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Hazus-MH loss functions, which are publicly available and
applicable to a variety of building configurations in the
United States, were used. Also, it should be noted that
although the loss functions term is used here to compromise
with the definitions in Hazus-MH, in some studies they may call
them vulnerability curves or damage functions.

Hazus-MH is a computer-based, multi-hazard model
developed by FEMA used to estimate direct losses for
building, contents, and loss of use. Multiple Hazus models are
implemented within a geographic information system (GIS)
platform to analyze wind, flood, and earthquake hazards.
Economic losses as a function of wind speed (i.e., loss
functions) for five terrain classifications are embedded within
the Hazus-MHHurricane Model. Each loss function is associated
with a unique building configuration, called the wind building
identity (WBID). Hazus-MH loss functions are widely used for
loss studies and are applicable nationally (Jain et al., 2005).
Figure 2 shows an example of the loss ratio of damage to the
building value, as a function of wind speed for multiple
classifications of terrain (e.g., open, suburban, trees) for

unmitigated (WBID 6) and partially mitigated (WBID 41)
buildings.

This study utilizes the Hazus wind loss functions, which are
extracted from the Hazus-MH version 3.2 database, rather than
the Hazus software itself. Building loss functions Lb(v) are
defined as the ratio of the estimated repair or replacement
cost to the total building value. The repair cost is assumed to
be equal to an average construction cost for a new building in the
location of the case study. This cost is obtained using RSMeans
square foot costs databook (Gordian, 2013). However, removing
the damaged components of buildings may increase the repair
cost which is not considered in this study. Content loss functions
Lc(v) is defined as the ratio of content loss to content value, where
the content value is estimated as 50 percent of the building value
(FEMA, 2012). Loss of use functions Lu(v) represents the number
of days needed to repair a damaged building. These days are then
converted into a value expressed in terms of building value.

Residential Building Characteristics
The residential building data used in this study were obtained
from the databases underlying the Hazus-MH Hurricane Model.
In the Hazus database, wood-frame, single-family houses are
characterized using a combination of “building options” i) within
five “mitigation categories” (n): 1) roof shape, 2) roof-to-wall
(RTW) connection type, 3) presence of secondary water-resistant
(SWR) barrier, 4) roof deck attachment (RDA) nailing pattern,
and 5) shutter and garage door types.

A wood-frame, single-family, one-story residential building is
characterized using one of the building options in each mitigation
category, and each of the 15 mitigation strategies has two or more
building options. Given these options, Hazus classifies single-family,
one-story homes into 160 unique WBIDs based on the combination
of building options (i|n) within the five mitigation categories (n). A
numerical coding system to describe each building WBID in the
Hazus database was developed by Orooji and Friedland. (2017),
shown in Eq. (3), where βn is the coefficient formitigation category n.
Values of i|n and βn are provided in Table 1. The building options
shown by underlined text in Table 1 are standard building options
expected in an unmitigated building. All other options provide
additional resistance to wind hazards.

FIGURE 2 | Building-loss functions, expressed as the ratio of repair or
replacement cost to building value, for multiple terrain classifications for an
unmitigated (ID 6) and partially mitigated (ID 41) building extracted from the
Hazus database.

TABLE 1 | Descriptions and numerical coding for one-story, single-family, residential building WBID calculation (adapted from Orooji and Friedland 2017).

Mitigation category,
n

1 2 3 4 5

Description Roof
shape

SWR RDA nailing pattern RTW
connection

Shutter and garage door types

WBID. coefficientβn 80 40 10 5 1
Building options and numeric coding,
i| n

Gable � 0 No � 0 yes � 1 6 days @ 152 mm/305 mm � 0 Strap � 0 no shutters, no garage door � 0
Hip � 1 — 6days/8 days @ 152 mm/152 mm

� 1
Toe-nail � 1 shutters, no garage door � 1

— — 8 days @ 152 mm/305 mm � 2 — no shutters, standard garage door
� 2

— — 8 days @ 152 mm/152 mm � 3 — shutters, SFBC garage door � 3
— — — — no shutters, weak garage door � 4

Underlining denotes standard building options that correspond to unmitigated buildings. SWR, secondary water-resistant barrier; RDA, roof deck attachment nailing pattern; RTW, roof-
to-wall connection type.
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WBID � ⎛⎝∑5
n�1

βn × i
∣∣∣∣n⎞⎠ + 1 (3)

Based on the building options, WBIDs were categorized as
“unmitigated” or “mitigated” using Table 1. WBIDs 6, 8, 10, 86,
88, and 90 do not have any mitigation options; therefore, Table 2
categorized them as unmitigated buildings. All other buildings are
considered to have at least one mitigation option. The 15
mitigation strategies with their corresponding WBIDs were
defined in Table 2, where “SWR,” “RDA,” “RTW,” and
“Shutter” referred to the implementation of mitigated building
options for mitigation categories 2, 3, 4, and 5, respectively.
Unmitigated building options are used for another category.

Residential Wind Mitigation Cost
The one-story residential case study building utilized for this
study was developed by Orooji and Friedland. (2021b), which
assumes a floor area of 206m2 (2,213 SF) and an unmitigated
construction cost of $258,487 located in a light suburban
community in Louisiana (Latitude: 29.35, Longitude: 90.24).

Figure 3 shows a 3D schematic of the case study building.
Each mitigation strategy considered will result in additional
new or retrofit construction cost, using the assumptions in
Table 3, which were adapted from Orooji and Friedland.
(2017) who obtained cost data from a local builder’s supply,
“big box” stores, and published component-level housing cost
data included in RSMeans (Gordian, 2013).

Average Annual Loss
Average annual loss (AAL) is the average expected loss per year
calculated over a long period of time. It is calculated as the
integral of the loss exceedance curve (Eq. 4). AAL can be
expressed in two ways, first as a percentage of building value
where the loss function is a function of building value, and second
as absolute currency where the loss function is manifested in
terms of currency. In this paper, AAL refers to an average annual
loss in general, and AAL% and AAL$ refer to relative and absolute
AAL, respectively.

AAL � ∫∞

0
v(P)dP (4)

TABLE 2 | WBIDs corresponding to unmitigated buildings and mitigated buildings for each mitigation strategy, m.

m# Description WBID

0 Unmitigated 6 8 10 86 88 90 — — — — — — — — — — — —

1 SWR 46 48 50 126 128 130 — — — — — — — — — — — —

2 RDA 16 18 20 26 28 30 36 38 40 96 98 100 106 108 110 116 118 120
3 RTW 1 3 5 81 83 85 — — — — — — — — — — — —

4 Shutter 7 9 87 89 — — — — — — — — — — — — — —

5 SWR + RDA 56 58 60 66 68 70 76 78 80 136 138 140 146 148 150 156 158 160
6 SWR + RTW 41 43 45 121 123 125 — — — — — — — — — — — —

7 SWR + Shutter 47 49 127 129 — — — — — — — — — — — — — —

8 RTW + RDA 11 13 15 21 23 25 31 33 35 91 93 95 101 103 105 111 113 115
9 RDA + Shutter 17 19 27 29 37 39 97 99 107 109 117 119 — — — — — —

10 RTW + Shutter 2 4 82 84 — — — — — — — — — — — — — —

11 RTW + RDA + SWR 51 53 55 61 63 65 71 73 75 131 133 135 141 143 145 151 153 155
12 RDA + SWR + Shutter 57 59 67 69 77 79 137 139 147 149 157 159 — — — — — —

13 SWR + RTW + Shutter 42 44 122 124 — — — — — — — — — — — — — —

14 RDA + RTW + Shutter 12 14 22 24 32 34 92 94 102 104 112 114 — — — — — —

15 RTW + RDA + SWR + Shutter 52 54 62 64 72 74 132 134 142 144 152 154 — — — — — —

SWR, secondary water-resistant barrier; RDA, roof deck attachment nailing pattern; RTW, roof-to-wall connection type.

FIGURE 3 | 3D Schematic of the case study building.
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In the Hazus-MH Hurricane Model repository, direct
economic loss functions are presented as a function of wind
speed at 2.24 m/s (5 mph) intervals instead of continuous curves.
Therefore, Monte Carlo simulation was used to estimate AALs for
each type of direct economic loss function (Eqs 5–7).

AALb,%, AALc,%, and AALu,% represent the average annual
loss of building, content, and loss-of-use, respectively; S is the
number of simulations; and Rands is a random number
between zero and one generated for each simulation s
representing the non-exceedance probability. F−1(Rands) is
the inverse of the cumulative Weibull distribution and returns
the maximum annual wind speed for each simulation, and Lb
[F−1(Rands)], Lc [F

−1(Rands)], and Lu [F−1(Rands)] returns
the building, content, and loss-of-use economic losses,
respectively, as a proportion of building value
corresponding to the maximum wind speed for simulation
years.

AALb,% � 1
S
∑S
s�1
Lb[F−1(Rands)] (5)

AALc,% � 1
S
∑S
s�1
Lc[F−1(Rands)] (6)

AALuse,% � 1
S
∑S
s�1
Luse[F−1(Rands)] (7)

Total average annual loss AALT as a proportion of building
value,AALT,% is the summationAAL of the building, content, and
loss-of-use expressed as a ratio of building value (Eq. (8)). The
absolute value of average annual loss in monetary terms, AALT,$,
is calculated by Eq. (9) where BV is a building value.

AALT,% � AALb,% + AALc,% + AALu,% (8)

AALT, $ � AALT, % × BV (9)

AALT, % data presented in this study were obtained from
research conducted by (Orooji, 2015), who estimated by

WBID by summing the average of 50,000 Monte Carlo
simulations for each type of loss (building, content, loss of use).

Net Benefit and Payback Period
The life-cycle wind loss (LK) of these WBIDs is calculated using
Eq. (10), considering an adjusted discount rate (RAD) of 4%,
where K represents the decision-making time horizon (years) and
B is the building cost. RAD shows the relationship between
inflation and discount rates. The cost of the material and
installation, which depends on the type of construction
(retrofit or new), Cm, is also included in the life-cycle wind
loss calculation.

LK � cm + B × AALT,% ×∑K
k�1

1

(1 + RAD)k−1
(10)

The life-cycle wind loss for mitigation strategy m (LK,m)
considering a K year life-cycle is calculated by averaging the
WBID. The life-cycle wind loss (LK,w) for each mitigation
strategy (m) is listed in Table 2; (Eq. 11). The number of
WBIDs in each mitigation strategy is represented by q and the
value ranges from w1 to wq. For example, m � 0 in Table 2
signifies the generalized class of unmitigated buildings, and the
mean life-cycle wind loss (LK,0)is calculated by averaging the life-
cycle wind loss of WBIDs 6, 8, 10, 86, 88, and 90.

LK,m � ⎡⎢⎢⎢⎣∑wq
w�w1

LK,w

q
⎤⎥⎥⎥⎦
m

(11)

The cost effectiveness of a mitigation strategy within a
particular wind contour indicates a positive net benefit (NB)
after implementing the mitigation strategy. Each mitigation
strategy is analyzed by comparing the life-cycle wind loss
before and after the implementation of the mitigation strategy.
In other words, the net benefit of mitigation strategy m is the
difference between the mean life-cycle wind loss of the

TABLE 3 | New and retrofit construction cost for each mitigation strategy in a one-story residential building (adapted from Orooji and Friedland 2017).

Mitigation options New construction cost Retrofit cost

SWR $1,200 ($450 material and $750 installation) $11,120 [$1,200 for taping and $9,920 for removing roof shingles and installing
new roof shingles ($3.2 per square foot)]

RDA 1 $850 (adding nails and labor installation rate of $0.25 per square
foot)

$10,770 [$850 for adding nails and labor installation rate of $0.25 per square
foot and $9,920 for removing roof shingles and installing new roof shingles
($3.2 per square foot)]

RDA 2 $200 (adding nails and labor installation rate of $0.25 per square
foot)

$10,120 [$200 for adding nails and labor installation rate of $0.25 per square
foot and $9,920 for removing roof shingles and installing new roof shingles
($3.2 per square foot)]

RDA 3 $850 (adding nails and labor installation rate of $0.25 per square
foot)

$10,770 [$850 for adding nails and labor installation rate of $0.25 per square
foot and $9,920 for removing roof shingles and installing new roof shingles
($3.2 per square foot)]

RTW $1,500 ($250 material cost for 180 straps, and $1,250 for
installation)

$1,700 ($250 material cost for 180 straps, and $1,450 for installation,
considering that the top 4 inches of drywall needs to be removed and
reinstalled)

Shutter $3,128 (shutter cost and installation) $3,128 (shutter cost and installation)
Shutter + SFBC
garage door

$4,328 ($3,128 shutter cost and installation + garage door
reinforcement $600 per single opening)

$4,328 ($3,128 shutter cost and installation + garage door reinforcement $600
per single opening)

SWR, secondary water-resistant barrier; RDA, roof deck attachment nailing pattern; RTW, roof-to-wall connection type.
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unmitigated buildings (LK,0) and the mean life-cycle wind loss
after implementing the mitigation strategy m (LK,m) (Eq. 12). To
evaluate the cost effectiveness of mitigation scenario m, the net
benefit/cost ratio (NBCRm), which is defined as the ratio of the net
benefit of scenario m to the initial cost of the mitigation scenario
(Cm) is calculated (Eq. 13).

NBm � LK,0 − LK,m (12)

NBCRm � NBm

Cm
(13)

To represent the variability of the calculated net benefit, a one-
sample t-test is calculated to determine the 95% confidence

interval for the mean life-cycle wind loss across wind contours
for each mitigation strategy (m � 0–15).

Payback period is the time required for the net benefit to
become zero. If zero net benefit occurs between any two decision-
making time horizons, the payback period is calculated by linear
interpolation.

RESULTS

Net benefits can be positive or negative and are calculated for a
building without insurance for wind hazard. Positive values occur

FIGURE 4 | Net benefit of wind hazard mitigation strategies for a 30-year time horizon based on ASCE 7 wind speed contours using new construction cost.

FIGURE 5 | Net benefit of wind hazard mitigation strategies for a 30-year time horizon based on ASCE 7 wind speed contours using retrofit construction cost.
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