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Nowadays, due to the extension of urbanization, the number of residential buildings in flood prone 5 

zones is increasing significantly. Therefore, for these buildings, it is of vital importance to conduct 6 

hazard risk mitigation strategies. In this paper, the probabilistic cost-benefit analysis of flood risk 7 
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portfolios of structures considering both expected and standard deviation of life-cycle cost. The 10 

vulnerability model of buildings under flood hazard is introduced considering serviceability and 11 

ultimate limit states. Probabilistic cost-benefit analysis is performed by comparing the 12 

effectiveness of different retrofit actions. Additionally, uncertainty and correlation effects are 13 

considered in the probabilistic loss and cost-benefit analysis procedures. The proposed approach 14 

is applied to a portfolio of residential buildings located in Florida.  15 
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Introduction 25 

Typically, flood causes include long-lasting rainfall, snowmelt, dam break, and temporary sea-26 

level rise (FEMA 2014a). Flood accounts for almost 30% of the global losses associated with 27 

natural hazards (Dutta 2003; Douben 2006). Due to the catastrophic losses to the people and assets, 28 

flood is considered one of the major natural hazards for the society and economy in the United 29 

States and many other countries. Due to the effects of global warming and climate change, the 30 

frequency, intensity, and magnitude of the flood are increasing. Buildings play an important role 31 

in the economy and their damages resulting from a flood event contribute significantly to the total 32 

community loss. Furthermore, due to the rapid rate of extension of urbanization, buildings have an 33 

increasing exposure to flood in the urban areas. Thus, an effective probabilistic assessment and 34 

hazard mitigation approach of building portfolios is needed to estimate and optimize the 35 

performance of buildings under floods at a large scale in a life-cycle context.  36 

Performance-based engineering (PBE) is a method to investigate infrastructure system 37 

performance under hazard effects (Cornell and Krawinkler 2000; Van de Lindt 2009; Barbato et 38 

al. 2013; Dong and Frangopol 2015). In this paper, the PBE approach is adopted within 39 

performance assessment and mitigation of building portfolios under hazard effects. Generally, the 40 

performance-based assessment can be divided into three parts: (a) hazard scenarios analysis, (b) 41 

structural performance and damage assessment, and (c) consequence and loss evaluation 42 

associated with decision variables (e.g., repair loss, downtime, and fatality). In this paper, PBE is 43 

adopted to investigate the performance of portfolios of buildings under flood effects.  44 

The performance of a building under a flood event depends on many parameters, such as wall 45 

thickness, height of the building, presence of barriers, dimension of and configuration of doors and 46 

windows, and height of the raised foundation (Kreibich et al. 2005). The damage mechanisms of 47 
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buildings under flood effects include physical and chemical deterioration, structural failure of 48 

walls or windows, and scour of foundation. The building performance also depends on the flood 49 

characteristics. Most vulnerability analyses under a flood event consider the flood depth as the 50 

main factor (Merz et al. 2004; Scawthorn et al. 2006). Although flood depth is the most common 51 

factor considered in the damage assessment, the flood velocity also has a significant effect on the 52 

structural failure (Kreibich et al. 2009). In this paper, both flood depth and velocity are considered 53 

in the structural vulnerability analysis. Roos (2003) investigated structural performance under 54 

flooding effects using a 2-dimensional (2D) structural analysis approach; Kelman (2002) presented 55 

an approach for the vulnerability assessment of residential buildings at a component level (e.g., 56 

wall and window) considering both flood rise and water infiltration processes; Mazzorana et al. 57 

(2014) developed an approach considering buildings’ detail and system characteristics; and Custer 58 

and Nishijima (2015) proposed an approach for the flood vulnerability model considering relevant 59 

hazard and building characteristics at both component and system levels. These studies focused on 60 

the single building performance under flood effects; therefore, research associated with the 61 

performance of portfolios of buildings is needed.  62 

There are uncertainties associated with hazard intensity, structural performance, and 63 

consequences of structural systems under flood effects. Accordingly, a probabilistic approach is 64 

needed to account for different kinds of uncertainties. Under a given flood event, there are 65 

uncertainties with respect to the hazard intensity in terms of depth and velocity at the locations of 66 

buildings. In this paper, a probabilistic risk assessment and mitigation approach is developed to 67 

compute the loss of a portfolios of buildings in a life-cycle context. Additionally, there exist 68 

similarities and correlations of the hazard intensities and structural properties among the buildings 69 

within a portfolio. Probabilistic loss of portfolios of buildings under flood effects at a large scale 70 
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considering uncertainties and correlation effects has not been considered in previous studies. 71 

Herein, in order to quantify the probabilistic regional loss of portfolios of buildings, the 72 

uncertainties and correlation effects are incorporated within the evaluation procedure. Both mean 73 

and standard deviation are computed in the assessment process considering uncertainty and 74 

correlation effects.  75 

Cost-benefit analysis should be incorporated into the hazard mitigation process in a 76 

probabilistic manner. Most of the previous studies emphasized the expected value of benefit and 77 

did not capture the uncertainty related to benefit analysis, which may lead to inappropriate 78 

decisions. The benefit associated with a specific retrofit plan depends on the intensity and 79 

frequency of the investigated hazard, time interval considered, and the structural performance 80 

under retrofit actions. In this paper, the uncertainties associated with benefit are considered in the 81 

hazard risk mitigation procedure. Furthermore, the life-cycle concept is adopted herein to 82 

investigate the building performance and benefit-cost ratio of retrofit actions. 83 

In this paper, the performance and probabilistic cost-benefit analysis of flood risk mitigation 84 

strategies of portfolios of residential buildings are investigated. Probabilities of reaching different 85 

performance levels are assessed considering failure modes. The probabilistic cost-benefit analysis 86 

is conducted by comparing the effectiveness of different retrofit actions. Unreinforced masonry 87 

buildings, as one of the most common residential building types, are emphasized herein. The 88 

proposed probabilistic framework can be applied to other types of buildings. The approach 89 

presented in this paper could aid the decision-making process associated with residential building 90 

portfolios under flood effects in a life-cycle context. 91 
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Building Damage Assessment under Flood  92 

In order to assess the structural performance of buildings under flood effects, a framework that 93 

considers hazard intensity and occurrence frequency, structural vulnerability under hazard, and 94 

consequence evaluation should be established. The flowchart regarding the performance-based 95 

hazard loss assessment is shown in Figure 1. 96 

Flood Scenarios 97 

The first step is to identify the magnitude and intensity of the flood. The PBE assessment of 98 

buildings under a flood event involves many parameters. The most critical parameters are the flood 99 

factors (e.g., depth and velocity) and the building properties. Thus, in order to compute the 100 

structural performance, the flood depth and velocity should be identified first. The flood 101 

characteristics, such as depth and velocity, can be obtained by using hydrodynamic flood 102 

simulation. This information, together with the detailed cartography of the investigated area and a 103 

digital elevation model is used as input into the hydraulic model. Then, the characteristics of the 104 

flood can be used for the flood load and structural performance analysis. In this paper, the load 105 

effects of the flood on residential buildings are related with flood depth, velocity, and debris 106 

considering different limit states.  107 

Load Effects 108 

The flood effects on buildings include hydrostatic forces, hydrodynamic forces, and forces 109 

generated by the impact of debris. The lateral hydrostatic pressure Ps and hydrostatic force per unit 110 

of length Fs could be computed as (Kelman 2002; FEMA 2012) 111 

ghP ws                                                                (1) 112 

hPF ss
2

1
                                                               (2) 113 
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where g is gravity acceleration (m/s2); ρw is mass density of water (kg/m3); and h is the flood depth 114 

difference between the inside and outside water (m). The hydrostatic force could be computed as 115 

an equivalent point force at the height of h/3 from the ground.  116 

The hydrodynamic load is related to the moving water and is assessed considering the velocity 117 

of flood water. The hydrodynamic pressure Pd and hydrodynamic force per unit of length Fd are  118 

2

2V
CP wdragd                                                               (3) 119 

hPF dd                                                                    (4) 120 

where Cdrag is drag coefficient and V is average velocity of flood water (m/s). 121 

The debris effect on the building is also considered in the loading effect evaluation procedure. 122 

The debris is carried along the flood and cause damage by crashing into the buildings. The debris 123 

sources could be identified based on the observation of the building site and urban planning 124 

documents. The structural damage subjected to debris usually depends on the weight of the debris 125 

and the flow velocity. The debris force can be computed as (Roos 2003) 126 

sdedede kmVF                                                               (5) 127 

dewas kkk

111
                                                               (6) 128 

where mde is the debris mass (kg); Vde is the velocity of the debris (m/s); ks is the spring stiffness; 129 

kwa is the spring stiffness of wall; and kde is the spring stiffness of debris.  130 

Damage Analysis 131 

The mechanical failure of the building under a flood event is emphasized in this section. Walls, 132 

acting as both structural and envelop components in the building, have significant importance and 133 

their failure can potentially result in the partial or total collapse of the building. Based on Roos 134 

(2003), the failure mechanism associated with wall failure is the most significant failure model for 135 
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the masonry and concrete buildings. Thus, the wall failure is of most concern regarding building 136 

performance under flood and is emphasized in this section. The vulnerability analysis of masonry 137 

wall can be assessed using different methods, such as finite element analysis (De Risi et al. 2013; 138 

Xiao and Li 2013), yielding line analysis (Nadal 2007; Kelman and Spence 2003), and structural 139 

analysis (Roos 2003). The structural performance analysis represents the structural vulnerability 140 

under the given limit state. In this paper, the failure of walls under a flood event is investigated by 141 

considering the applied bending moments.  142 

The wall can crack and collapse under the hydrostatic, hydrodynamic, and debris effects. For 143 

example, if the bending moment capacity associated with cracking of the wall is smaller than the 144 

applied loading bending moment, the cracks would appear and serviceability limit state will be 145 

reached. The four damage states associated with the wall failure considered in this paper are none, 146 

cracking, partial collapse, and collapse. The bending moment associated with cracking and 147 

ultimate capacity could be computed, respectively, as (Roos 2003; Custer and Nishijima 2015) 148 

2

6
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w

ct
c tw

f
M 


                                                      (7) 149 

2
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
                                                     (8) 150 

where σc is the compression stress (N/m2); w is the width (m); tw is the thickness of the wall (m); fc 151 

is the compression strength (N/m2); and ft is the tensile strength (N/m2). Given the loading moment 152 

Mf induced by the flood, the performance functions associate with cracking, partial, and total 153 

collapse can be expressed, respectively, as (Custer and Nishijima 2015) 154 

fccra MMg                                                              (9) 155 

fupc MMg                                                             (10) 156 

fucol MMg  2.1                                                         (11) 157 
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Given the performance functions and flood scenario, the probabilities associated with different 158 

limit states could be estimated. The probability of failure under flood could be computed using 159 

Monte Carlo simulation and/or first/second order reliability methods. The reliability and 160 

vulnerability analyses incorporate uncertainties associated with structural capacity and load effects 161 

associated with flood. 162 

Loss and Life-Cycle Cost Assessment  163 

Single Building Loss 164 

The damage loss in monetary terms is investigated in this section. Given the limit states of the 165 

building under flood, the probability of the building being in different damage states including 166 

failure could be computed. Based on the theorem of total probability, the hazard loss is the sum of 167 

consequences weighted with the probabilities of having these consequences. The expected annual 168 

loss of the building i under the occurrence of the given hazard can be computed as (Dong et al. 169 

2014) 170 

 
DS HDSDScrbii PrCl                                                     (12) 171 

where Cbi is the investigated building cost; rcr|DS is the repair cost ratio associated with a damage 172 

state DS; and PDS|H is the conditional probability of a damage state given a flood event. Given the 173 

flood intensity (e.g., depth and velocity) associated with different flood intervals, the performance 174 

of the building (e.g., probability of being in different damage states) could be computed. The repair 175 

loss, related to the flood induced structural damage, is emphasized herein. The repair cost of a 176 

building can be calculated as a function of the percentage of total cost, which depends on local 177 

labor cost, availability of materials, and local construction practices. Indirect cost could also be 178 

incorporated within the consequence evaluation procedure. Loss data from insurance companies 179 

can be used to derive an appropriate description of losses.  180 
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Assuming the occurrence of the flood as a Poisson process, the total life-cycle flood loss of 181 

the building i during the time interval [0, tint] can be computed (Dong and Frangopol 2016) 182 





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where tint is investigated time interval; N(tint) is the number of hazard events that occur during the 184 

time interval; li(tk) is the expected annual hazard loss at time tk; and γ is the monetary discount rate. 185 

Based on Yeo and Cornell (2005), given the Poisson model with mean rate equal to λf, the time tk 186 

has a uniform distribution in [0, tint]. Given N (tint) = λf × tint, the total expected life-cycle loss and 187 

variance can be computed (Ross 2000; Yeo and Cornell 2005) 188 
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))(())(()( iii llElE                                               (16) 191 

where E(li) and σ(li) is the expected value and standard deviation of annual loss li of building i 192 

given a flood event. 193 

Building Portfolio Loss 194 

The portfolio of structures considered herein is a group of residential buildings, which have similar 195 

characteristics, such as numbers of floors, material types, and geometrical pattern. The portfolio 196 

of the buildings located in the same neighborhood can be classified as one type of buildings (e.g., 197 

masonry building). The flowchart of building portfolio loss assessment under flood considering 198 

uncertainties and correlation is shown in Figure 2. The annual total loss associated with a spatially-199 

distributed building portfolio under a given flood event is: 200 
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where nbu is the number of buildings within the investigated portfolio.  202 

As indicated in Eq. (17), the expected loss of the investigated building portfolio is the sum of 203 

the expected losses for each building. Buildings within a portfolio are similar and correlated 204 

considering their basic characteristics. Additionally, affected by the same flooding, the flood 205 

intensities at the location of the buildings are also correlated. Consequently, the losses associated 206 

with the buildings within the portfolio are correlated. Overall, the correlations among the 207 

performances of spatially distributed buildings are stronger due to the shared effects from the flood 208 

event and similarities in structural performance.  209 

The variance of the sum of the loss of the portfolio of buildings depends not only on the 210 

expected value of total loss but also on the variance and the correlation among the losses. 211 

Considering the correlation effects, the variance of the annual loss of the building portfolio under 212 

the flood event is expressed as 213 

  
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where ρ(li, lj) is the correlation coefficient between the annual flood loss of buildings i and j under 215 

the given flood event, and Var(li) and Var(lj) are the variances of the annual loss of the building i 216 

and j, respectively. By using Eq. (18), the variance of the total annual loss can be computed. With 217 

incomplete information on building configuration within a portfolio, the uncertainty may change. 218 

Similarly, given the annual loss of the portfolio of buildings under a given flood event, the 219 

mean and variance life-cycle cost of a building portfolio can be calculated as 220 
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Considering the uncertainties within the life-cycle cost analysis, the probability of exceedance 223 

of life-cycle cost during a certain time interval can be estimated. This information can aid the 224 

decision making process with respect to the hazard mitigation strategy.  225 

Probabilistic Cost-Benefit Analysis 226 

Cost-benefit analysis is a commonly used method to compare the cost and benefit of different 227 

hazard mitigation strategies over an investigated time interval. Herein, cost-benefit analysis is 228 

adopted to support the flood hazard mitigation procedure of portfolios of buildings under different 229 

retrofit actions in a life-cycle context. The Federal Emergency Management Agency (FEMA 230 

2014b) proposed the retrofit guide for homeowners to protect the damage of buildings from flood. 231 

Retrofit actions can be adopted to make changes to the existing buildings and protect them from 232 

the flooding effects. The common retrofit methods for the buildings under flood are elevation, 233 

relocation, and demolition (FEMA 2014b). Among these retrofit methods, elevation is the most 234 

common used to lift the structure by building a new foundation or extending the existing 235 

foundation. Elevation actions are as follows: (a) separating the building from the foundation, (b) 236 

constructing a new and higher foundation, and (c) reattaching the building to the new foundation 237 

(FEMA 2014b). Heavy-duty jacks are used to lift the building and cribbing is used to support the 238 

building. By elevation, the flood depth would be reduced and the structural performance under the 239 

given reduced flood depth associated with the retrofit action (e.g., elevation) can be assessed. 240 

Quantifying the relationship between the retrofit actions and the retrofit cost can help the 241 

decision regarding the hazard mitigation procedure. The investigated hazard scenarios, time 242 

interval, and structural performance under retrofit actions are considered within the cost-benefit 243 
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analysis process. The flowchart of the cost-benefit analysis of flood mitigation strategy of a single 244 

building is indicated in Figure 3(a). In order to perform cost-benefit analysis, the probabilistic 245 

benefit should be computed firstly. The benefits are related to uncertainties because they depend 246 

on the occurrence of a natural disaster and consequences of structural failure. The cumulative life-247 

cycle cost associated with flood loss of an investigated single building with and without retrofit 248 

action can be computed using Eqs. (14) and (15). Then, the economic benefit of hazard mitigation 249 

actions of the investigated building i can be expressed as 250 

RsbiNRsbisbi LtLtB ,,                                                       (21) 251 

where Ltsbi,NR and Ltsbi,R are the life-cycle cost without and with retrofit actions of the investigated 252 

single building i, respectively. 253 

Similarly, the benefit associated with the retrofit plan of a portfolio of buildings can be 254 

computed. In this paper, the probabilistic benefit-cost ratio is introduced to directly compare the 255 

benefit and cost of a retrofit action and aid the decision making associated with flood hazard 256 

mitigation. The benefit-cost ratio can be calculated as 257 

BPrWRBPNRBPBP CLCCLCCCB ,,, /)(                                         (22) 258 
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where LCCBP,NR and LCCBP,WR are the life-cycle cost of building portfolio under flood effects 260 

without and with retrofit, respectively; Cr,BP is the total retrofit cost of the building portfolio; and 261 

cr,bi is the retrofit cost associated with building i. The benefit-cost ratio essentially quantifies the 262 

effectiveness of a retrofit plan. Values less than 1 indicate that retrofit is not cost-effective while 263 

values greater than 1 denote that it is beneficial to perform retrofit.  264 
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The expected value and standard deviation of life-cycle cost of the portfolio of buildings under 265 

flood can be computed using Eqs. (19) and (20). Given the mean value, the standard deviation of 266 

the life-cycle cost, and correlation among the cases with and without retrofit actions, the expected 267 

value and standard deviation of the benefit-cost ratio can be computed. Furthermore, given the 268 

random variables associated with the benefit-cost ratio, the probability of exceedance of this ratio 269 

can be obtained. The probabilistic cost-benefit analysis of the retrofit actions associated with 270 

portfolios of buildings is qualitatively illustrated in Figure 3(b) considering probability density 271 

functions (PDFs) of various costs. 272 

Illustrative Example 273 

The proposed approach is illustrated on a portfolio of residential buildings located in Pinellas 274 

County, Florida, as indicated in Figure 4(a). The portfolio of structures considered herein is a group 275 

of masonry residential buildings, which have similar characteristics, such as the number of floors, 276 

material types, and geometrical pattern. The unreinforced single story masonry building is the most 277 

common residential building type. Herein, the portfolio of the residential buildings located in the 278 

same neighborhood is classified as one class of buildings. The annual loss of the single building 279 

and building portfolio under a given flood event is investigated. Additionally, the probabilistic 280 

life-cycle cost and cost-benefit analysis in a life-cycle context are investigated to aid the decision 281 

making process on the hazard mitigation strategy.  282 

Building Damage Assessment 283 

Floods generally originate from overflowing water or streams. Coastal floods occur on the shores 284 

of lakes and seas due to heavy rainfall and/or an atmospheric low-pressure system. Herein, the 285 

occurrence model of the flood is assumed a Poisson process, with an annual flood occurrence rate 286 

0.01. In order to compute the building performance under flood, the flood characteristics (i.e., 287 
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depth and velocity) should be identified. Based on the location of the building, the flood depth 288 

associated with a given flood event can be derived from existing data by fitting a PDF. Then, 289 

Monte Carlo simulation can be used to generate the probabilistic parameters.  In this paper, the 290 

yearly maximum flood depth associated with the investigated flood is assumed to follow a 291 

lognormal distribution, with a mean of 2 m and a standard deviation of 0.4 m. Given the flood 292 

depth (m), the velocity of the flood (m/s) is computed using the following equation (FEMA 2014a) 293 

5.0)6.105(3048.0 hV                                                     (21) 294 

The flooding actions on a single building considered herein are: hydrostatic pressure, 295 

hydrodynamic pressure, and debris impacts as indicated in Eqs. (1) to (6). The parameters used are 296 

shown in Table 1. The structural performance under flood effects is conducted using a 2D 297 

structural analysis model (Roos 2003). Accordingly, the maximum load effect bending moment is 298 

computed. The PDF of this moment is indicated in Figure 5(a), with a mean of 2.05 × 104 N·m and 299 

a standard deviation of 1.13 × 104 N·m.  300 

In order to compute the probability of structural failure under flood, the bending capacity has 301 

to be computed. The bending moment capacity associated with cracking and ultimate failure are 302 

emphasized in this paper by using Eqs. (7) and (8). The relevant parameters are indicated in Table 303 

1. The PDF associated with the ultimate bending moment is shown in Figure 5 (b). Then given the 304 

input with respect to the load effects and capacity, the probability of failure of the investigated 305 

single building under the investigated flooding effects is obtained. Similarly, based on Eqs. (9) to 306 

(11), the probabilities of the investigated building being in none, cracking, partial collapse, and 307 

collapse are computed.  308 
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Loss Assessment of Single Building 309 

Based on the building’s performance, the consequence and loss in the monetary term are computed. 310 

Given the probabilities of the building being in different performance levels under a given flood, 311 

the annual repair loss is computed using Eq. (12). The cost of the investigated target single-family 312 

house is taken as Cb = 200,000 US$ and it is assumed that buildings within the portfolio all have 313 

the same cost. The repair cost ratio associated with cracking, partial, and total collapse is 0.33, 067, 314 

and 1.0, respectively (Custer and Nishijima 2015). The load effect considering the debris effects 315 

is computed by using Eqs. (5) and (6). Then, based on Eq. (12), the expected annual repair loss 316 

with and without considering debris effects is 7.07 × 104 and 6.03 × 104 US$, respectively. As 317 

indicated, the debris has a great effect on the building performance under flooding effects and 318 

affects the annual loss.  319 

The life-cycle cost of the investigated building under the flood effects is also investigated. 320 

The expected and variance of the life-cycle cost are computed using Eqs. (14) – (16). In this paper, 321 

the monetary discount rate γ assumed is 2%. The expected value and standard deviation of total 322 

life-cycle loss of the investigated building under different time intervals are indicated in Figure 6. 323 

As indicated, the investigated service life has a large effect on both the expected and standard 324 

deviation of the life-cycle cost of the investigated building under flood. Additionally, the effect of 325 

monetary discount rate on the expected life-cycle cost is investigated in this paper. As shown in 326 

Figure 7, the monetary discount rate can affect the expected value of the life-cycle cost 327 

significantly.  328 

Loss of Portfolio of Buildings 329 

The regional loss of the portfolio of buildings under the given flood event considering uncertainty 330 

and correlation effects is computed in this section. The residential buildings located in the same 331 
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neighborhood have similar characteristics (e.g., material types and geometrical pattern). The 332 

portfolio of the buildings investigated is classified as one class of buildings. There are 90 single 333 

buildings located in the investigated area indicated in Figure 4 (a). The expected value of the 334 

regional loss is the sum of the loss associated with all the buildings located in the investigated 335 

region and is computed using Eq. (17). The variance of annual regional loss of the portfolio under 336 

the investigated flood scenario considering different correlation coefficients is computed using Eq. 337 

(18). The relevant results are shown in Figure 8(a). Given γ = 2% and tint = 75 years, increase 338 

associated with the standard deviation of the annual regional loss is consistent with the correlation 339 

coefficient. Additionally, the effects of uncertainty associated with building cost are also 340 

investigated. Herein, the coefficient of variation of the building cost Cbi is assumed 0.3 as a 341 

lognormal random variable. As indicated in Figure 8(a), the uncertainty associated with building 342 

cost has a larger effect on the standard deviation of the annual building portfolio. Overall, 343 

neglecting correlations can lead to underestimation of the standard deviation of losses. 344 

Given the annual loss of the portfolio of buildings and occurrence model of the flood, the life-345 

cycle cost of the portfolio is computed using Eqs. (19) and (20). The standard deviation of the life-346 

cycle cost of the building portfolio is also investigated in this paper and shown in Figure 8(b). As 347 

indicated, this standard deviation increases with the correlation coefficient.  348 

Probabilistic Life-Cycle Cost-Benefit Analysis 349 

The cost-benefit analysis is adopted to investigate and compare the cost-effectiveness associated 350 

with different retrofit actions applied to buildings. Generally, the retrofit cost is related to the 351 

material and installation cost. Given the specific retrofit action, the cost and benefit associated with 352 

a given retrofit action are obtained. The flood mitigation technique investigated herein is elevation 353 

of buildings. The two elevation heights hele considered are 0.5 m and 0.25 m. By elevation, the 354 
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height of the flood is reduced by hele and the flood effects on the building are reduced. Then, the 355 

probabilities of the building being in different performance levels are obtained. The benefit 356 

associated with the elevation retrofit action on a single building is computed by using Eq. (21). 357 

The benefit associated with hazard mitigation strategy on the investigated building considering 358 

different mitigation actions is shown in Figure 9.  359 

The effects of retrofit actions on the life-cycle cost of building portfolio are also investigated. 360 

Herein, different retrofit plans associated with the portfolio of buildings are considered. The five 361 

cases considered are associated with the number of the buildings Nret that are retrofitted. Herein, 362 

Nret equals to 0, 23, 45, 68, and 90 among the portfolio of 90 buildings. Given tint = 75 years and γ 363 

= 0.02, the effects of correlation coefficient on the standard deviation of the life-cycle cost of the 364 

building portfolio under these five different retrofit plans are shown in Figure 10(a). As indicated, 365 

given an increase in the number of retrofitted buildings, the standard deviation of the life-cycle 366 

cost of the investigated portfolio decreases. Additionally, the standard deviations of the life-cycle 367 

cost under different service lifetimes are shown in Figure 10(b).  368 

Given the cost of retrofit actions, the benefit-cost ratio associated with different retrofit plans 369 

of the building portfolio is investigated using Eq. (22). Herein, the retrofit cost is assumed 5% of 370 

the cost of the building; it is also assumed that the life-cycle cost of portfolio follows lognormal 371 

distribution with the mean value and dispersion identified in Eqs. (19) and (20). Given the mean 372 

value and standard deviation of the life-cycle cost of building portfolio with and without retrofit 373 

and the retrofit cost, the benefit-cost ratio is computed using Eq. (22). Then, the probability of 374 

exceedance of benefit-cost ratio of the portfolio for different service lives is shown in Figure 11(a). 375 

As indicated, the benefit-cost ratio is increasing with the service life. Thus, the service life has a 376 

significant effect on the decision making regarding the flood retrofit plans of the portfolio of 377 
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buildings. The probability of exceedance of benefit-cost ratio considering different number of 378 

buildings and service life is shown in Figure 11(b). Additionally, the effects of monetary discount 379 

ratio and cost of retrofit plans on the benefit-cost ratio are also investigated as indicated in Figure 380 

12(a) and (b). As shown, the retrofit cost has a large effect on the probability of exceedance of the 381 

benefit-cost ratio.  382 

The effects of the number of buildings within a portfolio on the benefit-cost ratio is also 383 

investigated. With incomplete information of building configuration within a portfolio, the 384 

uncertainty may change. As more buildings are considered in the assessment procedure, the 385 

uncertainties will increase. Herein, the coefficient of variation of the life-cycle cost of the 386 

investigated building portfolio is assumed to increase with the number of the buildings under 387 

investigation. The amplification factor afu is introduced. It is assumed that the standard deviation 388 

of the life-cycle cost of the portfolio of buildings is amplified by the factor afu, while the expected 389 

value remains the same. Relevant results are indicated in Figure 12(c). As shown, the probability 390 

of exceedance of benefit-cost ratio when the number of buildings increases can be smaller or larger 391 

depending on the amplification factor. Thus, the number of buildings within a portfolio and the 392 

uncertainty associated with life-cycle cost of this portfolio affect the decision making regarding 393 

the hazard mitigation plans.  394 

Conclusions 395 

In this paper, the regional loss assessment of building portfolios is investigated in a life-cycle 396 

context considering uncertainties and correlation effects. The probabilistic cost-benefit analysis 397 

associated with retrofit actions is also investigated. The probability of exceedance of the life-cycle 398 

loss and benefit-cost ratio under a given flood scenario is calculated. The presented approach is 399 

illustrated on a portfolio of residential buildings located in Pinellas County, Florida.  400 
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The following conclusions are obtained: 401 

1. The mean and standard deviation of the life-cycle cost of buildings under flood effects are 402 

sensitive to the investigated time interval and monetary discount rate. These parameters 403 

should be carefully evaluated within the life-cycle performance assessment process.  404 

2. The benefit associated with retrofit actions increases with the reduction of the flood depth 405 

and with the increase of the investigated time interval.  406 

3. Correlation effects associated with the life-cycle cost of regional losses of building 407 

portfolios have a substantial effect on the variance of the life-cycle cost. Furthermore, the 408 

uncertainty associated with building cost can affect significantly the standard deviation of 409 

the annual loss of building portfolios. The variance of the life-cycle cost of the investigated 410 

portfolio decreases with the increase in the number of retrofitted buildings in the portfolio. 411 

4. It is of vital importance to consider both the mean and standard deviation of the life-cycle 412 

cost of building portfolio within the decision making process with respect to hazard 413 

mitigation.  414 

5. The uncertainty associated with the benefit analysis is considered in the hazard mitigation 415 

process. As the uncertainty increases with the number of the buildings under investigation, 416 

different decisions regarding retrofit plans are obtained by considering the probabilistic 417 

benefit-cost ratio.  418 

6. Debris has a significant effect on the building performance under flood effects. Given the 419 

investigated flood scenario, the annual expected loss of the investigated building taking 420 

into account debris effect is about 20% larger than that without considering this effect.  421 

7. Within the context of performance-based engineering, probabilistic hazard loss and cost-422 

benefit analysis can provide the decision maker important information necessary for 423 
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assessment and mitigation of structural systems after disasters. This information can be 424 

used in design, maintenance, and retrofit optimization processes of civil infrastructure 425 

systems under extreme events. The life-cycle concept should also be incorporated within 426 

the hazard mitigation procedure. 427 
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List of Tables 

Table 1. Parameters of the random variables associated with the structural reliability and 

vulnerability analyses 

Parameters Mean COV 
Distribution 

type 

Gravity acceleration, g 9.8 m/s2 DNA DNA 

Drag coefficient, Cdrag 
a 1 DNA DNA 

Mass density of water, ρw 1000 kg/m3 0.2 LN 

Debris mass, mde 
c 25 kg 0.3 LN 

Young’s modules of 

debris a 
9 × 109 Pa 0.2 LN 

Length of the debris c 1.5 m 0.2 LN 

Width, w  1 m 0.2 LN 

Building height 3 m 0.2 LN 

Thickness of wall, tw 0.23 m 0.2 LN 

Compression strength, fc 
b 8 MPa 0.17 LN 

Tensile strength, ft 
b 0.9 MPa 0.3 LN 

               DNA: does not apply; LN: lognormal distribution; COV = coefficient of variation;  

               a: based on Roos (2003); b: based on Custer and Nishijima (2015); c: assumed. 
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