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Abstract: 4 

Due to urbanization, the number of residential buildings in the coastal areas has increased 5 

significantly. Additionally, due to the increase in sea surface temperature associated with climate 6 

change, the intensity and frequency of hurricanes has increased substantially. This paper presents 7 

a systematic framework for the optimal adaptation of residential buildings at a large scale under 8 

various scenarios of impending climate change during a long term interval. Different adaptation 9 

strategies are investigated to ensure adequate structural performance and to mitigate the damage 10 

loss and adverse consequences to the society. A genetic algorithm based optimization process is 11 

adopted to determine the optimal adaptation types associated with buildings within an investigated 12 

region. The framework considers the probabilistic occurrence models of hurricanes, structural 13 

vulnerability of typical residential buildings, possible climate change scenarios, and optimization 14 

of various climate adaptation strategies in a life-cycle context. The proposed approach is illustrated 15 

on residential buildings located in Miami-Dade County, Florida.16 
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1. Introduction 27 

With a large percent of population living in the coastal areas, research associated with 28 

retrofit/adaptation strategies to reduce the threat of hurricanes to the society is of critical 29 

importance. Additionally, due to the effects of climate change and population growth, the damage 30 

of buildings under hurricanes has the potential to increase significantly in the coastal areas. The 31 

majority of the residential buildings in the United States is made of light-frame structures, which 32 

are vulnerable to the wind-related hazards. Therefore, wind-related vulnerability of structures has 33 

received increasing attention. The majority of previous studies have focused on the structural 34 

performance and loss assessment under hurricanes (Pinelli et al. 2004; Gurley et al. 2005; Vickery 35 

et al. 2006; Li and Ellingwood 2009). This paper aims to propose a framework to aid the optimal 36 

adaptation of residential buildings considering climate change effects in a life-cycle context.  37 

Nowadays, temperature, precipitation, sea level, and coastal storms are all rising at elevated 38 

rates, which are related with the greenhouse gas (GHG) emissions. Based on Cayan et al. (2008), 39 

due to the continuing increases of global GHG emissions, the temperature in California is expected 40 

to increase by 1.5 - 4.5°C by end of this century. According to Emanuel (2005), the increase in 41 

temperature of 1°C can result in an increase of the peak wind speed of a cyclone by 5%. Along 42 

with changes in climatic conditions, the earth faces irreversible and catastrophic consequences. 43 

Therefore, climate change is an issue that should be recognized worldwide and increased attention 44 

must be placed on strategies to design and maintain infrastructure systems that are safe, damage 45 

tolerant, and sustainable to cope with the climate change. Understanding how climate change 46 

affects the life-cycle performance of buildings is needed to improve preparedness prior to extreme 47 

disasters (Dong and Frangopol 2016). Consequently, there is an urgent need for an investigation 48 
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of building performance under the impact of climate change and this aspect is addressed in this 49 

paper.  50 

The previous studies associated with climate change were mainly dealing with the modeling 51 

of changing climate and studies on the structural adaptation are still needed. The majority of 52 

current performance assessment of buildings under hurricanes assumed that wind speeds are 53 

stationary with time without considering the climate change effects. In this paper, the non-54 

stationary aspects with regard to wind climatology will be considered in the performance 55 

evaluation process; this can lead to improved preparedness prior to disasters by incorporating the 56 

effects of climate change. The effects associated with continuing change in intensities and 57 

probabilities of hurricanes are investigated in this paper. 58 

Generally, the structural vulnerability under wind-related hazard is associated with wind speed. 59 

The structural performance loss under hurricanes can be represented by the structure showing 60 

significant signs of distress, which may include the collapse of the roof or the loss of lateral 61 

capacity of the shear walls or a transverse wall. The collapse of roof is assumed to occur when all 62 

the roof sheathing is lost; while the loss of lateral capacity of the building occurs when the shear 63 

wall capacity is exceeded for the entire building. Accordingly, several vulnerability models for 64 

buildings subjected to wind hazard have been developed (Huang et al. 2001; Ellingwood et al. 65 

2004; Lee and Rosowsky 2005; van de Lindt and Dao 2009). In this paper, a structural vulnerability 66 

function in terms of wind speed is adopted.  67 

The traditional approach of cost–benefit analysis considering the changes in construction and 68 

design has been used to compare the costs of implementing proposed changes at some point in the 69 

future with the estimated discounted reduction in life-cycle loss. The cost-benefit analysis will be 70 

conducted herein to investigate the efficiency associated with different structural adaptation 71 
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strategies and incorporated within the optimization process to determine the optimal adaptation 72 

strategies. The adaptation strategies associated with retrofit/strengthen actions are investigated 73 

herein. An adaptation strategy can improve structural performance significantly. Relatively little 74 

attention has been addressed to quantify the costs and benefits of climate adaptation strategies (e.g., 75 

retrofitting, strengthening, and enhanced designs to reduce vulnerability). Bjarnadottir et al. (2011) 76 

computed the cost effectiveness of adaptation strategies using deterministic cost-benefit analysis; 77 

Stewart and Deng (2015) investigated the climate adaptation for Australian housing considering 78 

strengthening the new houses; Unnikrishnan and Barbato (2016) conducted the performance-based 79 

cost-benefit analysis of different storm mitigation actions on residential buildings without 80 

considering climate change; Li et al. (2016) investigated the effects of time-variant hurricane 81 

intensity and frequency on the building damage. The importance of recognizing and identifying 82 

optimal adaptation strategies under climate change in a life-cycle context is needed and addressed 83 

in this paper. Furthermore, to the best of authors’ knowledge, there is no research reported to 84 

establish the optimum adaptation plans of residential buildings under hurricane at a large scale 85 

considering uncertainties and climate change effects.  86 

The main purpose of this paper is to conduct the performance assessment and optimization 87 

process of built infrastructure under hurricanes by incorporating possible climate scenarios and to 88 

propose a decision making tool to determine the optimal structural adaptation of residential 89 

buildings. This paper will assess the damage performance, life-cycle loss, cost-effectiveness of 90 

adaptation measures, and optimal adaptation plans for residential buildings in a life-cycle context. 91 

The proposed approach is illustrated on a residential area located in Miami-Dade County, Florida. 92 
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2. Performance assessment of buildings under hurricane 93 

The structural vulnerability under wind-related hazard can be expressed as a function of wind 94 

speed. In order to investigate building performance under hurricanes, the hazard scenario and 95 

intensity associated with the wind speed should be firstly identified. A Poisson process provides a 96 

reasonable model of hurricane occurrence (Georgiou 1985). Assuming hurricane occurrences as a 97 

Poisson process, the probability that n hurricanes will occur within a time interval [0, tint] is  98 
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where λ is the mean occurrence rate of hurricanes. For a stationary hurricane process, λ is constant 100 

over time. The prediction of the wind associated with a hurricane has been widely investigated by 101 

Georgiou (1985), Huang (1999), and Cui and Caracoglia (2016). Generally, the Weibull 102 

distribution is an appropriate model of the wind speed. Based on the recorded hurricane wind 103 

speeds of Miami-Dade County, Florida, the hurricane wind speed can be fitted by a Weibull 104 

distribution (Li et al. 2016). The Weibull distribution is associated with a model of the 3-s gust 105 

wind speed. The cumulative distribution function (CDF) of the hurricane wind speed v is  106 
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where u and α are two site-specific parameters for the Weibull distribution associated with wind 108 

speed.  109 

A vulnerability model estimates the building damage caused by wind and various models have 110 

been investigated previously (Huang et al. 2001; Ellingwood et al. 2004; Lee and Rosowsky 2005; 111 

van de Lindt and Dao 2009). Huang et al. (2001) developed a damage model for single family 112 
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housing units using Southeastern U.S. insurance data resulting from hurricanes Hugo and Andrew. 113 

Accordingly, the building damage ratio Dr associated with single family units is expressed as 114 

(Huang et al. 2001) 115 
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where vs is the surface wind speed; and f1 and f2 are the parameters to adjust the wind speed and 118 

location of the investigated buildings. This model is based on the mean surface wind speed with a 119 

10-min duration, while wind contour maps in ASCE-7 are associated with 3-s gust (ASCE 2006). 120 

A factor f1 of 0.7 is adopted to adjust the 3-s gust stipulated in wind speed maps to the surface 121 

wind speed. The effect of location of the buildings on the vulnerability analysis is considered by 122 

using f2. This damage assessment model has been widely adopted within structural damage 123 

assessment under wind effects (Huang et al. 2001; Bjarnadottir et al. 2011; Li et al. 2016). Other 124 

vulnerability models can also be incorporated to investigate the building performance under 125 

hurricanes. 126 

3. Climate change scenarios 127 

Climate change can increase the climate-related hazard frequency and intensity; in turn, this can 128 

cause an increase of structural damage and loss under hazard effects. In order to investigate the 129 

performance of buildings under changing climate, it is necessary to identify the possible future 130 

warming climate scenarios. Generally, future climate scenarios are projected by defining GHG 131 

emissions considering changes in population, economy, technology, energy, and land use. The 132 

Intergovernmental Panel on Climate Change (IPCC 2014) stated that the warming of the climate 133 
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system is unequivocal and the changing climate can affect hundreds of millions of people by 134 

increasing the intensity and frequency of coastal hurricane and flooding. The hurricane wind 135 

speeds are predicted to increase by 10% in 50 years due to climate change (Bjarnadottir et al. 2011). 136 

Based on the climate change scenario proposed by the Intergovernmental Panel on Climate Change 137 

(IPCC), the frequency and intensity of hurricanes depend on the Representative Concentration 138 

Pathways (RCP) scenarios (van Vuuren et al. 2011). The probability density function (PDF) of the 139 

wind speed under the changing climate is investigated herein; additionally, the corresponding 140 

effects of the increasing wind speed on the buildings are compared with the cases associated 141 

without considering climate change.  142 

The effects associated with continuing change in intensities and frequencies of extreme wind 143 

associated with hurricanes are investigated herein. Specifically, the quantitative effects of climate 144 

change on wind engineering are investigated, considering hurricane frequency and intensity. A 145 

modified Weibull distribution with time-dependent parameters is adopted. To describe a non-146 

stationary wind process due to climate change, the parameters associated with wind are treated as 147 

time-variant. The time-varying CDF of the wind speed during a hurricane is 148 
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where u0 and α0 are the two site-specific parameters for the Weibull distribution without 152 

considering climate change; fu is the annual hazard intensity amplification coefficient associated 153 

with u considering the climate change; fα is annual amplification coefficient for α considering the 154 



8 

 

climate change effects; and ς represents the changing rate associated with the parameters for the 155 

Weibull distribution. ς = 1 indicates a linear increase, while ς > 1 denotes a non-linear increase. 156 

Considering the effects of climate change, the probability of occurrence of the natural hazard is 157 

increasing. Herein, the hurricane occurrence rate λ(t) is also assumed to be time-varying due to the 158 

changing climate and can be expressed as (Dong and Frangopol 2016) 159 

otft o

  0)(                                                                (8) 160 

in which fo is the annual increment in the occurrence rate of hurricanes and λ0 is the occurrence 161 

rate without considering climate change. 162 

4. Loss assessment in a life-cycle context 163 

The losses estimated should include losses caused by both structural damage and property (e.g. 164 

contents and nonstructural components). The direct repair loss is calculated based on the damage 165 

ratio associated with a structure under a given hurricane scenario. Indirect losses can also be 166 

considered within the loss assessment process. Furthermore, hurricanes may cause environmental 167 

impact, as new materials are used and greenhouse gases are emitted during repair and rehabilitation 168 

actions after a hurricane event (Stewart et al. 2013). Indirect losses were estimated for Hurricane 169 

Katrina as $42 billion or 39% of direct losses (Hallegatte 2008). The damage loss in monetary 170 

term is investigated in this section. Given the wind intensity associated with the hurricane event, 171 

the damage ratio of the building can be computed using Eqs. (3) and (4). Then, the expected loss l 172 

of the building under the occurrence of the hazard can be computed as  173 
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where Cd is the investigated building failure cost; Dr is the damage ratio of the building under a 176 

given hurricane scenario; CDi is the direct cost (e.g., construction cost); CIdi is the indirect cost; 177 

CEnv is the environmental cost; rIDr is the ratio between the indirect and direct cost; and rDEnr is the 178 

ratio between environmental and the direct cost. The repair loss, related to the hurricane induced 179 

structural damage, is emphasized herein. This cost depends on local labor cost, availability of 180 

materials, and local construction practices, among others. Given more information, indirect and 181 

environmental loss can also be incorporated within the consequence evaluation process.  182 

As climate change is a long-term issue, it is crucial to incorporate life-cycle engineering within 183 

the evaluation process of climate change effects on infrastructure systems and to identify its critical 184 

parameters that can significantly affect life-cycle performance. It is also necessary to quantify, in 185 

a life-cycle context, the cost and benefit of different structural adaptation strategies to improve the 186 

performance of built infrastructure under a changing climate. Thus, life-cycle engineering should 187 

be incorporated within the assessment and decision making process (Frangopol 2011). Given the 188 

occurrence of the hurricane following a Poisson process, the total life-cycle loss of the building 189 

during the time interval [0, tint] can be expressed as (Wen and Kang 2001) 190 
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where N(tint) is the number of hazard events that occur during the time interval; l(tk) is the expected 192 

loss at time tk given the occurrence of the hurricane; and γ is the monetary annual discount rate. 193 

Given N (tint) = λf × tint, the total expected life-cycle loss can be computed as (Yeo and Cornell 194 

2005; Dong and Frangopol 2016) 195 
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where l is the expected annual loss of a building under a given hurricane event. The group of 197 

structures considered herein is a group of residential buildings, which have similar characteristics, 198 

such as number of floors, material types, and geometrical pattern. Accordingly, the buildings 199 

located in the same neighborhood and constructed during the same period can be classified as one 200 

type of building. The total loss associated with spatially-distributed buildings under a given 201 

hurricane event is 202 
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where nbu is the number of buildings within the investigated region (e.g., Miami-Dade County, 204 

Florida). Then, the expected total life-cycle loss of buildings within an investigated region can be 205 

computed as 206 
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5. Optimal structural adaptation considering life-cycle loss and cost-benefit 208 

Adaptation actions refer to enhance building capacity by increasing the ability of individuals and 209 

groups of structures subjected to hazard effects. Adaptation actions should be adopted to prevent 210 

or to minimize potential climate change impacts to the society. The structural adaptation under 211 

climate change may include enhancement of design standards, retrofitting or strengthening of 212 

existing structures, and utilization of new material (Stewart and Deng 2012). For example, 213 

adaptation strategy can be associated with a new design of infrastructures using enhanced design 214 

codes to increase structural capacity under wind hazard.  215 
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The adaptation strategy considered herein is to enhance the existing and/or new residential 216 

buildings by improved design codes. The vulnerability of the retrofitted and/or new constructed 217 

residential buildings is expressed as 218 
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where Rad is the enhancement/reduction ratio associated with different adaptation actions. Rad 220 

considered herein is assessed based on the timing (i.e., years) of building construction. The 221 

building within the Miami-Dade County, FL, is divided into four classes based on the year of 222 

construction, i.e., pre-1970, 1970-1985, 1986-1997, and after 1997. The enhancement/reduction 223 

ratio Rad associated with the four classes is -0.15, 0, 0.2, and 0.3, respectively (Bjarnadottir et al. 224 

2011). The enhancement factor associated with new construction is also investigated herein and 225 

Rad is assumed to be 0.5 for the new constructed buildings. The cost associated with structural 226 

adaptation is also considered in the evaluation process. The total cost of adaptation actions for an 227 

investigated region can be expressed as 228 
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where ci,Ada is the adaptation cost associated with building i; rAda is the ratio of adaptation action 232 

to the rebuilding cost; cREB,i is the rebuilding cost of the building i; rc is the standard adaptation 233 

cost ratio; and Rad,m is the enhancement/reduction ratio associated with building type m (year of 234 

construction). Herein, the adaptation action refers to update the buildings that was built earlier to 235 
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the buildings that was constructed later by using an updated code (Bjarnadottir et al. 2011). For 236 

instance, a building that was constructed before 1970 can be updated to the building types that was 237 

built within the time interval 1986 - 1997 or built after 1997. The adaptation cost is related with 238 

many parameters, such as structural configuration, design and construction practices, and labor 239 

cost. Thus, it is difficult to estimate the costs; while given more information this model can be 240 

easily updated and incorporated within the cost estimation process.  241 

Cost-benefit analysis can be used to compare the cost and benefit of different structural 242 

adaptation strategies over an investigated time interval (Dong et al. 2016). The cost-benefit 243 

analysis involves determining the cost and benefit associated with structural adaptation. 244 

Quantification of the relationship between benefit and cost associated with structural adaptations 245 

can facilitate an effective decision-making process regarding the adaptation procedure. The benefit 246 

of adaptation actions performed on buildings should be evaluated considering a probabilistic 247 

hurricane model and the building performance during a certain time interval. The loss of a building 248 

with and without adaptation actions can be assessed using life-cycle analysis. The flowchart of the 249 

cost-benefit analysis of structural adaptation strategy is indicated in Figure 1. The cumulative life-250 

cycle loss associated with hurricane loss of investigated single buildings without adaptation action 251 

can be computed by using Eq. (14). Consequently, the benefit of adaptation is evaluated by 252 

subtracting the life-cycle loss considering no adaptation from the life-cycle loss corresponding the 253 

case with adaptation performed. Therefore, the benefit associated with the adaptation plan of 254 

buildings within an investigated region can be computed as  255 

W ABSNABSBS TLCTLCB ,,                                                (19) 256 

where TLCBS,NA and TLCBS,WA are the life-cycle loss of the buildings under hurricane effects 257 

without and with adaptation actions, respectively. Then, given the total adaptation cost of the 258 
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buildings CAda, the benefit-cost indicator (BBS - CAda) of adaptation strategies can be assessed. 259 

Values less than 0 indicate that adaptation is not cost-effective while values greater than 0 denote 260 

that it is beneficial to perform adaptation.  261 

For the optimal structural adaptation management, an optimal decision should be made 262 

regarding the types of adaptation actions on the buildings within the investigated region under 263 

limited resources (Dong et al. 2014). The two objectives considered are the expected life-cycle 264 

loss and the total adaptation cost, which are employed within an optimization procedure as the 265 

objective functions selected to be minimized. The optimization process is indicated in Figure 2. 266 

As shown, firstly the optimization process sends the candidates for the design variables (i.e., 267 

adaptation actions applied at the beginning of the time interval investigated to each buildings 268 

within the investigated region) to the performance (i.e., objective 1) and cost (i.e., objective 2) 269 

modules which compute the value of each objective function associated with life-cycle loss and 270 

total adaptation cost. The outcome of the performance module is the expected total life-cycle loss 271 

during the investigated time interval, considering the hazard probability, structural vulnerability, 272 

damage, and loss. As indicated in Figure 2, the cost module of the optimization process is used to 273 

compute the total structural adaptation cost within the investigated region. Genetic algorithms 274 

(GAs) are adopted with an adequate number of generations to obtain the set of Pareto optimum 275 

solutions associated with the bi-objective problem. The bi-objective optimization problem is 276 

formulated as follows: 277 

Given: 278 

 Representative hurricane scenario (probability of occurrence and intensity) for the region 279 

under investigation (information associated with Eqs. (1) and (2)) 280 
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 Configuration of the investigated building groups considering the physical characteristics, 281 

location, structural damage ratio of different types (Eqs. (3), (4), and (15)) 282 

 Effects of structural adaptation on the building performance within the investigated region 283 

 Consequence evaluation of building failure under the hurricane effects (Eqs. (9) and (10)) 284 

 Climate change prediction models considering hazard intensity and frequency (Eqs. (5) to 285 

(8)) 286 

 Investigated time interval (tint) and monetary annual discount rate (γ) 287 

Find: 288 

 Type of structural adaptations on each building within the investigated region at the 289 

beginning of the investigated time interval 290 

Objectives: 291 

 Minimize the total life-cycle loss associated with all the buildings within the investigated 292 

region during the investigated time interval/to maximize the benefit associated with 293 

structural adaptation actions in a life-cycle context (Eqs. (14) and (19)) 294 

 Minimize the total structural adaptation cost for the entire region under investigation (Eq. 295 

(16)) 296 

6. Illustrative example 297 

The proposed approach is illustrated on a group of single family residential buildings located in 298 

Miami-Dade County, Florida. The buildings are classified by the distance to the shore and the year 299 

of construction. Based on the Planning Research Section (PRS 2003), in 2000 there were 452,000 300 

single family housing units in Miami-Dade County, while about 42% (189,840) of buildings were 301 
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built before 1970, about 30% (135,600) built between 1970 and 1985, about 17% (76,840) built 302 

between 1986 and 1997, and 11% (49,720) built after 1997. This survey data is adopted herein for 303 

illustrative purpose. Furthermore, 20% of these residential houses were located within 1 km of the 304 

shore, 60% of houses were located within 10 km from the shore, and the remaining 20% were 305 

located further than 10 km (PRS 2003). Based on the year of construction and location of the 306 

building, the buildings investigated herein are classified into 12 types, and denoted as 1 to 12. The 307 

12 building types are indicated in Figure 3(a). Within Miami-Dade County, there are 27 hurricanes 308 

that occurred during the 110-year time interval and the average annual number of the hurricanes 309 

that occurred in this region is 0.245. In this paper, the annual loss and expected life-cycle loss 310 

associated with different types of buildings under hurricanes are investigated. The ultimate goal of 311 

this example is to apply the proposed bi-objective optimization methodology considering climate 312 

change and life-cycle engineering to determine the optimal structural adaptation strategies of 313 

buildings within the investigated Miami- Dade County, FL. 314 

6.1 Building damage assessment 315 

The initial step within the illustrative example is to compute the performance of buildings under 316 

hurricane effects. In order to compute the performance of buildings under hurricanes, the 317 

characteristics of wind speed at the locations of buildings should be identified. The wind speed 318 

associated with hurricane events is derived from existing data by fitting a Weibull distribution as 319 

indicated in Eq. (2) (Vickery et al. 2000; Li et al. 2016). Based on the recorded hurricane wind 320 

speed data in Miami-Dade County, it was found that the two Weibull parameters are u0 = 35.9 m/s 321 

and α0 = 2.06 (Li et al. 2016). The Monte Carlo simulation (MCs) is adopted herein to generate the 322 

random variable associated with the wind speed. Given the hurricane intensity in terms of wind 323 

speed at the locations of buildings, the damage ratio of investigated building considering the year 324 
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of construction and distance to shore is computed using Eqs. (3) and (4). Three exposure categories 325 

of the buildings are considered in this paper. For the buildings within 1 km from the shore, f2 = 326 

0.9; while values of f2 are 0.8 and 0.72 for the buildings located within 1-10 km and larger than 10 327 

km, respectively (Bjarnadottir et al. 2011). Given the generated wind speed using MCs, the damage 328 

ratio of the investigated building can be assessed by using Eq. (4). Subsequently, the probabilistic 329 

damage ratio of the investigated single buildings under the extreme wind scenarios is obtained. 330 

Then given the probabilistic damage ratio, the probability of exceedance of a damage ratio 331 

associated with the buildings built during different time intervals is shown in Figure 4. As indicated, 332 

the year of construction has a large effect on the building damage ratio under hurricane scenarios 333 

and the probability of exceedance of a certain damage ratio increases with the building age. For 334 

instance, the probability of exceeding damage ratio of 0.4 is 0.29 for the building built after 1997, 335 

while this value increases to 0.34 associated for the building built before 1970. 336 

6.2 Loss assessment of buildings 337 

The regional loss of the buildings under hurricanes is computed based on their performance and 338 

hurricane scenarios. The expected value of the regional loss is the sum of the loss associated with 339 

all the buildings located in the investigated region. Given the probabilities of the building failure 340 

associated with different building types, the annual repair loss of a single building is computed 341 

using Eq. (9). As buildings near to coastal area are usually priced higher than those located further 342 

inland, the costs of the investigated standard single-family house in Miami-Dade County 343 

associated with the buildings within 1 km, and 1 to 10 km, and further than 10 km are 250,000, 344 

225,000, and 200,000 US$, respectively. The loss associated with direct repair is emphasized in 345 

this paper. Then, the annual total direct repair losses of the buildings within 1 km, 1 to 10 km, and 346 

further than 10 km of the shore are computed. Given the occurrence of hurricanes, the probability 347 
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of exceedance associated with the annual loss of buildings within different locations is shown in 348 

Figure 5(a). As indicated, the buildings within 1 – 10 km reveal the largest loss. The contribution 349 

of loss associated with buildings of different years of construction to the total loss of buildings 350 

within 1-10 km is shown in Figure 5(b). As indicated, the buildings built before 1970 contribute 351 

significantly to the total annual loss of the buildings located in the investigated region. 352 

Given the occurrence model of the hurricanes and loss of the buildings under the occurrence 353 

of hurricanes, the life-cycle loss is computed using Eqs. (12) and (14). Herein, the monetary annual 354 

discount rate γ is assumed 2%. The expected total life-cycle loss associated with all the investigated 355 

buildings within the Miami-Dade County is shown in Figure 6(a). As indicated, the investigated 356 

time interval (e.g., 25, 50, 75, and 100 years from 2016) has a large effect on the expected value 357 

of the life-cycle loss of the buildings. Additionally, the effect of monetary annual discount rate on 358 

the expected life-cycle loss is also investigated. The relevant results are shown in Figure 6(b). As 359 

indicated, the annual discount rate of money can affect the expected value of the life-cycle loss 360 

significantly and, therefore, should be paid special attention. 361 

The effects of climate change on the life-cycle loss are also investigated in this paper. Herein, 362 

the intensity amplification factor associated with wind speed is assumed to increase from 1.1 to 363 

1.5 in 50 years associated with different climate change scenarios. The effects of climate change 364 

on the hurricane intensity are considered by using Eqs. (6) and (7). The linear increases associated 365 

with the hazard intensity and frequency are considered and ς = 1. Herein, α is assumed to remain 366 

the same, while u is assumed to increase with time. If the wind speed increases by 10% in a 50-367 

year time period, the u(t) by year 50 will be 39.38 m/s. Accordingly, the corresponding Weibull 368 

parameters are u(50) = 39.38 and α(50) = 2.06. Then, the annual loss of the buildings under 369 

different climate change scenarios considering the increase of hurricane intensity is computed. The 370 
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effects on intensity amplification factor fu on the annual loss is indicated in Figure 7. The climate 371 

change effects associated with hurricane occurrence rate are also investigated in this paper as 372 

indicated in Eq. (8). The two terms fu and fo are considered herein to take the hurricane intensity 373 

and frequency into account within the life-cycle loss assessment process. The expected life-cycle 374 

loss considering different climate change scenarios is shown in Figure 8. As revealed, both terms 375 

fo and fu have a significant effect on the total expected life-cycle loss of buildings. Based on the 376 

results presented in Figure 8, it can be concluded that the change in intensity has a larger effect on 377 

the loss than the increase associated with hazard occurrence rate. 378 

6.3 Pareto optimal solutions 379 

The bi-objective optimization problem is solved by utilizing a process that employs GAs. The 380 

Global Optimization Toolbox imbedded within Matlab (MathWorks 2016) is adopted in this paper 381 

in order to obtain optimal adaptation strategies of the buildings located in the investigated region. 382 

The expected life-cycle loss of buildings under hurricanes has been computed previously. Given 383 

the cost of adaptation actions, the benefit associated with different adaptation plans of the buildings 384 

in a life-cycle context is investigated using Eq. (19). The structural adaptation actions considered 385 

herein are strengthen the buildings to other updated types of buildings that were constructed later. 386 

Accordingly, the types of adaptation actions are indicated in Figure 3(b). For example, the type 23 387 

refers to adapt the buildings built during the time interval 1970-1985 to buildings built during the 388 

time interval 1986-1997. The types 11, 22, 33, and 44 mean no adaptation actions. Other types of 389 

structural adaptation strategy are shown in Figure 3(b). 390 

The two objectives considered herein are the total structural adaptation cost and the expected 391 

life-cycle loss. Both objectives need to be minimized simultaneously. As indicated in Figure 3(a), 392 

there are 12 types of buildings investigated herein considering the year of construction and distance 393 
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to the shore. Additionally, the types of structural adaptation actions are shown in Figure 3(b). The 394 

Pareto optimal front considering a time interval of 50 years is shown in Figure 9(a). The optimal 395 

structural adaptation strategies corresponding to solutions A, B, and C shown in Figure 9(a) are 396 

indicated in Figure 9(b). The detailed information on the optimal adaptation strategy considering 397 

the building and adaptation types is indicated in Figure 9(b). For example, with respect to solution 398 

B, the adaptation type 14 (i.e., update the buildings built before 1970 to the building type built 399 

after 1997) is applied to building type 2 (the building was built before 1970 and located within 1-400 

10 km of the shore). The three solutions represent optimal adaptation actions that correspond to 401 

different values associated with expected life-cycle loss and total adaptation cost. C represents a 402 

low-cost high-loss solution. The adaptation strategy corresponding to solution C, shown in Figure 403 

9(a), is represented in Figure 9(b). Solutions A and B are also indicated in Figure 9(a). Solution A 404 

is associated with the highest adaptation cost alternative; however, it yields relatively lowest life-405 

cycle loss. Conversely, solution C is associated with the lowest adaptation cost and the highest 406 

relative consequences. It is noted that the types 11, 22, 33, and 44 in Figure 9(b) and 11(b) represent 407 

no adaptation actions. 408 

The effects of the investigated time interval on the Pareto optimal front are also investigated 409 

herein. The time intervals considered are 50 and 100 years. The Pareto optimal fronts associated 410 

with these two different time intervals are shown in Figure 10(a). As indicated, for the same 411 

adaptation cost, the 100-year time interval always yields a higher life-cycle loss than that 412 

associated with 50-year time interval. The cost-benefit analysis is also incorporated within the 413 

optimization process of structural adaptations. Given the specific adaptation action and an 414 

investigated time interval, the associated cost and benefit are obtained. The benefit associated with 415 

the adaptation action is computed using Eq. (19). The benefit, computed as the difference between 416 
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the expected life-cycle loss with and without adaptation actions, is chosen as an objective to be 417 

maximized. The other objective is the total structural adaptation cost which needs to be minimized. 418 

The Pareto optimal front considering the benefit associated with the life-cycle loss and the total 419 

adaptation cost is shown in Figure 10(b). As indicated, a larger time interval (i.e., 100-year time 420 

interval) always reveals a larger benefit under a given adaptation cost. Given the preference of the 421 

decision maker, an optimal adaptation strategy can be obtained. 422 

In addition to the time interval, the effect of climate change on the Pareto optimal front is also 423 

investigated. Pareto optimal fronts considering changing climates are shown in Figure 11(a). 424 

Considering the similar life-cycle loss, the case considering climate change effects will result in a 425 

larger value associated with total adaptation cost than that without considering climate change. 426 

The corresponding adaptation strategies associated with optimal solutions B and D on Figure 11(a) 427 

are indicated in Figure 11(b). 428 

7. Conclusions 429 

This paper proposed a general computational procedure associated with optimal adaptation 430 

strategies of residential buildings subjected to hurricanes and climate change effects. The loss of 431 

buildings under probabilistic wind hazard is computed and the effects of adaptation on structural 432 

performance are considered in a life-cycle context. The optimal structural adaptation strategies are 433 

identified considering expected life-cycle loss/benefit and total structural adaptation cost under 434 

investigated time interval. The presented approach was illustrated on residential buildings located 435 

in Miami-Dade County, Florida.  436 

The following conclusions are obtained: 437 
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1. The expected life-cycle loss of buildings under hurricane effects is significantly affected 438 

by the investigated time interval and monetary annual discount rate. These parameters 439 

should be carefully evaluated within the life-cycle performance assessment process.  440 

2. For the case study analyzed in this paper, the buildings within 1 – 10 km of the shore 441 

revealed the largest loss compared with the buildings located in other regions. Furthermore, 442 

buildings built before 1970 contribute substantially to the total annual loss for the 443 

buildings located in this region. 444 

3. The changes in the probability of occurrence and intensity of hurricanes due to climate 445 

change have significant effects on the expected life-cycle loss of the buildings within the 446 

investigated region. The change associated with hazard intensity has a larger effect on the 447 

loss than that due to the increase of the hazard occurrence rate. 448 

4. Optimum adaptation strategies associated with residential buildings can be obtained by 449 

using a bi-objective approach, resulting in a Pareto optimal front. This allows decision 450 

makers to make informed decisions based on their particular preference. 451 

5. The cost-benefit evaluation and optimization of adaptation actions can produce the best 452 

structural adaptation strategies considering both the expected life-cycle loss and total 453 

structural adaptation cost. The cost and benefit can be considered together to determine 454 

the effectiveness of an alternative. 455 

6. Within the context of climate change engineering, life-cycle loss, cost-benefit analysis, 456 

and optimization can provide the decision maker important information necessary for 457 

assessment and adaptation of structural systems at a large scale. This information can be 458 

used in design, maintenance, and management optimization processes of civil 459 

infrastructure considering extreme events and climate change.  460 



22 

 

Acknowledgements 461 

The support from (a) the National Science Foundation (NSF) through grant CMMI-1537926, (b) 462 

the Commonwealth of Pennsylvania, Department of Community and Economic Development, 463 

through the Pennsylvania Infrastructure Technology Alliance (PITA), and (c) the U.S. Federal 464 

Highway Administration (FHWA) Cooperative Agreement Award DTFH61-07-H-00040 is 465 

gratefully acknowledged. The opinions and conclusions presented in this paper are those of the 466 

authors and do not necessarily reflect the views of the sponsoring organizations. 467 

References 468 

ASCE-7 (2006). Minimum design loads for buildings and other structures (ASCE Standard 7-05). 469 

Am. Soc. of Civil Engineers, Reston, VA.  470 

Bjarnadottir, S., Li, Y., and Stewart, M.G. (2011). A probabilistic based framework for impact and 471 

adaptation assessment of climate change on hurricane damage risks and costs. Structural 472 

Safety, 33, 173–185 473 

Cayan, D.R., Maurer, E.P., Dettinger, M.D., Tyree, M., and Hayhoe, K. (2008). Climate change 474 

scenarios for the California region. Clim. Change, 87 (1), 21–42. 475 

Cui, W., and Caracoglia, L. (2016). Exploring hurricane wind speed along US Atlantic coast in 476 

warming climate and effects on predictions of structural damage and intervention costs. 477 

Engineering Structures, 122, 209-225. 478 

Dong, Y., and Frangopol, D.M. (2016). Probabilistic time-dependent multihazard life-cycle 479 

assessment and resilience of bridges considering climate change. J. Perform. Constr. Facil. , 480 

04016034, 1-12. 481 

Dong, Y., Frangopol, D.M., and Saydam, D. (2014). Pre-earthquake multi-objective probabilistic 482 

retrofit optimization of bridge networks based on sustainability. Journal of Bridge 483 

Engineering, 19(6), 04014018, 1-10. 484 



23 

 

Dong, Y., Frangopol, D.M., and Sabatino, S. (2016) Optimizing bridge network retrofit planning 485 

based on cost-benefit evaluation and multi-attribute utility associated with sustainability. 486 

Earthquake Spectra, 31 (4), 2255-2280. 487 

Ellingwood, B.R., Rosowsky, D.V., Li, Y., and Kim, J.H. (2004). Fragility assessment of light-488 

frame wood construction subjected to wind and earthquake hazards. J. Struct. Eng., 130(12), 489 

1921–1930. 490 

Emanuel, K. (2005). Increasing destructiveness of tropical cyclones over the past 30 years. Nature, 491 

436, 686 – 688. 492 

Frangopol, D.M. (2011). Life-cycle performance, management, and optimization of structural 493 

systems under uncertainty: accomplishments and challenges. Structure and Infrastructure 494 

Engineering, 7(6), 389-413. 495 

Georgiou, P.N. (1985). Design wind speeds in tropical cyclone-prone regions. PhD dissertation, 496 

University of Western Ontario, 1985. 497 

Gurley, K., Pinelli, J.-P., Subramanian, C., Cope, A., Zhang, L., Murphree, J. (2005). Florida 498 

public hurricane loss projection model engineering team. final report, International Hurricane 499 

Research Center, Florida International University, Miami, USA. 500 

Hallegatte, S. (2008). An adaptive regional input-output model and its application to the 501 

assessment of the economic cost of Katrina. Risk Anal., 28(3), 779–799. 502 

Huang, Z. (1999). Stochastic models for hurricane hazard analysis. PhD dissertation, Clemson 503 

University. 504 

Huang, Z., Rosowsky, D.V., and Sparks, P.R. (2001). Long-term hurricane risk assessment and 505 

expected damage to residential structures. Reliab. Eng. & Syst. Safety, 74, 239–249. 506 

Intergovernmental Panel on Climate Change (IPCC) (2014). Climate change 2014 impacts, 507 

adaptation, and vulnerability. Working group II contribution to the fifth assessment report of 508 

the intergovernmental panel on climate change, Cambridge University Press, Cambridge, 509 

United Kingdom and New York, NY, USA, 1132pp. 510 

Lee, K.H., and Rosowsky, D.V. (2005). Fragility assessment for roof sheathing failure in high 511 

wind regions. Eng. Struct., 27(6), 857–868. 512 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wLJJmdIAAAAJ&citation_for_view=wLJJmdIAAAAJ:UeHWp8X0CEIC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wLJJmdIAAAAJ&citation_for_view=wLJJmdIAAAAJ:UeHWp8X0CEIC


24 

 

Li, Q., Wang, C., and Zhang, H. (2016). A probabilistic framework for hurricane damage 513 

assessment considering non-stationarity and correlation in hurricane actions. Structural Safety, 514 

59, 108-117. 515 

Li, Y., and Ellingwood, B.R. (2009). Framework for multihazard risk assessment and mitigation 516 

for wood-frame residential construction. J. Struct. Eng., 135 (2), 159-168. 517 

MathWorks. (2016). The MathWorks, Inc., Natick, MA. 518 

Planning Research Section (PRS) (2003), Miami-Dade County department of planning and zoning. 519 

Housing in Miami-Dade County 2000. Planning Research Section, Miami, FL. 520 

Pinelli, J.-P., Simiu, E., Gurley, K., Subramanian, C., Zhang, L., Cope, A., Filliben, J.J., and Hamid, 521 

S. (2004). Hurricane damage prediction model for residential structures. J. Struct. Eng., 522 

130(11), 1685-1691. 523 

Stewart, M.G., and Deng, X. (2015). Climate impact risks and climate adaptation engineering for 524 

built infrastructure. ASCE-ASME J. Risk Uncertainty Eng. Syst., Part A: Civ. Eng., 1(1), 525 

04014001, 1-12. 526 

Stewart, M.G., Wang, X., and Willgoose, G.R. (2013). Direct and indirect cost-and-benefit 527 

assessment of climate adaptation strategies for housing for extreme wind events in Queensland. 528 

Natural Hazards Review, 15(4), 04014008. 529 

Unnikrishna, V.U., and Barbato, M. (2016). Performance-based comparison of different storm 530 

mitigation techniques for residential buildings. Journal of Structural Engineering, 142(6), 531 

04016011, 1-12.  532 

van de Lindt, J.W., and Dao, T.N. (2009). Performance-based wind engineering for wood-frame 533 

buildings. Journal of Structural Engineering, 135(2), 169-177. 534 

Van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G.C., 535 

Kram, T., Krey, V., and Lamarque, J.F. (2011). The representative concentration pathways: 536 

an overview. Climatic Change, 109, 5–31. 537 

Vickery, P.J., Skerlj, P.F., and Twisdale, L.A. (2000). Simulation of hurricane risk in the US using 538 

empirical track model. J Struct Eng, 126(10), 1222–1237. 539 



25 

 

Vickery, P.J., Lin, J., Skerlj, P.F., Twisdale, L.A., and Huang, K. (2006). HAZUS-MH hurricane 540 

model methodology I: Hurricane hazard, terrain, and wind load modeling. Nat. Hazards Rev., 541 

7(2), 82-93. 542 

Wen, Y., and Kang, Y. (2001). Minimum building life-cycle cost design criteria. II: Applications. 543 

Journal of Structural Engineering, 127, 338–346. 544 

Yeo, G.L., and Cornell, C. A. (2005). Stochastic characterization and decision bases under time-545 

dependent aftershock risk in performance based earthquake engineering. PEER Rep. 2005/13, 546 

Univ. of California, Berkeley, CA. 547 



Identify the type of buildings

and climate change scenarios

Evaluate structural capacity

Compute probability of failure

Is adaptation 

action applied?

Assess structural capacity and 

hazard load effects

Yes

No

Compute loss with and 

without adaptation actions

Identify the investigated 

service life and compute 

adaptation cost

Conduct cost-benefit analysis

Figure 1 Click here to download Figure Figure 1.pdf 



Pareto front of optimal solutions 

using GAs

Building information, climate change 

prediction and design variables

Costs of adaptation 

action on buildings

Total cost of 

adaptation actions 

for all the buildings

Objective 2:

Total costs 

associated with 

adaptation

Life-cycle cost and 

benefit analysis

Hurricane 

scenarios

Structural 

vulnerability

Loss without and 

with adaptation

Objective 1:

Life-cycle cost / 

benefit

P
er

fo
rm

a
n

ce
 m

o
d

u
le

C
o

st
 m

o
d

u
le

Types of structural 

adaptation

Figure 2 Click here to download Figure Figure 2.pdf 



Bt1 Bt4Bt3 Bt5

12
13

14 15

24
25

34 45

35

Note: Bt1: Buildings built before 1970; Bt2: Buildings built 1970-1985

Bt3: Buildings built 1986-1997; Bt4: Buildings after 1997

Bt5: New constructed buildings

ij: adaptation action associated with update the building from type Bti

to type Btj

Building types

Year of construction

Before 

1970
1970-19851986-1997

After 

1997

Location

Within 1 km of 

shore
1 4 7 10

Within 1-10 km 

of shore
2 5 8 11

Further than 

10 km of shore
3 6 9 12

(a)

(b)

23

Bt2

Figure 3 Click here to download Figure Figure 3.pdf 



0 0.2 0.4 0.6 0.8 1 1.2

Damage ratio

0.2

0.4

0.6

0.8

1

Built before 

1970
P

ro
b

ab
il

it
y
 o

f 
ex

ce
ed

an
ce

Built 1970 -

1985

Built 1986 -

1997 Built after 

1997

Figure 4 Click here to download Figure Figure 4.pdf 



0 0.5 1 1.5 2 2.5 3 3.5

Expected annual direct repair loss (1012 USD)

0

0.2

0.4

0.6

0.8

1

P
ro

b
ab

il
it

y
 o

f 
ex

ce
ed

an
ce

Further than 10 

km of the shore

Within 1km of 

the shore
Within 1-10 km 

from the shore

Annual direct repair loss of 

all buildings given the 

occurrence of hurricanes

0 2 4 6 8 10 12 14 16

Expected annual direct repair loss (1011 USD)

0

0.2

0.4

0.6

0.8

1

Built after 

1997

Built 1986 -

1997
Built 

1970-1985
Built before 

1970

Annual direct repair loss given 

the occurrence of hurricanes

within 1-10 km from shore

(b)

(a)

P
ro

b
ab

il
it

y
 o

f 
ex

ce
ed

an
ce

Figure 5 Click here to download Figure Figure 5.pdf 



25

(2041)

50

(2066)

75

(2091)

100

(2116)

Investigated time interval (years)

0.5

1

1.5

2

2.5

E
x
p

ec
te

d
 l

if
e-

cy
cl

e 
lo

ss
 (

1
0

1
1

U
S

D
)

Expected life-cycle loss without 

considering climate change effects 

γ = 2%

25

(2041)

50

(2066)

75

(2091)

100

(2116)

Investigated time interval (years)

0.5

1

1.5

2

2.5

3

E
x
p

ec
te

d
 l

if
e-

cy
cl

e 
lo

ss
 (

1
0

1
1

U
S

D
)

Expected life-cycle loss 

without considering 

climate change effects

γ = 1%

γ = 2%γ = 4%

γ = 6%

(b)

(a)

Figure 6 Click here to download Figure Figure 6.pdf 



1 1.1 1.2 1.3 1.4 1.5

Intensity amplification factor, fu

1.5

2

2.5

3

3.5

4

E
x
p

ec
te

d
 a

n
n
u
al

 l
o

ss
 (

1
0

1
0

U
S

D
)

Expected annual loss given the 

occurrence of hurricanes

Increase of hurricane intensity (wind speed)

Figure 7 Click here to download Figure Figure 7.pdf 



25

(2041)

50

(2066)

75

(2091)

100

(2116)

Investigated time interval (years)

0.5

1

1.5

2

2.5

E
x
p
ec

te
d

 L
if

e-
cy

cl
e 

lo
ss

 (
1

0
1

1
U

S
D

)

γ = 2%

fo = 1.1;  fu = 1.0

fo = 1;  fu = 1

fo = 1.0;  fu = 1.1

Expected life-cycle loss with and 

without considering climate change

fo = amplification factor for 

occurrence rate

fu = amplification factor for 

hazard intensity

Figure 8 Click here to download Figure Figure 8.pdf 



0 1 2 3 4 5 6
0.6

0.8

1

1.2

1.4

1.6

minimize

Objective 2 - Total adaptation cost (1010 USD)

O
b

je
ct

iv
e 

1
 –

E
x
p

ec
te

d
 l

if
e-

cy
cl

e 

lo
ss

 (
1

0
1
1

U
S

D
)

(a)

m
in

im
iz

e

Pareto optimal 

front

50-year interval

Solution C 

(5.06×109;1.41×1011 )

Solution B 

(2.43× 1010;10.06× 1010)

Solution  A 

(4.22× 1010; 8.69×1010)

1 2 3 4 5 6 7 8 9 10 11 12

C

B

A

14 14 14 24 24 24 33 33 33 45 44 45

11 11 14 24 22 22 33 33 33 44 44 45

Building 

type (see 

Figure 

3(a)):

15 14 14 25 25 24 35 35 34 45 45 45

(b)

Built before 

1970

Built 1971-

1985

Built 1986-

1997

Built after 

1997

Figure 9 Click here to download Figure Figure 9.pdf 



0 1 2 3 4 5 6
0.5

1

1.5

2

2.5

Objective 2 - Total adaptation cost (1010 USD)

O
b

je
ct

iv
e 

1
 –

E
x
p

ec
te

d
 l

if
e-

cy
cl

e 
lo

ss
 (

1
0

1
1

U
S

D
)

minimize

m
in

im
iz

e 100-year time 

interval

Pareto optimal fronts
50-year time 

interval

γ = 2%

0 1 2 3 4 5 6
0

2

4

6

8

10

12

Objective 2 - Total adaptation cost (1010 USD)

O
b

je
ct

iv
e 

1
 –

B
en

ef
it

 a
ss

o
ci

at
ed

 w
it

h
 

ex
p

ec
te

d
 l

if
e-

cy
cl

e 
lo

ss
 (

1
0

1
0

U
S

D
)

minimize

m
a
x
im

iz
e

Pareto optimal fronts

50 year interval γ = 2%

100-year time 

interval

50-year time 

interval

(a)

(b)

Figure 10 Click here to download Figure Figure 10.pdf 



0 1 2 3 4 5 6
0.6

0.8

1

1.2

1.4

1.6

1.8

2

Pareto optimal fronts

50 year interval

Objective 2 - Total adaptation cost (1010 USD)

O
b

je
ct

iv
e 

1
  
–

E
x
p

ec
te

d
li

fe
-

cy
cl

e 
lo

ss
 (

1
0

1
1

U
S

D
)

fu = 1.0

fu = 1.1

(a)
m

in
im

iz
e Solution B

Solution D

γ = 2%

Built before 

1970

Built 1970-

1985

Built 1986-

1997

Built after 

1997

1 2 3 4 5 6 7 8 9 10 11 12

D

B

15 14 14 25 25 25 35 35 33 45 44 45

Building

type (see 

Figure 

3(a)):

14 14 14 24 24 24 33 33 33 45 44 45

(b)

Figure 11 Click here to download Figure Figure 11.pdf 



1 

 

List of Figures 1 

Figure 1. Flowchart of cost-benefit analysis associated with structural adaptation  2 

Figure 2. Generalized flowchart for the optimal structural adaptation of buildings within the 3 

investigated region 4 

Figure 3. (a) Building types considering the locations and year of construction and (b) types of 5 

structural adaptation actions 6 

Figure 4. Effect of year of construction on the probability of exceeding a damage ratio of a 7 

building within Miami-Dade County, FL, without considering distance to the shore 8 

Figure 5. Effect of (a) distance to the shore of all the buildings and (b) time of construction on 9 

the annual loss of buildings within 1-10 km from the shore given the occurrence of 10 

hurricanes without considering climate change effects  11 

Figure 6. (a) Expected life-cycle loss of buildings under different time intervals and (b) effects of 12 

monetary annual discount rate on the expected life-cycle loss 13 

Figure 7. Effects of increase of hazard intensity associated with climate change on the expected 14 

annual loss 15 

Figure 8. Effects of increase associated with hazard intensity and occurrence rate of hurricanes 16 

on the expected life-cycle loss 17 

Figure 9. (a) Pareto optimal front associated with adaptation strategies considering 50-year time 18 

interval and (b) optimal adaptation strategies associated with Pareto solutions A, B, and C in 19 

Figure 9(a) 20 

Figure 10. Effects of investigated time interval on the Pareto optimal fronts (a) considering 21 

expected life-cycle loss and total adaptation cost and (b) considering benefit associated with 22 

expected life-cycle loss and total adaptation cost for 50- and 100-year time intervals 23 

Figure 11. (a) Pareto optimal fronts with and without considering climate change effects and (b) 24 

adaptation strategies associated with solutions B and D in Figure 11(a) 25 

 26 

 27 

Figure Caption List




