 9.22% 23.82% 

5_50K 2.44% 6.03% 3.74% 2.63% 8.33% 23.17% 

5_80K 2.54% 5.92% 3.89% 2.73% 7.60% 22.68% 

5_100K 2.58% 5.88% 3.94% 2.77% 7.34% 22.51% 

6_34K 2.29% 6.33% 3.51% 2.47% 9.01% 23.61% 

6_50K 2.40% 6.20% 3.67% 2.58% 8.17% 23.02% 

6_80K 2.50% 6.05% 3.83% 2.69% 7.48% 22.55% 

6_100K 2.54% 5.99% 3.88% 2.73% 7.23% 22.37% 

7_34K 2.24% 6.52% 3.43% 2.41% 8.81% 23.41% 

7_50K 2.35% 6.37% 3.60% 2.53% 8.01% 22.86% 

7_80K 2.46% 6.18% 3.77% 2.65% 7.37% 22.43% 

7_100K 2.50% 6.12% 3.83% 2.69% 7.13% 22.27% 

10_80K 1.78% 7.66% 2.72% 1.98% 7.53% 21.67% 

10_100K 1.82% 7.70% 2.78% 2.02% 7.24% 21.56% 

10_150K 1.88% 7.74% 2.88% 2.09% 6.80% 21.39% 

10_300K 1.99% 7.73% 3.05% 2.22% 6.50% 21.49% 

10_500K 2.05% 7.72% 3.14% 2.29% 6.39% 21.59% 

15_80K 1.67% 7.82% 2.55% 1.85% 7.05% 20.94% 

15_100K 1.71% 7.84% 2.61% 1.90% 6.81% 20.87% 

15_150K 1.78% 7.86% 2.73% 1.98% 6.45% 20.80% 

15_300K 1.93% 7.81% 2.95% 2.15% 6.29% 21.13% 

15_500K 2.01% 7.78% 3.07% 2.23% 6.25% 21.34% 

20_80K 1.57% 7.97% 2.40% 1.74% 6.63% 20.31% 

20_100K 1.61% 7.98% 2.47% 1.79% 6.43% 20.28% 

20_150K 1.70% 7.98% 2.60% 1.89% 6.14% 20.31% 

20_300K 1.87% 7.89% 2.86% 2.08% 6.09% 20.79% 

20_500K 1.96% 7.83% 3.00% 2.18% 6.11% 21.08% 

 



64 

 

 

 

 

 

 

Equation (4-16) yields the damage value DV of the interior components and the 

contents: 

𝐷𝑉 = ∑(𝐷𝑅𝑞 ∗ 𝑉𝑅𝑞 ∗ 𝐵𝑉)

6

𝑞=1

 (4-16) 

Where: 

• 𝐷𝑉 is the damage value.  

• 𝐷𝑅𝑞 is the damage ratio of each component. See equation (4-15) 

• 𝑉𝑅𝑞 is the value ratio of each component selected from the VP matrix 

• 𝐵𝑉 is the value of the building 

• 𝑞 represents the interior components and contents: 1 for ceiling, 2 for 

partitions, 3 for contents, 4 for flooring, 5 for cabinets and 6 for electrical 

components 

This thesis is not concerned with the actuarial part of the transformation of damage 

into insured losses.  However, it is worth noting that insurance policies for 

apartment buildings and condominium buildings are different.  An apartment 

policy covers the entire building, while a condominium association covers only the 

common areas of the building.  It is different from a condo unit policy, which 

covers the owner of a unit. 

The different insured values result in different ways of computing the insured 

losses.  Data from the RSMeans CostWorks tool (R.S.Means, 2012) contains some 

interior components systems, each with their own code (e.g. C1010 for partitions), 

which are assumed to be damaged by the water ingress (see Table 4-2). Referring 

to the codes in RSMeans, in the VP matrix for an apartment policy, the ceiling 

includes C3030, the partitions include C1010 and C3010, flooring includes C3020, 

cabinets include C1030 and electrical components include D1010, D5010, D5020, 

D5030 and D5090. 

A condo association policy covers the building structure and components in the 

common area. The matrix for condo association policy would includes 10% of 

interior components and electrical components including D1010 and D5090.  
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Table 4-2 Interior components systems assumed to be damaged due to water ingress provided by 

RSMeans  

Number System 

C1010 Partitions 

C1030 Fittings 

C3010 Wall Finishes 

C3020 Floor Finishes 

C3030 Ceiling Finishes 

D1010 Elevators and Lifts 

D5010 Electrical Service/Distribution 

D5020 Lighting and Branch Wiring 

D5030 Communications and Security 

D5090 Other Electrical Systems 
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Chapter 5 

Development of a Methodology for Prediction 

of Interior Damage 

5.1 Introduction 

In this chapter, we are integrating all the components described in the previous 

chapter into an interior damage model.  The different pieces of the model include 

the results of external damage simulations, the results of a WDR model, the RAF 

and SRC façade mapping matrices, the water ingress distribution matrices, and 

cost distribution matrices.   

The results are detailed flowcharts which describe the entire logical process of the 

new model.  This flow charts shall allow programmers to code the logic in any 

programming language of choice, to incorporate the model into different hurricane 

cat models owned by the WHIP members.  The model is developed for two cases: 

the analysis of one-of-a-kind buildings, and the analysis of generic building 

classes. 

5.2 External Damage 

The interior damage model is meant to be part of an overall building damage or 

vulnerability model for MHRB.  The basic premise is that the MHRB is modeled 

as an aggregation of apartment units, and that the external damage model will 

output simulations of fenestration damage, for each apartment, based on: its 

location in the floor plan (corner or middle); the type of building layout (open or 

close); the height of the apartment (for debris impact risk); and the type of opening 

protection (see Pita et al., 2016).   
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The output of the external fenestration damage model are so-called vulnerability 

curves or opening damage curves for each type of apartment unit, which for each 

type of opening (door, windows, slider), give the number of breached openings as 

a function of wind speed (see Figure 5-1). 

 

Figure 5-1 Example of the opening damage curves of windows, doors and sliders. ME: 

middle/enclosed, CE: corner/enclosed, MO: middle/open, CO: corner open; IRG: impact resistant 

glass, NG: normal glass. 

5.3 Internal Damage Model Flow Charts for One-Of-

A-Kind Building 

In some markets, like in part of the US, there is a very large variety of MHRB, and 

it is therefore very difficult to identify generic building classes of MHRB, 

representatives of large populations of buildings.  Instead, we have one-of-a-kind 

buildings, for which we do not develop vulnerability curves, but we analyze them 

“on the fly” during the portfolio analysis.  For a scenario analysis, the building will 

be analyzed for the maximum wind speed corresponding to that scenario, and the 

output of the model is the value of the damage.  In that case, because the 

orientation of the building with respect to the storm is unknown, the entire analysis 

is repeated for each of 8 possible cardinal directions of the maximum wind speed 

in 45 degrees increments, and the results from the 8 directions are averaged.  

Likewise, if the portfolio provides no information on the building layout nor on the 
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type of flooring, this process will be repeated for the case of open and close layout 

with or without tile floors.  The result will be the average damage of the 8x2x2=32 

simulations and its corresponding standard deviation.  A stochastic analysis will be 

akin to a large number of scenario analyses. 

Figure 5-2 summarizes the process logic for the case of a one-of-a-kind building.  

In this case, because there are no Monte Carlo simulations, the process is 

deterministic.  All the variables are deterministically assigned, so that the process 

will always yield the same output value for identical input.  The input are policy 

data from the insurance portfolio with all the building characteristics.  The green 

boxes in the Figure represent the different steps of the preprocessing, which 

involves the following steps: 

1. If unknown, define opening types (i.e. the type of opening protection) 

based on location of building and year built. Opening types influence the 

selection of breach curves. 

2. Map breach curves to corner/middle units. Breach curves give damage 

area of openings for a given max wind speed. 

3. Define rain admittance factors (RAF) and surface runoff coefficients 

(SRC) matrices.  Map the matrices to apartment units RAF and SRC 

arrays.  

4. Map water distribution matrix to apartment units.  Water distribution 

arrays assign water ingress to each interior component, in each apartment. 

5. Estimate interior cost coefficient (portion of interior value for each interior 

component) 
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The program then executes calculations within the core of 8 nested loops.  Three 

primary loops over: the building layout (open or close); the floor type (tile or 

carpet); the 8 maximum wind speed direction (from 0 to 360 in 45 degrees 

increments).  Then, five more loops over: the 8 possible octants (actually 9 because 

the octant corresponding to the direction of maximum wind speed is split in 2) for 

the wind direction before and after the occurrence of maximum wind speed; the 

total number of stories of the MHRB; the number of apartment units at each story; 

the number of external fenestration components in each apartment (i.e. door, slider 

if any, windows); the number of interior components. 

The green boxes in the Figure represent the different steps of the calculation 

process, which involves the following steps inside these 5 loops: 

1. Start the loops and initialize matrices and arrays used in the process. 

2. Estimate the exterior damage from the breach curves 

3. Estimate water ingress through defects and breaches of each of the 

external components, and distribute to each interior component. 

4. Propagate excess water from interior component to component and to 

contents, and from unit to unit, and from story to story. 

5. Estimate interior and contents damage based on accumulated water and 

water absorption capacity. 

6. Assign cost to the exterior and interior damage 

7. End the loops. 

Then, for each of the 32 simulations in the 3 primary loops, the model computes 

the aggregated cost of damage to the building (from exterior and interior 
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components) and to contents.  Outside the loops, the program computes the 

average and standard deviation of the results of the 32 simulations. 

Appendix D indicates the flow charts down to the smallest logical detail, such that 

a team of skilled programmers shall be able to develop the program in a 

programming language of their choice.
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Figure 5-2 Schematic of the interior damage model for a deterministic approach for one-of-a-kind buildings 
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5.4 Internal Damage Model Flow Charts for Building 

Classes 

In other markets, like in China, there is increased standardization of MHRB, and it 

is therefore possible to identify generic building classes of MHRB, representatives 

of large populations of buildings.  In that case, we can develop a more “traditional” 

vulnerability model, for which the output are vulnerability curves for the different 

classes of building.   

Figure 5-3 summarizes the process logic for a generic building class.  The core of 

the vulnerability model, represented by the green boxes, is the same than the one 

for one-of-a-kind buildings.  However, in that case, we shall perform large 

numbers of Monte-Carlo simulations for different combinations of maximum wind 

speeds (from 50 mph to 250 mph) and direction of maximum wind speed (from 0 

to 360 degrees in 45 degrees increment).  These are represented by the yellow 

loops in Figure 5-3.   

In these cases, the input to the model shall be the characteristics of the building 

class (e.g. type of layout and type of flooring.  Notice that the loops on these two 

disappeared in Figure 5-3, because they are now defined in the building class).  

Because in this case, we are doing Monte Carlo simulations, the variables can be 

randomized as needed.  For example, the WDR1 and WDR2, water absorption 

capacities, the percolation percentages, etc., described in the previous chapters, can 

be treated as random variables with given probability distribution functions.  The 

result of this probabilistic approach shall be vulnerability matrices for each MHRB 

building class, for building and contents, from which we can derive vulnerability 

curves and standard deviations.  These in turn shall be used in any actuarial 

module of a catastrophe model. 
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Appendix D introduces the detailed flow charts of the internal damage model for 

MHR building classes. The language-independent flow charts are appropriate for 

programmer with different language background.  
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Figure 5-3 Schematic of the interior damage model for a probabilistic approach for building classes 
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Chapter 6 

Conclusion 

6.1 Summary 

The thesis proposes the development of a procedure for estimating interior damage 

in MHRB, which takes into account the physics of the problem, including the 

amount of rain, its distribution on the facade of the building, the rotation of the 

storm, the size of the breaches, the distribution of the water inside the building to 

the interior components and contents, the propagation and percolation of the water, 

and the resulting damage due to the water.  The physical damage is then 

transformed into monetary damage.  

The method has been developed for the case of one-of-a-kind buildings, and for 

building classes.  In the first case, the output is a deterministic estimate of the 

monetary value of the aggregated damage to the building.  In the second case, the 

output of a Monte-Carlo probabilistic process are building and contents 

vulnerability matrices and curves.  

The main efforts of the thesis are: 

• A literature survey on the topic of interior damage models and related 

issues. 

• Direction dependent Tables of RAF and SRC distribution on the facades of 

MHRB 
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• Tables of interior water distributions for MHR buildings 

• Methodology to map the RAF, SRC, and water distribution tables to 

apartment units of MHR buildings 

• Scheme for horizontal and vertical percolation across stories in MHR 

buildings 

• Methodology to assign cost to damage of interior components and contents 

of MHR buildings 

• Detailed flow charts for: 

o the determination of interior damage of one-of-a-kind MHR 

buildings 

o the derivation of vulnerability matrices for MHR building classes 

6.2 Recommendation 

A follow-up year two effort should include the coding and implementation of the 

methodology into a hurricane risk model, and the validation and calibration of the 

methodology against building and contents claims data if available.  The 

incorporation of results from WoW tests of WHIP members’ fenestration products 

could provide a means to demonstrate their cost-effectiveness in hurricane 

mitigation.  Such an outcome could add value to 1) risk managers such as SCOR, 

2) CAT modelers such as AIR, 3) windows manufacturers and builders when it 

comes to evaluate the benefits of reducing fragility and improving strength, and 

finally, 4) to our society. 

It is important to stress that the availability of claim data for MHRB will be critical 

for the validation and calibration of such a model.  Similarly, test data is needed to 

verify the true values of RAF and SRC for the case of MHRB, especially those 

with balconies.  The water propagation and percolation mechanisms in MHRB 
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should also be experimentally tested, as well as the range of water absorption 

capacities of several construction and contents material.
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Appendix A 

Mapping RAF and SRC Multidimensional Arrays 

The following examples represent the process of mapping the RAF and SRC 

matrices derived from WoW test to the RAF and SRC multidimensional arrays 

defined in section 3.2 and section 3.3. These examples cover all the cases of layout 

1, 2 and 3. 

A-1 Mapping RAF Multidimensional Array 

The RAF matrix for low-rise buildings derived from the WoW test results has two 

indexes: exterior component and wind direction (see Table 2-2). The RAF 

multidimensional array has five dimensions: Exterior Components, Story Number , 

Total Number of Stories, Building Layout, Wind Direction and Unit Number in 

Story from 1 to total number of units per story Us. Table A-1 explains the meaning 

of each index.  
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Table A-1 Glossary for RAF multidimensional array 

Index Meaning 

Exterior Components 1=windows, 2=doors, 3=sliders 

Story Number The story of specified unit in the building 

Total Number of Stories Total number of stories of the building 

Building Layout 
1=open building, 2=closed building with four units in one 

story, 3=closed building with more than four units in one story. 

Wind Direction 1=0°, 2=45°, 3=90°, 4=135°, 5=180°, 6= 225°,7=275°, 8=315° 

Unit Number in Story 
Serial number of specified units depending on building layout 

and total number of units per story 

 

Figure A-1, Figure A-2 and Figure A-3 show the distribution plot of RAF values 

on the façades of the buildings from WoW tests given wind direction equal 0°, 45° 

and 90°. In these figures, H represents the mean height of the building. The first 

value in the parentheses is the mean of the RAF and the second value is the 

standard deviation of RAF in that zone. The RAF value of a specific unit in the 

MHRB is selected and calculated based on the location of the unit in the building 

reflecting back into the distribution plot. 
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Figure A-1 Distribution of RAF for 0° wind direction 

 

Figure A-2 Distribution of RAF for 45° wind direction 
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Figure A-3 Distribution of 90° wind direction 

Figure A-4 shows the unit number and the distribution of units in each story of the 

MHRB given layout type equal 1. When the wind direction is 0° or 90°, based on 

Figure A-1 and Figure A-2, the RAF value of the external components located in 

the range of 0 to 0.25H, 0.25H to 0.6H or 0.6H to H is selected as the mean value 

of RAF in that zone. However, for the components across two ranges, the RAF 

value is selected as the weight average of the mean values of two ranges according 

to the dimensions of the component in two zones. The dimensions of the door, 

slider, window and the height of the building is plotted in Figure A-5. When wind 

direction is 45°, the RAF of the units with the unit number in the range of 0 to 

0.4Us or 0.4Us to Us is selected as the mean RAF of that zone. For the external 

components of the units across two ranges, the RAF is calculated as the arithmetic 

mean of mean RAF in two zones. Because the building is assumed symmetrical, 

the methodologies are similar to select and calculate RAF of each unit given 135°, 

180°, 225°, 270°, and 315° wind directions. Based on the Figure 2-11, the RAF of 

the units at the edge or on the top of the building is revised to 0.9. Table A-2 is an 
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example of the RAF multidimensional array of the windows in a 10-story open 

building with 10 units per story.  

 

Figure A-4 Unit number for layout type=1 

 

Figure A-5 Dimensions of the window, slider, door and the height per story 
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Table A-2 RAF values of windows  for all units on the second floor of the open building with 10 

stories and 10 units per floor in all wind directions 

Wind 

Direction 

Number of Units 

1 2 3 4 5 6 7 8 9 10 

1 0.9 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.9 

2 0.9 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.9 

3 0.9 0 0 0 0 0 0 0 0 0 

4 0.9 0.5 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.9 

5 0 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.9 

6 0 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.5 0.9 

7 0 0 0 0 0 0 0 0 0 0.9 

8 0.9 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.5 0.9 

 

Figure A-6 shows the unit number and the distribution of units in each story of the 

MHRB given layout type equal 2. When the wind direction is 0° or 90°, it has the 

same methodology to define the RAF for both layout type =1 and 2. When wind 

direction is 45°, the RAF of the unit 1 is selected as 0.5, the RAF of the unit 2 and 

4 is selected as 0.4. Considering the increasing of RAF at the edge and the top of 

the building, the RAF values for all units are summed with 0.9 then taken the 

average. Because of the symmetric of the building, the methodologies are similar 

to select and calculate RAF of each unit given 135°, 180°, 225°, 270°, and 315° 

wind directions. Table A-3 is an example of the RAF multidimensional array of the 

windows in a 10-story closed building with 4 units per story.  
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Figure A-6 Unit number for layout type=2 

 

Table A-3 RAF values of windows  for all units on the second floor of the open building with 10 

stories and 4 units per floor in all wind directions 

Wind 

Direction 

Number of units 

1 2 3 4 

1 0.6 0.6 0 0 

2 0.7 0.65 0 0.6 

3 0.6 0 0 0.6 

4 0.6 0 0.65 0.7 

5 0 0 0.6 0.6 

6 0 0.6 0.7 0.65 

7 0 0.6 0.6 0 

8 0.65 0.7 0.6 0 
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Figure A-7 shows the unit number and the distribution of units in each story of the 

MHRB given layout type equal 3. When the wind direction is 0° or 90°, it has the 

same methodology to define the RAF for both layout type =1 and 3. When wind 

direction is 45°, the RAF of the units with the windward unit number in the range 

of 0 to 0.4(Us/2-1) or 0.4(Us/2-1) to Us/2-1 or the unit Us-1 is selected as the 

mean RAF of that zone. For the external components of the units across two 

ranges, the RAF is calculated as the arithmetic mean of mean RAF in two zones. 

Because the building is assumed symmetrical, the methodologies are similar to 

select and calculate RAF of each unit given 135°, 180°, 225°, 270°, and 315° wind 

directions. Based on the Figure 2-11, the RAF of the units at the edge or on the top 

of the building is revised to 0.9. Table A-4 is an example of the RAF 

multidimensional array of the windows in a 10-story closed building with 10 units 

per story. 

 

Figure A-7 Unit number for layout type=3 
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Table A-4 RAF values of windows  for all units on the second floor of the closed building with 10 

stories and 10 units per floor in all wind directions 

Wind 

Direction 

Number of Units 

1 2 3 4 5 6 7 8 9 10 

1 0.9 0.3 0.3 0.9 0 0 0 0 0 0 

2 0.9 0.45 0.4 0.9 0.9 0 0 0 0.34 0 

3 0.9 0 0 0 0.9 0 0 0 0.3 0 

4 0.9 0 0 0 0.9 0.5 0.45 0.9 0.34 0 

5 0 0 0 0 0.9 0.3 0.3 0.9 0 0 

6 0 0 0 0.9 0.9 0.4 0.4 0.9 0 0.34 

7 0 0 0 0.9 0 0 0 0.9 0 0.3 

8 0.9 0.4 0.45 0.9 0 0 0 0.9 0 0.34 

 

A-2 Mapping SRC Multidimensional Array 

The SRC matrix for low-rise buildings derived from the WoW test results has two 

indexes: exterior component and wind direction (see Table 2-3). The SRC 

multidimensional array has the same dimensions as RAF array: Exterior 

Components, Story Number , Total Number of Stories, Building Layout, Wind 

Direction and Unit Number in Story from 1 to total number of units per story Us. 

Table A-1 explains the meaning of each index.  

Figure A-8, Figure A-9 and Figure A-10 show the distribution plot of SRC values 

on the façades of the buildings from WoW tests given wind direction equal 0°, 45° 

and 90°. In these figures, H represents the mean height of the building. The first 
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value in the parentheses is the mean of the SRC and the second value is the 

standard deviation of RAF in that zone. The SRC value of a specific unit in the 

MHRB is selected and calculated based on the location of the unit in the building 

reflecting back into the distribution plot. 

 

Figure A-8 Distribution of SRC for 0° wind direction 
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Figure A-9 Distribution of SRC for 45° wind direction 

 

 

Figure A-10 Distribution of SRC for 90° wind direction 
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The SRC value is selected sharing the same methodology with the selection of 

RAF. As seen in the Figure A-8 and Figure A-10, for 0° and 90° wind directions, 

the ranges separate different mean SRC are 0 to 0.3H, 0.3H to 0.7H and 0.7H to H. 

For 45° wind direction, the ranges are 0 to 0.6Us and 0.6Us to Us given layout 

type=1, 0 to 0.6(Us/2-1) or 0.6(Us/2-1) to Us/2-1 given layout type=3. Table A-5, 

Table A-6 and Table A-7 are examples of SRC multidimensional arrays of 

windows for all units on the second floor of the open or closed building with 10 

stories and 4 or 10 units per floor in all wind directions respectively.  

Table A-5 SRC values of windows  for all units on the second floor of the open building with 10 

stories and 10 units per floor in all wind directions 

Wind 

Direction 

Number of Units 

1 2 3 4 5 6 7 8 9 10 

1 0.108 0.108 0.108 0.108 0.108 0.108 0.108 0.108 0.108 0.108 

2 0.0131 0.01 0.01 0.01 0.01 0.01 0.025 0.025 0.025 0.025 

3 0.109 0 0 0 0 0 0 0 0 0 

4 0.0131 0.01 0.01 0.01 0.01 0.01 0.025 0.025 0.025 0.025 

5 0.108 0.108 0.108 0.108 0.108 0.108 0.108 0.108 0.108 0.108 

6 0.025 0.025 0.025 0.025 0.01 0.01 0.01 0.01 0.01 0.0131 

7 0 0 0 0 0 0 0 0 0 0.109 

8 0.025 0.025 0.025 0.025 0.01 0.01 0.01 0.01 0.01 0.0131 
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Table A-6 SRC values of windows  for all units on the second floor of the open building with 10 

stories and 4 units per floor in all wind directions 

Wind 

Direction 

Number of units 

1 2 3 4 

1 0.108 0.108 0 0 

2 0.0055 0.022 0 0.0314 

3 0.109 0 0 0.109 

4 0.0314 0 0.022 0.0055 

5 0 0 0.108 0.108 

6 0 0.0314 0.0055 0.022 

7 0 0.109 0.109 0 

8 0.022 0.0055 0.0314 0 
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Table A-7 SRC values of windows  for all units on the second floor of the closed building with 10 

stories and 10 units per floor in all wind directions 

Wind 

Direction 

Number of Units 

1 2 3 4 5 6 7 8 9 10 

1 0.108 0.108 0.108 0.108 0 0 0 0 0 0 

2 0.005 0.01 0.017 0.025 0.039 0 0 0 0.02 0 

3 0.109 0 0 0 0.109 0 0 0 0.109 0 

4 0.039 0 0 0 0.005 0.01 0.017 0.025 0.02 0 

5 0 0 0 0 0.108 0.108 0.108 0.108 0 0 

6 0 0 0 0.039 0.025 0.017 0.01 0.005 0 0.02 

7 0 0 0 0.109 0 0 0 0.109 0 0.109 

8 0.025 0.017 0.01 0.005 0 0 0 0.039 0 0.02 
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Appendix B 

Mapping Water Distribution Array 

This appendix explains the process of expanding the water distribution matrices 

from Table B-1 and Table B-2 into two water distribution multidimensional arrays 

XDt_n and XDt_m, which represent the arrays to distribute water ingress before 

and after the occurrence of opening breaches. The water distribution is independent 

on the height of the units, while they are mapped based on the location of the units 

in the plan. The water ingress is split and transferred to partitions and flooring. The 

following examples show how to produce the water distribution array for the 

partitions, and it shares the same way for the flooring. 
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Table B-1 Percentage distribution among partitions and flooring of total water ingress through the 

vertical wall defects (light damage state) 

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 B-2 Percentage distribution among partitions and flooring of total water ingress through the 

vertical wall defects and breaches (in minor and moderate damage state) 

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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When layout type=1, Figure A-4 shows the distribution of the unit numbers. Given 

total units per story as 10, for 0°, 45°, 90°, 270° and 315° wind directions, the 

distribution of the corner units 1 and 10 is directly mapped from the corner 

compartment 1 and 2. The distribution of the middle units 2 to 9 is mapped from 

the middle compartment 6. For 135°, 180° and 225° wind directions, the 

distribution of the corner units 1 and 10 is mapped from the windward corner 

compartment 3 and 4. The distribution of the middle units 2 to 9 is mapped from 

the windward middle compartment 5. Table B-3 is the water distribution array for 

the partitions in an open building before breaches occur given total units per story 

as 10.  

Table B-3 Share of partitions from the water intrusion through opening defects in open building with 

10 stories and 10 apartment units per story in all wind directions 

Wind 

Direction 

Unit Number 

1 2 3 4 5 6 7 8 9 10 

1 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235 

2 0.308 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.474 

3 0.48 0 0 0 0 0 0 0 0 0 

4 0.308 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.474 

5 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235 0.235 

6 0.474 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.308 

7 0 0 0 0 0 0 0 0 0 0.48 

8 0.474 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.379 0.308 
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When layout type=2, Figure A-6 shows the distribution of unit numbers in the 

closed building with 4 units per story. All units 1, 2, 3 and 4 are taken as the corner 

units directly mapped from corner compartment 1, 2, 4 and 3. Table B-4 is the 

water distribution array for the partitions in an closed building before breaches 

occur given total units per story as 4.  

Table B-4 Share of partitions from the water intrusion through opening defects in closed building 

with 10 stories and 4 apartment units per story in all wind directions 

Wind 

Direction 

Unit Number 

1 2 3 4 

1 0.235 0.235 0 0 

2 0.308 0.474 0 0.385 

3 0.48 0 0 0.48 

4 0.385 0 0.474 0.308 

5 0 0 0.235 0.235 

6 0 0.385 0.308 0.474 

7 0 0.48 0.48 0 

8 0.474 0.308 0.385 0 

 

When layout type=3, Figure A-7 shows the distribution of unit numbers in the 

closed building with 10 units per story. For corner units 1, 4, 6, and 9, their water 

distributions are assumed to be the same with the corner compartments 1, 2, 4 and 

3. For middle units 2, 3 and 4, the water distributions are taken from middle 

compartment 6. For middle units 6, 7 and 8, the water distributions are taken from 
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middle compartment 5. For middle unit 9, the water distribution is taken from 

middle compartment 6 with a revision of wind directions (1-7, 2-8, 3-1, 4-2, 5-3, 6-

4, 7-5, 8-6). That means when wind direction is 0°, take the distribution of 

compartment 6° at wind direction 315°, so on and so forth. For middle unit 5, the 

water distribution is taken from middle compartment 5 with the same revision of 

wind directions. Table B-5 is the water distribution array for the partitions in an 

closed building before breaches occur given total units per story as 10. 

Table B-5 Share of partitions from the water intrusion through opening defects in closed building 

with 10 stories and 10 apartment units per story in all wind directions 

Wind 

Direction 

Unit Number 

1 2 3 4 5 6 7 8 9 10 

1 0.235 0.235 0.235 0.235 0 0 0 0 0 0 

2 0.308 0.379 0.379 0.473 0.384 0 0 0 0.379 0 

3 0.48 0 0 0 0.48 0 0 0 0.48 0 

4 0.384 0 0 0 0.308 0.379 0.379 0.473 0.379 0 

5 0 0 0 0 0.235 0.235 0.235 0.235 0 0 

6 0 0 0 0.384 0.473 0.379 0.379 0.308 0 0.379 

7 0 0 0 0.48 0 0 0 0.48 0 0.48 

8 0.473 0.379 0.379 0.308 0 0 0 0.384 0 0.379 
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Appendix C 

Detailed Flow Chart of The Internal Damage 

Model for One-of-A-Kind Building 

This appendix provides the detailed flow chart of the internal damage model for 

one-of-a-kind building. It is a language-independent flow chart, so that any 

programmer can code. 

Figure C-1 shows the master flow chart of this model. There are three main parts 

of the flow chart: Preprocessing, Calculation and Output. The Preprocessing 

includes five modules which define the opening types, the RAF/SRC arrays and 

the water distribution array, as well map the breach/opening damage curves to each 

unit. The Calculation consists of seven modules which calculate the water ingress 

through defects and breaches of openings, distribute the water ingress to each 

interior component, propagate water through interior components, units and 

stories, calculate the exterior and interior damage and estimate the value of the 

damage  within eight loops.  The Output process outputs the mean value of the 

damage from 32 (2×2×8) runs and the standard deviation.  
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Figure C-1 Master flow chart of the internal damage model for one-of-a-kind building 
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C-1 Preprocessing of the Internal Model for One-of-

A-Kind Building 

Figure C-2 indicates the detailed flow chart of the Preprocessing. Firstly, the 

program inputs the policy data including built year, ZIP code, sliders or not, policy 

limit for the building and contents defined as the proxy of the value of the building 

and contents, number of stories, total building area and average apartment area. 

Then the total number of units per story is defined as the total number of apartment 

units over the number of stories. Next the dimensions of the openings and the 

defects of the openings. The reference surface runoff area matrix is defined based 

on the section 3.2.2 which contains the reference surface runoff area for windows, 

doors and sliders given wind directions from 0° to 315° with 45° interval. Then the 

program runs four modules: Define Opening Type, Map Breach Curves to Units, 

Define and Map RAF and SRC, Map the Water Distribution Values to the Units. 

Next the water absorption capacity matrix is defined based on the section 4.3 

which has two dimensions: flooring types and wind directions. Finally wind driven 

rain (WDR) height adjustment factor is defined which revises the WDR at a 

specific height taken the WDR at 33ft as the benchmark.   
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Figure C-2 Preprocessing of the internal damage model for one-of-a-kind building 

 

Figure C-3 indicates the process of Define Opening Type, one module of the 

Preprocessing. The opening types for windows, doors and sliders are defined based 

on if the building has the impact resisting opening and shutters, and the location of 

the building and the built year which affect the selection of specifications.  
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Figure C-3 The process of Define Opening Type 

 

Figure C-4 and Figure C-5 shows the module Map Breach Curves to Apartment 

Units in Preprocessing. In this module the breach curves and opening vulnerability 

curves with 5 dimensions (wind speed, wind direction, debris impact zone, location 

of the apartment, and unit exterior component) are mapped to each apartment unit. 
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Part 1 defines a cm-to-U factor matrix, which reflects the relation between the unit 

number (see Figure 3-1) and the dimension (location of the apartment) of the 

breach curves and opening vulnerability curves.  

 

Figure C-4 Part 1 of the module Map Breach Curves to Apartment Units 
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Part 2 of the module maps the breach curves and opening vulnerability curves and 

define the survival function (see section 4.4). 

 

Figure C-5 Part 2 of the module Map Breach Curves to Apartment Units 
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Figure C-6 and Figure C-7 indicate the module Define and Map the RAF and SRC 

in Preprocessing. Part 1 of the module includes the module Define ZONE2U Array 

(see Figure C-8, Figure C-9) and defines the factors representing the RAF and 

SRC values of the apartment units across two zones in the plot of RAF and SRC 

distribution (see Appendix A). Part 2 maps the RAF and SRC matrix to the units 

and revises the RAF values of the units at the edge or the top of the building based 

on the methodology shown in Appendix A.  
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Figure C-6 Part 1 of the module Define and Map the RAF and SRC 

 



112 

 

 

 

 

 

 

 

Figure C-7 Part 2 of the module Define and Map the RAF and SRC 
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Figure C-8 and Figure C-9 shows the module Define ZONE2U Array. Part 1 

defines the factors targeting the number of units across two zones (see Appendix 

A). Part 2 defines the ZONE2U array which is used to locate the apartment units in 

the plots of the RAF and SRC distribution given the layout type, number of story, 

number of unit and wind direction.  

 

Figure C-8 Part 1 of the module Define ZONE2U Array 

 

Figure C-10 shows one module of Preprocessing, Map the Water Distribution 

Value which expands the water distribution from the results of the WoW test to 

apartment units based on the methodology in Appendix B.   
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Figure C-9 Part 2 of the module Define ZONE2U Array 
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Figure C-10 The module of Map the Water Distribution Value 
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C-2 Calculation and Output of the Internal 

Model for One-of-A-Kind Building 

The Calculation is one part of the generic flow chart of the internal model for one-

of-a-kind building. It includes seven modules which calculate the water ingress, 

distribute the water to interior components, propagate water through components, 

units and stories, calculate the damage to interior and exterior components, and 

estimate the value of the damage. 

Figure C-11 shows the module Start The Loops. The module calculate the WDR 

and the portion of WDR given the storm is in each octant (see section 2.3.3), and 

initialize the matrices and arrays used to estimate the amount of the water ingress, 

the damage and the value of the damage. Then it starts seven loops to perform the 

calculation including the loops of Layout, Floor Type, Wind Direction, Story, 

Unit, Octant, and External Component.  

Figure C-12 shows the module Estimate Exterior Damage which estimates the 

external damage using the opening damage curves (see section 5.2).  

Figure C-13 is the module of Estimate Water Ingress. This module calculates the 

amount of water ingress per apartment unit for each octant and distributes the 

water to partitions and flooring (see section 4.4 and 4.5).  

Figure C-14 and Figure C-15 show the module of Water Propagation. The module 

contains the processes of the water propagation between interior components in 

Figure C-14 and between units and stories in Figure C-15 (see section 4.6).  

Figure C-16 is the module of Estimate Interior Damage which estimates the 

interior damage as a function of the division between the volume of absorbed 

water and the water absorption capacity (see section 4.7 and 4.8). 
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Figure C-11 The module of Start The Loops 
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Figure C-12 The module of Estimate Exterior Damage 



119 

 

 

 

 

 

 

 

Figure C-13 The module of Estimate Water Ingress 
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Figure C-14 The module of Water Propagation (components) 
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Figure C-15 The module of Water Propagation (units, stoies) 
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Figure C-16 The module of Estimate Interior Damage 
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Figure C-17 is the last module of Calculation. In this module, the values of the 

external damage for all exterior components and the values of the interior damage 

for all units are aggregated. This module outputs the damage value array of the 

building and the damage value array of the contents with 3 dimensions (2 layout 

types, 2 floor types, and 8 wind directions). 

 

Figure C-17 The module of Loops End 
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The last module of the flow chart of the internal model for one-of-a-kind building 

is Output (Figure C-18). This module calculate the mean value of the damage to 

the building and the damage to the contents, and the standard deviation from 32 

(2×2×8) loops.  

 

Figure C-18 The module of Output 
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Appendix D 

Detailed Flow Chart of The Internal Damage 

Model for Building Classes 

This appendix shows the detailed flow chart of the internal damage model for 

building classes. Most processes of the internal damage model for building classes 

and the internal damage model for one-of-a-kind building are the same, so the 

appendix does not describe every detail, but the difference between the two 

models.  

Figure D-1 is the master flow chart of the internal model for building classes. The 

model has three parts Preprocessing, Calculation and Output. Instead of inputting 

policy data, the building class characters are inputted in the part Preprocessing. In 

the calculation part, main difference of the model for building classes is that it 

randomly samples the wind driven rain. It does not run the layout loop and flooring 

type loop, because these building characteristics are predefined given the building 

class. The Output part outputs the vulnerability curves of the building class and the 

contents rather than the value of the damage compared with the model for the one-

of-a-kind building.  
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Figure D-1 Master flow chart of the internal damage model for building classes 

 

D-1 Preprocessing of the Internal Model for Building 

Classes 

Figure D-2 show the processes of the Preprocessing part of the internal model for 

building classes. In Preprocessing, the building characteristics should be inputted. 

The thesis proposes to define the building characteristics based on the flowing 

dimensions: Building layout, Sliders or not, Elevators or not, Central A/C or 

terminal packaged A/C, Opening protection types, Flooring types, Range number 

of story, Total number of units, Total building area and Average apartment area.  

The model incorporates the total story number loop across the Range number of 

story.  
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Figure D-2 The module of Preprocessing of the internal model for building classes 

 

Figure D-3 and Figure D-4 indicate the module of Map Breach Curves to 

Apartment Units which expands the breach curves and opening damage curves to 

apartment units as the breach array and opening damage array. Main difference is 

the dimensions of the breach array and opening damage array which incorporate 

the Range number of story.  
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Figure D-3 Part 1 of the module of Map Breach Curves to Apartment Units of the internal         

model for building classes 
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Figure D-4 Part 2 of the module of Map Breach Curves to Apartment Units of the internal         

model for building classes 
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Figure D-5, Figure D-6, Figure D-7, Figure D-8, Figure D-9 and Figure D-10 are 

the modules of Define and Map the RAF and SRC, Define ZONE2U Array, and 

Map The Water Distribution Value.  
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Figure D-5 Part 1 of the module of Define and Map The RAF and SRC for the model of the internal 

model for building classes  
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Figure D-6 Part 2 of the module of Define and Map The RAF and SRC for the model of the internal 

model for building classes 
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Figure D-7 Part 1 of the module of Define ZONE2U Array of the internal model for building classes 
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Figure D-8 Part 2 of the module of Define ZONE2U Array of the internal model for building classes 
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Figure D-9 Part 1 of the module of Map The Water Distribution Value of the internal model for 

building classes 
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Figure D-10 Part 2 of the module of Map The Water Distribution Value of the internal model for 

building classes 
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These modules have the same processes as the modules of internal model for one-

of-a-kind building except for the dimensions of the RAF/SRC multidimensional 

array and water distribution array. Because the model incorporates the total story 

number loop, the Range number of story was added to the arrays as a dimension. 

D-2 Calculation of the Internal Model for 

Building Classes 

Figure D-11, Figure D-12, Figure D-13, Figure D-14, Figure D-15, Figure D-16, 

and Figure D-17 indicate the processes to calculate the water ingress, distribute 

water to partitions and flooring, propagate water through interior components, 

units and stories, estimate the damage to exterior and interior components and the 

value of the damage.  

The Calculation of the internal model for building classes incorporates the 

maximum wind speed loop and simulation loop and delete the loops of Layout and 

Floor type. The dimensions of the damage arrays for the building and the contents 

add the Maximum wind speed, Number of simulation and Range number of story. 

The model samples the WDR and the share of the excess water in Figure D-11 and 

Figure D-14 respectively. The Calculation outputs the damage arrays for the 

building and the contents with 3 dimensions (41 maximum wind speeds, 2000 

simulations, 8 wind directions). The Output part of the model generates the 

vulnerability curves of the building and the contents given a specific building case 

based on the damage arrays obtained in the Calculation part.  
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Figure D-11 The module of Start The Loop of the internal model for building classes 



139 

 

 

 

 

 

 

 

Figure D-12 The module of Estimate Exterior Damage of the internal model for building classes 
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Figure D-13 The module of Estimate Water Ingress of the internal model for building classes 
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Figure D-14 The module of Water Propagation (component) of the internal model for             

building classes 
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Figure D-15 The module of Water Propagation (unit, story) of the internal model for building classes 
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Figure D-16 The module of Estimate Interior Damage of the internal model for building classes 
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Figure D-17 The module of Loops End of the internal model for building classes 

 

 

 

 

 

 


