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A B S T R A C T   

This paper focuses on the vulnerability of residential mid/high-rise buildings (MHRB) to 
hurricane-induced wind and wind-driven rain ingress, with a special emphasis on interior and 
contents damage. A component-based methodology utilizes the physics of rainwater ingress, 
distribution and propagation to provide the basis for the proposed MHRB risk assessment model. 
The model combines estimates of wind speed, impinging rain and surface run-off wind driven 
rain, envelope defects and breaches, interior water distribution and propagation, and component 
cost analyses to project envelope, interior and contents damage. The paper describes the model, 
verifies that it satisfies logical relationships to risk, and compares it against existing MHRB 
models. The new physics-based interior and contents vulnerability model should facilitate the 
evaluation of the cost effectiveness of mitigation measures.   

1. Introduction 

The focus of this paper is to increase the accuracy of an existing model that projects insured losses to residential housing from 
hurricane wind and impinging rain. Specifically, the prediction of interior and content damage via water ingress has been updated to 
incorporate the physics of water ingress and water propagation, as well as materials absorption. Content damage is defined as water 
damage to the components that can be carried away from the building, e.g., furniture, appliances, artwork, electronics and clothing. 
Whereas interior damage is the water damage to building interior components (ceiling, partitions, flooring, cabinets, and electrical 
components). These two loss categories can constitute more than 60 % of the total insured losses for a given hurricane event, and 
commonly exceed the losses due to direct physical damage of the building exterior and/or structural components [1]. Thus, interior 
and content loss modeling warrant significant attention to accuracy and the reduction of uncertainty. This study is currently limited to 
commercial residential (multi-family) mid/high-rise engineered buildings. Future work will extend these updates to other building 
classes such as single family residential. 

Commercial residential mid/high-rise buildings (MHRB), typically greater than three stories, are engineered buildings and typi
cally made of reinforcement concrete and/or steel, so damage to the main building structure due to wind effects and debris impacts is 
generally minor [2]. On the contrary, past hurricanes in Florida and elsewhere have shown the vulnerability of MHRB to envelope 
damage and cascading wind-driven rainwater ingress. Even for low intensity events, with minimal envelope damage, rainwater can 
leak through defects of the openings, especially sliding doors, resulting in damage to interior and contents [2]. For moderate to high 
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intensity events, pressure and debris impact induced breaches of openings (doors and windows) can occur leading to extensive interior 
and contents damage. With the coastal population concentration [3] and billion-dollar hurricane-induced losses [4], there is a need for 
catastrophe models to accurately project the damage to building interior and contents in MHRB [5]. 

Catastrophe (cat) models that project losses to build infrastructure have four main components: a component which models the 
hazard, in our case hurricane wind; a component that categorizes the exposure into generic classes, in our case residential buildings; a 
component which models the effects of the hazard on the exposure to define vulnerability functions for each building class; and a 
component which utilizes outputs from the hazard, exposure and vulnerability components to quantify the actuarial risk in terms of 
economic damage and insured losses. Examples of cat models include [6–19]. 

This paper focuses on the vulnerability component of a cat model for MHRB. State-of-the-art vulnerability models use engineering 
principles to project a building vulnerability through the prediction of physical damage to the external components of the structure and 
its envelope based on knowledge of wind-structure interaction and building component capacities [20–22]. These models are flexible 
and can assess the vulnerability of different classes of buildings [23–26]. Applied Research Associates (ARA) presented one of the first 
vulnerability assessment for MHRB [24], which provided the basis for the MH-HAZUS MHRB hurricane vulnerability model [27–29]. 
The generic building classes in MH-HAZUS include mid/high-rise commercial and residential buildings made of concrete, steel, and 
masonry. 

The Florida Public Hurricane Loss Model is another cat model funded by the state of Florida to help with insurance regulation [26]. 
The FPHLM version 8.2 projects the losses of commercial residential buildings for both low-rise (CR-LRB) (1- to 3-story high) and 
mid/high-rise (CR-MHRB) [30]. To the best knowledge of the authors, the FPHLM vulnerability model for CR-LRB is the first model 
that uses the physics of water ingress and propagation, calibrated to physical test results, to estimate the interior and contents damage 
as a function of moisture contents of specific components [31]. By contrast, in the CR-MHRB vulnerability model, the damage to the 
interior is an empirical function of the height of accumulated water via ingress at each story, and the damage to the contents is an 
empirical function of the interior damage [2], same as in MH-HAZUS. 

The authors combined the latest research from the FPHLM on exterior vulnerability of CR-MHRB [2] and on internal vulnerability 
of CR-LRB [31] to create a new MHRB vulnerability model which captures the physics of water ingress to produce more realistic 
estimates of damage to the interior and contents in MHRB. The research is funded by the Wind Hazard and Infrastructure Performance 
Center (WHIP–C) and the new MHRB model is referred to as the WHIP-MHRB model. The paper describes the model, which for 
different combinations of wind speeds and wind-driven rain, combines estimates of impinging and surface run-off wind driven rain, 
envelope defects and breaches, interior water ingress, distribution and propagation, and component cost analyses, to project envelope, 
interior and contents damage. Section 2 introduces resources leveraged by this study from the FPHLM. Section 3 describes the new 
interior and contents vulnerability model for MHRB. Section 4 shows results of the model. Section 5 shows that the model satisfies 
logical relationships to risk. Section 6 compares the model to other existing models. 

2. Florida public hurricane loss model resources 

Currently, the FPHLM MHRB vulnerability model estimates the interior damage as an empirical function of the height of accu
mulated water inside the building, and contents damage is estimated as another empirical function of interior damage. These functions 
are based on experience and judgment [2], and are not anchored into the physics of the problem. On the contrary, the FPHLM CR-LRB 
vulnerability model incorporates a new methodology which captures the physics of the water propagation and subsequent damage in 

Fig. 1. Examples of closed (a) and open (b) MHRB and apartment unit distributions with apartment serial numbers (c).  

Z. Wei et al.                                                                                                                                                                                                             



International Journal of Disaster Risk Reduction 100 (2024) 104222

3

low-rise buildings [31]. The authors leveraged resources from the FPHLM CR-LRB to develop the WHIP-MHRB vulnerability model. 
The improved WHIP-MHRB vulnerability model combines the external damage module from the FPHLM MHRB vulnerability model 
with the interior and contents damage modules of the FPHLM CR-LRB vulnerability model. 

2.1. Mid/high-rise buildings characteristics 

The developers of the FPHLM adopted a modular approach for modeling the vulnerability of MHRB [2]. The MHRB are defined as 
an aggregation of apartment units, and the total damage to the building is the aggregation of the damage to each apartment unit. The 
units can be corner or middle units depending on their positions in the floor plan. They can be distributed within two basic layout 
types: open building (apartment units are accessed externally) with at least 2 units per floor; and closed building (apartment units are 
accessed internally) with an even number of units per floor (4 or higher). Fig. 1 shows an example of the closed and open MHRB, and 
the possible layout of the units in each case. The schematics in Fig. 1c from top to bottom represent plan distribution of apartments in 
open buildings, closed buildings with four apartments per story, and closed buildings with more than four apartments per story. The 
authors define apartment numbers from 1 to Us (total number of apartments per story) for each apartment distribution shown in 
Fig. 1c. 

2.2. MHRB exterior damage 

The MHRB are engineered buildings, which suffer relatively minor structural damage during hurricane events [2]. Most of the 
external damage relates to breaches of the envelope, especially openings, so the MHRB vulnerability model only takes into account 
external damage to the openings (windows, entry doors, and sliding doors). The FPHLM has a library of vulnerability and breach 
matrices and curves of openings in apartment units, which provide the number of openings and corresponding breach areas as a 
function of wind speed, for corner or middle unit, located in high debris impact zone (1-4 stories), middle debris impact zone (5-7 
stories), or low debris impact zone (8+ stories), in closed or open buildings [32,33]. The matrices give the probability distributions of 
the number of breached openings (for the case of vulnerability matrices) or breach areas (for the case of breach matrices) of windows, 
entry doors and sliders for different maximum wind speed intervals, while the curves give the expected values as a function of the wind 
speed. Damage to openings is a primary source of rain driven water ingress that damages interior and contents. 

2.3. MHRB exterior defects 

All buildings have defects due to defective installation of fenestration, poor maintenance, and aging. In addition, there might be 
gaps in the window-wall interface from window out of plane deformation in high winds. Sliding glass doors can admit lots of rainwater 
even when they don’t break [2,34,35]. In the FPHLM CR-MHRB module, Pita et al. [2] defined the defect area of the openings (0.0026 
ft2 for window, 0.0258 ft2 for door, 0.0237 ft2 for slider) derived from ASHRAE [36]. Deficiency area estimates were assigned based on 
the average effective air leakage areas (Chapter 26, Table 1 (p. 26.15) in Ref. [36]). 

2.4. Rain hazard simulation study 

An accurate assessment of interior and content loss from water ingress necessarily begins with an accurate representation of rainfall 
during a hurricane, especially in MHRB where the main loss comes from the water-induced damage to the interior components. To that 
effect, a rain simulation study generates the total volume of wind-driven rain (WDR) during a hurricane as the sum of the wind-driven 
rain (WDR1) accumulated prior to the occurrence of the maximum wind speed at the location of the building, and the wind-driven rain 
(WDR2) accumulated from the time of maximum wind speed to the end of the hurricane [37]. The values of the simulations of WDR and 
WDR2 are stored in a WDR matrix where each column of the matrix is the discretized probability distribution function of WDR as a 
function of the maximum 3 s actual terrain wind speed at 10-m height. In response to the rotation of the hurricanes during the 
simulations, the values of WDR1 and WDR2 are distributed in ratios αi and βj (i from 1 to 4, and j from 1 to 5) over the eight wind 
direction octants [38] where α1 and β1 are in the same octant. To be able to integrate the results of the rain study, which has a time 
component, into the FPHLM vulnerability model, which does not have a time component, the breaches of the openings are assumed to 

Fig. 2. RAF (left) and SRC (right) zonation plots given 0◦ wind direction for gable roof building.  
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take place at the time of occurrence of the maximum wind speed. In this manner, the only water ingress prior to maximum wind speed 
is through building defects, whereas after the maximum wind speed has been reached breaches provide the primary means of water 
ingress. Importantly, this means that the model does account for interior and content water damage even in cases where no breaches 
occur, which has been observed in field studies. 

2.5. Water ingress 

The rainwater penetration at a given location on a building façade includes the direct impinging rain and surface runoff rainwater 
which are characterized by the rain admittance factor (RAF) and surface runoff coefficient (SRC), respectively [39–41]. The RAF is the 
percentage of WDR that impinges on the building while the SRC is a normalized percentage of the WDR which runs-off on the façade. 
They are both wind direction dependant. Baheru et al. [42] produced zonation plots of RAF and SRC for different types of low-rise 
buildings at 0◦, 45◦, or 90◦ wind directions. Fig. 2 are RAF and SRC zonation plots for 0◦ wind direction for a building with a gable roof. 

Johnson et al. [38] combined the rain hazard model [37] and the RAF and SRC research [42] to calculate the amount of water 
ingress from direct imping rain and surface runoff through defects and breaches of the façade of CR-LRB, for different wind directions. 
Section 3.3 describes how this research on CR-LRB was transferred to MHRB. 

2.6. Interior and contents damage 

Interior components include ceilings, partitions, floorings, cabinets, and utilities. There are five types of contents depending on 
their water absorption capacity and their location within common (accessible to anyone in the building) or private areas (i.e. 
apartment units) (the distinction between private and common areas is for insurance purposes, since condominium association policies 
only cover contents in common area). In private areas, there are water absorbent contents (WA), non-water absorbent contents (NA), 
and appliances (AP). There are also water absorbent (WA-CA) and non-water absorbent (NA-CA) contents in common areas. 

Water damage to interior and contents depends on impinging rain, the means of water ingress, and the process that distributes 
entering water within the building interior. It is also a function of the materials that make up the interior and contents. For example, 
tile vs hardwood flooring may be the difference between a clean-up and a replacement. Recent experimental work has provided 
quantitative data as to water distribution within a building and material absorption. Raji et al. [43] studied the distribution of water 
ingress in a CR-LRB scale model. Silva de Abreu et al. [31] defined a water propagation path among the interior and contents com
ponents in the CR-LRB model, based on Raji et al. [43], coupled with water absorption capacities for these same interior and contents 
components. The results are estimates of the damage based on the moisture contents of these components. The physical damage ratios 
of the cabinets and electrical components are defined as an empirical weighted average of the damage ratios of the components they 

Fig. 3. RAF zonation plot given 0◦ wind direction.  
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are attached to. 
The moisture contents is the accumulated water in a specific component divided by the sum of accumulated water and dry weight of 

the component. In the FPHLM CR-LRB module, Silva de Abreu et al. [31] defined the physical damage ratios of the ceiling and par
titions made of gypsum boards and the flooring made of carpet based on a polynomial equation of the moisture contents. They also 
defined the damage ratios of the five types of contents as functions of the total amount of water accumulated in water absorbent 
contents or the total amount of water going through the non-absorbent contents. Section 3.4 and 3.5 explain how CR-LRB interior and 
contents damage model are incorporated into the WHIP-MHRB model. 

3. WHIP-MHRB interior and contents vulnerability model 

The research described above for CR-LRB water propagation and interior and contents damage is extended to the WHIP-MHRB 
model. The damage depends on a source of water ingress, a water propagation path, and the difference between the resulting mois
ture contents of a component and its acceptable water absorption capacity. The different steps involve the characterization of the WDR- 
structure interaction, the quantification of the water ingress, its propagation to the different interior and contents components, and 
percolation to lower stories, and finally the estimate of the resulting damage. The next sections describe these different steps. 

3.1. Directional breach area of openings and exterior damage 

The authors expanded the breach matrices (see section 2.2) into directional breach arrays, for each of eight possible wind directions 
(0◦–315◦ in 45◦ intervals) which are incorporated in the probabilistic version of the WHIP-MHRB model detailed in section 4.2. For 
each combination of wind speed and wind direction, the numbers of damaged openings are saved in a multidimensional array D and 
the corresponding breach areas are saved in a multidimensional array DB. The WHIP-MHRB model assigns the arrays to each 
apartment unit based on its location in the floor plan and elevation of the building, and the wind direction. The physical damage ratios 
of the windows, doors and sliders in an apartment (DRext) are the number of damaged openings from D divided by the total number of 
openings in that apartment. 

3.2. Rain-structure interaction 

The WHIP-MHRB model extrapolates the zonation zones for CR-LRB to the case of MHRB and assigns the RAF and SRC to the 
components on the façade of each apartment unit based on the location of the unit in the zonation plot. Fig. 3 shows the RAF zonation 
plot for all façades given 0◦ wind direction. The plot includes building edge zones where the RAF values are set to 0.9 based on Straube 
and Burnett’s [41] research on MHRB. The edge zones include the top floor and 0.1 times the width of the building on each side. The 
RAF’s for the leeward and side units, as well as the flat roof, are zeroes where the rain does not directly impinge. 

Fig. 4a shows the layout of a 6-story closed-layout building with 10 units per story. Fig. 4b is the elevation showing the RAF values 
for the units on the windward façade given 0◦ wind direction. 

Fig. 4b displays the RAF values of windows and doors in unit 1 to unit 4 for each story where the upper value is RAF of windows and 
the lower value is RAF of doors in each cell. The units in the 1st story, 3rd story, and 5-6th stories are totally located in one zone, 
respectively. While for units in the 2nd story and 4th story, the openings span two zones where the RAF values are weighted averages 
based on the dimensions of the openings in the two zones (see Fig. 5a). The RAF values for the openings of the edge units are weighted 

Fig. 4. Unit distribution in floor plan (a) and RAF zonation plot for windward façade given 0◦ wind direction (b).  
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averages based on the dimensions of the unit in the two zones (see Fig. 5b). The MHRB SRC values from the CR-LRB zonation plots for 
SRC are expanded in a similar way. 

3.3. Water ingress 

The authors extended to MHRB the method from Ref. [38] (sections 2.4 and 2.5). The premise is that WDR1 water from both 
impinging rain and surface run-off ingresses into the building initially through defects only. Once breaches occur (at the time of 
maximum wind speed), WDR2 water will ingress through both defects and breaches. The volumes of the direct impinging rain through 
defects and breaches of the openings in one unit at a given story are defined as: 

WatDfDI =
∑

i=W,D,S

(
∑4

j=1
AreaDefecti • WDR1 • αj • floglaw • RAFij +

∑5

j=1
AreaDefecti • survivali • WDR2 • βj • floglaw • RAFij

)

(1)  

WatBrDI =
∑

i=W,D,S

∑5

j=1
AreaBreachi • WDR2 • βj • floglaw • RAFij (2)  

where.  

• WatDfDI and WatBrDI represent the volume of direct impinging rain through defects and breaches respectively.  
• AreaDefecti and AreaBreachi are the defect area (see Ref. [2]) and breach area (selected from DB in square foot) of component i.  
• survivali is the survival defect ratio equal to one minus breach area divided by total opening area.  
• WDR1 and WDR2 are the amount (inch) of wind-driven rain before and after the breaches occur (see section 2.4).  
• αj and βj are WDR distribution ratios (see section 2.4).  
• floglaw is a height adjustment factor (see Ref. [38]). The WDR variation with height is assumed to be identical to the wind speed 

variation.  
• RAFij is the rain admittance factor for component i and wind direction j.  
• W, D, S represent the openings: windows, doors and sliders. 

The volume of the surface runoff through defects and breaches of the openings in one unit are defined as: 

WatDfSR =
∑

i=W,D,S

(
∑4

j=1
AreaSRij • WDR1 • αj • floglaw • SRCij +

∑5

j=1
AreaSRij • survivali • WDR2 • βj • floglaw • SRCij

)

(3)  

WatBrSR =
∑

i=W,D,S

∑5

j=1
AreaSRij • WDR2 • βj • floglaw • SRCij (4)  

where.  

• WatDfSR and WatBrSR represent the volume of surface runoff through defects and breaches respectively.  
• AreaSRij is the reference surface runoff area of component i given wind direction octant j which equals to mean height of the story 

multiplied by length or height of component i when j is 1,3,5 or 2,4 respectively.  
• SRCij is the surface runoff coefficient.  
• W, D, S represent windows, doors and sliders. 

3.4. Water distribution and propagation 

In the WHIP-MHRB model 90 % of the aggregated water ingress, from equations (1)–(4), is distributed between partitions and 
flooring, in each apartment unit based on its location in the floor plan while the remaining 10 % propagates to the contents. The 
distribution between partitions and flooring is based on Raji et al.‘s [43] tests (section 2.6) for light and moderate damage states. In the 
absence of actual data, the ratio propagated to the contents is determined based on common sense and engineering judgment. The 

Fig. 5. Dimensions of the openings (a) and units (b) spanning two RAF zones.  
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results are two water distribution arrays representing the distribution of the water ingress between partitions and flooring in each unit 
for 8 angles between the wind direction and the direction perpendicular to the long side of the building (0◦–315◦ wind direction with 
45◦ interval). Each array is for the case before and after the breaches of openings occur. Table 1 is the partitions share of water 
intrusion through opening defects in closed building with 10 apartment units per story. The values in the table represent, for each unit, 
the fraction of the total amount of water ingress through defects, given a specific wind direction, that goes to partitions. For example, 
the first value, 0.24, in the table represents that given wind direction equal 0◦, in the first unit, 24 % of 90 % of the water intrusion 
through opening defects propagates to partitions and the remaining 76 % goes to the flooring. The values in the blank cells are zero 
since for the given wind directions, the units are not on the windward side of the building. 

Silva de Abreu et al. [31] proposed water absorption capacities for interior components and a water propagation path among the 
interior components and contents in the CR-LRB model. The WHIP-MHRB model expanded this water propagation path with the 
addition of a propagation path among separate but adjacent units. In an MHRB apartment unit, there are three sources of water 
intrusion during a hurricane: water ingress through defects and breaches of openings, water leak or percolation from upper unit, and 
water transmission from adjacent units. Fig. 6 defines the water propagation path and water propagation proportions including the 
percolation of excess water. The water intrusion propagates among the interior components and contents. 10 % of water intrusion 
through openings are transferred to the contents, and the other 90 % are transferred to partitions and flooring based on the values from 
the water propagation matrix. 36 % of the water transferred to partition is absorbed by partitions, 32 % percolates down to the 
flooring, and 32 % goes to the contents. The percolated water from the apartment unit above is absorbed by the ceiling, then the excess 
water after the component is saturated propagates to contents (40 %), flooring (20 %), and partitions (40 %). The contents water is 
distributed based on absorption percentages shown in Fig. 6. Excess water from partitions and contents transfers to the flooring. The 
model assumes either tile or carpet flooring. 10 % of excess water from flooring transfers to the flooring of adjacent apartment unit if it 
is not saturated, then the remaining water either percolates to the story below (20 % for ceramic tile flooring, and 70 % for carpet 
flooring) or escapes to the outside (80 % for ceramic tile flooring, and 30 % for carpet flooring). 

3.5. Building damage 

In the WHIP-MHRB model the physical damage ratios of interior components (DRint), like ceiling and partitions made of gypsum 
boards and the flooring made of carpet, are defined with the same polynomial equation function of the moisture content used by 
Ref. [31], for the FPHLM CR-LRB model (see section 2.6). 

The cost coefficient of a specific component represents the proportion of the cost of this component within the total building cost. A 
construction estimating tool widely used in the industry [1], provided the basis for the exterior cost coefficients (KE) for the exterior 
components (windows, doors and sliders) and for the interior cost coefficients (KI) for the interior components (ceiling, partitions, 
flooring, cabinets and electrical components). For insurance purposes, the model distinguishes between 1) apartment buildings (AB), 
with one owner, where the insurance policy covers all components in the building and 2) condominium buildings, with many different 
apartment unit owners, where the condominium association (CA) insurance policy covers only the external components and the 
interior components in the common areas. Eq. (5) and Eq. (6) define the cost coefficients for AB and CA. The exterior and interior cost 
coefficients depend on the ownership type, and all the variables that affect the building or condo association value (e.g. number of 
stories, building area and the existence or not of sliders). 

KE,Ii =
cost of component i

building value
, for AB (5)  

KE,Ii =
cost of component i

condo association value
, for CA (6) 

These cost coefficients provide the means to translate the physical damage ratios for each component into monetary damage ratios, 
which can then be combined. Eq. (7) and Eq. (8) illustrate this process and show how the exterior and interior mean monetary damage 
ratios of an apartment unit (DRext(s, u) and DRint(s,u)) result from the summation of the damages in a given unit (u) on the story (s). 

Table 1 
Share of water intrusion through openings defects before breach occurs in closed building with 10 units per story, corresponding to partitions.  

Unit Wind direction 

0◦ 45◦ 90◦ 135◦ 180◦ 225◦ 270◦ 315◦

1 0.24 0.31 0.48 0.38    0.47 
2 0.24 0.38      0.38 
3 0.24 0.38      0.38 
4 0.24 0.47    0.38 0.48 0.31 
5      0.38 0.48 0.38 
6    0.47 0.24 0.31 0.48 0.38 
7    0.38 0.24 0.38   
8    0.38 0.24 0.38   
9  0.38 0.48 0.31 0.24 0.47   
10  0.38 0.48 0.38      

Z. Wei et al.                                                                                                                                                                                                             
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DRext(s, u) =
∑3

i=1
DRexti (s, u) • KEi (7)  

DRint(s, u) =
∑5

i=1
DRinti (s, u) • KIi (8)  

where, DRexti (s, u) is the physical damage ratio of each type of opening including windows, door, and sliding door (defined as the 
number of damage openings divided by total number of openings in the apartment) in the apartment unit u and on the story s. 
DRinti (s, u) is the physical damage ratio of each interior components including ceiling, partition, flooring, cabinets, and utilities in the 
apartment (defined in the previous section) in the apartment unit u and on the story s. 

The monetary damage ratios of the overall building exterior and interior (DRbldg,ext and DRbldg,int) are the average values of DRext and 
DRint of all apartments in the building, respectively. The damage ratio of the building (DRbldg) is the sum of the damage ratios of 
building exterior and interior. 

DRbldg,ext =
1

s • u
∑smax

s=1

∑umax

u=1
DRext(s, u) (9)  

DRbldg,int =
1

s • u
∑smax

s=1

∑umax

u=1
DRint(s, u) (10)  

DRbldg = DRbldg,ext + DRbldg,int (11) 

The WHIP-MHRB model follows the same method used in Ref. [31] to assess the content losses. To compute the mean monetary 
damage ratio of the contents, cost participation factors were derived from a USACE report [44]. For WA the factor is 43 % (KWA), for NA 
45 % (KNA), for AP 4 % (KAP), for WA-CA 3 % (KWA-CA), and for NA-CA 5 % (KNA-CA). The mean damage ratio of the contents is the sum 
of the products of the damage ratio of each type of contents time their cost participation factors. 

Fig. 6. Water propagation path and proportions.  

Z. Wei et al.                                                                                                                                                                                                             



International Journal of Disaster Risk Reduction 100 (2024) 104222

9

4. Results 

The MHRB vulnerability model is primarily meant to be used for insurance purposes. In that context, there are two possible main 
scenarios regarding the characterization of MHRB. In areas like Florida, there is a very large variety of MHRB to achieve intentional 
architectural uniqueness, and it is therefore difficult to define a reasonable number of meaningful building classes that would cover the 
majority of the MHRB exposure. On the contrary, in other areas, like large urban environments with big and repetitive building 
complexes, for example in China, it is relatively easier to define relatively few building classes that will be representative of the 
majority of the building exposure. To address these two different scenarios, the MHRB vulnerability model has two different versions: 
the integrated vulnerability and actuarial model (VAM) and the probabilistic vulnerability model (PVM). 

4.1. Vulnerability and actuarial version of the model 

In the VAM version, the MHRB does not produce vulnerability outputs. The model is integrated within an actuarial model, and the 
vulnerability analysis is done “on the fly” for each policy within an insurance portfolio. The actuarial model reads policies from a 
commercial residential (CR) portfolio (for apartment building or condo association polices). For each policy, the model assigns missing 
exposure data (number of stories, building area, total number of units and number of units per story) based on statistical criteria. From 
hazard model outputs, the actuarial model assigns the corresponding maximum 3-sec gust wind speed at 10 m height over actual 
terrain (WS) to the policy, and proceeds with the vulnerability analysis as described in the previous sections. 

For each policy of the portfolio, the model loops over 2 building layouts (open and closed), 2 flooring types (waterproof and non- 
waterproof), and 8 wind directions to produce 2 × 2 × 8 damage ratio arrays for the building, contents, interior, and exterior. The 
resulting damage ratio arrays include 32 (=2 × 2 × 8) cells. Pita [45] derived proportions of open and closed MHRB, for different 
number of stories intervals (4–6, 6 to 9, and greater than 9) from a survey of MHRB in coastal and inland regions of Florida. The model 
uses these percentages of open and closed buildings to calculate a weighted average of the damage ratios corresponding to the 2 
building layouts based on the location and number of stories of the building. The result is 16 damage ratios (for 8 wind directions and 2 
possible flooring types), which are multiplied by the insurance limits resulting in the monetary losses for the overall building, its 
interior, its exterior, and its contents. From these 16 possible losses, the actuarial model calculates and outputs the mean and standard 
deviation for the losses of the building, contents, interior, and exterior for each policy in the portfolio. 

4.2. Probabilistic vulnerability model 

The PVM version of the MHRB vulnerability model is a stand-alone vulnerability model, which produces vulnerability outputs for 
different building classes of MHRB. These vulnerability outputs can then be used within actuarial models, to compute insured losses. 
The building classes for MHRB are defined based on key parameters of the MHRB exposure listed in Table 2. 

At the heart of the PVM is a Monte Carlo simulation engine which runs simulations for combinations of maximum wind speeds (WS) 
and wind directions. The wind speeds vary in 2.2 m/s increments from 22.2 m/s to 110.2 m/s. The wind directions vary in 45◦ in
crements from 0 to 315◦. In each simulation, the number of damaged openings and opening breach area are randomized based on 
directional breach array (see section 3.1) and the WDR1 and WDR2 are randomly selected from the WDR matrix based on the WS (see 
section 2.4). For each simulation, depending on the opening protection type, the model selects the appropriate breach matrix, from 
which the breach areas of the openings are randomly selected also as a function of WS. The water propagation proportions are 
randomly selected from Gaussian distributions with mean values shown in Fig. 6 with a 20 % coefficient of variation with similar 
assumptions as [31]. The cost participation factors for the contents are also randomly selected from Gaussian distributions with mean 
values shown in Section 3.5 and 20 % coefficient of variation. 

The output of the WHIP-MHRB model includes wind and wind-driven rain vulnerability matrices and curves for overall building, its 
interior, its exterior and its contents for different building classes. The cells of a vulnerability matrix give the probability of having a 
damage ratio within a certain interval given that the hazard intensity is also within a certain interval. The vulnerability curves give the 
mean values of the probability distribution functions of damage for each hazard intensity interval (wind speed or wind driven rain). 

5. Logical Relationships to Risk of PVM 

The Florida Commission in the report of activities [46] lists some criteria to verify the logical relationship to risk for hurricane risk 
models. This section tests some of these criteria for the PVM, with the help of some comparative results from the PVM for different 
building classes, listed in Table 3 (in accordance with the building class characterization of Table 2). The interior (Int) vulnerability 
curves for these building classes are plotted in pairs in Figs. 7–9. Fig. 7 verifies that the vulnerabilities of the open buildings are larger 

Table 2 
Options of the parameters to define the building classes for the WHIP-MHRB model.  

Parameter Options 

Residency type Apartment building (AB) Condominium association (CA)  
Building layout Open Closed  
Number of units per story 2 to n (even), default 10 4 to n (even), default 10  
Number of stories 4 to 20   
Sliders With (YSD) Without (NSD)  
Window protection Impact resistant (IR) Shutter (YSh) No shutter (NSh) 
Flooring type Ceramic tile (T) Carpet (C) Wood  
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than the ones of the closed building due to the greater number of openings for open buildings. Fig. 8 shows that the vulnerability 
decreases slightly with an increase in the number of stories because the share of the interior and openings as a percentage of the total 
cost of the building decreases with increased number of stories. In Fig. 9, the vulnerability decreases with increased opening 

Table 3 
Benchmark building classes.  

Residency type Building layout Number of Unit per story Number of stories Slider Window protection Flooring type 

AB Closed 8 8 NSD NSh C 
AB Open 8 8 NSD NSh C 
AB Closed 8 4 NSD NSh C 
AB Closed 8 15 NSD NSh C 
AB Closed 8 8 NSD YSh C 
AB Closed 8 8 NSD IR C  

Fig. 7. Wind speed vulnerability curves of the interior: Closed (blue) versus Open (orange) layout.  

Fig. 8. Wind speed vulnerability curves of the interior: number of stories 4 (blue), 8 (orange), and 15 (green).  
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protection. In all these cases, the vulnerability curves verify the logical relationships to risk. Note that the curves do not approach 100 
% at high wind speeds, since the model assumes only interior components and openings can be damaged and the sum of the cost 
coefficients of these components is less than 1. 

6. Comparisons against other models 

Due to the scarcity of high-quality loss data for MHRB, it is difficult for any modeler to validate and calibrate WHIP-MHRB models 
against claim data. The MHRB module of the MH-HAZUS was developed primarily based on the experience and judgment with limited 
calibration [29]. The same is true of the VAM and PVM models described in this paper. Since the VAM of WHIP-MHRB model is an 
integrated vulnerability and actuarial model, only aggregated modeled portfolio losses could be compared against aggregated claim 
data if available, or against other model results. This section compares results from the VAM against the results of some existing 
models, extracted from the submission documents to the Florida Commission on Hurricane Loss Projection Methodology (FCHLPM). 

In the case of the PVM of WHIP-MHRB model, this section compares the selected vulnerability curves from the PVM with those from 
the MH-HAZUS and FPHLM for similar building classes. 

Fig. 9. Wind speed vulnerability curves of the interior: opening protection types NSh (blue), Ysh (orange), and IR (green).  

Fig. 10. FCHLPM Form V-1 concrete construction estimated damage/subject exposure.  
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6.1. Comparisons of VAM results against certified models for hypothetical event 

The Report of Activities of the FCHLPM [46] model certification process requires the risk modelers submit a Form V-1. Form V-1 
provides a hypothetical exposure of concrete buildings built in 1980 with 20 stories and 8 units per story. The windows have standard 
glass without shutters. These buildings are subjected to a hypothetical hurricane track distributed over 96 different ZIP codes in 
Florida. As part of the FCHPLM acceptability process, the modelers need to compute the damage in the different zip codes due to the 
hurricane and report the aggregated damages. Form V-1 for all the models certified by the FCHLPM are accessible on the website of the 
Commission. 

The authors compared the VAM form V-1 results against the results from the other modelers for the year 2020, available on the 
FCHPLM website [11,47–51]. Fig. 10 shows the aggregated loss for Form V-1 for the VAM besides the results of other models. The 
mean value and standard deviation for these eight models are 10.23 %, and 6.12 % respectively. They are shown in Fig. 10 as solid and 
dashed lines respectively. The value of the VAM is 7.91 %, and it lies in the mid-range of the other models. 

6.2. Comparison of vulnerability curves between PVM, FPHLM, and MH-HAZUS 

The MH-HAZUS hurricane model is a component-based model like the PVM. For MHRB, the model assesses the losses due to the 
damage to exterior components (windows, doors, roofs, and walls) explicitly and to interior components (partitions, ceiling, me
chanical, and electrical systems) implicitly based on a set of empirical functions. The exterior losses are functions of damage states of 
exterior components while the interior losses are functions of the accumulated water depth through damaged façade and wetted 
interior area due to roof damage. The content losses are assumed to be highly correlated with the damage to the building interior. The 
water depth due to fenestration damage, and roof damage is used to estimate the content loss [29]. The model sums the exterior losses 
and the interior losses as the building loss resulting in building loss functions. These building loss functions are buildings vulnerability 
curves (similar to the PVM curves), where the mean damage ratio of the building is a function of peak gust wind speed at 10 m height 
over open terrain. The MH-HAZUS library includes building and contents loss function for 5-story and 8-story engineered residential 
buildings for open terrain (with little or no debris impact) and suburban terrain (with debris impact). For purpose of comparison, the 
MH-HAZUS wind speeds are converted from open terrain to suburban terrain based on wind speed conversion factors provided by 
FEMA [29], assuming that MHRB’s are predominantly a feature of suburban exposure. 

Fig. 11 compares the building vulnerability curves of the PVM (mean and mean plus and minus one standard deviation, which can 
be as high as 6.7 %) and MH-HAZUS for the cases of 5-story and 8-story apartment buildings with key parameters listed in Table 4. 
There are marked differences between the two models. As expected, debris impact in the MH-HAZUS model makes a large difference, 
and the model with limited debris impact is below the PVM curves for most of the low to moderate wind speed range, while the model 
with debris impact is above the PVM curves at moderate to high wind speeds. The PVM vulnerability curves are higher than both MH- 
HAZUS curves at low to moderate wind speeds because the PVM models the rainwater penetration through the defects of the openings, 
even in the absence of damage. On the other hand, for high wind speeds, the PVM curves are lower than both MH-AZUS curves because 
the amount of water intrusion in the PVM model is not enough to cause the complete destruction of the internal components, and 
external damage is limited to openings. Moreover, the MH-HAZUS model appears to be more sensitive to number of stories than the 
PVM model. 

Fig. 12 (vulnerability of contents) compares the contents vulnerability curves (mean and mean plus and minus one standard de
viation, up to 18 % at high wind speeds) of the PVM and MH-HAZUS for the same cases of 5-story and 8-story buildings. The results for 
content damage are similar to the building damage. The PVM curves are bracketed by the MH-HAZU curves. At low wind speeds (about 
25 m/s to 60 m/s) the PVM curves are above the MH-HAZUS curves, while at higher wind speeds the MH-HAZUS has more content 
damage. 

Fig. 13 compares a building vulnerability curve from the FPHLM and the PVM for a 20-story building [30]. In the case of the PVM 
the figure shows the mean and mean plus and minus one standard deviation. The building class corresponds to a closed layout, 20-story 
building, with 8 units per story, standard glass without shutter, and carpet floor. The FPHLM MHRB module estimates the interior 
damage ratio as a function of the height of the accumulated WDR, in a way similar to MH-HAZUS. Fig. 13 for the case of the VAM 
already showed that the FPHLM is one of the models with higher loss prediction. In this case the FPHLM model is clearly more 
vulnerable than the PVM, except at low wind speeds where the PVM captures better the damage due to water penetration through 
defects. 

Fig. 14 compares the contents vulnerability curves from the FPHLM and the PVM for the same 20-story buildings [30]. The FPHLM 
MHRB module assumes the damage ratio of the contents is a function of the damage ratio of the building interior based on experience 
and judgment. In this case, the two models coincidently produce very similar results even though the two models use different ap
proaches to estimate content damage in MHRB. 

7. Conclusions 

This paper describes a novel component-based methodology to estimate the damage to mid/high-rise buildings (MHRB), especially 
the damage to building interior and contents, during hurricane events. A modular approach reduces the MHRB to a combination of 
apartments units and the model uses the physics of the damage processes from wind and water penetration including damage to 
openings, rainwater ingress, distribution and propagation, and damage to interior and contents. The resulting model has two versions: 
a combined hurricane risk model which integrates the vulnerability model into the actuarial model (VAM) to produce portfolio 
analysis “on the fly” and a probabilistic vulnerability model (PVM) which produces a library of vulnerability matrices and curves for 
different building classes. 
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One of the main issues in the development of MHRB models is the lack of high-quality insurance claim data for validation. As an 
alternative, the paper verified that the model satisfies the logical relationships to risk. In addition, comparisons of the new model 
against established available models either proprietary or public, show that the new WHIP-MHRB model results are within the range of 
other models, which ensures the credibility of the model, at least against other models. The new model tends to predict higher losses at 
low speeds due to water ingress even in the absence of breaches, and tends to predict lower losses, capped at the interior losses, at 
higher wind speeds. 

Due to the physics-based nature of the model for both exterior and interior damage, it lends itself very well to the possible 
incorporation of different mitigation features for the openings, interior, and contents components. As such, it is an effective tool to test 
the cost-effectiveness of different mitigation measures. 

The results depend on a large measure on the accuracy of the representation of the different water impact and propagation pro
cesses, and the material properties of the different components. Epistemic uncertainty in these variables propagates into the overall 
model uncertainty. The current model uses results from tests and research on low-rise buildings, including on rain admittance factor, 
surface runoff coefficients, estimates of water ingress, its distribution and propagation. Results of future tests specific to MHRB for 
different dimensions, geometry, structure and construction materials could be easily incorporated in the vulnerability model. Other 
areas of possible improvements include damage to electrical components and other utilities, and cost estimates. As more data becomes 
available and more research leads to a better understanding of these processes, the uncertainty of the results can be reduced. 
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Fig. 11. Comparison of vulnerability curves of buildings between PVM and HAZUS model.  

Table 4 
Key parameters for vulnerability curves from the HAZUS model and PVM.  

Parameters MH-HAZUS hurricane model PVM 

Layout Closed Closed 
Number of stories 5 or 8 5 or 8 
Number of units 8 8 
Glass of windows single pane tempered glass Standard glass without shutter (NSh) 
Roof Deck Concrete – 
Roof Cover Built-up roof cover – 
Glazing area ratio 33 % 20 % 
Slider Without slider Without slider 
Floor type unknown Carpet 
Debris impact (DI) Full (suburban) or minor (open terrain) Full  
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Fig. 12. Comparison of vulnerability curves of contents between PVM and HAZUS model.  

Fig. 13. Comparison of building vulnerability curves between PVM and FPHLM.  

Fig. 14. Comparison of contents vulnerability curves between PVM and FPHLM.  
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