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a b s t r a c t 

Resilience of a community after an extreme event depends on the resilience of different infrastructure including 

buildings. There is no well-established approach to characterize and integrate building resilience for community- 

level applications. This paper investigates how different potential functionality measures can be used to quantify 

building resilience indexes, and how the results could be aggregated for a set of buildings to provide an indi- 

cator for the resilience of an entire community. The quantification of building resilience is based on different 

functionality measures including repair cost, occupancy level, and asset value. An archetype city block with four 

different buildings is defined. The individual results for each building are combined using a weight-based ap- 

proach to quantify the resilience index for the city block. The study then considers small-scale communities with 

different number of buildings to investigate the influence of contractor availability and collapse probability on 

the resilience indexes for the set of buildings. Both parameters are shown to be important when quantifying the 

resilience index. It is also demonstrated that the overall resilience of a community is directly influenced by the 

resilience of individual buildings. The findings presented here are useful both from the perspective of quantifying 

the resilience of a community on the basis of its building inventory, as well as for possible inclusion into a holistic 

framework that aims to quantify community resilience. 
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The research on resilience from an engineering point of view has

een growing. Nearly two decades ago, the term “community seismic re-

ilience ”, together with a framework to quantify it, was first defined [1] .

he majority of research works on this topic have focused on lifelines

nd networks (e.g., electricity, gas or services provided to customers)

2] or on overall frameworks to integrate physical, social, and eco-

omic factors (e.g., [3–6] ). It is recognized that quantifying resilience is

 multidisciplinary problem [7] , and software platforms, such as HAZUS

8] and IN 

–CORE [9] , have been developed to perform resilience assess-

ent of communities. These tools rely on an extensive set of fragility

unctions for a range of elements or components, for different types of

uildings and infrastructure networks (e.g., [ 10 , 11 ]), to quantify conse-

uences of damage in terms of losses. 

While much has been studied in the perspective of overall commu-

ity resilience [12–14] , it remains that resilience of the building inven-

ory is key to resume functionality in a community. Despite progress

ade so far, there is still a need to define proper functionality mea-

ures, quantify resilience for buildings, and aggregate the functional-

ty of individual buildings for a community level assessment [3] . When
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uantifying building resilience, one essential consideration is that both

tructural and non-structural elements in buildings are susceptible to

amage, and therefore, they both should be included in the assessment

15] . Evaluating damage in structural and non-structural components

an be achieved using engineering parameters, but how that damage

s translated to a measure of functionality still poses a challenge for

he purpose of resilience quantification [16] . Several frameworks have

een developed to generically quantify resilience for individual build-

ngs (e.g., [ 4 , 5 ]); others have attempted the quantification of resilience

sing engineering parameters either for individual buildings or systems

e.g., [ 17 , 18 ]). 

The work presented here aims to integrate the resilience in-

exes of individual buildings to obtain an indicator for the re-

ilience of an archetype city block, and expand the concept for

pplication to a community. Resilience indexes for the individual

uildings are obtained using the functionality measures defined in

19] . Sensitivity of the resilience index to contractor availability

nd the probability of collapse for communities with different num-

er of buildings is investigated. An approach is proposed to aggre-

ate and communicate the resilience of building inventory within a

ommunity. 
rch 2022 

ing, Tongji University. This is an open access article under the CC BY-NC-ND 

https://doi.org/10.1016/j.rcns.2022.03.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/rcns
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rcns.2022.03.002&domain=pdf
mailto:juan.salado1@utp.ac.pa
https://doi.org/10.1016/j.rcns.2022.03.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


J.G. Salado Castillo, M. Bruneau and N. Elhami-Khorasani Resilient Cities and Structures 1 (2022) 1–12 

Fig. 1. Measure of seismic resilience. 
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heoretical background and study setup 

esilience concept 

To quantify resilience, the area under a curve, with the vertical axis

s a functionality measure and the horizontal axis as time, can be com-

uted. For example, in Fig. 1 , the measure of resilience can be obtained

y calculating the area between the times t 0 and t 1 . It can be observed

hat at time t 0 , there is a sudden drop in functionality, as a reflection of

he instantaneous damage that is typically produced by an earthquake

which is the case at hand) [1] . The rate of this drop in functionality can

iffer for other hazards. In modern societies, functionality is progres-

ively regained as part of the post-earthquake recovery process beyond

ime t 0 and the initial functionality measure is ideally reached again at

ime t 1 . Evidently, this is not always the case, as functionality can also

each a lower or a higher level than the initial value [20] , but that is

 minor issue beyond the scope of this paper (with one exception de-

cribed later). 

dopted buildings, methodologies, and scenarios 

To determine how building resilience indexes can be used as an indi-

ator for the resilience of an archetype city block, and expanded for the

ntire building inventory of a city, the resilience of individual buildings

ust first be calculated. Here, for illustration purposes, this was done

sing four buildings, arbitrarily selected to have different structural sys-

ems and characteristics. The buildings are a 3-story buckling-restrained

raced (BRB) frame (Building (1)), a 4-story reinforced-concrete (RC)

rame (Building (2)), a 2-story building with reinforced masonry (RM)

alls (Building (3)), and another 2-story building but with unreinforced

asonry (URM) walls (Building (4)). Together, they are considered here

o define an archetype city block. A summary of some properties for the

our example buildings is presented in Table 1 , and additional prop-

rties and parameters used for the design can be found in [19] . The

EMA P-58 [21] methodology for the “Seismic Performance Assessment

f Buildings ” as implemented in the “Performance Assessment Calcula-
Table 1 

Summary of properties for the four buildings. 

Building Total Cost ($) 

Average 

Number of 

Occupants 

Total 

Area 

(sq. ft.) 

Building (1) (3-story BRB frame) 38,850,000 69 78,700 

Building (2) (4-story RC frame) 27,580,000 82 86,400 

Building (3) (2-story RM) 6110,000 15 14,500 

Building (4) (2-story URM) 8550,000 30 28,800 

Total 81,100,000 196 208,400 
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2 
ion Tool (PACT) ” [22] was used to obtain the resilience index for each

f the above individual buildings. 

Regarding the sequence of repair works, the FEMA P-58 [21] com-

utes the total repair time based on the maximum number of workers

er square foot that is defined in the Building Performance Model and

ssuming that the repair works can be performed in series or parallel.

he repair strategies (i.e., series or parallel) are defined based on dis-

ribution of the repair works across floors. This means that the serial

epair strategy considers a repair work sequence that proceeds floor-by-

oor, while the parallel repair strategy considers simultaneous repair

orks on all floors. In FEMA P-58, it is acknowledged that neither re-

air strategies simulate a real repair sequence. A real representation of

 repair schedule should consider that some repair works must be com-

leted before others (e.g., fixing a pipe in a wall before fixing the wall),

r that some repair works allow a higher number of workers on site than

thers (e.g., performing interior repairs over a wide area compared to

xing an elevator in a specific area/location/confined space). 

The Downtime Assessment Methodology [23] , incorporated in this

aper, establishes typical Repair Sequences to address the limitation of

he FEMA P-58 methodology regarding labor allocation and logic in the

equence of repair works. Once the average damage states for each com-

onent and floor are defined (obtained from the performance assess-

ent), “Repair Classes ” can be assigned using the classification provided

n the Downtime Assessment Methodology. After the Repair Classes are

efined, each component should be assigned a Repair Sequence that de-

nes the order by which the various repair works are going to proceed.

his classification determines which repair works can be performed si-

ultaneously and which cannot. Also, the methodology dictates that

epair works for non-structural components (Repair Sequences A to F in

he methodology) should never start before repair works for structural

omponents is completed, to guarantee occupant safety. The analysis

lso incorporated the Downtime Assessment Methodology [23] to ac-

ount for delays (a.k.a. impeding factors) that can be incurred before

he initiation of repair works, due to factors such as permitting, financ-

ng, inspections, and many others causes. 

Two scenarios were defined to consider the effect of impeding fac-

ors, representing arbitrary best- and worst-case scenarios, referred here

o as Option 1 (worst scenario) and Option 2 (best scenario). It is recog-

ized that scenarios dramatically worse than the one considered here are

ossible, therefore, the two scenarios considered allow to assess to some

egree the sensitivity of findings to the type of building (e.g., essential

r non-essential), financial conditions, contractor and engineering avail-

bility, and Repair Classes. The same parameters used in [19] for each

f the impeding factors were assumed here. An overview of the selected

unctionality measures will be presented in the next section; more de-

ails on the step-by-step methodology can be found in [19] . 

The simplified analysis procedures of FEMA P-58 were used to gener-

te the demand input for the Building Performance Models, and gener-

te the resilience curves for each building. Several spectral acceleration
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 S a ) values, namely, 0.1 g, 0.5 g, 1.0 g, 1.5 g, and 2.0 g, were considered

o obtain the resilience indexes for each building as a function of S a . It

hould be noted that the same values of S a were used for the four exam-

le buildings to have a comparable measure between the results in terms

f resilience indexes. The results in the previous study by the authors

19] showed the importance of considering the collapse probability in

efining the resilience indexes. Only one potential collapse mode, with

omplete failure in all floors in the building, is assumed here for sim-

licity. However, it should be noticed that buildings can also experience

artial collapses, and this would result in different resilience indexes,

ut this consideration is beyond the scope of this work for the current

urposes. Eq. (1) was used to compute the resilience index including the

ollapse probability: 

 𝑰 = 

𝑹 𝑰 𝑵 𝑪 ∗ ( 𝑵 𝑹 − 𝑪 𝑹 ) 
𝑵 𝑹 

(1)

here RI is the resilience index that considers collapse probabilities,

I NC is the resilience index for cases that did not collapse (out of 500 re-

lizations for the purpose of this study), NR is the number of realizations

onsidered in the Building Performance Models (which is 500 for this

ase), and CR is the number of realizations that experienced collapse. 

pproaches for resilience quantification 

The resilience curve presented in Section 2.1 generically refers to a

unctionality measure, leaving it to the user to identify/define the type

f functionality measure most suitable for the application at hand. For

uildings, different approaches are possible. Here, three different func-

ionality measures are used to calculate resilience, namely repair costs,

ccupancy levels, and asset values. The pros and cons of each approach

ave been presented elsewhere [19] ; the focus here is on quantifica-

ion of resilience at a larger scale by aggregating the results obtained

or individual buildings, but a brief overview of each functionality mea-

ure follows to provide context and perspective on the broader results

resented within the scope of this paper. 

The first functionality measure uses the value of a building as a proxy

or its functionality, by computing the repair costs required to return the

uilding to its pre-earthquake condition (this idea was first proposed

y [4] ). The costs used here are obtained from the PACT software, to-

ether with the estimated time required to perform those repair works.

he concept used to define functionality measure based on repair cost

s presented in Fig. 2 (a). Three points can be observed: point A corre-

ponds to the drop in functionality (analogous to what was presented in

ig. 1 ), and in this case, represents the total cost of the damage, and like-

ise the cost to repair the building. Based on the nature of the seismic
Fig. 2. Concept curves for the quantification of seismic resili

3 
vent, and as addressed by the Downtime Methodology [23] , a down-

ime due to impeding factors is included before the initiation of the

epair works in the examples considered. This downtime ends at point

, which marks the initiation of the repair works in the building, and

onsequently, the beginning of the recovery in functionality. Once all

he repairs are concluded (point C), the building is back to its identical

re-earthquake condition. 

The second approach uses building occupancy to measure function-

lity. The occupancy type for the four buildings is considered as “com-

ercial offices ”, and the percentage of employees able to return to their

orkplaces is defined as the functionality measure. Return to workplace

s grouped into three categories: Re-Occupancy (50% of the total nor-

al occupancy level), Functional Recovery (adding an additional 40%

f the total normal occupancy level) and Full Recovery (return to 100%

otal normal occupancy level), corresponding to the completion of re-

air works for Repair Classes 3, 2 or 1, respectively. As defined in the

owntime Assessment Methodology [23] , for both structural and non-

tructural components, a Repair Class 3 is assigned to components with

nough damage to represent a life-safety hazard, a Repair Class 2 to com-

onents that hinder functionality, and a Repair Class 1 to components

ith cosmetic damage. Similar to the repair cost approach, Fig. 2 (b) for

he occupancy level approach shows a time duration of t 1 representing

he downtime due to impeding factors. This is followed by a time in-

erval of t 2 required to repair the building, beyond which the building

perates at full functionality. The time interval t 3 shown on the figure

s used to define a reference time for resilience calculations. For exam-

le, if a building suffers a 50% reduction in the functionality measure

e.g., occupancy level), and the repair works require 1 day to be com-

leted, the resilience index (without considering a reference time) will

e 50%. If another building suffers the same reduction in functional-

ty, but requires 2 days to be repaired, the resilience index is the same

50%). However, it is clear that the first building in this example is more

resilient ” than the second one, because it returns to the original func-

ionality in a shorter time. Hence, the inclusion of the variable t3 to use

 reference time of 2 days for both buildings, leads to a resilience index

f 75% for the first building, which is higher than the resilience index

f 50% for the second building. 

The third functionality measure considered is the asset value. Asset

alue is defined here by combining property value and property income.

he definition of property value is consistent with the concept explained

or the repair cost approach (i.e., the building value before the drop due

o earthquake damage in Fig. 2 (a)). The property income corresponds

o the difference between the gross income that the property generates

e.g., by leasing available spaces, and obtained from a real estate web-

ite [24] for the building location) and the building’s maintenance and
ence based on: (a) repair cost and (b) occupancy level. 



J.G. Salado Castillo, M. Bruneau and N. Elhami-Khorasani Resilient Cities and Structures 1 (2022) 1–12 

Fig. 3. Concept curve for the quantification of seismic 

resilience based on asset values, considering both prop- 

erty value and property income. 
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fi  
perations costs (e.g., utilities, loan payments, etc.). It is assumed that in

orst case scenario, both incomes and expenses are the same, meaning

hat the property does not generate any profit (Case A in Fig. 3 ) – which

ffectively normalizes the functionality to a constant basis in the absence

f earthquakes. However, in the case of an earthquake, there is a loss in

roperty value, that must be recovered through repair works to return

he building to its pre-earthquake condition (point A in Fig. 3 ). Similar

o the two previous approaches, a downtime due to impeding factors is

onsidered after the earthquake occurrence. However, in this approach,

he functionality measure continues decreasing during the downtime, as

 result of the loss in income. At point B in Fig. 3 , the repair works be-

in, and both property value and income start increasing. The increase

n income is defined using the same percentages for re-occupancy of the

uildings defined for the occupancy level approach (i.e., based on the

ompletion of repair works for each Repair Class, and in this case, per

oor). Note that the rate of income recovered is less than that prior to

he earthquake until the building is fully leased again. Repair works con-

lude at point C in Fig. 3 , but contrary to the two previous approaches,

n this case the functionality measure does not return to its initial value,

s a result of the loss in income from the time of earthquake occurrence

ntil completion of repair works. 

ummary of resilient indexes for the four example buildings 

The resilience indexes obtained for the four example buildings and

oth options considered are presented in Tables Table 2 to Table 4 .

able 2 corresponds to the resilience indexes for the repair cost ap-

roach, Table 3 presents the resilience indexes for the occupancy level

pproach, and Table 4 presents the resilience indexes for the asset value

pproach. Five different S values were considered, and the listed in-
a 

Table 2 

Resilience indexes based on repair costs and as a function of

S a (g) Building (1) Building (2) 

Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) 

0.1 99.4 99.7 99.2 99.7 

0.5 92.6 96.8 94.5 97.1 

1.0 86.8 92.7 80.9 85.5 

1.5 72.8 78.3 62.8 67.4 

2.0 52.4 56.3 48.7 52.6 

4 
exes include probability of collapse for each building, computed using

q. (1) . The resilience indexes are expected to decrease as S a increases,

onsidering that the probability of collapse increases. Additionally, for

 fair comparison of resilience indexes between the buildings, the refer-

nce time that is used to calculate the resilience index ( t 3 in Fig. 2 (b))

hould be taken as the longest required repair time to achieve full re-

ccupancy between Options 1 and 2 for all the example buildings and for

ll the considered S a values (which is 525 days for Building (1) Option

 with an S a of 2.0 g). 

ethodology for quantification of seismic resilience for a city 

lock 

eight-based approach 

Having resilience results for individual buildings, it is then possible

o compute the combined resilience of an inventory of buildings. For

his purpose, here, an archetype city block is defined consisting of the

our buildings mentioned in Section 2.2. As a crude estimate, the mean

alue of the resilience indexes for the four buildings could be used as

n indicator for the resilience of the city block. However, this mean

esilience index for the archetype city block would ignore the fact that

 particular building can have a dominant impact on the resilience of

he city block. A similar argument can be made about the median value

particularly so in this example, since the median in this case is the

verage of the two intermediate values). 

The contribution of each building to the resilience index of the

rchetype city block can vary as a function of its individual properties.

or this purpose, a relevant building property (from Table 1 ) was identi-

ed for each of the three approaches considered, namely, the repair cost,
 S a . 

Building (3) Building (4) 

Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) 

100.0 100.0 97.8 97.8 

66.7 67.2 27.3 27.8 

16.7 16.9 4.0 4.1 

4.9 5.0 0.4 0.4 

0.0 0.0 0.4 0.4 
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Table 3 

Resilience indexes based on occupancy level and as a function of S a . 

S a (g) Building (1) Building (2) Building (3) Building (4) 

Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) 

0.1 59.3 84.4 59.4 84.5 100.0 100.0 97.8 97.8 

0.5 43.7 76.8 49.0 79.9 40.3 57.4 16.7 23.8 

1.0 36.7 69.2 43.0 64.0 10.1 14.3 2.6 3.5 

1.5 29.0 56.6 33.7 46.8 3.0 4.2 0.3 0.3 

2.0 20.8 40.7 25.2 35.5 0.0 0.0 0.2 0.3 

Table 4 

Resilience indexes based on asset values and as a function of S a . 

S a (g) Building (1) Building (2) Building (3) Building (4) 

Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) Opt. 1 (%) Opt. 2 (%) 

0.1 97.6 99.0 96.5 98.5 100.0 100.0 97.8 97.8 

0.5 92.0 96.1 91.6 95.8 65.3 66.7 26.5 27.5 

1.0 85.8 91.5 78.6 83.8 16.3 16.7 3.9 4.1 

1.5 71.7 77.1 61.6 66.0 4.8 4.9 0.4 0.4 

2.0 51.6 55.5 47.8 51.5 0.0 0.0 0.4 0.4 

Table 5 

Weighting factors for the four buildings per considered approach. 

Approach Building (1) Building (2) Building (3) Building (4) 

Repair Costs 0.48 0.34 0.08 0.10 

Occupancy Level 0.35 0.42 0.08 0.15 

Asset Values 0.38 0.41 0.07 0.14 
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𝒕  
he occupancy level, and the asset value, to define weighting factors for

he buildings when calculating the resilience index for the city block.

or the repair cost approach, the total building price was defined as

he most relevant property. Likewise, for the occupancy level approach,

he average number of occupants was assumed as the most appropriate

roperty. Finally, the total square footage for each building was identi-

ed as the most suitable property for the asset value approach, since it

ndirectly reflects income potential, building value, and occupancy. Us-

ng this information, weight factors (by which the resilience indexes for

ach building will be multiplied) are computed and presented in Table 5

or each of the four buildings and the three approaches considered. 

esults for the archetype city block using the weight-based approach 

Fig. 4 presents the resilience indexes for the archetype city block per

 a for both Options 1 and 2, using the weights presented in Table 5 . For

he repair cost approach, Option 2 presented higher resilience indexes

han Option 1, but the difference between these options was narrow and

id not exceed 6%. Given that Buildings (1) and (2) account for 82% of

he total resilience index of the archetype city block, the low resilience

ndexes for Buildings (3) and (4) for high S a , did not influence consid-

rably the resilience index for the archetype city block. Additionally, an

lmost linear relationship between the resilience indexes and the S a can

e observed for this approach. 

For the occupancy level approach, the resilience indexes for higher

 a are more affected by the percentage of collapse realizations than by

he required repair time. As observed in Fig. 2 (b), the resilience indexes

btained for the occupancy level approach are the lowest among the

hree approaches considered. This can be explained by the fact that the

ccupancy level penalizes the resilience index more than the other ap-

roaches when the building is not functional, that is the occupancy level

s 0% during the downtime due to impeding factors and gradually in-

reases to 100% at completion of the repair works. 

Notable similarities are observed between the curves for the repair

ost approach and the asset value approach. As was expected, lower

esilience indexes were obtained in the asset value approach, but with
5 
ifferences in the resilience indexes between the repair cost and the asset

alue approaches that did not exceed 5%. 

ensitivity analyses on contractor availability and collapse 

ercentage 

ensitivity analysis on contractor availability 

The analysis presented for the four example buildings that form the

rchetype city block imposes limits on labor allocation according to the

uidelines presented in the Downtime Assessment Methodology [23] .

hose limits were established by the number of floors, square footage,

nd Repair Sequence. It was assumed that the maximum number of

orkers allowed by the considered limits would be available in the

arket to perform the repair works. However, it is expected that the

equired number of workers may not be available when a large number

f buildings in a community experiences damage after an earthquake.

sing the city block as a proxy for the building stock of an entire commu-

ity to obtain city-level resilience index, the availability of contractors

o perform all the needed repair works can turn into an issue that affects

he resilience index for the community. 

In order to study how contractor availability affects the resilience

ndexes for a set of buildings, a case study is performed by defining a

ity-block with a set of identical buildings. Fig. 5 shows the theoreti-

al resilience curve for a building considering delays due to impeding

actors and long-lead components. This curve starts with a drop in the

unctionality measure FM (i.e., repair costs, occupancy level, or asset

alues) in normal circumstances to a new 𝛼FM value after the earth-

uake. Following the initial drop, a delay by impeding factors defined

s t D is considered. From this point onward, an increase in the function-

lity measure obtained by repair works that did not require long-lead

omponents is assumed. This increase is defined as h 1 , or 𝜔 FM as a func-

ion of the original functionality measure, with the required completion

ime t 1 . Following the increase in functionality, a delay is assumed due

o long-lead components with the required time t LL . Finally, the build-

ng returns to the initial functionality measure FM , where the increase

n functionality is defined as h 2 , or 𝛽FM as a function of the original

unctionality measure. The last recovery path corresponds to the repair

orks that require long-lead components. Also, it is assumed that this

econd increase in functionality is completed over time t 2 . The total re-

air time t R is defined as: 

 = 𝒕 + 𝒕 + 𝒕 (2)
𝑹 1 𝑳 𝑳 2 
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Fig. 4. Weight-based resilience indexes per S a for the 

archetype city block. 

Fig. 5. Theoretical resilience curve for an example building. 
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It can be observed that 𝛼 can be defined as: 

= 1 − 𝜔 − 𝛽 (3)

Using the weight approach presented in Section 3.1, and considering

hat there are no delays due to contractor availability, the resilience

ndex for the archetype city block is equal to the resilience index for the

xample building, because all the buildings in the city-block are assumed

o be identical (i.e., have the same weight factors) and work in all the

uildings is performed in parallel (i.e., starting, progressing, and ending

t the same time). The resilience index can then be defined as: 

𝐼 = 

𝛼
(
𝑡 𝐷 + 𝑡 𝑅 

)
+ 𝜔 

(
0 . 5 𝑡 1 + 𝑡 𝐿𝐿 + 𝑡 2 

)
+ 0 . 5 𝛽𝑡 2 

𝑡 𝐷 + 𝑡 𝑅 
(4)

However, if there is only one contractor available to perform all the

epair works, for the n th building in a set of m buildings, the repair

orks are delayed by an additional nt R . For example, if two buildings

equire repairs, the term t R (in both the numerator and the denomina-

or) in Eq. (4) must be multiplied by a factor of 2 for the resilience index
6 
f the second building (while for the first building, the resilience index

emains computed using the same as Eq. (4) ). Each resilience index for

 building must be computed considering the time lapse from the earth-

uake occurrence (i.e., the time at the drop in functionality in Fig. 5 ) to

he completion of repair works for that building. Therefore, for the n th

uilding, the resilience index is defined as: 

𝐼 = 

𝛼
(
𝑡 𝐷 + 𝑛 𝑡 𝑅 

)
+ 𝜔 

(
0 . 5 𝑡 1 + 𝑡 𝐿𝐿 + 𝑡 2 

)
+ 0 . 5 𝛽𝑡 2 

𝑡 𝐷 + 𝑛 𝑡 𝑅 
(5)

Then, for the set of m buildings, the resilience index is defined as: 

𝐼 = 

1 
𝑚 

𝑚 ∑
𝑛 =1 

𝛼
(
𝑡 𝐷 + 𝑛 𝑡 𝑅 

)
+ 𝜔 

(
0 . 5 𝑡 1 + 𝑡 𝐿𝐿 + 𝑡 2 

)
+ 0 . 5 𝛽𝑡 2 

𝑡 𝐷 + 𝑛 𝑡 𝑅 
(6)

Fig. 6 presents the resilience indexes for the set of m buildings and

or different values of m, 𝜔 , and 𝛽. The value of t D was taken as 80 days

or all the curves presented in Fig. 6 . Table 6 lists the values assumed

or t 1 , t LL , and t 2 , and the value for t R was computed using Eq. (2) . The

alues of t , t , t , t , 𝛽, and 𝜔 were arbitrarily assumed, but they are
D LL 1 2 
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Fig. 6. Resilience indexes for a set of m buildings and different 𝛽 and 𝜔 values. 

Table 6 

t LL , t 1 , t 2 , and t R for the different 𝛽 and 𝜔 values. 

𝛽= 0.00, 

𝜔 = 0.15, 

𝛼= 0.85 

𝛽= 0.00, 

𝜔 = 0.25, 

𝛼= 0.75 

𝛽= 0.10, 

𝜔 = 0.10, 

𝛼= 0.80 

𝛽= 0.10, 

𝜔 = 0.20, 

𝛼= 0.70 

𝛽= 0.15, 

𝜔 = 0.00, 

𝛼= 0.85 

𝛽= 0.15, 

𝜔 = 0.15, 

𝛼= 0.70 

𝛽= 0.30, 

𝜔 = 0.00, 

𝛼= 0.70 

𝛽= 0.30, 

𝜔 = 0.15, 

𝛼= 0.55 

t LL 0 0 35 35 35 35 35 35 

t 1 135 135 135 135 0 135 0 135 

t 2 0 0 70 70 70 70 70 70 

t R 135 135 240 240 105 240 105 240 
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ased on the values and results obtained for the four example buildings

resented earlier in the work. These assumptions serve the purpose of

roviding an example of the proposed methodology proposed to com-

ute resilience indexes for a city block. The computed values for 𝛼 using

q. (3) are also indicated in the plot for each curve. The value of 𝛼 pro-

ides a measure of how “functional ” is the building immediately after

n earthquake (refer to Fig. 5 ). It is important to recall that for the three

pproaches developed in this work (i.e., the repair cost, the occupancy

evel, and the asset value approaches), the value of 𝛼 was higher for

he repair cost and the asset value approaches than for the occupancy

evel approach. Additionally, the curves presented in Fig. 6 consider that

nly one contractor is available to perform the repair works. However,

hese results can be interpreted for a different number of contractors.

or example, the resilience indexes for 10 buildings with 2 available

ontractors to perform the repair works, will be the same as those for 5

uildings and 1 contractor, or 15 buildings and 3 contractors. 

In Fig. 6 , it can be observed that, the value of resilience indexes de-

reases at first for a small increase in the number of buildings but even-

ually converges to the value of 𝛼 as the number of buildings increases.

athematically, this is because the first term in Eq. (6) becomes dom-

nant for high values of n , and therefore, the equation reduces to only

he value of 𝛼. Physically, this means that as the number of affected

uildings increases, the resilience index is dictated by the robustness of

he set of buildings (i.e., a more robust building withstands an adverse

vent better, where a larger value of 𝛼 corresponds to a lower initial loss
7 
f functionality), rather than the required time duration to return to the

riginal functionality level. Additionally, as the drop in functionality in-

reases (i.e., the value of 𝛼 decreases), the resilience indexes presented

igher variations as the numbers of buildings increased. This can be ob-

erved in Fig. 6 , where the presented curves are clustered depending on

he value of 𝛼, with lower resilience indexes as 𝛼 decreases. Both ob-

ervations suggest that the drop in the functionality measure influenced

he resilience indexes for the archetype city block more than the total re-

uired time to complete the repairs for all the buildings. This reinforces

he idea that mitigation is important to achieve higher resilience indexes

i.e., mathematically, high values of 𝛼 govern the resilience calculation).

To investigate the effect of the delays by impeding factors (i.e., t D ),

he resilience indexes were computed for the same m buildings and val-

es of 𝜔 and 𝛽 as above, but with t D = 0 days. In this case, the same

wo sets of values for t 1 , t LL , and t 2 were considered. Similar to Fig. 6 ,

he obtained resilience indexes sharing the same 𝛼 values were clustered

lose together, and the resilience indexes converged to 𝛼 for large val-

es of m . Higher resilience indexes were observed for a small number

f buildings assuming t D = 0, compared to the curves in Fig. 6 . As ex-

ected, this could be an indicator that the delay by impeding factors

nly affects the initial stages of the recovery process. For example, the

esilience index decreases by 3% when m changes from 1 to 10 for a t D 
f 80 days, 𝛽 = 0.00, and 𝜔 = 0.15, but for a t D of 0 days, the resilience

ndex decreases by 5.3%. For the same conditions of 𝛽 and 𝜔 , the re-

ilience index decreases by 0.6% when m changes from 10 to 20 for a
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Fig. 7. Resilience indexes per collapse percentage for a set of m buildings and different 𝛽 and 𝜔 values. 
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 D of 80 days, and the resilience index decreases by 0.9% for a t D of 0

ays. 

ensitivity analysis on collapse percentage 

The resilience indexes presented in Section 3.2 were based on the

ndividual resilience indexes of each of the four example buildings (that

ere computed using individual collapse probabilities for each build-

ng). Following the same approach presented in Section 4.1, a frame-

ork to assess the influence of collapse probability on the resilience

ndex of the archetype city block with a set of m buildings is presented

ere. In this case, for a building that collapsed, functionality remains

ero for the entire time duration considered to reconstruct the building

which is longer than the time required to repair the affected buildings;

.e., t D + t R ). For the buildings that did not collapse, the resilience curve

s identical to the one presented in Fig. 5 . Therefore, the resilience in-

exes for the buildings that collapsed is zero, and for the buildings that

id not collapse is defined as in Equation 4. 

If a set of m buildings consists of k buildings that collapsed, the re-

ilience index for the archetype city block is defined as: 

 𝑰 = 

(
1 − 

𝒌 

𝒎 

)( 

𝜶
(
𝒕 𝑫 + 𝒕 𝑹 

)
+ 𝝎 

(
0 . 5 𝒕 1 + 𝒕 𝑳 𝑳 + 𝒕 2 

)
+ 0 . 5 𝜷𝒕 2 

𝒕 𝑫 + 𝒕 𝑹 

) 

(7)

Eq. (7) adjusts the resilience index of Eq. (4) to include the effect

f collapsed buildings by multiplying the index with the percentage of

uildings that did not collapse (where the term k / m represents the col-

apse percentage for the set of m buildings). Fig. 7 presents the resilience

ndexes for the set of m buildings with different collapse percentages and

ifferent values of 𝛽 and 𝜔 . For all the curves presented in Fig. 7 , it was

ssumed that t D was 80 days, and t 1 , t LL , and t 2 are the same sets of val-

es used in Section 4.1. The values computed for 𝛼 using Eq. (3) are also

he same as those in Section 4.1. All the curves presented in Fig. 7 con-

erge to the same final point, which corresponds to a resilience index of

 and a collapse percentage of 100%. Additionally, similar to Fig. 6 , the

urves are grouped close together based on the value of 𝛼, and the re-

ilience indexes decrease as 𝛼 decreases. This means that higher values

f 𝛼 led to higher resilience indexes. For brevity, the analysis for t = 0
D 

8 
s not presented here, as the effect of this parameter on the resilience

ndex is similar to what was discussed in Section 4.1. 

ensitivity analysis on combination of contractor availability and collapse 

This section studies the combined effects of the contractor availabil-

ty (Section 4.1) and collapse (Section 4.2) on the resilience index for

 set of m buildings by combining Eqs. 5 and 7 . The combined analysis

s evaluated for different values of m and for different values of 𝛽 and

 . Two different collapse probabilities (where probability of collapse is

efined as k / m ) were considered for the set of buildings (namely, 10%

nd 20%). 

Fig. 8 presents the percentage of buildings that have resilience in-

exes greater than or equal to different thresholds (namely, 75%, 70%,

5%, 60%, and 55%) for different values of m and collapse probabilities.

or example, for a 10% collapse probability, the set of m = 20 has 30% of

he buildings (i.e., 6 buildings) with a resilience index of 65% or greater.

imilarly, for a 20% collapse probability, the set of m = 50 has 2% of the

uildings (i.e., 1 building) with a resilience index of 65% of greater. In

ther words, this is the inverse cumulative distribution function (CDF)

or the resilience index of the city block, considering different number

f buildings and probability of collapse. The inverse CDF provides the

robability that the buildings within the set will have a resilience index

hat is greater than or equal to the specified resilience index. For this

nalysis, the values of 𝛽 and 𝜔 were assumed as 0.1 and 0.2, respectively

 𝛼 = 0.7). This means that the functionality measure drops to 70% of its

nitial value. Also, the values for t D , t LL , t 1 , and t 2 were assumed as 80,

5, 135, and 70 days, respectively. It can be observed that, for a given

robability of collapse, a city block with smaller number of buildings

lower values of m ) has higher resilience indexes. As expected, lower

alues of m mean that the total required time to conclude all the re-

airs in the city block (i.e., t D + nt R ) is shorter, and consequently, the

esilience indexes were higher than those for a set with a larger value of

 . Also, it can be observed that the set of curves for each collapse prob-

bility is only differentiated by a “shift ”, since the inclusion of collapse

robability is linear (refer to Eq. (7) ), and higher collapse probabilities

apped to lower resilience indexes (or, in other words, a shifting of the



J.G. Salado Castillo, M. Bruneau and N. Elhami-Khorasani Resilient Cities and Structures 1 (2022) 1–12 

Fig. 8. Inverse CDF for the resilience indexes considering variation in the collapse probability ( k / m ) and number of buildings ( m ). 

Fig. 9. Inverse CDF for the resilience indexes for a set of buildings ( m = 150) considering variation in the collapse probability ( k / m ), 𝛽, and 𝜔 values. 
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ame to the left). Additionally, the difference in the resilience indexes

ecreases as m increases, as was also observed in Fig. 6 . 

Fig. 9 presents the percentage of buildings that have resilience in-

exes greater than or equal to different thresholds (namely, 75%, 70%,

5%, 60%, and 55%) for different values of 𝛽 and 𝜔 and collapse prob-

bilities, for a community with 150 buildings. For example, for 𝜔 = 0.1,
9 
= 0.2 (i.e., 𝛼= 0.70), and a 10% collapse probability, 2.7% of the build-

ngs in the community have a resilience index of at least 65%. Simi-

arly, for a 20% collapse probability, and the same values for 𝜔 and 𝛽,

o building would achieve a resilience index of at least 65%, but 0.7%

f the buildings in the community would achieve a resilience index of

t least 60%. Again, this is the inverse CDF for the resilience index of
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he city block, considering different values of 𝛽 and 𝜔 , and probability

f collapse. For all the curves presented in Fig. 9 , t D was 80 days and

 was 150 (i.e., a community with 150 buildings). Two sets of values

ere assumed for t 1 , t LL , and t 2 , and the value for t R was computed us-

ng Eq. (2) . Similar to Fig. 8 , the curves obtained by varying the collapse

robability are shifted versions of the curves having identical values of 𝛽

nd 𝜔 . Also, higher values of 𝛼 present higher resilience indexes (curves

ore to the right). The fast drop from 100% to 0% in resilience index

or lower values of 𝛼 means that the difference in the resilience indexes

etween the first and the last repaired buildings is relatively small. 

ommunity building-based resilience 

ollapse correlation 

For the analysis presented above and in Section 4.3, it was assumed

hat k buildings from the set of m buildings collapsed, and consequently,

he resilience index for the set of buildings was reduced accordingly (per

q. (7) ). However, this assumption does not consider the correlation

etween the probability of collapse between buildings in a community;

.e., the building that collapsed can result in partial or total collapse

f nearby buildings. This condition is highly probable in dense urban

nvironments, where the buildings are clustered close together. If p is

efined as the number of buildings that collapsed over a non-collapsed

uilding, the resilience index for the set of m identical buildings can be

omputed as: 

 𝑰 = 

( 

1 − 

𝒌 + 𝒑 

𝒎 

) 

( 

𝜶
(
𝒕 𝑫 + 𝒕 𝑹 

)
+ 𝝎 

(
0 . 5 𝒕 1 + 𝒕 𝑳 𝑳 + 𝒕 2 

)
+ 0 . 5 𝜷𝒕 2 

𝒕 𝑫 + 𝒕 𝑹 

) 

(8)

In Eq. (8) , p must be equal to or less than the smaller of (m-k) (num-

er of non-collapsed buildings) and k (number of collapsed buildings).

his means that the maximum number of non-collapsed buildings that

an be affected should not be greater than the maximum number of k

ollapsed buildings. Also, Eq. (8) considers that any collapsed building

an only induce total collapse in only one non-collapsed building. This

ssumption implies that when a building collapses, it neglects the possi-

ility that this collapse could itself induce collapse in two or more adja-
Fig. 10. Resilience indexes for a set of m b

10 
ent buildings. For example, a scenario in which one building collapses

nd induces total collapse on one other building, and some damage in

djacent buildings, is not considered in Eq. (8) (although more sophisti-

ated formulations that account for these effects could be implemented

athematically). Likewise, a “cascading ” effect is not considered here

ither, whereby a cascading effect is produced when a building that col-

apses due to another building falling over, itself induces total collapse

n an adjacent building, and so on, in a chain reaction (also cascading

ailures of buildings in urban centers have typically not been observed).

Note that Eq. (8) can also be expressed as: 

 𝑰 = 

[
1 − 

𝒌 

𝒎 

( 1 + 𝜸) 
]( 

𝜶
(
𝒕 𝑫 + 𝒕 𝑹 

)
+ 𝝎 

(
0 . 5 𝒕 1 + 𝒕 𝑳 𝑳 + 𝒕 2 

)
+ 0 . 5 𝜷𝒕 2 

𝒕 𝑫 + 𝒕 𝑹 

) 

(9) 

here 𝛾 represents the percentage of buildings that collapsed over non-

ollapsed buildings from the k collapsed buildings. The value of 𝛾 varies

etween 0 and 1 for k / m less than or equal to 0.5. Fig. 10 presents the

esilience indexes for a set of m buildings with different collapse percent-

ges ( k / m ) and different values of 𝛾, 𝛽 and 𝜔 . For all the curves presented

n Fig. 10 , it was assumed that t D , t LL , t 1 , and t 2 were 80, 35, 135, and

0 days, respectively. The values computed for 𝛼 using Eq. (3) were also

btained for each curve. It can be observed that for higher 𝛼 values, the

esilience indexes decreased faster for the same 𝛾 value. As expected, this

eans that the collapse of a less damaged building (i.e., high 𝛼 value)

ffects the resilience index of the community more considerably. Addi-

ionally, as 𝛾 increases, the resilience indexes for the set of m buildings

ecreased faster. It should be noted that only the curves for 𝛾 = 0 will

onverge to a zero-resilience index at a 100% collapse probability, the

oint at which all the curves in Fig. 7 converged. Based on the limits for

, which are similar to the limits for p in Eq. (8) , each different value of

has a different collapse probability for a zero-resilience index. 

eismic resilience of building inventory 

The analysis presented in Section 4.3 was applied to different sets

f m identical buildings with resilience indexes computed using Equa-

ions Eq. (5) and Eq. (7) . In this section, the same analysis is applied to

ommunities formed by a set of m different buildings. 
uildings and different 𝛼 and 𝛾 values. 
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Fig. 11. Resilience indexes for different communities of m buildings. 
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The communities considered in this section includes the four exam-

le buildings used in this study (namely, Buildings (1) to (4)), together

ith a set of additional buildings having different characteristics (i.e.,

imensions, structural systems, etc.). This resulted in a set of m buildings

aving a range of different resilience indexes in each community. Three

ifferent communities were considered. For expediency in directly il-

ustrating the result of the process, instead of exactly calculating the

esilience of m buildings using the above procedure, their resilience

ndexes have been randomly assumed. Fig. 11 presents the number of

uildings in each community and how many of those buildings have re-

ilience indexes greater than specific thresholds. For example, for Com-

unity 2 ( m = 50), 11 buildings achieved resilience indexes greater than

0%, but only one of those 11 buildings achieved a resilience index

reater than 60%. Note that for the examples presented here, it is con-

idered that the three considered communities have enough contractors

o perform the repairs in all the affected buildings simultaneously (i.e.,

epairs are performed in parallel). It is also assumed that the resilience

ndexes for each building already include their respective collapse prob-

bilities. 

Fig. 11 shows the inverse CDF for the resilience index of the buildings

or each community. Evidently, as the number of buildings increases,

he curves exhibit a “smoother ” behavior. However, more importantly

n this example, it can also be observed that, on average, Community 2

 m = 50) had lower resilience indexes, with a median building-resilience

ndex of 27%. The community with 100 buildings ( m = 100) achieved

 median building-resilience index of 40%, while the community with

5 buildings ( m = 25) was the one with the highest median building-

esilience index of 77% and is therefore, by this measure, deemed to be

he more resilient community. 

A similar analysis as the one presented here, but applying the ap-

roaches developed in this work to obtain resilience indexes for each of

he buildings that constitute a community (instead of artificially gener-

ting them as in the above example), would provide an important indi-

ator of how resilient is the community in terms of its building stock.

dditionally, this analysis would be helpful to identify “weak spots ” or

pecific “deficiencies ” in a given community. 
11 
onclusion 

On the basis of the work conducted here, it was found that for a

mall community, both loss of functionality and repair time influence

he quantified resilience of buildings in a community. In that perspec-

ive, post-earthquake contractor availability to conduct the repair work

s a critical factor on resilience assessment of the building inventory.

urthermore, it was observed that for the extreme scenario assuming

hat only one contractor was available to perform all the required repair

orks, the initial drop in building functionality has a significant influ-

nce on community resilience as the number of affected buildings in the

ommunity increases. Such a situation highlights well the importance

f mitigating the risk of initial damage to achieve greater resilience in

ight of the challenges of finding labor when a large number of buildings

imultaneously require repairs. Mitigation is important to improve the

robustness ” dimension of resilience for buildings, which translates to a

ower decrease in functionality after an adverse event. 

It was shown that a building-resilience index could be defined and

alculated for an entire community with a larger ensemble of buildings.

he percentage of buildings having a resilience index greater than or

qual to a specified threshold can be used to assess the overall resiliency

f a given building inventory, evaluate “weak spots ” in the community,

nd consequently, indicate where improvements are needed to increase

he resilience of the community. 
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