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Abstract: Community resilience relies on the resilience of the community’s infrastructure systems
and the many individual buildings that form the built environment. In evaluating the resilience of an
individual building, it is fundamental to quantitatively define its functionality. In this paper, we
quantitatively assess the functionality and its variation of a seismically base isolated building after a
rainstorm by a component-based framework. The overall functionality of the building is taken as
the weighted average of several primary functions, which are further divided into subfunctions.
Each subfunction is related to a group of nonstructural components and, many of which are
supported by urban utilities. Hence, the quantitative functionality is correlated with the performance
of specific nonstructural components and utilities, the damage to which can be estimated through
fragility analysis in a hazardous event. The observed damages to the nonstructural components in
the building of concern after the rainstorm and their realistic recovery process were recorded and
used as input in the framework. The results show that a facility that is deemed to be highly resilient
to a specific hazard could exhibit poor resilience to another type of hazard, and that the resilience to
some hazard could be readily enhanced if only the hazard was anticipated.
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Introduction

Resilience is defined as the ability of an engineering system to resist, restore, and adapt to a
disastrous impact (Bruneau et al. 2003). The rational assessment of resilience assists the
decision-making by providing better understanding of the damage, response and recovery of
communities in a disaster. To quantify the resilience of either a community, a campus or an
individual facility, one must first define its functionality, which serves as the vertical axis of a

resilience curve or functionality curve (Cimellaro et al 2006) as shown in Fig. 1.
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Figure 1. Resilience curve (functionality curve).

For large communities, the functionality is usually implicitly measured by global indices such
as the reconstruction fund or investment supplied (Rossi et al. 2012) and the percentage of heathy
population (Bruneau and Reinhorn 2007). To properly reflect the multifaceted nature of a
community’s behavior and its response to a disaster, the PEOPLES framework was proposed to
simultaneously consider the population, environment, organization, physical infrastructure, lifeline,
economy and society in evaluating the community resilience (Renschler et al. 2010, Cimellaro et al.
2016, Kammouh et al. 2018). Such frameworks are useful to evaluate the overall effect of the
disrupted service of individual systems on the resilience of a community, but the functionality of
each system remains a problem.

For an individual system or facility, the functionality is generally defined as its level of service
to the users or occupants (Deco et al 2013). The residual functionality of lifeline systems has been
expressed as the percentage of the remained level of service in terms of customers with power
(Mensah and Duénas-Osorio 2016), accessible roads of a transportation network (Arcidiacono et al.
2012; Zhang et al. 2017), or daily volume of water supplied by water distribution systems or the
water supply capacity (Didier et al. 2018). The levels of service of lifeline systems were often
quantified based directly on the true observation after disastrous events. The data of service levels
that vary with time must be collected and analyzed to provide insight into how a community or a
facility restores its function from a disaster (MacKenzie and Barke 2013).

Cimellaro et al (2006, 2007) proposed a complete framework for the quantitative evaluation of
the seismic resilience of facilities. The uncertainties in the hazards, responses, damages, losses and
recovery time were all considered in the form of conditional probabilities. The resilience was
defined as a combined indicator of losses and recovery time. In particular, the losses, including the
losses of human lives, were translated into monetary terms to better serve the decision-making
process. FEMA P-58 (2012) adopted the same idea of assessing the resilience of individual
buildings in terms of economic losses and repair time, and developed comprehensive databases and
tools to implement the framework based on the responses, fragilities and consequences of individual
components. Such component-based approaches are useful for pre-event preparedness and
decision-making because it links the vulnerability of individual components with the overall
performance of the facility of concern. However, economic loss in monetary terms is not always a
primary concern immediately after a disastrous event, especially for the critical facilities in the

public sectors such as emergency response centers, schools selected as emergency shelters, and



important medical care facilities. In these cases, the level of service, i.e., the functionality, is usually
more important than monetary loss because they are essential for the relief and recovery efforts
immediately after the event and to retain the social stability.

The present study aims to provide a link between the performance of individual components of
a facility to the overall functionality of the facility. For simplicity, the scope of discussion is limited
to an individual facility or a building, and only nonstructural damage and the associated loss are
considered. The structural damage is assumed to be relatively minor so that the structural loss is
negligible. However, the proposed method is extensible to include structural damage of an

individual facility, and can also be applied to infrastructure networks and urban communities.

Component-based functionality of a facility

Most facilities host multiple functions. Hospital buildings host treatment and operation rooms and
offices for the doctors. Gymnasiums are frequently used also as emergency shelters for people
removed from their homes by earthquakes. In the proposed framework of quantifying the overall
functionality of a facility, the first step is to identify its several primary functions, which constitute
Level 2 in the framework (Fig. 2). Each primary function is further divided into multiple
subfunctions that can be either independent or dependent of each other. For example, the primary
function of office is further divided into lighting, network, office equipment such as computers and

printers, and heating/air conditioning.
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Figure 2. Five-level framework for quantification of functionality.

Levels 1-3 of the framework disaggregate the overall functionality Q(t) of a building into
several more clearly defined primary functions and subfunctions. Q(¢) is evaluated as the weighted

average of the primary functions and subfunctions (Equation 1).
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where Q(¢) is the time-dependent functionality of the entire building of concern and takes values
from zero (complete malfunction) to unity (full function); Op; is the functionality of the i primary
function; QOs;j is the functionality of the j subfunction in the i primary function; and ¢; and S, are
the weight factors that recognize the relative importance of the primary functions and subfunctions,
respectively.

The importance factors are normalized to have Equations 2 and 3 so that Q(¢) is bounded
between zero and unity when Qpi and QOs;j also take values from zero to unity. ¢; and £ are referred
to as the importance factors hereinafter.
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Each subfunction is related with a number of nonstructural components (NCs) in the building.
The relationship is expressed by a dependency matrix [Dnc], which is a 0-1 matrix with the
subfunctions as rows and the nonstructural components as columns. If a subfunction depends on a
specific NC, the corresponding element of the matrix is unity; otherwise, it is zero. Furthermore, the
operation of many NCs depends on urban utility systems such as the power supply, water supply
and Internet access. The dependency of NCs on utilities is described by another dependency matrix
[Du], which is also a 0-1 matrix.

In a given disastrous event such as an earthquake, the damage to or the probability of failure of
the components in a building is often estimated by pre-established fragility curves and the structural
responses of the building. With this information, a loss vector of NCs {Lnc} can be obtained. Each
entry in {Lnc} represents the level of operation of an NC or a group of similar NCs, and takes value
from zero (fully operational) to unity (complete failure). Similarly, the service levels of utilities are
expressed as another loss vector {Lu}. Both loss vectors are time-dependent in the postevent
recovery progress.

The overall loss to a group of NCs depends on both their own damage {Lnc} and the effect of
disrupted service of the utilities {Lu}. The residual level of service of the NCs is taken as the
product of their own residual capacity (1—{Lnc}) and that of the utilities on which they depends,
{1}—[Du]{Lu}. Therefore, the functional loss of a subfunction {Lsr(¢)} is calculated by Equation 4.

{Lsr (1)} = [Dnc] ({1} = ({1} = {Lnc (D © (13 = [Dul{Lu(®)D) (4)



where {Lu(#)} and {Lnc(?)} are the s-dimensional loss vector of utilities and r-dimensional loss
vector of NCs, respectively; [Du] is the r-by-s dependency matrix between utilities and
nonstructural components; [Dnc] is the mi-by-r dependency matrix between nonstructural
components and subfunctions. s and » are the numbers of utilities and nonstructural components,
respectively; m; is the number of subfunctions in the i primary function; O denotes the
Hadamard product of two vectors of the same dimension and gives another vector, the i™" element of
which is the product of i elements of the original two vectors.

Another dependency matrix [Dsr] is introduced in case the subfunctions in Level 3 are
dependent of each other. It is also a 0-1 matrix with all the subfunctions of the building, instead of
those of a single primary function, as the rows and columns. The values of all the diagonal elements
are unity because a subfunction must be self-dependent. Element Dsrjx decides whether the £
subfunction depends on the /1 subfunction (Dsrjx=1) or not (Dsrjx=0). In most cases, [Dsr] is not a
symmetric matrix because it is common for a subfunction to affect another but not the other way
around. With the functional loss of the subfunctions, {Lsr}, and their dependency matrix [Dsr], the

residual functionality of a subfunction {Qs(?)} is calculated by Equation 5.

{0s()} = {1} = [Dsp{Lsr (D)} ()

In implementing the above framework to a specific building, it is necessary to first
disaggregate its function and subsequently determine the importance factors, {«a}, {f}, and the
dependency matrices [Dnc], [Du] and [Dsr]. The form of the formulation in Equations (1) to (5)
resembles the reliability analysis of a complex system (Elsayed 2012). The dependency matrices
resemble Boolean Truth Tables that list every possible state of functioning or not of the system. If
the residual capacity of the nonstructural components ({1} — {Lyc(t)}) and that of the utilities
({1} — [Dy]l{Ly(t)}) are taken as a resemblance of probabilities of operating, their product gives
the probability of operating of a series system. The summation of the probabilities of operating of
all possible states is the reliability of the system, which resembles the overall functionality in

Equation (1).

Quantified functionality of an example facility

Introduction to the example facility

The implementation of the above framework is demonstrated through a realistic case study. The
facility of concern is the main building of the Beijing campus of the Institute of Engineering
Mechanics (IEM) (Fig. 3). The building is currently occupied as the office building for researchers
at IEM Beijing campus, the earthquake early warning (EEW) center for the greater Beijing
metropolitan area and a high-performance computation (HPC) center for scientific research
purposes. Considering the high seismicity of the site, which is near the epicenter of an M 8.0

earthquake that occurred in 1679, and the importance of its functions, the five-story



reinforced-concrete frame building is protected by the seismic isolation technique for continuous
operation in case of major earthquakes. Unlike ordinary base-isolated buildings, the isolation layer

of the building is above the grade level and visible from the outside (Fig. 4).

Figure 3. Main building at Beijing campus of IEM. Figure 4. Isolation layer above grade level.

The structural components and pipelines in the building are shown in Figs. 5 and 6. The
superstructure of the U-shape building rest on a single basement but is divided into three segments
by two expansion joints. The HPC center and EEW center are located in the 1% and the 2" stories,
respectively, and their emergency power supply, which includes two separate UPS systems and a
diesel generator, is located in the basement.
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Figure 5. Building information model of structure.
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Analysis levels

The building has several distinct functions. Most fundamentally, it provides an enclosed
architectural space. The space is further divided into the following two parts according to the
occupancy: (1) the office space in the superstructure and (2) the basement below the isolation layer
that hosts equipment such as the emergency power supply. The functions of the office and basement
rely on the stairs and corridors which enable the horizontal and vertical traffic inside the building,
the restrooms where water is supplied and drained, and the fire hydrants for firefighting. They are
grouped as the primary function of public service. The EEW and HPC centers represent another two
distinct primary functions. Fig. 7 summarizes the function hierarchy of the building, which

corresponds the first three levels in the five-level framework in Fig. 2.
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Figure 7. Five levels of functionality of example building.

The nonstructural components in Level 4 are also briefly summarized in Fig. 7. For example,
the implementation of the primary function of public service depends on the architectural
components such as the stairs, partitions, ceilings and floors, and also on utility components such as
pumps, piping systems and fire hydrants. For the office function, free-standing equipment and

furniture, such as personal computers and desks, are necessary. To avoid unnecessary interference



of overly tedious details, only important and relevant nonstructural components are listed in Fig. 7,
and the individual components are grouped into categories for a clear demonstration.

Level 5 of the framework represents the interaction of the building with the external
community. It includes external supplies such as power, water and Internet access and the
building’s output such as the drainage of sewage. For the specific building of concern, the EEW and
HPC centers have their own emergency power systems, which are listed as separate items in the
level of utilities in Fig. 7. The handling of such a redundancy in the power supply is discussed later

in Section 3.4.

Importance factors of primary functions and subfunctions

The importance factors of the building of concern were determined by gathering and analyzing
people’s opinions by the TrueSkill ranking algorithm (Herbrich et al. 2006). With TrueSkill ranking,
the respondents only need to answer a series of one-out-of-two questions such as “which do you
think is more important, the space enclosure or Internet access?” It greatly reduces the complexity
of the questionnaire, and thus makes it easier for the respondents to give answers with confidence.

In the survey, online questionnaires were distributed to more than 300 IEM members who have
a knowledge background of earthquake engineering (including faulty members, staffs and students)
through social media networks. A total of 116 questionnaires were collected, among which 67 were
for the five primary functions and the subfunctions other than those of the EEW center. Among the
respondents, 38 were the occupants of the building and 29 were nonoccupants. Then, another 49
questionnaires were particularly collected for the subfunctions of the EEW center alone from the
staffs of the center and the users of their service.

In implementing the TrueSkill ranking, each primary function (or subfunction) is considered a
game player, whose skill is assumed to be an independent random variable that follows a normal
distribution (Herbrich et al, 2006). Each question in a questionnaire is a game. Each answer
represents the result of the game. For example, the space enclosure wins the game against the
Internet access if a respondent decides that the space enclosure is more important than the Internet
access in the office. The respondents were instructed to consider all the primary functions (or
subfunctions) to be independent of each other so as to conform with the assumption of the TrueSkill
algorithm. The dependency of the primary and subfunctions were addressed later by Equation 5,
which has nothing to do with the values of the importance factors.

After each game, the skills of the winner and the loser are updated by Equations 6 and 7
(Dangauthier et al, 2007) as follows.
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where pw and g4 are the mean skill levels of the winner and the loser, respectively; ow and oL are
the standard deviation of the skill of the winner and the lower, respectively; ¢ = \/W
is a normalizing factor that represents the overall variance level; Jis the class skill width; ¢ is the
draw margin to consider the possibility of draws; and functions v and w are given in Equation 8 and
9 as follows.
v(t,a) = N({t—a)/P(t — a) (8)
w(t,a)=v(ta) [v(t,a)+t—a] 9)
where N and @ are the standard normal distribution function and the cumulative function,
respectively.

The mean skill ¢ was taken as the importance factor of the primary functions or subfunctions.
The initial mean skill of each function was assumed to be w=1/n where n is the number of
functions that participate in the “games”. The initial standard deviations of cv=wo/3, and 6=0c0/2,
&=o0v/100 were assumed following the suggestion by Herbrich et al (2006). In addition, the
possibility of games that end in a draw was excluded in designing the questionnaire.

For example, the five primary functions in Level 2 were assigned with the same initial
importance factor of 0.2. These factors changed according to the respondents’ answers regarding
their relative importance and gradually converged to relatively stable values after hundreds of
answers were considered (Fig. 8). The EEW function was considered the most important of the five
primary functions and the corresponding importance factor increased from the initial value of 0.2 to

0.35. Meanwhile, the importance factor of the basement decreased to 0.11 at the end of the games.
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The same procedure was applied to the subfunctions. The evolution of the importance factors
of the five subfunctions in the office function is depicted in Fig. 9 for example. The space enclosure
was considered the most important for an office room to work and the Internet access was the
second important.

Multiple samples (20 for the primary functions and 10 for each set of subfunctions) were
constructed by randomly sequencing the hundreds of answers in the collected questionnaires. The
results based on the individual samples were consistent with each other and the maximal coefficient
of variance was only 3.6%. The average results of the individual samples were taken as the

important factors {«a} and {f} for the building of concern. The results are summarized in Fig. 10.
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Figure 10. Importance factors obtained by online survey and TrueSkill ranking.

Dependency matrix

The dependency matrices [Dnc], [Du] and [Dsr] are obtained by fault-tree analysis. In a fault tree,
events that may lead to the failure of a function are connected through either an AND or an OR gate
to describe the Boolean logic relationship between the individual events. For example, the failure of
the subfunction of the EEW center for example (Fig. 11) may result from either the malfunctioning
of the network servers or that of the computing servers. The computing servers will stop if only the
servers themselves are damaged, the air conditioners stop, or the power is cut off. The air
conditioning may fail to work if only the air conditioner itself is damaged or the power is cut off.
There is a redundancy in the power supply for the EEW center. The power will be cut off only if the
grid power, UPS and generator fail. While it is easy to describe such redundancy in a fault tree, the
redundant components appear as a single entry in the 0-1 dependency matrix. For example, the grid
power, UPS and emergency generator are grouped as the “power for EEW” utility, and all
nonstructural components in the fault tree in Fig. 11 depend on it. The dependency matrix [Du]
between the utilities and the nonstructural components involved in the EEW subfunction is shown
in Table 1.
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Figure 11. Fault tree for subfunction of collecting data of EEW center.

Table 1. Part of dependency matrix [Dy] describing EEW center non-structural components on utilities.
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By performing the fault tree analysis to the subfunctions of shake map and data sharing, we
can clarify their dependencies on the corresponding nonstructural components and obtain the
dependency matrix [Dnc] between the subfunctions of the EEW center and the nonstructural
components (Table 2). The dependency matrices [Dnc] and [Du] for the subfunctions of offices are

provided in Tables 3 and 4 for the building of concern.
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Table 2. Part of dependency matrix [Dnc] describing EEW center subfunctions on non-structural components.
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Table 3. Part of dependency matrix [Dnc] describing office subfunctions on non-structural components.
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Table 4. Part of dependency matrix [Duy] describing dependency of office nonstructural components on utilities.
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In addition, a dependency matrix of DSF is introduced to consider the interdependency of
subfunctions categorized in different primary functions. For example, although the office and the
public service functions are listed as separate primary functions, their respective subfunctions may
depend on one another. In particular, the access to an office would become impossible without the
subfunctions of the vertical or horizontal traffic. Therefore, all subfunctions of the office function
would depend on the vertical and horizontal traffic. The corresponding part of the [Dsr] matrix is
shown in Table 5.

Table 5. Part of dependency matrix [Dsr] of subfunctions for office and public services.
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Vertical traffic 1 1 1 1 1
Hori. traffic 1 1 1 1 1
Water suppl 0 0 0 0 0

Sewage 0 0 0 0 0
Fire fighting 0 0 0 0 0

Importance of individual components

In a building system, some components are more important than others in terms of the effect
over the functionality of the building. It is a convenient metric to evaluate the importance of a
specific component (or a group of similar components) by the functional loss of the building when
the component (or the group of components) is completely damaged.

By the aforementioned framework, importance factors {«a} and {f} and dependency matrices
[Dsr], [Dnc] and [Du], the overall functional loss of the example building when a specific

component or a utility is lost can be quantitatively determined. The results are shown in Fig. 12.
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Figure 12. Relative importance of individual components in example building.

Among the utilities, the grid power supply is considered much more important than the others
because the cut-off of the grid power alone will make the building lose 67.5% of its function. The
loss of various architectural nonstructural components such as the stairs, corridors, doors/windows
and partition walls may also lead to more than 50% functional loss of the building. Among the
building utility nonstructural components, the air conditioning system is the most important, since
air conditioning is critical for the servers in the EEW and HPC centers to work.

The relative importance revealed by this analysis may help identify the weak link in the
disaster resilience of a facility. In addition, it is reasonable to repair the important components first
if all other conditions are identical. In other words, the importance ranking of individual
components may help improve the repair sequence after a disastrous event to speed up the recovery

process.

Resilience under a rainstorm

Observed losses

A sudden rainstorm hit the town where the IEM campus is located and lasted for
approximately three hours on July 30, 2015. Many major streets of the town were flooded and the
deepest water level was approximately one meter. The amount of rainfall during the rainstorm was
reported to be 122 mm at an observatory 7 km away and 104 mm at another observatory 14 km
away from the IEM campus. The campus was flooded with the largest water depth of approximately

500 mm (Fig. 13). Since the isolation layer of the building of concern is above the grade level, rain
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water poured into the basement of the building through the narrow windows at the isolation layer

(Fig. 14). The largest depth of water reached 400 mm in the basement, where the emergency power

supplies for the EEW and HPC centers were located.
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Figure 13. Flooding in front of building of Figure 14. Leaking water through narrow

concern.

windows at isolation layer.

The facts related to the damage and recovery of the building during and after the rainstorm are

summarized in Table 6. The grid power was cut off for approximately 4 hours because of the

rainstorm, whereas the recovery of the power supplies for the EEW and HPC centers took a much

longer time. The time-variation of the loss vectors of the utilities and some key nonstructural

components during the event are depicted in Fig. 15 in terms of the residual capacity of the

corresponding elements, i.e., {1}-{Lu(¢)} and {1}-{Lnc(?)}. In the current case study, the loss

vectors were obtained from observations and are used as an input to evaluate the functionality.

Table 6. Facts during and after July 30 rainstorm.

Date Time Event
July 30 15:00 Heavy rain started.
17:20 Water in basement.
17:50 Grid power cutoff.
Network cutoff.
Landline telephone cutoff.
18:00 Rain stopped while water continued to pour into basement.
18:30 40 mm deep water in basement. Access prohibited.
19:22 Complete shutdown of EEW center for safety concern.
22:00 Grid power resumed.
Network temporarily resumed, unstable.
Temporary re-wiring to resume 20% of EEW power supply.
July 31 9:15 Pumping of basement started.
9:40 Network resumed.
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Residual function, 1—=Ly;

19:15

Pumping suspended. 20mm water remained in basement.

Aug. 1 8:30 Pumping of basement continued.
12:00 Pumping finished. Access to basement resumed.
Aug. 3 UPS checked by manufacturer. Batteries replacement
needed.
Aug. 4 Generator checked by manufacturer. Replacement needed.
Aug. 9 Power supply for EEW and HPC resumed.
Landline telephone resumed.
Networks Basement floor
1
, , , , , ) 0 . : : : : ]
50 100 150 200 250 300 0 50 100 150 200 250 300
Grid power o Computing server in EEW
3 1
L L
. . s . . , g0 . . . s . ;
50 100 150 200 250 300 § 0 50 100 150 200 250 300
!
Power for EEW & Store server in EEW
£1
S
2
~ 0 u
50 100 150 200 250 300 0 50 100 150 200 250 300
Power for HPC Network server in EEW
1
. . . . . . 0 , , , , , ,
30 100 150 200 250 300 0 50 100 150 200 250 300
Time (h) Time (h)

Figure 15. Observed loss of nonstructural components and utilities.

Resilience curves

The functionality of the subfunctions QOs(f) was evaluated by Equations 4 and 5 given the
dependency matrices [Dsr], [Dnc], [Du] and the loss vectors {Lnc(¢)} and {Lu(¢)}. Then, the
functionalities of the functions QOp(f) and Q(¢) were obtained by Equation 1. The results for the
rainstorm are depicted in Fig. 16. The function of EEW and HPC centers and the basement dropped
to zero, and the function of office was also greatly reduced immediately after the power grid was
cut off, whereas the public service was not affected. When the grid power supply was resumed, the
functions of office and basement were recovered to a certain extent, while the function of the EEW

and HPC centers remained at a low level. It was not until Aug. 9%, approximately ten days after the
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rainstorm, that most of the functions of the building were recovered, except for one of the network
servers in the EEW center which was burnt during the power cut-off and required replacement.

The resilience curve of the building is shown in Fig. 16(b). The building functionality dropped
to 32.5% after the grid power was cut off and further to 25.0% after it was prohibited to enter the
flooded basement for safety concerns. Before the grid power supply was resumed, the building
sustained a minimum of 25.0% functionality. Then the functionality gradually recovered with the
pumping of the basement, resume of the Internet access and emergency rewiring for the EEW
power supply. A long delay of recovery lasted for nearly 200 hours, during which the functionality
of the building remained at a low level of 55.4%.

120 120
100 © Long-term loss
_ AIOO —————————————————————— Xo 7
S S
5 80 ¢ -e-EEW | L. S 80
= —a— Office S Delay of recovery
§ 60 @ Public service Té 60
2 ==Om==HPC =
o o
§ 40 —{+—Basement g 40
[ =5}
o049 1 20 1 Minimum
residual function
O L 1 0 1 1 1
0 100 200 300 0 100 200 300
Time (h) Time (h)
(a) (b)
Figure 16. Resilience curves of (a) individual primary functions Qp and (b) overall functionality O of whole
building.

A total of 140 hours of the delay were spent on the inspection and repair of the UPS in the
flooded basement for the EEW and HPC centers. Because the power supply of the two centers was
connected to the grid through the UPS to increase the voltage stability, it could not be recovered
until the UPS was back in operation, even if the grid power was already resumed. This protection
mechanism for the power supply of the EEW and HPC centers obviously reduced the robustness of
the two centers and consequently the functionality of the entire building by making the UPS
extremely important. However, it seems that the importance of the UPS and the vulnerability of the
basement to flooding were not recognized. The rainstorm provided an ironic case where a
seemingly robust device, the UPS, presented a weak link and greatly affected the resilience of the
entire building.

The recovery of the building’s functionality could have been greatly accelerated if only the
UPS were not in the basement. The resilience curve assuming that the UPS was not in the basement
is compared with the actual resilience curve in Fig. 17. The calculation processes are identical for
the two curves and the only difference is that the UPS was not damaged and continued to work after

the rainstorm. We define the recovery time 7k as the time span between the triggering of the event
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at 1o and the recovery of 80% functionality as the recovery time. The actual recovery time 7r1 is 240

hours and it will be reduced to Tr2 = 16 hours if UPS was not in the basement.
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Figure 17. Resilience curves for difference cases.

Bruneau et al (2003) proposed to use an R factor to evaluate the resilience of a system, which
is defined as the integration of the functional loss (1-Q) over a time period from the start of the
event to the recovery of the system (Equation 10, Fig. 18a). R takes the unit of time when the
functionality is defined as a dimensionless quantity. When the functionality O is bounded between
zero and unity as in the current study, R represents the recovery time of a system when it
completely loses its function (Q = 0) and then recovers suddenly to its full function (Q = 1) (Fig.
18b). Therefore, R is always no greater than 7r. For the current case study, the R factor was 113.6
hours in the actual case and it would have been reduced to 6.4 hours if the UPS was simply not in
the basement.

to+tr
R =f (1 - 0)dt (10)
t

0
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Figure 18. Physical interpretation of R.

A dimensionless indicator, such as the R’ in Eq. (11) defined by Deco et al (2013), could also
be adopted to evaluate the resilience. However, the results would be dependent on the investigated
time horizon t, the selection of which could be arbitrary. When the respective (f+7r) is taken as
the # in this definition, the normalized indicator of R’ is 0.53 for the actual case and is 0.60 for the
case when the UPS was not in the basement. The significant difference in resilience of the two cases
becomes unclear in such a manner.

th
), Qdt
th — o

R’ (11)

Conclusions

The paper proposes a general framework to quantify the functional loss of a building in a disastrous
event. The functionality of the building is presented by a five-layer structure, which requires the
evaluation of three dependency matrices and several sets of important factors. By such a framework,
the overall functional loss of a building is related to the damage to individual components in the
building. The framework is implemented in evaluating the resilience curve of a built facility for the
emergency response subjected to a rainstorm. The following conclusions are drawn from the results.

(1) The use of the TrueSkill ranking system in evaluating the importance factors of the
functions simplifies the questionnaire design, reduces the subjective uncertainty in the answers of
the respondents and produces stable results of the importance factors.

(2) The component-based framework of quantifying the functional loss can be used to evaluate
the relative importance of individual components in a building, which may help identify the
potential weak link for the resilience of the building and may also provide guidance for determining
the recovery priority.
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(3) As demonstrated by the example, the resilience of a building to a type of hazard can be
very poor, even if it is well prepared for another type of hazard. Meanwhile, advanced structural
protection such as the isolation technique in the example building, does not necessarily guarantee
higher resilience if the nonstructural damage does not receive adequate attention.

Although the case study is a simplified implementation of the proposed framework, the
methods to establish the framework for the simplified building can be used in more complicated
systems. Nevertheless, the dependency matrices of a realistic facility or system can be very tedious
and complicated. To handle such a complicated system, a comprehensive model that contains the
information of all structural/nonstructural components of a facility needs to be developed and the
fast-developing technique of Building Information Model (BIM) provides a promising tool for this
task. The time-dependency of the parameters in the framework, such as the change of the
importance factors and the dependency matrices over time, is not considered in the current study
and deserves further research. In addition, the framework primarily deals with the quantification of
functionality and the case study is conducted based on deterministic observation of the responses,
damage and recovery time of a specific facility during a specific event. Large uncertainties exist in
all these quantities and more comprehensive studies and accumulation of realistic data are necessary

to predict the resilience of a facility in future disastrous events.
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