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a b s t r a c t 

The role of community building portfolios in socioeconomic development and the growth of the built environ- 

ment cannot be overstated. Damage to these structures can have far-reaching consequences on socioeconomic 

and environmental aspects, requiring a long-term perspective for recovery. As communities aim to enhance their 

resilience and sustainability, there is a cost burden that needs to be considered. To address this issue, this pa- 

per proposes a community-level performance enhancement approach that focuses on optimizing the long-term 

resilience and sustainability of community building portfolios, taking into account recurrent seismic hazards. A 

Gaussian process surrogate-based multi-objective optimization framework is utilized to optimize the cost objec- 

tive while considering performance indicators for resilience and sustainability. The proposed framework involves 

using performance-based assessment methods to evaluate the socioeconomic and environmental consequences 

under stochastic and recurrent seismic hazard scenarios. These evaluated indicators are then used to efficiently 

optimize the community resilience and sustainability, taking into account the retrofit costs. Finally, approximate 

Pareto-optimal solutions are extracted and utilized for decision-making. In summary, this paper presents a novel 

approach for optimizing the long-term resilience and sustainability of community building portfolios by consid- 

ering recurrent seismic hazards. The proposed framework incorporates performance-based assessment methods 

and multi-objective optimization techniques to achieve an optimal balance between cost, resilience, and sustain- 

ability, with the ultimate goal of enhancing community well-being and decision-making in the face of seismic 

hazards. 
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. Introduction 

The design service life of residential buildings is 50 years on aver-

ge based on various design codes [1–3] . Nonetheless, residential build-

ngs remain serviceable beyond the design service life due to financial

onstraints, lack of regulatory enforcement, and among others [ 4 , 5 ].

hese buildings share common attributes within a specific geographical

rea and exhibit shared services and are referred to herein as commu-

ity building portfolios. Furthermore, most of the building communities

n developing countries consist of deficient structures vulnerable to ex-

reme events [6] . Also, many of the buildings fall under the category of

re-code and low-code buildings, burdened by low-quality construction

aterials, and lack of quality control, among others [7] . During their ex-

ended service life, these community building portfolios are subjected

o recurrent extreme events. Such settings make the communities in the

eveloping world at increased vulnerability to extreme events and can

ause huge social, economic, and environmental consequences [ 8 , 9 ].

dditionally, the socioeconomic development and growth of commu-

ities depend on the normal functioning of the built environment [10] .

he normal functioning of the built environment during the investigated
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ime can be compromised due to these recurrent extreme events [ 11 , 12 ].

ence, it is essential to assess the social, economic, and environmental

onsequences of these recurrent extreme events along with the function-

lity of the community building portfolios [13] . 

The intensity measures and the occurrence time of these recurrent

xtreme events such as earthquakes are uncertain and hence a stochastic

ccurrence model could be utilized to model the occurrence of seismic

azard scenarios [ 14 , 15 ]. A homogenous Poisson process is a stochastic

rocess that has been widely utilized to model the occurrence of seis-

ic hazards [16] . In this process, the inter-arrival time of seismic hazard

ollows an exponential distribution having a constant mean annual fre-

uency of exceedance i.e., occurrence rate [17] . The homogenous Pois-

on process is considered to be a time-independent process and seismic

azard scenarios could be considered as time-dependent stochastic pro-

esses since the seismic hazards are linked to certain threshold levels of

nergy accumulations in the interlocked tectonic fault plates [18] . After

 seismic hazard has taken place, the accumulated energy is released

nd the energy accumulation process is repeated. This time-dependent

tochastic process can be modeled by utilizing the Brownian passage-

ime (BPT) renewal process [19] . The BPT renewal process is a nonsta-
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ionary arrival process in which the inter-arrival times of the considered

eismic hazard follow a BPT distribution function having a mean equal

o the return period of an earthquake scenario with some coefficient of

ariation [20] . The intensity measures of the seismic hazard scenarios

an be investigated by utilizing probabilistic seismic hazard assessment

echniques, hazard curves, codes, and among others [21–24] . 

The consequences and functioning of the building environment could

e assessed by utilizing the sustainability and resilience performance

ndicators on a community level [25–28] . Sustainability in the con-

ext of earthquakes may include social, economic, and environmental

onsequences arising from a seismic hazard including casualties, repair

osts, carbon emissions, and among others [ 29 , 30 ]. The resilience may

nclude the functionality of community building portfolios during the

nvestigated time and may be determined from downtime and build-

ng damage and recovery profiles, among others [ 31 , 32 ]. Nonetheless,

he sustainability and resilience assessment of community building port-

olios given seismic hazards provides meaningful information to the

ommunity stakeholders and decision-makers to assess the performance

nd possibly enhance the performance given the mitigation alternatives

33] . 

The performance of community building portfolios could be en-

anced by pre-hazard mitigation alternatives and implementing post-

azard recovery management strategies [ 34 , 35 ]. In this paper, the

re-hazard mitigation alternatives are explored to investigate the per-

ormance enhancement of community building portfolios considering

etrofitting the individual buildings with various conventional retrofit

lternatives practiced in developing countries including reinforced con-

rete jacketing, steel jacketing, reinforces concrete polymers, and among

thers [ 36 , 37 ]. However, a community building portfolio consists of

umerous buildings having different structural configurations, design

odes, and building archetypes and one single fit for all buildings is not

easible [ 38 , 39 ]. Additionally, different retrofit alternatives provide a

arying degree of strength, stiffness, and ductility enhancement prop-

rties and also at varying retrofit costs [40] . Hence, a numerical op-

imization approach is required to extract the optimal solutions on a

ommunity level. 

Optimization on a community level considering multi-objective re-

ilience and sustainability indicators could be challenging since formu-

ating an analytical objective function may not be feasible and a numer-

cal optimization may be computationally expensive [41] . This could

e solved by establishing surrogates from the fewer outputs of the per-

ormance objectives from the expensive black box [ 42 , 43 ]. The sequen-

ial sampling technique could be utilized to improve the surrogate at

ach iteration and utilize as an inexpensive alternative to the black box

o extract approximate Pareto-optimal solutions [44] . The approximate

areto-optimal solutions could provide optimized retrofit costs on a

ommunity level and corresponding sustainability and resilience perfor-

ance indicators. The approximate Pareto-optimal solutions consider-

ng expected annual consequences have been investigated but the long-

erm perspective on sustainability and resilience considering recurrent

eismic hazards and stochastic occurrences have not been previously ex-

lored [45] . According to the best of the authors’ knowledge, a computa-

ionally inexpensive community performance enhancement framework

or building portfolios considering resilience and sustainability-related

ulti-objectives in a long-term perspective under stochastic seismic haz-

rds have not been investigated. 

Hence, this paper aims to investigate the time-dependent long-term

ustainability and resilience of community building portfolios by uti-

izing a stochastic hazard arrival process. The proposed methodology

nhances long-term sustainability and resilience at the community level

y utilizing Gaussian process-based multi-objective genetic optimization

pproach. To make the process computationally efficient, the expensive

erformance-based assessment tool is replaced with a computationally

nexpensive Gaussian process surrogate, which determines the perfor-

ance enhancements considering retrofit costs on a community level.

he proposed framework is then illustrated on a community building
14 
ortfolio under a stochastic hazard arrival process to demonstrate the

ethodology. This paper is organized into 6 sections: section (1) pro-

ides the introduction of the paper, section (2) outlines the proposed

ethodology for the long-term sustainability and resilience enhance-

ent framework, section (3) provides the performance-based and long-

erm sustainability and resilience assessment segment of the methodol-

gy, section (4) outlines the surrogate-based optimization segment of

he methodology, section (5) illustrates the proposed methodology on

ommunity building portfolios, and section (6) provides conclusions and

iscussions of the paper. 

. Framework for long-term sustainability and resilience 

nhancement 

Long-term sustainability is referred to herein as meeting present

eeds while preserving resources and minimizing socioeconomic and

nvironmental consequences for future generations. While, long-term

esilience involves systems to withstand and recover from shocks, main-

ain functionality during and after disruptive events, and aim to recover

apidly. The proposed long-term sustainability and resilience assessment

nd enhancement framework for community building portfolios under

eismic hazards is shown in Fig. 1 . The framework has three main seg-

ents including (1) performance assessment segment acting as a com-

utationally expensive black box, (2) surrogate-based optimization seg-

ent, and (3) long-term sustainability and resilience enhancement seg-

ent. The performance-based assessment segment consists of two parts

ncluding extreme event modeling and damage and consequence assess-

ent. 

The extreme event modeling part is utilized to identify the ex-

reme event scenarios and consequently determine their occurrences

nd intensity measures. After the hazard scenarios are identified and

he stochastic hazard arrival process is established, the damage, conse-

uences, and downtimes for all the buildings in the community build-

ng portfolios could be determined. The damage, consequences, and

owntime assessment requires identifying the fragility and consequence

unctions for all the buildings in a community building portfolio. The

ragility functions are lognormal cumulative distribution functions pro-

iding the probability of exceedance of considered damage states of in-

ividual buildings depending upon the building archetype and code con-

gurations and can be empirically developed from historical records, nu-

erically computed, or based on expert opinions or judgments [46–49] .

he consequence functions are normal or lognormal cumulative distri-

ution functions and are utilized to assess the social, economic, and en-

ironmental consequences for the sustainability assessment and down-

ime for the resilience assessment. These consequences are assessed for

ll the buildings in a community building portfolio given the damage

tates of individual buildings. Then, the consequences and downtimes

or individual buildings are summed into community-level performance

ndicators i.e., sustainability and resilience. 

The process has to be repeated for all the buildings in a community

iven hazard arrival time samples and the investigated time horizon.

urthermore, performance enhancement requires decisions including

etrofitting individual buildings with various retrofit alternatives to de-

ermine optimal performance enhancements on a community level [50] .

his requires a numerical optimization technique that requires perform-

ng damage and consequence assessments iteratively and for numerous

ommunity scenarios of different retrofit alternative settings on a com-

unity level depending upon the number of individuals selected in the

enetic optimization. Hence, considering these complexities a conven-

ional genetic optimization approach could not be utilized considering

he computational aspect [51] . 

Hence, the second segment of the proposed framework is utilized for

etrofit optimization by utilizing Gaussian process-based surrogates. In

his segment, a Gaussian-process-based optimization tool assigns retrofit

lternatives to all the individual buildings randomly referred to herein as

ndividual. Similarly, a finite number of individuals are established ran-
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Fig. 1. Proposed surrogate-based long-term sustainability and resilience enhancement framework for community building portfolios. 
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omly, and expensive performance-based assessment black box is uti-

ized to extract the social, economic, and environmental consequences

nd downtime of individual buildings. These responses including con-

equences and downtimes are utilized to build Gaussian process models

iven the retrofit costs of individual buildings for the entire community

uilding portfolio. The established Gaussian process models are then

tilized as computationally inexpensive surrogates for the retrofit op-

imization given the consequences, downtimes, and retrofit costs. The

etrofit optimization can be performed by utilizing any numerical opti-

ization technique and subsequently, approximate Pareto-optimal solu-

ions can be extracted [52] . The approximate Pareto-optimal solutions

re improved at each iteration of Gaussian process-based optimization

y extracting another individual from the expensive black box by utiliz-

ng a hyper improvement indicator. 

The third segment utilizes the information related to the conse-

uences and downtimes given retrofit costs for individual buildings dur-

ng the investigated time and for given hazard arrival samples. The so-

ial, economic, and environmental consequences for individual build-

ngs are utilized to evaluate the time-dependent sustainability on a com-

unity level and the downtimes for individual buildings given hazard

rrival samples during the investigated time are utilized to evaluate the

ong-term resilience on a community level. The individual segments of

he proposed methodology are discussed in detail in the subsequent sec-

ions. 

. Long-term sustainability and resilience 

This section discusses the expensive performance-based assessment

egment and the subsequent long-term sustainability and resilience as-

essment segment of the proposed framework. The performance-based

ssessment methodology outlined herein consists of two main parts (1)

xtreme event modeling and (2) damage and consequence assessment.

xtreme event modeling is utilized to simulate the inter-arrival time

amples during the investigated time based on the stochastic hazard ar-

ival process. Then, the hazard arrivals are utilized to assess the damage

tates for all the individual buildings in considered community building

ortfolios. Finally, the damage states are utilized to assess the conse-

uences and downtimes for the time-dependent long-term sustainabil-

ty and resilience assessment. The subsequent subsections discuss the
15 
erformance-based assessment and subsequent long-term sustainability

nd resilience assessment methodology. 

.1. Expensive performance-based assessment 

The seismic hazard is modeled herein by utilizing a stochastic pro-

ess including the Poisson renewal process and BPT renewal process

53] . The renewal process is also referred to as a counting process in

hich the inter-arrival times of the counting process are non-negative

nd are independent and identically distributed ( 𝐼 𝐼 𝐷). For instance, let

 𝑋 𝑛 , 𝑛 = 1 , 2 , 3 , …} is a sequence of non-negative 𝐼 𝐼 𝐷 random variables

aving a distribution 𝑓 𝑋 and a mean 𝜇. The sequence { 𝑇 𝑛 , 𝑛 ≥ 0 } can

hen be defined as follows: 

 0 = 0 , 𝑇 𝑛 = 𝑇 𝑛 −1 + 𝑋 𝑛 = 𝑋 1 + 𝑋 2 + 𝑋 3 + …+ 𝑋 𝑛 , 𝑛 ≥ 1 (1)

here 𝑇 𝑛 is a random variable referred to as the n th renewal time, while

he inter-arrival time 𝑋 𝑛 is referred to as the n th renewal interval. Fur-

her, the random variable is defined for the number of renewals during

he investigated time t as: 

 ( 𝑡 ) = sup 
{
𝑛 ∶ 𝑇 𝑛 ≤ 𝑡 

}
(2)

here 𝑁( 𝑡 ) is the continuous time process called renewal process having

istribution 𝑓 𝑋 given 𝑁( 𝑡 ) , 𝑡 ≥ 0} . In the case of the Poisson renewal

rocess, the inter-arrival times follow an exponential distribution and

or the BPT renewal process, the inter-arrival times follow a BPT distri-

ution. The probability density function of the exponential distribution

unction is expressed as: 

 𝑋 ( 𝑥 ) = 𝜆exp ( − 𝜆𝑥 ) (3) 

here 𝜆 is the mean annual frequency of exceedance of a recurrent seis-

ic hazard scenario. The probability density function of the BPT distri-

ution function is expressed as: 

 𝑋 ( 𝑥 ) = 

√ 

𝜇

2 𝜇𝛼2 𝑥 3 
exp 

{ 

− 

( 𝑥 − 𝜇) 2 

2 𝜇𝛼2 𝑥 

} 

(4) 

here 𝜇 is the mean return period of the seismic hazard scenario and

represents the coefficient of variation. These probability density func-

ions provide the inter-arrival times of the recurrent hazard events and
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he intensity measures of the hazard events can be determined by utiliz-

ng ground motion prediction models developed from historical records,

mong others [54] . 

Given the hazard scenarios, the presented stochastic process could be

tilized to model the hazard arrivals during the investigated time, and

he ground motion prediction equations or other techniques could be

tilized to model the seismic hazard intensity measures. The simulated

azard events are then utilized to assess the damage states of individual

uildings by utilizing fragility functions that are lognormal communitive

istribution functions providing the probability of exceedance of given

amage states as follows: 

 

𝑖 
𝐷 𝑆 𝑘 |𝐼𝑀 

= 𝜑 

[ 

1 
𝛽𝑖 
𝐷 𝑆 𝑘 

ln 

( 

𝐼 𝑀 

𝑖 

𝜃𝑖 
𝐷 𝑆 𝑘 |𝐼𝑀 

) ] 

(5)

here 𝜑 [ . ] is the lognormal cumulative distribution function, 𝐼 𝑀 

𝑖 is the

ntensity measure at a given building i, 𝜃𝑖 
𝐷 𝑆 𝑘 |𝐼𝑀 

is the median fragility

unction for the k th damage state and 𝛽𝑖 
𝐷 𝑆 𝑘 

is the corresponding func-

ion dispersion. These damage state exceedance probabilities are uti-

ized to evaluate discrete damage states for all the buildings in a com-

unity. The damage states can then be correlated to the amount of ma-

erial required during the repair of the building that is then correlated

ith the consequences and downtimes. The social, economic, and en-

ironmental consequences and downtimes are estimated by considered

onsequence functions. More information about estimating the conse-

uences and downtimes can be found in [55–57] . Mathematically the

onsequences and downtimes for a building can be determined as fol-

ows: 

 

𝑖 = 

𝑛 ∑
𝑗=1 

[ 𝑀 

𝑖 
𝑗 
∗ 𝑇 𝑀 

𝑖 
𝑗 
∗ 𝑓 

(
𝐶 𝑖 

)
] (6)

here 𝐷 

𝑖 is the socio, economic, and environmental consequence or

owntime of building i , 𝑀 

𝑖 
𝑗 

is the percentage of jth material damage of

uilding i , 𝑇 𝑀 

𝑖 
𝑗 

is the total quantity of building material, and 𝑓 ( 𝐶 𝑖 ) is
he consequence function proving the consequence or downtime values

or individual buildings. 

.2. Long-term sustainability and resilience 

The consequences and downtimes assessed for individual buildings

iven recurrent seismic hazards are utilized to assess the long-term sus-

ainability and resilience. Sustainability is defined as the ability of a

ommunity to meet its needs without compromising the needs of future

enerations and is considered in terms of social, economic, and envi-

onmental consequences [58] . The sustainability-related consequences

ssessed herein include casualties, repair costs, equivalent carbon emis-

ions, and embodied energy. Resilience is defined as the ability of a

ommunity to withstand an extreme event and to recover rapidly from

t [ 59 , 60 ]. In this paper, resilience is assessed partially by utilizing the

owntimes of individual buildings and determining the percentage of

uildings recovered from a seismic hazard during the investigated time.

ong-term sustainability and resilience can be mathematically repre-

ented as: 

 LT = 

𝑁 ( 𝑇 ) ∑
𝑘 =1 

𝐷 

𝐼 ( 𝑇 ) (7) 

here 𝐿 𝐿𝑇 is the long-term sustainability or resilience, is the consid-

red time horizon, 𝐷 

𝐼 = 

∑𝑚 

𝑖 =1 𝐷 

𝑖 is the total consequence or downtime

ummed for the whole community given a single hazard event consider-

ng its probability of occurrence, 𝑚 is the total number of buildings in a

ommunity, and 𝑁( 𝑇 ) defines the total number of hazard events during

he investigated time considering the probability of occurrences. 

During the investigated time, the probability of hazard occurrences

aries considering the stochastic hazard arrival process and hence the

onsequences and downtimes during the investigated time given the
16 
robability of occurrences of the utilized earthquake process. The long-

erm sustainability and resilience can then be determined by adding the

onsequences and downtimes for all the individual buildings consider-

ng the probability of occurrences of the considered hazard scenarios

uring the investigated time. The subsequent section discusses compu-

ationally inexpensive multi-objective optimization segment of the pro-

osed framework. 

. Surrogate-based multi-objective optimization 

Extracting Pareto-optimal solutions by utilizing performance-based

ssessment methodology could be computationally expensive and hence

urrogate-based multi-objective optimization is introduced herein as a

omputationally inexpensive solution. This solution requires establish-

ng a Gaussian process-based surrogate as an alternative to an expensive

erformance-based assessment tool, spectral sampling technique to ex-

ract the sampled functions from the Gaussian process surrogate, acqui-

ition functions to extract the next query point from the performance-

ased assessment to improve the Gaussian process surrogate, and a nu-

erical optimization technique to converge the multi-objectives for ap-

roximating the Pareto-optimal solution. The multi-objective optimiza-

ion problem is formulated as: 

Given: 

• The structural archetypes, configurations, retrofit alternatives, and

geospatial information of individual buildings in a community build-

ing portfolio. 

• Intensity measures under considered hazard scenarios, considered

materials, and corresponding fragility and consequence functions. 

Find: 

• Retrofit costs on a community level given consequences and down-

times. 

Such that: 

• The associated retrofit costs are minimized and the corresponding

long-term performance in terms of consequences and downtimes is

maximized. 

.1. Dataset for the Gaussian processes 

The first step in the surrogate-based optimization is to generate the

nitial dataset for the considered individuals. The dataset for each in-

ividual includes static and dynamic information related to the build-

ngs in a community building portfolio. The static information includes

uilding archetypes, geospatial locations of buildings, stories, number

f people present, among others and the dynamic information includes

he type of retrofit alternative applied to a building if any. The dataset

s then utilized to extract consequences and downtimes for all the build-

ngs by utilizing an expensive performance-based assessment segment.

he social, economic, and environmental consequences and the down-

imes are then utilized to build the Gaussian process models. 

.2. Prior of the Gaussian process 

The Gaussian process models are built for each consequence and

owntime for all the considered individuals. The Gaussian process

odel can be defined by the mean and a covariance function as follows:

 ( 𝑥 ) ≔𝐸 [ 𝑓 ( 𝑥 ) ] (8)

 

(
𝑥, 𝑥 ′

)
≔𝐸 

[
( 𝑦 ( 𝑥 ) − 𝑚 ( 𝑥 ) ) 

(
𝑦 
(
𝑥 ′
)
− 𝑚 

(
𝑥 ′
))]

(9)

here 𝑚 ( . ) is the mean function, 𝑘 ( . ) is the covariance function, 𝐸[ . ] is
he expectation of the function 𝑓 ( . ) , and 𝑦 ( . ) includes points distributed

s a Gaussian process as follows: 

 ( 𝑥 ) ∼ 𝐺𝑃 
(
𝑚 ( 𝑥 ) , 𝑘 

(
𝑥, 𝑥 ′

))
(10)
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Fig. 2. Spatial distribution of community building structures and considered four hazard scenarios. 
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here 𝐺𝑃 ( . ) represents the Gaussian process with mean 𝑚 ( 𝑥 ) and co-

ariance 𝑘 ( 𝑥, 𝑥 ′) . 

.3. Posterior of the Gaussian process and spectral sampling 

The priors of the Gaussian process are updated by utilizing the ex-

racted consequences and downtimes from the initial dataset to develop

he posterior based on Bayes’ rule as follows: 

 ( 𝑥 ) ∼ 𝐺𝑃 ( 𝑚 ( 𝑥 ) , 𝑘 
(
𝑥, 𝑥 ′

)|𝑋, 𝑌 ) (11)

here 𝑥, 𝑥 ′ ∈ 𝑅 

𝑑 are random input vectors, X, and Y are the input and

ut of the dataset where the input is related to the dynamic information

elated to the buildings and output are the consequences and downtimes

xtracted from the expensive performance-based assessment segment.

he next step is to perform spectral sampling to extract functions from

he Gaussian process models to inexpensively evaluate the consequences

nd downtimes given retrofits and a hazard process. 

.4. Multi-objective genetic optimization 

The sampled functions are utilized to extract approximate Pareto-

ptimal suctions by utilizing the genetic optimization approach. For this

urpose, the non-dominated sorting and crowding distance genetic op-
Fig. 3. Damage states of individual buildings under (a) 95-year (b) 47

17 
imization technique is utilized and more information can be found in

 61 , 62 ]. 

At each iteration, the Gaussian process models are updated and the

pproximate Pareto-optimal solutions are generated. After a given num-

er of iterations, the converged approximate Pareto-optimal solutions

ould be extracted. The Gaussian process models are updated by gener-

ting a new data point from the expensive performance-based assess-

ent segment by utilizing a hyper-improvement indicator that mea-

ures the regions between the non-dominated solutions from a reference

oint. The next query point is selected such that the maximum hyper-

mprovement is achieved. The maximum hyper improvement is math-

matically presented as follows and more information can be found in

45] . 

 𝑛 + 𝑖 +1 𝜖 arg 𝑚𝑎𝑥 Δ𝐻𝑉 
(
𝑦 𝐶 , ℘ 

𝒊 , 𝒓 𝒊 
)

(12)

here 𝑦 𝐶 is sampled functions from spectral sampling, ℘ 

𝑖 is a converged

areto-optimal front at a given iteration i and at a reference point 𝑟 𝑖 , and

𝐻𝑉 is the change in hypervolume between the two iterations. 

. Illustrative example 

The proposed methodology is illustrated on a community build-

ng portfolio comprising of residential, commercial, educational, emer-

ency, and healthcare buildings. The community include approximately
5-year (c) 975-year and (d) 2475-year seismic hazard scenarios. 
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Fig. 4. Resilience in terms of the percentage of buildings recovered during the 

investigated time under four hazard scenarios. 

Fig. 5. Long-term economic consequences under design hazard scenario given 

Poisson and BPT renewal process. 
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Fig. 6. Time-dependent long-term sustainability under considered hazard scenarios fo

(b) economic consequence (repair costs), (c) environmental consequence (carbon em

18 
6,653 residential buildings, 591 commercial buildings, and 25 essen-

ial facilities, such as educational, emergency, and healthcare facilities.

he buildings exhibit a range of structural design code configurations,

ncluding pre-code, low-code, moderate code, and high-code, as de-

ned by HAZUS [63] . The community predominantly consists of pre-

ode to low-code residential buildings with masonry structural config-

ration and the remaining buildings are reinforced concrete structures

ith and without the masonry infills. Details concerning the design code

onfigurations, considered retrofits, and building archetypes can be ex-

lored from [64–67] . The community building portfolio presented in

ig. 2 along with the considered four hazard scenarios for the illustra-

ion of the proposed framework. 

The mitigation alternatives considered in this illustrative example

nclude retrofitting individual buildings with different retrofit alterna-

ives. Also, it is important to note that different retrofit alternatives

ave varying implementation costs and effectiveness in enhancing the

esilience and sustainability of individual building structures. Further-

ore, the retrofit costs and the subsequent performance enhancement

re conflicting in nature i.e., increasing the mitigation costs on a com-

unity level may enhance the performance but at a higher retrofit

ost. Also, optimizing a community building portfolio having numer-

us buildings is burdened by huge computational costs, and hence

 surrogate-based optimization is introduced herein to enhance the

omputational efficiency of the approach. The approximate Pareto-

ptimal solutions are extracted by utilizing this approach that considers

erformance-based assessment methods along with the surrogate-based

ptimization technique. The optimized solutions are then investigated

or long-term sustainability and resilience investigations. The proposed

ethodology is illustrated in the subsequent subsections. 

.1. Performance-based damage assessment under seismic hazard scenarios

The performance-based assessment methodology is utilized herein to

ssess the damage state of individual buildings in the community build-

ng portfolio given the intensity measures of seismic hazard scenarios.

he selected hazard scenarios include (1) frequent level hazard having

0% probability of occurrence in 50 years of service life of buildings
llowing the BPT renewal process in terms of (a) social consequence (casualties), 

issions), and (d) environmental consequence (embodied energy). 
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.e., seismic hazard with a return period of 95 years, (2) design hazard

cenario having 10% probability of occurrence in 50 years service life

3) rare hazard scenario with 975 years return period, and (4) maximum

onsidered hazard scenario with 2475 years of the return period. 

The determined Peak Ground Acceleration (PGA) values in this il-

ustrative example for frequent, design, rare, and maximum considered

arthquakes include 0.18 g, 0.33 g, 0.42 g, and 0.56 g accordingly. The

ve distinct damage states are probabilistically assessed for all the build-

ngs in a community building portfolio under considered hazard scenar-

os and are illustratively shown in Fig. 3 . As shown, with increasing

ntensity measures, the number of damaged buildings and the damage

tates increases. For instance, under frequent level seismic hazard, the

umber of un-damaged buildings are 5041 reduced to 1187, 569, and

73 for design, rare, and maximum considered seismic hazard scenar-

os. Similarly, the buildings suffering complete damage under frequent
Fig. 7. Social, economic, and environmental consequences during the investigate

19 
evel seismic hazard scenarios are 1741 and increased to 6180, 8730,

nd 11,723 for design, rare, and maximum considered seismic hazard

cenarios. 

The damage states can then be correlated to evaluate the socioeco-

omic and environmental consequences and the downtimes for all the

uildings in a community building portfolio. These consequences are as-

essed by utilizing consequence functions. The fragility and consequence

unctions utilized herein are extracted from multiple sources including

AZUS [63] , among others [ 46 , 56 ]. The consequences are assessed in

erms of injuries, repair costs, downtimes, carbon emissions, and embod-

ed energy. Sustainability is assessed herein in terms of social, economic,

nd environmental consequences, and resilience is assessed herein as

he percentage of buildings repaired on a community level during the

nvestigated time and the total downtime days on a community level.

he social consequences are assessed in terms of the total number of in-
d time: (a) Casualties, (b) repair costs, and (c) equivalent carbon emissions. 
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Fig. 8. Time-dependent long-term resilience under considered hazard scenarios 

following the BPT renewal process in terms of total downtime days. 
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uries given hazard scenarios, the economic consequences are assessed

n terms of total repair costs due to damage to community buildings,

nd environmental consequences are assessed in terms of total equiva-

ent carbon emissions and embodied energy. 

For instance, under four hazard scenarios, the total number of in-

uries increased from 2261 to 8254, 11,474, and 15,285 given increasing

azard intensities. Similarly, the economic consequences increased from

40 million USD to 341, 440, and 551 million USD under 95-year, 475-

ear, 975-year, and 2475-year hazard scenarios. The environmental con-

equences also increased with increasing hazard intensities measured

n terms of total equivalent carbon emissions that increased from 3.15

illion Tons of kgCO2 to 8.22, 10.8, and 13.8 million Tons of kgCO2.

imilarly, the embodied energy increased from 9.66 million GJ to 23.2,

9.5, and 36.4 million GJ under increasing hazard scenarios. 

The downtimes are also utilized to evaluate the percentage of build-

ngs being repaired and the percentage of buildings fully recovered from

he hazard event during the investigated time. Fig. 4 shows the resilience

n terms of the percentage of buildings recovered during the investigated

ime as a measure of its resilience on a community level and more details

bout this aspect can be found in [68] . 

.2. Long-term sustainability and resilience under seismic hazards 

The long-term sustainability and resilience assessment requires mod-

ling the hazard arrival process. In this illustrative example, the Poisson

enewal process and BPT renewal process are utilized for comparison

urposes and later BPT renewal process is utilized for further illustra-

ion of the proposed framework. The considered rate of mean annual

requency of occurrences for the Poisson renewal process for four haz-
Fig. 9. Downtimes of individual buildings as a measure of

20 
rd scenarios is 0.0105, 0.0021, 0.001, and 0.0004 accordingly. The

onsidered return periods for the BPT renewal process for four hazard

cenarios include 95-year, 475-year, 975-year, and 2475-year and are

tilized as mean in the BPT probability density functions with the coef-

cient of variation 𝛼 = 1, 0.75, and 0.5. 

As an illustration, the resulting economic consequences for the de-

ign hazard scenario under the exponential and BPT distribution are

hown in Fig. 5 . As shown the Poisson renewal process mostly follows

PT distribution with the coefficient of variation 𝛼 = 1 under design

azard scenario. However, initially, the Poisson renewal process overes-

imates the long-term consequences, and approximately after 50 years,

t underestimates the consequences as compared to the BPT renewal

rocess with a coefficient of variation 𝛼 = 1. Hence, considering this

nformation, long-term sustainability and resilience are assessed based

n the BPT renewal process with a coefficient of variation 𝛼 = 1. 

The time-dependent long-term sustainability under given hazard sce-

arios is assessed based on social, economic, and environmental con-

equences that include casualties, repair costs, carbon emissions, and

mbodied energy on a community level. A time horizon of 100 years

s considered herein as most of the buildings in the developing world

re not commonly demolished and stay operational beyond the design-

ased service life of 50 years. The occurrence times in the BPT renewal

rocess are modeled by utilizing inter-arrival times that follow the BPT

istribution. The number of earthquakes is determined during the inves-

igated times based on the inter-arrival times and the investigated time

orizons, and is then utilized to assess the time-dependent long-term

ustainability and resilience. The long-term sustainability given consid-

red hazard scenarios under the BPT renewal process is shown in Fig. 6 .

s shown, the social, economic, and environmental consequences in-

rease during the investigated time and the magnitude of consequences

s higher for high-intensity seismic hazards. For instance, the casualties

t an investigated time of 50 years under considered four hazard scenar-

os are 887, 3237, 4500, and 5994. Similar trends for other considered

ustainability indicators can be observed. Overall, the socioeconomic

nd environmental consequences are negligible during the first fifteen

ears of the investigated time and then the consequences continue to

ncrease following the BPT renewal process. 

The social, economic, and environmental consequences in terms of

asualties, repair costs, and carbon emissions are presented in Fig. 7 .

s shown, during the investigated time, the considered sustainability

ndicators point to increased consequences with increasing investigated

ime. 

Similarly, the time-dependent long-term resilience under given haz-

rd scenarios is assessed in terms of total downtime on a community

evel shown in Fig. 8 . A similar trend is observed for the long-term re-

ilience in terms of increasing total downtime during the investigated

ime and higher values of downtimes under increasing hazard intensity
 community resilience during the investigated time. 
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Fig. 10. Approximate Pareto-optimal solutions for resilience and sustainability performance given retrofit costs. 

Fig. 11. Time-dependent long-term sustainability under design hazard scenario given different retrofit costs in terms of (a) social consequence (casualties), (b) 

economic consequence (repair costs), (c) environmental consequence (carbon emissions), and (d) environmental consequence (embodied energy). 
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cenarios. For instance, at an investigated time of 50 years, the total

owntime days for four hazard scenarios of increasing intensity mea-

ures are 1.5, 2.58, 3.01, and 3.49 million days. 

The resilience in terms of downtime is also presented in Fig. 9 with

ach dot indicating a building in a community building portfolio having

owntime greater than 100 days. As shown, the downtime increase with

ncreasing investigated time. 

.3. Surrogate-based retrofitted long-term sustainability and resilience 

The next step is to investigate the long-term sustainability and re-

ilience of community building portfolio given the community retrofits.

he presented optimization technique provides sustainability and re-
21 
ilience indicators given the retrofit costs in terms of approximate

areto-optimal solutions. The Approximate Pareto-optimal solutions in

erms of casualties, repair costs, carbon emissions, embodied energy,

nd total downtime are determined herein. The stopping criteria for the

pproximate Pareto-optimal solutions are set to 200 iterations consid-

ring the balance between the convergence and computational costs. 

For illustration, the approximate Pareto-optimal solutions for the de-

ign hazard scenario given five sustainability and resilience performance

ndicators against the retrofit costs are shown in Fig. 10 . As shown,

he sustainability and resilience indicators improve by increasing the

etrofit costs on a community level. For instance, by applying retrofit

osts of 100 million USD on a community level, the casualties, equiva-

ent carbon emissions, and embodied energy could be reduced to 58%,
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Fig. 12. Time-dependent long-term resilience under design hazard scenario 

given different retrofit costs in terms of total downtime days. 
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epair costs could be reduced to 56%, and total downtime days could

e reduced to 38%. Similar observations could be made for different

etrofit costs implemented on a community level. 

The retrofit costs of 40, 60, 100, and 200 million USD is consid-

red herein to elaborate the long-term sustainability and resilience. For

hat purpose, the time-dependent long-term sustainability considering

ocial, economic, and environmental consequences in terms of casual-

ies, repair costs, equivalent carbon emissions, and embodied energy

nder the design hazard scenario is shown in Fig. 11 . As shown, increas-

ng the retrofit costs reduces the social, economic, and environmental

onsequences, and increasing the retrofit costs on a community level

esults in increased long-term sustainability performance. Nonetheless,

he long-term sustainability consequences increase during the investi-

ated time. For instance, applying retrofit costs of 40, 60, 100, and 200

illion USD results in reducing the casualties by 21%, 32%, 58%, and

3% i.e., the casualties without applying retrofit solution are 8254 and

educed to 6509, 5644, 3448, and 604 by applying given retrofit costs.

imilar trends can be observed for other sustainability performance in-

icators. 

The long-term resilience under the design hazard scenario and given

etrofit costs is shown in Fig. 12 . Similar trends can be observed for the

esilience performance indicator as well i.e., the downtime increases

uring the investigated time, and increasing the retrofit costs on a

ommunity level decreases the total downtime indicating increased re-

ilience. For instance, by applying the retrofits on a community level

osting 40, 60, 100, and 200 million USD, a decrease of 16%, 20%,

8%, and 61% in terms of downtimes is observed. 

Hence, based on the time-dependent long-term assessment and en-

ancement of social, economic, and environmental consequences and

he downtimes, a specific mitigation solution based on different retrofit

osts could be selected depending on the long-term resilience and sus-

ainability tolerances and the budgetary constraints of the community

takeholders and decision-makers. 

. Conclusions 

This study introduced a framework for enhancing long-term sus-

ainability and resilience by employing surrogate-based multi-objective

ptimization as a computationally efficient alternative to conventional

ptimization approaches. The methodology integrated stochastic haz-

rd occurrence modeling and subsequent assessments of damage, con-

equences, and downtime for all community buildings. The outcomes of

hese assessments are utilized to evaluate long-term sustainability and

esilience. Mitigation alternatives were then employed to enhance long-

erm sustainability and resilience. The proposed framework was demon-

trated on a community buildings portfolio. 

Following conclusions may be drawn based the on the proposed

ramework and considered illustrative example: 
22 
1. The stochastic hazard arrival models were implemented to assess the

long-term performance in terms of social, economic, and environ-

mental consequences for the sustainability and downtimes for the

resilience indicator. For instance, on a community level under de-

sign hazard scenario and during the investigated time of 50 years,

the total casualties were 3237 with repair costs of 134 million USD

and equivalent carbon emissions of 3.22 million tons of kgCO 2 . 

2. The resilience was assessed in terms of the percentage of buildings

recovered during the investigated time and the total downtime days

on a community level. For instance, under design hazard scenario,

90% of the buildings were fully recovered at day 708 during the

investigated time after a hazard event. 

3. Mitigation alternatives were utilized to enhance performance given

seismic hazard scenarios. For instance, applying a retrofit of 40 mil-

lion USD under a design hazard scenario, 21% reduction in casual-

ties, 16% reduction in downtimes, and a 24% reduction in repair

costs was observed. 

4. Applying retrofits on a community level resulted in enhanced long-

term sustainability and resilience performance. For instance, apply-

ing retrofit costs of 40, 60, 100, and 200 million USD results in re-

duced repair costs of 24%, 31%, 56%, and 85%. Similar trends were

observed for other sustainability and resilience performance indica-

tors. 

In summary, the proposed framework considered stochastic hazard

rrivals to evaluate the long-term resilience and sustainability and uti-

ized these indicators to enhance the performance considering retrofit

lternatives to optimize community well-being and decision-making un-

er recurrent seismic hazard scenarios. The conclusions provided in this

aper are based on the assumptions on the construction costs of individ-

al buildings, number of people living in buildings and subsequent con-

equence values. Nonetheless, the conclusions may provide a roadmap

o assess meaningful information to the community stakeholders and de-

ision makers to assess and enhance the performance given mitigation

lternatives. 

elevance to Resilience 

The article contributes to Resilience because (1) The paper is ex-

licitly focused on resilience and sustainability as highlighted in the

aper title, (2) the paper is focused on community building portfolios

esilience, and (3) the paper is focused on natural hazard resilience i.e.,

esilience under stochastic seismic hazards. 
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