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Abstract: Concerns about prolonged downtime and functionality losses observed after recent seismic
events have made it clear that seismic design is heading towards a resilience-based approach. How-
ever, there is still currently no clear consensus on how to quantify and interpret resilience. In this
document, a probabilistic approach to estimate recovery times and functionality loss in buildings is
presented, which allows for the estimation of seismic resilience through consideration of delay times
and the behavior of non-structural elements. To achieve these goals, simple models that associate
structural response and the resilience parameters (recovery time and functionality) are defined. The
proposed approach was implemented in a database for public school buildings in Puebla City, where
the expected times and functionality were obtained, thus allowing for quantification of the seismic re-
silience of each structure. Furthermore, target values for low and high resilience are proposed, which
helps to identify the weakest elements in the educative Mexican infrastructure. The results showed
that the inclusion of delay times and non-structural elements in resilience quantification is mandatory
if an overestimation of resilience values is to be avoided. At the same time, the target values allow for
the different structures to be categorized according to the resilience values obtained, finding that a
significant portion of Mexican school buildings are underprepared in a resilience context.

Keywords: seismic resilience; school buildings; vulnerability; functionality loss; community downtime

1. Introduction

Seismic events throughout history have made it evident that creating non-collapsing
structures is not enough to guarantee an acceptable post-earthquake scenario. This was
observed during the 2017 earthquake in Mexico City, where a large part of the affected
buildings showed no structural damage; however, the affected non-structural elements
and contents caused an interruption to daily activities [1], affecting overall functionality,
downtime, and resilience. The study of resilience in the context of earthquake engineering
began with the definition of this concept [2]. This framework was then extended to propose
different ways to characterize resilience with known parameters (time and functionality) so
that it might be quantified [3,4]. This led to a framework to estimate resilience, as expressed
in Equation (1).
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where R is seismic resilience, Ty ¢ is control time, Q(f) is the time variant functionality
curve which represents a non-stationary stochastic process, ty is the time of occurrence of
the seismic event, and tor is the time at which target functionality is achieved.
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Equation (1) has been adopted by numerous researchers in efforts to quantify the
resilience of a particular system [5-7]. Several of these efforts are focused on lifeline in-
frastructure due to its high social relevance [4,8]; however, building infrastructure such as
dwellings, schools, and hospitals is also important to maintain community resilience, as
mentioned by Feng et al. [9] who studied the interdependency between different building
sectors and its effects on community resilience. Particularly, school buildings have been the
subject of several studies in terms of vulnerability, risk, and resilience. Examples are pre-
sented in Fontana et al. [10], who recognized the importance of non-lifeline infrastructure by
assessing the seismic resilience of the educational sector in southern Italy, heavily focusing
on a set of social factors that characterized the resilience. In addition, Ruggieri et al. [11,12]
investigated the fragility, vulnerability, and risk of reinforced concrete (RC) school buildings
in southern Italy with an emphasis on improving the simplified methods to assess the
strength and post-earthquake state of such buildings.

Moreover, some other authors [5,7,13] have used methodologies englobing seismic
hazards, structural modeling and analysis, seismic risk, and recovery functions to define a
functionality curve and finally estimate resilience. In this regard, Anwar et al. [5] quantified
seismic risk and sustainability as a function of repair costs, carbon emissions, and downtime
using damage fragility and consequence functions of structural and non-structural compo-
nents. Later, Samadian et al. [13] focused on estimating the seismic resilience of RC school
buildings using vulnerability functions while taking into consideration the delay in repair
times. Furthermore, Gonzalez et al. [7] defined expected annual resilience (EAR) using
a methodology based on seismic risk, which takes into consideration the entire seismic
environment affecting a certain structure. Recently, Gutiérrez and Ayala [14] proposed a
probabilistic method to assess downtime and repair costs by considering the necessary
manpower to achieve the restoration of buildings; nonetheless, the factors that delay the
beginning of the repairing process were not considered.

Besides the quantification of resilience, another important yet somehow neglected
aspect is the definition of target or acceptable values of downtime, functionality, and re-
silience. Some studies have proposed values for seismic resilience, such as those developed
by Almufti et al. [15], who proposed that seismic resilience should be classified based on the
structure’s downtime. Furthermore, Mieler et al. [16] proposed a methodology where sev-
eral community resilience targets are associated with the functionality of socially important
systems (such as hospitals, schools, apartments, and power plants). However, both of the
abovementioned proposals lack an analytical background. Hall and Giglio [17] emphasize
the relevance of proper target resilience values and suggest that cost analysis may lead
to optimal targets. Other researchers [18,19] that have oriented their efforts to propose
a seismic resilience-based design have recommended target post-earthquake scenarios,
such as Immediate Occupancy (I0), Rapid Recovery (RR), and Collapse Prevention (CP);
nevertheless, there are no explicit discussions regarding the specific resilience or downtime
values associated with such target scenarios.

Despite the current contributions, there are still opportunity areas in seismic resilience
assessment and its interpretation. For instance, current studies present important sim-
plifications such as estimating indirect losses as a fraction of direct losses [4,7] and the
lack of a proper interpretation of the resilience values found [4,19]. For the above reasons,
this paper presents a procedure to define expected recovery times, expected delay times,
and expected functionality loss curves to be used in the seismic resilience assessment of
buildings. Furthermore, an approach to define acceptable resilience values is also presented,
which is intended to be useful in hazard prevention and decision making.

2. Methodology

This research presents a methodology to quantify resilience by estimating the parame-
ters that compose the functionality profile, Q(t), shown in Figure 1, where functionality
can be seen as a function of time. In Figure 1, Ta refers to the time before the occurrence
of an earthquake, where a gradual functionality decay can be seen due to aging and envi-
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ronmental affections. This is followed by a functionality drop, FL, which occurs due to a
seismic event, which is then followed by a flat region, Tb, which represents the delay time
before the repair activities begin. Finally, in this representation, Tc and Td are the repair
times for structural and non-structural elements, respectively.

Tie

A
v

Time

Figure 1. Functionality as a variable dependent on time in a post-earthquake scenario.

Estimation of each of the aforementioned components of the functionality profile,
Q(t), is associated with a parameter of structural response using an empirical model so
that seismic resilience may be easily obtained. This is achieved with the method presented
in Figure 2.
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Figure 2. Methodology to define functionality and downtime models for quantifying seismic resilience.
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In Figure 2, it is important to mention that steps 4 and 5 can be developed in parallel,
both being necessary to perform step 6. In the following text, a brief description of every
stage comprising the general methodology is presented.

2.1. Structural Characteristics

The characteristics of the structure, such as the plan and elevation geometry, section
properties, and materials, must be obtained. If a particular infrastructure sector is studied, it
is recommended to identity prototypes or archetypes so a wide range of existing buildings
may be included in the same study.

2.2. Seismic Hazard

In this method, seismic hazard is defined through a set of seismic records represen-
tative of earthquakes with relevance to the study site. Such records are recommended to
be taken from seismographic stations located in soil with similar characteristics to those
existing in the study location.

2.3. Structural Analysis

Having defined the structural characteristics and the seismic hazard, a proper struc-
tural model can be created, followed by structural analysis where nonlinearity must be
considered when studying global and local damage since it is a highly relevant component
in the study of downtime and functionality loss. The nonlinear behavior can be conceived
with hysteresis models such as the ones proposed by Ibarra et al. [20], which are particu-
larly convenient for reinforced concrete modeling given the explicit considerations on the
degradation of stiffness and strength properties due to cyclic loading, thus leading to a
more realistic representation of structural behavior during an earthquake.

2.4. Functionality Loss

Functionality can be thought of as the measurement of how well a system performs
a certain task. It is difficult to establish a general metric for functionality englobing all
existing infrastructure as each single structure has a distinct function, e.g., power dams
are designed to retain a certain volume of water while dwellings are meant to provide
a living place for a certain amount of people. This was highlighted by Tsionis [21], who
presented a collection of the metrics for functionality in different systems found in the
literature. Some authors selected a particular functionality metric, as shown in [5] where
the authors associated building functionality with its occupancy capacity using four stages
for a post-earthquake scenario: IO (Immediate Occupancy), LF (Life Safety), CP (Collapse
Prevention), and C (Collapse). On the other hand, some authors quantified functionality
loss as the combination of both direct and indirect losses [4,13].

Despite the approaches currently developed, system functionality regarding buildings
still needs further research since there are no consensual proposals on how to assess it.
Therefore, in this study, a simple approach is proposed where functionality is considered
as the contributions of both the structural and non-structural elements, as described below.

2.4.1. Structural Elements

A building is a structural system designed to provide a safe environment for the
occupants, which is accomplished mainly due to its strength and stiffness properties. Thus,
in this study, structural functionality is proposed to be measured based on integration of
the seismic capacity of the system, as it is a parameter that may be measured before and
after the occurrence of an earthquake and provides a clear estimation of the degradation
of the properties of the overall system under study in terms of strength and stiffness. It
is then proposed that the functionality loss of a structure be measured by quantifying
the difference of the areas beneath the pre-earthquake (Figure 3a) and post-earthquake
(Figure 3b) capacity curves.
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Figure 3. Static capacity curves: (a) original; (b) residual.

2.4.2. Non-Structural Elements and Contents

Those elements that despite having no contribution to gravitational or seismic load
carrying capacity do have an influence on the daily operations of buildings are consid-
ered non-structural components. Such elements have a major contribution to the overall
resilience of the structure since the presence of partial or total damage in them can cause
an interruption to labor, hence diminishing functionality. Additionally, from a financial
point of view, these elements are also important as they may represent up to 80% of the
total building cost [22].

To estimate the contribution of the non-structural part to total functionality, it is
proposed that expected functionality loss curves, E(FL), be obtained for the non-structural
elements of public school buildings in Mexico using the following procedure.

Define the relevant non-structural elements and contents.

Define models that correlate functionality loss and damage state.
Generate fragility curves for all the damage states in each element.
Obtain E(FL) curves from the fragility functions.

On the other hand, contents themselves are elements that have no real continuity
with the buildings; however, they are highly relevant to day-to-day operations. The
abovementioned procedure can be applied to assess the contribution of a specific set of
contents to the overall functionality and recovery times of a school building. Nevertheless,
given the broad variety of existing contents in different schools, and to keep the results in a
general state, the consideration of contents is beyond the scope of this research.

2.5. Downtime

Downtime is one of the main parameters required to characterize seismic resilience,
which comprises repair and the delay times. The former refers to the required time to carry
out the rehabilitation activities for the damaged structural and non-structural components,
while the latter refers to all the factors that delay the beginning of the repair activities; this
parameter includes inspection of structural damage, engineering activities, restoration of
services, funding recollection, and mobilization [15].

2.5.1. Delay Time Factors

Indirect losses caused by downtime are commonly associated with impediments to
providing certain services or producing certain products due to functionality loss in the
infrastructure. It is common that these losses represent a large percentage of the total
economic losses caused by an earthquake, particularly in commercial buildings [1,23]. This
is why downtime must be properly estimated where delay factors have an important role
and is the reason why it has been explored in the past by many authors, e.g., [1,15,24],
with the framework proposed by Almufti et al. [15] being the most widely adopted. This
framework comprises the following factors delaying the repair activities required to bring
back the lost functionality:
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e  Visual inspection: after the occurrence of an earthquake, structures require an inspec-
tion, which may be superficial in the case of light or no damage or deep in the case of
severe damage.

e Engineering: if the structure is moderately or severely damaged, it is necessary to
carry out an engineering process to ensure that safety and functionality are recovered
by means of the repairing actions.

e  Permits: Permit approval from the local building jurisdiction would likely be required
for buildings that exhibit structural damage. Repairs of certain non-structural compo-
nents may also require permits, but these may usually be obtained “over the counter”
and do not account for significant delays.

e Financing: Significant delays may occur due to the inability to obtain financing to
fund the necessary repairs. Financing may be procured through loans or insurance
payments. Federal or other government grants should not be considered a viable
financing option due to the uncertainty in securing these funds.

e  Contractor mobilization: there are several factors that are critical contributors to the
overall time required to mobilize a contractor, including a shortage of contractors, the
severity of damage, bidding, essential facilities, and building height.

Figure 4 shows a representation of the time consumed by the delay factors. It should
be noted that some of them may be performed at the same time (parallel); hence, the total
delay time would be the path that yields the maximum time.

Engineering ]—‘ Mobilization

Max
downtime

Delay H Inspection
times

Figure 4. Delay time parameters.

Estimation of the delay time parameters must be performed while trying to keep
both simplicity and rationality; therefore, in this research, it is proposed that structural
damage is related to the delay time parameters, such as the inspection, engineering, and
mobilization times. The average time associated with each damage state (DS) will be
different for every socioeconomic environment and can be obtained through data analysis
from historic records or from stipulations on general codes or literature. For example,
Alcocer et al. [25] indicate that partial inspections (which are applied to slightly damaged
structures) in Mexican school buildings should not take more than 30 min. Furthermore,
recognizing that the delay times due to funding and permits involve several socioeconomic
variables, these times are recommended to be estimated either from government-issued
specifications or from historical data related to past earthquakes.

2.5.2. Repair Times in Structural Elements

As previously mentioned, repair times involve all the required procedures to take
damaged infrastructure to a target undamaged level. Those actions are defined based on
the experience of engineers and are dependent on the construction material, the available
resources, and the type of damage, among other factors. Considering this information,
construction experts develop work schedules enlisting proper rehabilitation activities, as
well as the interdependence of such activities.

If a particular structure is being studied, it is reasonable to eliminate the material type
and available resources as variables and estimate the repairing times solely based on the
physical damage to the structure. By studying typical rehabilitation techniques, it is then
possible to define suitable work schedules. Particularly for Mexican reinforced concrete
structures, the use of epoxy resins to repair columns with minor damages due to earthquake
actions is commonly accepted, considering that it would allow for the original earthquake
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resistant capacity to be reached in a reasonable manner. The jacketing of concrete (resulting
in an increase in the section and the reinforcement) is generally employed when damage in
columns is moderate or severe [26]. Thus, with this information and the data regarding the
amount and location of damage, the repair times associated with structural elements can be
estimated. Additionally, it is important to notice that the abovementioned repairing process
is related to structural damage due to seismic forces, and differential settlement-related
damage is not considered due to being out of the scope of this research.

2.5.3. Repair Times in Non-Structural Elements

To estimate the contribution of the non-structural part to total downtime, it is proposed
that expected time curves, E(RT), be obtained from fragility functions for the non-structural
elements of public school buildings in Mexico in a similar manner to the procedure used to
obtain the expected non-structural functionality loss:

Define the relevant non-structural elements and contents.

Define models that correlate repair time and damage state.
Generate fragility curves for all the damage states in each element.
Create E(RT) curves.

2.6. Seismic Resilience

Steps 2.4 and 2.5 describe the procedure to obtain empirical models that correlate
the structural response with functionality loss and downtime. Such models can then be
applied to process the results of nonlinear analysis in terms of the parameters that compose
Equation (1) and then quantify seismic resilience, which represents the average functionality
over a predefined time, named control time, of a system that has been subjected to damage
due to a seismic event.

3. Results

Given their high social relevance, public school buildings are important structural
systems that require study. For this reason and given the high seismicity in the state of
Puebla, in addition to the poor performance of such buildings [27], the school buildings
located in the state of Puebla, Mexico, were studied in this paper. The studied schools were
represented by the typologies depicted in Figure 5, where buildings from one to three stories
with a single 8-m bay in the transversal direction and eight 3 m bays in the longitudinal
direction, are shown. Such typologies were selected according to the archetypes of Mexican
public school buildings, defined in the technical guide for seismic rehabilitation of school
buildings in Mexico City and by the National Institute of Educative Infrastructure (INIFED,
for its acronym in Spanish) [26]. Additionally, two years of construction were selected
to represent a large portion of the currently working educative institutions in Mexico
(1996 and 2008). The structural system consists of reinforced concrete frames. A database
containing the currently active education institutions with the aforementioned typologies
was employed (Figure 6).

Given the regularity in the planning and elevation of real educative buildings, it
is reasonable to represent the structural models as 2D frames with the aforementioned
geometries (Figure 5). Such models were developed in OpenSees [28] considering 5%
damping with respect to the critical value. As the modification in the period and the
damping ratio associated with soil-structure interaction (SSI) may be beneficial [29,30], and
due to the fact that the effects of SSI are less significant in low-rise structures [31], fixed bases
and no SSI effects were considered. Damage is considered through a concentrated plasticity
model with plastic hinges at the ends of elastic structural elements, which is achieved using
a modified Ibarra-Medina—Krawinkler hysteresis model [20] that conveniently allows for
the degradation of stiffness and strength properties due to cyclic loading to be taken into
consideration. Figure 7 displays reinforcement arrangement for some of the 2008 structures;
1996 structures were not included to maintain conciseness. Furthermore, Figure 8 shows
moment—curvature relationships for the displayed sections; such diagrams were used in
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the definition of the backbone for the hysteresis model. It should be noted that section
analysis was conducted considering the short dimension of the rectangular columns, since
that is the relevant orientation according to the 2D frame proposed.

) ’m R 3.5m
- — 3.5m
3.5m 35m
vl . 3.5m
I 4 1 3.5m
(a) (b) (0
@3 m
W (9'%] (9] w (98] (98] (98] [9%) t—rC—r—> +—r—r>—>
B B B B B B B B
44— PP 4¢— P C— P C— PP C—PC—> 3'5m
%° 3.5m
3.5m
(d) (e)

Figure 5. Different geometries of the studied buildings: (a) single-story building, (b) two-story
building, (c) three-story building, (d) plant view, (e) lateral view of a three-story building.

School buildings

e 1Story
+ 2 Stories

Figure 6. Location of current school buildings in the state of Puebla.
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Figure 7. Reinforcement arrangement for elements in the 2008 structures: (a) columns in single-story
structures, (b) columns of the second story of the two-story structures, and (c) columns of the first
story of the three-story structure.
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Figure 8. Moment—curvature relationships for elements in the 2008 structures: (a) columns in single-
story structures, (b) columns of the second story of the two-story structures, and (c) columns of the
first story of the three-story structure. Analysis performed in the short direction of the sections.
To assess the potential damage on the structures, incremental dynamic analysis
(IDA) [32] and nonlinear time history analysis (NLTHA) were performed on each structure
using OpenSees [28] and 98 different seismic records obtained from accelerometric stations
located in firm soil (Table 1). Such records were selected since the soil characteristics in the
location of each station are similar to the dominant period of the study sites. Furthermore,
the records shown in Table 1 are associated with earthquakes that occurred in seismic
sources that have historically affected the study site. Figure 9 presents the IDA results for
the different studied archetypes in terms of maximum displacement since it is the most
relevant for the estimation of ductility, which will be used for definition of the empirical
models that correlate resilience parameters with structural response.
Table 1. Seismic records used for the nonlinear analysis (NLA) of structures obtained from stations
located in hard soil.
Stati Date Directi Epicenter M Stati Date Directi Epicenter M
ation 1rection w ation irection w
(d/m/y) Lat®)  Lon() (d/m/y) Lat®)  Lon(’)
ARTG 14/01/91  EW-NS 17.86 101.8 52 CcOoYC 19/07/97  EW-NS 15.86 98.26 6.7
ARTG 11/06/86  EW-NS 15.14 93.51 5.8 CcOYC 19/09/85  EW-NS 18.41 102.4 8.1
ARTG 05/01/90  EW-NS 18.71 107.0 5.8 CcOoYC 20/09/85  EW-NS 17.82 101.6 7.6
ARTG 30/04/86  EW-NS 18.36 103.0 7.0 COYC 22/03/97  EW-NS 17.04 99.76 47
CALE 11/01/97  EW-NS 18.34 102.5 7.1 CcOoYC 25/04/89  EW-NS 16.58 99.46 6.9

CALE 19/09/85  EW-NS 18.41 102.4 8.1 COoYcC 30/09/99  EW-NS 16.05 97.0 74
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Table 1. Cont.

. Date L Epicenter . Date L Epicenter
Station (d/m/y) Direction Lat©) Lon(®) Mw Station (d/m/y) Direction Lat®) Lon(®) Mw
CALE 22/05/97 EW-NS 18.41 101.8 6.0 CSER 15/05/93  EW-NS 16.47 98.72 6.0
CALE 05/01/90 EW-NS 18.71 107.0 5.8 CSER 15/06/99 EW-NS 18.13 97.53 7.0
CALE 30/04/86  EW-NS 18.36 103.0 7.0 CSER 16/09/89  EW-NS 16.21 94.01 59
CENA 15/06/99 EW-NS 18.13 97.53 7.0 CSER 23/02/94 EW-NS 17.82 97.30 5.4
CENA 30/09/99  EW-NS 16.05 97.0 74 CSER 25/04/89  EW-NS 16.58 99.46 6.9
COPL 14/09/95 EW-NS 17.00 99.00 7.3 CSER 30/09/99 EW-NS 16.05 97.0 7.4
COPL 15/06/99 EW-NS 18.13 97.53 7.0 CUER 10/12/94 EW-NS 18.02 101.56 6.2
COPL 21/01/97 EW-NS 16.44 98.15 5.6 CUER 14/09/95  EW-NS 17.00 99.00 7.3
COPL 24/10/93 EW-NS 16.76 98.76 6.6 CUER 15/06/99 EW-NS 18.13 97.53 7.0
COPL 25/04/89  EW-NS 16.58 99.46 6.9 CUER 23/05/94  EW-NS 17.97 100.6 5.8
COPL 30/09/99 EW-NS 16.05 97.0 7.4 CUER 30/09/99 EW-NS 16.05 97.0 7.4
coyc 07/06/98  EW-NS 15.82 94.07 6.2 RIPC 14/09/95  EW-NS 17.00 99.00 7.3
COYC 05/07/98 EW-NS 16.83 100.1 5.2 RIPC 23/02/94 EW-NS 17.82 97.30 54
COoYcC 08/05/97 EW-NS 17.32 100.4 5.1 SXPU 19/09/85 EW-NS 18.41 102.4 8.1
coyc 11/01/97 EW-NS 18.34 102.5 7.1 SXPU 20/09/85  EW-NS 17.82 101.6 7.6
COoYycC 14/09/95 EW-NS 17.00 99.00 7.3 YAIG 15/06/99 EW-NS 18.13 97.53 7.0
coyc 15/06/99  EW-NS 18.13 97.53 7.0 YAIG 30/09/99  EW-NS 16.05 97.0 7.4
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Figure 9. IDA displacement curves: (a) single-story 1996; (b) single-story 2008; (c) two-story 1996;
(d) two-story 2008; (e) three-story 1996; (f) three-story 2008. Grey lines represent the response for
particular seismic records, and black lines the mean values.

Results of NLTHA were analyzed in terms of the plastic hinge rotations of each
element and their relationship with global maximum displacement, where every bar or
column in Figure 10 represents the result of a single analysis associated with a particular
seismic record. It can be seen that there is an increasing relation between the maximum
displacements and the appearance of plastic hinges. It can also be observed that, in general,
plastic hinges first appear at the ends of beams (according to Table 2), particularly on the
first floor. This may be attributed to the strong column-weak beam model.
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Figure 10. Percentage of plastic hinge rotations for a given displacement: (a) single-story 1996;
(b) single-story 2008; (c) two-story 1996; (d) two-story 2008; (e) three-story 1996; (f) three-story 2008.
Table 2. Classification according to the location and magnitude of plastic hinges.
Color Location Color Location Color Location Color Location Color Location Color Location DS
Beams Beams Beams Columns Columns Columns
Floor 1 Floor 2 Floor 3 Floor 1 Floor 2 Floor 3 DS1
Floor 1 Floor 2 Floor 3 Floor 1 Floor 2 Floor 3 DS2
Floor 1 Floor 2 Floor 3 Floor 1 Floor 2 Floor 3 DS3
Floor 1 Floor 2 Floor 3 Floor 1 Floor 2 | ] Floor3  DS4

To study the general tendency between displacement and damage location considering
all the structures studied, the previous results were combined and displacement then
normalized to each individual yield displacement, obtaining the model of Figure 11, where
the percentage of plastic hinges is related to the ductility demand, pu. Results presented
in the aforementioned figure allow for damage state to be inferred in any of the analyzed
structures, given the structural response in terms of ductility when subjected to earthquake
loading. Low ductility values are associated with few lightly damaged elements, which
is hypothesized to be related to small downtime and functionality loss. On the other
hand, high ductility demand is associated with severe damage in various elements, with
prolonged downtime and a high loss of functionality thus to be expected. This is expanded
in the following sections.
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Figure 11. Percentage of plastic hinge rotations for a given ductility demand for all the analyzed
structures.
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3.1. Expected Functionality Loss Curves

As previously stated, structural functionality loss is calculated as the difference in the
integrals of the original and residual capacity curves; therefore, it is necessary to obtain
the original push-over curve and then push-over curves for each cumulative damage
state generated by a particular seismic record. To achieve this goal, it is necessary to
define stiffness and strength degradation in damaged elements, which can be achieved
by considering residual strength and stiffness factors according to the damage state in
a certain element. When assessing the state of structural elements in existing buildings,
methods such as the one proposed by Forte et al. [33] are recommended; however, in order
to maintain consistency with local standards, in this study, the considerations proposed
in the Code for Seismic Rehabilitation of Damaged Concrete Buildings [34] were adopted.
If an element presented light damage, 1.0 and 0.75 strength and stiffness factors were
considered. On the other hand, when there was moderate damage, those factors were
0.75 and 0.5. Finally, when there was severe damage, both factor values were 0.0. Once
the residual properties of each element were defined, push-over analysis with damaged
elements was performed for each seismic record and each structure. The capacity of the
complete structural system was then assessed through the area beneath the capacity curve
(Figure 12). The difference between the undamaged structure (black line) and the damaged
scenarios (grey lines) is the structural functionality loss.

300 400
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Figure 12. Capacity curves for (a) one-story, (b) two-story, and (c) three-story structures.

Each value of functionality loss is then associated with a ductility demand value, p,
and plotted, as shown in Figure 13.

100
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20 e
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0

Figure 13. General functionality loss model.

Finally, through regression analysis, a generalized functionality loss model is defined,
which is depicted in Equation (2).

FL = ap' )

where «, B, and 7 are dimensionless factors with values of 6.0, 0.54, and 3.66, respectively.
With the above equation, results from performing IDA were processed to obtain
pseudo-acceleration (Sa) vs. functionality loss curves for every used seismic record (grey
lines in Figure 14), as well as the mean value (solid black line) and the standard deviation
(dashed line). The mean value corresponds to the expected functionality loss curve.
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Figure 14. Functionality loss curves and their mean value.

3.2. Downtimes: Delay Time Estimation

To take into consideration the possible delays in the beginning of repair activities,
time related to inspection, engineering, and mobilization was estimated and related to a
measure of structural damage in the form of global drifts. This is important since drifts can
be related to damage states, as proposed in FEMA [35].

To estimate the mentioned times, the available literature was employed [15,25,36], as
well as the expert opinions of professionals with experience in post-earthquake damage
assessment in Mexico. In such research, the approximate times associated with light,
moderate, and severe damage were studied, and although there is a large dispersion within
the gathered data, an increasing correlation exists between global drift and delay times
(Figure 15).
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Global drift Global drift
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Figure 15. Delay time curves: (a) inspection and engineering; (b) mobilization times as a function of
global drift.

It can be noted in Figure 15a that small global drifts, which mean that little or no
damage has occurred, are related to minimum inspection and engineering times; however,
as damage increases, elements require more detailed inspection, resulting in a greater
amount of calculation and engineering activity. In a similar manner, Figure 15b shows
that mobilization time increases along with increased structural response (global drift).
In this particular case, two situations are presented, the first of which is a traditional
bidding process, which is the most time-consuming factor in the mobilization (solid line in
Figure 15b), and the second of which is an approach considering direct assignation of the
rehabilitation project (dashed black line in Figure 15b).

Direct assignation leads to less mobilization time, which will have an impact on the
resilience value. Equations (5) and (6) were obtained from nonlinear regression analysis and
show expressions for inspection-engineering (I-ET) and mobilization (MT) as a function of
global drifts (Drift), where, A, B, C, and D are dimensionless factors taking values of —0.15,
0.00007, 34.63, and 1.97, respectively, while 6, 1 y « are factors with values of 23.72, 3.34,
and 0.0063, respectively.

AB 4 CD,;P
LET = — 3)
B+ Dyift
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Furthermore, in Figure 15, the mean value + 1 standard deviation (1 SD) for both
charts is also presented, where it can be seen that inspection and engineering times have
a 70% confidence interval of being within £ 1 SD. On the other hand, mobilization times
have an 80% confidence interval of being within £ 1 SD.

When combining the models shown in Figure 15a,b with the results of the IDA,
inspection, engineering, and mobilization times can be presented as a function of ground
motion intensity (Sa), as observed in Figure 16. Grey lines represent the results for each
individual seismic record, while the medium values of the curves shown in Figure 16 are
the expected inspection and engineering times, E(I-ET) (solid black line in Figure 16a), and
the expected mobilization times with bidding, E(MT) (solid black line in Figure 16b), with
the standard deviation represented by a dashed line for both functions.

MT

25
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815
o
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Figure 16. Expected time functions for (a) inspection and engineering time and (b) mobilization time
with bidding.

Finally, information regarding permits and funding was obtained from the INIFED [37],
indicating that, as a part of the implemented strategies for damage assessment and contin-
gency, resource management involves presenting the proper requisitions to the government
ministry informing them of the needed resources and a scheme of the rehabilitation actions.
This process is estimated to last 7 days. The government ministry then reviews, verifies,
and issues a response to the solicitation in an estimated time of 2 days [37].

3.3. Expected Repair Time Curves

One of the advantages of processing the results as shown in Figure 11 is the ability to
be able to estimate repair schedules for each value of u reached according to the severities
and associated locations of plastic hinges.

Since a certain plastic hinge magnitude reflects a physical damage state, repair pro-
grams can then be developed by engineers with expertise in post-earthquake repairing
processes, taking into consideration typical manpower in Mexico and a post-earthquake
scenario. Some examples of these repair schedules are shown in Figure 17.

Taking into account an increment in efficiency when repairing multiple damaged
elements, global repair times were estimated for each structure and each seismic event with
the aim of achieving a generalized model for all the structures under study. To achieve this
goal, normalization was performed by obtaining the ratio of each individual repair time
divided into the maximum possible repair time on each structure.

Figure 18 displays the results obtained from the conversion of damage to recovery
time (RT), where good agreement between the results and the proposed regression model
is observed, mainly for values of u less than 2. Furthermore, the model is given by
Equation (5), where a, b, and c are dimensionless adjustment factors with values of 101.45,
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1.53, and 3.73, respectively. This presents a new way to quickly estimate relative repair
times from the response of NLA.
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Figure 17. Work schedules for different damage states in concrete elements: (a) damage state 3, DS3;

(b) damage state 2, DS2; (c) damage state 1, DS1.
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Figure 18. Normalized recovery times model.

Once again, the results from IDA are processed to obtain Sa vs. RT curves for each
seismic record (grey lines in Figure 19), as well as a mean value (solid black line) and the
standard deviation (dashed line). The mean value corresponds to the expected recovery
times curve.
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Figure 19. Process to obtain expected repair time functions.

3.4. Non-Structural Elements

School buildings may be particularly vulnerable to the failure of non-structural ele-
ments and contents. A study carried out by Gonzalez et al. [7] showed that life safety in
Mexican school buildings is mostly threatened by the failure of non-structural elements;
therefore, the response of such elements must be controlled. In that sense, it is proposed
in this paper that global resilience be used as the parameter to evaluate the response of
those elements.

According to the National Institute for Education Assessment (INEE for its acronym in
Spanish) [38], basic furniture requirements and teaching equipment must include student
and teacher desks, teachers’ chairs, blackboards, shelves, luminaires, ceilings, floors, water
dispensers, windows, and sewer systems. Among the above elements, this study considers
windows, luminaries, and ceilings as the most relevant to resilience, as indicated by a
group of engineers in agreement with teachers and the administrative staff of educational
institutions. Additionally, as approximately 95% of the schools in Mexico have either
concrete or masonry walls, it is necessary to take them into consideration as well.

In the absence of information specific to the Mexican context, the repair time for each of
the elements previously mentioned was obtained from the Federal Emergency Management
Agency (FEMA) database Performance Assessment Calculation Tool (PACT) [39]. Although
the different socioeconomic environment between the U.S. and Mexico may lead to different
estimated repair times, it is considered a good first approximation with the available data.
Table 3 shows an example of repair measures and repair times for different damage states
for generic window glass (monolithic with unspecified layer characteristics, an aspect ratio
of 6:5, and no further specifications).

Table 3. Repair times for different damage states in a window glass piece (adapted from FEMA [39]).

Repair Time

Damage State Physical Damage Recommended Repair (Days)
DS1—Light damage Sealer failure Remove the glass piece to repair the sealer. 0.68
DS2—Moderate damage Window cracking Replace the cracked glass piece. 1.02
DS3—Severe Window collapse Replace the glass piece and temporarily 15
damage/Collapse cover the gap.

Fragility curves for each non-structural element and each damage state were then
obtained. This can be achieved by empirical methods, analytical methods, or by consulting
the available literature [40,41]. In this study, the available data in the PACT were employed,
where fragility functions for different damage states are provided. The collected curves are
presented in Figure 20, where it may be seen that walls and windows are associated with
maximum inter-story (ID) drift, while ceilings and luminaires are sensitive to peak floor
acceleration (PFA).
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Figure 20. Fragility functions for different damage states in (a) walls, (b) windows, (¢) luminaires,

and (d) ceilings.

As previously stated, the previous fragility curves are associated with different damage
states, each of which is related to a mean repair time (see Table 3); hence, expected repair
times and functionality loss curves can be deduced by using Equation (6).

NDS
E(P) = )_ E(P|DS;)-Pr(DS;|ID or PFA) (6)
j=1

where NDS is the value for repair times or functionality values, E (P|DSj) is the mean
repair time observed given damage state DS, and Pr(DS;|ID or PFA) is the probability
of occurrence of a time or functionality given a certain ID or PFA value. The expected
non-structural repair times, E(RT), and expected non-structural functionality loss curves,

E(FL), are presented in Figure 21.
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Figure 21. Expected curves for non-structural elements: (a) walls, (b) windows, (c¢) luminaires,

(d) ceilings.

3.5. Seismic Resilience

In this research, seismic resilience is estimated through Equation (1) as a parameter to
assess the overall ability of a building and its components to sustain earthquake-induced
damage and return back to a pre-earthquake condition within a certain time. As men-
tioned previously, seismic resilience-related research often uses simplifications, such as not
considering the delay time nor behavior of the non-structural elements. To highlight the
implications of these assumptions, different approaches for resilience quantification are
considered in this paper: a simple approach with no delay times and without non-structural
elements (Figure 22a,b), an approach considering delay times (Figure 22b,c), and a refined
approach using both delay times and non-structural elements (Figure 22c). Equation (1) is
used to estimate resilience on each of the abovementioned approaches.
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Figure 22. Seismic resilience considering the (a) simple approach, (b) the approach considering delay
times, and (c) the approach considering delay times and non-structural elements.

4. Discussion
4.1. Application of the Expected Times and Functionality Curves

Resilience was estimated for a large database of Mexican school buildings located in
the state of Puebla given its high seismic activity. To this end, seismic hazard was defined
using the spectral pseudoacceleration (Sa) associated with the fundamental vibration period
of each structure, which considered 5% damping with respect to the critical value as the
intensity measure. Ground motion intensity was represented as a random variable by
its first two probabilistic moments: (1) mean value and (2) variance. Ground motion
prediction equations were used to evaluate the influence of each source on the observation
site. In addition, intensity was treated as a random variable with log-normal distribution,
where the mean is expressed as a function of the magnitude of the earthquake and the
distance between the source and the site. Further information regarding the seismic hazards
associated with this research can be found in the References section [41].

The CAPRA [42] software for risk analysis is commonly used to compute risk in
terms of expected annual loss or probable maximum loss using vulnerability curves (or
expected loss); however, in this study, it was useful in obtaining the expected downtimes
and expected functionality loss and was used to carry out several analyses, where, instead
of using vulnerability information, the expected functionality loss and downtime models
previously developed (Figures 14 and 16) were used.

Table 4 shows the results for the repair times (RTs) and functionality losses (FLg)
of structural elements. Additionally, values for repair times and functionality loss in
walls (RTys and FLy;, respectively), windows (RTw and FLy), luminaries (RT, and FLy),
and ceilings (RT¢ and FL¢) are presented for a single school building located in a high
seismicity zone in Puebla City considering seven critical scenarios which were selected
according to the severeness of their consequences and occurrence frequency. The repair
time values are normalized to the maximum possible repair time to achieve compatibility
with the structural repair times model proposed (Figure 18). Additionally, expected delay
times are also presented to take into account inspection and engineering times (I&ET) and
mobilization times for both bidding (MT(B)) and direct assignation of the repair activities
(MT(D)). When using direct assignation, the delay times due to mobilization can be reduced
by up to 39%, which is expected to have an impact on resilience.

Table 4. Repair times and functionality loss for structural and non-structural elements and delay times.

Magnitude

Frequency

RTg FLg RTm FLm RTy FLy RTy, FLp RTp FLp I&ET MT(B) MT(D)

7.66
7.18
7.66
6.69
7.18
7.66
7.66

0.000306
0.000655
0.000309
0.001375
0.000642
0.000300
0.000299

0.27
0.19
0.28
0.08
0.18
0.27
0.27

0.19
0.09
0.19
0.04
0.09
0.19
0.19

0.23
0.27
0.23
0.33
0.27
0.23
0.23

0.07
0.04
0.07
0.03
0.04
0.07
0.07

0.04
0.05
0.04
0.06
0.05
0.04
0.04

0.01
0.01
0.01
0.00
0.01
0.01
0.01

0.03
0.04
0.03
0.04
0.04
0.03
0.03

0.01
0.00
0.01
0.00
0.00
0.01
0.01

0.02
0.00
0.01
0.01
0.00
0.01
0.01

0.08
0.04
0.08
0.02
0.04
0.08
0.08

0.04
0.04
0.04
0.04
0.04
0.04
0.04

0.09
0.10
0.09
0.10
0.10
0.10
0.10

0.06
0.07
0.06
0.08
0.07
0.06
0.06
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Seismic resilience values were calculated for the earthquakes shown in Table 4 con-
sidering several approaches: (a) a simple approach with no delay times and without
non-structural elements (simple resilience), (b) an approach considering delay times with
a bidding process (resilience W/DT-bidding), (c) an approach considering delay times
with direct assignment (resilience W/DT-direct), (d) an approach considering both non-
structural elements and delay times with the bidding process (resilience W/DT + NSE-
bidding), and (e) an approach considering both non-structural elements and delay times
with direct assignment (resilience w/DT + NSE -direct). The results are shown in Figure 23,
where it is observed that there is a significant difference between resilience values for the
different approaches presented. When using the simple approach, the resilience values are
the highest, ranging from 95 to 100%. Incorporation of the delay times yielded resiliencies
between 90 and 97%. Finally, the most refined approach considering delay times and
non-structural elements produced resilience values of 82 to 96%, a variation of up to 13%
when compared to the simple approach.
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5 0.90 R o (Bidding)
1 M B B "
& 085 A A A A m Resilience W/DT
(Direct)
0.80 ° o o o
) =Resilience W/DT + NS
0.75 (Bidding)
N ) © = ) © Ny
S — & S — © O
o~ o~ o~ \O o~ o~ [ I
S S S S S S S ¢ Resilience W/DT + NS
(Direct)
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Figure 23. Estimated resilience for different events using several approaches.

As mentioned before, the delay time due to mobilization may be shortened by consid-
ering direct assignation, which may be accomplished by institutions in charge of planning
for natural disasters. Figure 23 shows that resilience values can be increased by up to 3%
(bidding vs. direct) by this action, which may be enough to upgrade a medium-resilience
structure to a high-resilience one. This suggests that focusing on reducing delay times is a
good method to improve the resilience of school infrastructure.

4.2. Acceptable Resilience Values

The resilience values previously obtained provide an estimation of the average func-
tionality of a structure under a certain downtime given a seismic event; nonetheless, in
order to use this information for decision making, it is still necessary to determine if such
values are acceptable or not. In this research, a resilience-based classification is provided
based on a cost-benefit (C/B) analysis, using Equation (7), where the minimum acceptable
resilience value was estimated.

Co—L
Co

In the previous equation, Cy is the initial construction cost and L represents the losses
produced from the downtime and repair activities. Since these losses depend on the amount
of damage, they can be related to a parameter of structural response that represents this
damage (for this particular case, the ductility demand is used); hence, the cost-benefit
factor C/B can also be related to the structural response. For the group of structures
under study, a given value of u represents a certain damage, a certain recovery time,
and a certain economic loss. Values of C/B as a function of p are shown in Figure 24,
showing that for values of p approximately lower than 2, the C/B factor is positive, while

C/B= (7)
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greater values of |t yield a negative cost/benefit. The shift between positive and negative
C/B can be interpreted as its lowest acceptable value (C/B = 0) since it means that a
structure can withstand the consequences of a strong ground motion without incurring
losses greater than the initial construction cost. Furthermore, a C/B = 0 is associated with
u =2, which in turn is related to a repair time of 35%, meaning that the presented structures
should exhibit repair times no greater than 35% of the maximum repair time possible
to remain economically viable. On the other hand, according to the functionality loss
model, a value of p = 2 is related to a functionality of 88%, which represents the minimum
acceptable level of functionality a structure should maintain in a post-earthquake scenario.
If Equation (1) is applied, considering a downtime of 35% with a functionality loss of 12%
and considering the non-structural elements, then minimum acceptable resilience can be
estimated as being equal to 92%. Such a value represents the lower resilience limit from
an economic perspective and is highly relevant in resilience study since it could have
important applications. For example, resilience values as low as 77% in school buildings
have been reported in previous studies [43], which now can be categorized as structures
with low resilience. Additionally, it is important to notice that, while these values are
applicable to the structures in this study, the methodology can be used to define further
acceptable values for other types of buildings.

1
0.75
0.5
0.25
0
-0.25
-0.5
-0.75

C/B (%)

Figure 24. Cost-benefit vs. ductility demand and functionality loss vs. ductility demand.

Figure 24 shows that C/B is at a maximum (96%) up to a value of p = 0.8, which is
associated with a repair time and functionality loss of 3.0% and 2.5%, respectively. When
non-structural elements are taken into consideration and Equation (1) is used to calculate
resilience, a value of 99% is obtained, which can be used to set a desirable resilience level
indicative of structures capable of withstanding strong ground motion and maintaining
high functionality with limited post-earthquake downtime, which in turn will directly
address current social demands for the immediate re-occupancy of buildings after a natural
disaster. Table 5 shows the proposal of a classification of resilience and resilience parameters
in accordance with the previous discussions. This is a reference framework in resilience
quantification and decision making due to the resilience values found, since researchers had
previously only found resilience values [4,7] but not given a meaning to such quantities, at
least from an analytical perspective.

Table 5. Resilience, functionality, and downtime classification for school buildings in Mexico.

Class Resilience (R) Time (RT) Functionality (F)

High R >99% RT < 3% F >97.5%
Medium 99% >R > 92% 3% < RT < 35% 97.5% > F > 88%

Low R <92% RT > 35% F < 88%

The previously proposed classification (Table 5) may be used to categorize quantified
resilience for the seven critical seismic events, as shown in Figure 25 where the horizontal
lines represent the high and low resilience limits. Evidently, the simplified approach re-
garding resilience quantification (simple resilience) leads to higher values near the upper
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limit, and such values diminish along with the refinement of the resilience approach. When
considering the delay times (resilience W/DT), the maximum resilience values decrease
under the upper limit and the minimum values go under the lower limit. Finally, when
the non-structural part is also added (resilience W/DT + NS), only one scenario (M6.6)
demonstrates seismic resilience in the middle range, with all of the other events associated
with a low resilience value. Another important aspect is the impact of the delay times in the
resilience values, since, as shown in Figure 25, seismic resilience increases by up to 3% when
taking into account a direct assignation process vs. a bidding process, which is significant
since it is 40% of the increase required to upgrade from low to high resilience. This suggests
that managing the delay times can be a crucial point to mitigating resilience loss. The previ-
ous discussions highlight the importance of continuing to refine the current approaches
for resilience quantification, since simplifications can lead to important overestimations of
actual resilience and, in the worst-case scenario, to underprepared communities.

®  Simple resilience
1.00 [
v I v
A Resilience W/DT
, 095 b | hd S | o o (Bidding)
% ““““““““““““““““““““ ®  Resilience W/DT
% 0.90 < < (Direct)
é 0.85 a 2 A 2 = Resilience W/DT
+NS (Bidding)
0.80 o S P o ©  Resilience W/DT
- - - - + NS (Direct)
0.75 Lim High
o) ) N =) ) o N
O — O =] — =] O
o~ o~ ~ N o~ ~ ~
= = = = = = = - - -~ LimLow
Earthquake event

Figure 25. Estimated resilience for different events using several approaches and the acceptable
resilience limits proposed.

Finally, recovery times (Figure 26), functionality (Figure 27), and seismic resilience
(Figure 28) were quantified for all of the structures in the database using a refined approach
(considering delay times and non-structural elements) to observe the distribution of these
parameters in real community infrastructure in the state of Puebla given the occurrence of
strong ground motion. Each of the aforementioned resilience parameters were analyzed
under three intraplate seismic events: (a) an M6.69 earthquake, (b) an M7.18 earthquake,
and (c) an M7.66 event.

During analysis of the recovery times (Figure 26), it was found that given the oc-
currence of seismic event A, the consequence in terms of RT would be an average RT
of 1.5% (desirable range according to Table 5), with the main affected areas being in the
southwest of the state of Puebla. Next, if seismic event B occurs, the consequence would be
an average RT of 4.5%, with the main affected areas being in the south and center of the
state, which means that a large amount of the structures would experience recovery times
in the mid-range. On the other hand, the occurrence of seismic event C would provide a
medium value of 9.5%, which is also in the intermediate RT range; however, maximum RT
would reach up to 64%, significantly higher than the maximum acceptable limit (RT = 35%).

Analysis in terms of functionality loss (Figure 27) yields similar results to those of
the RT analysis (Figure 26), presenting mean functionality loss values of 0.55%, 1.8%, and
4.8% for seismic events A, B, and C, achieving FL values higher than the admissible limit
proposed in Table 5 in scenario C. This is reflected in the expected functionality maps
shown in Figure 27.
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(b) (o)

Figure 26. Expected recovery time maps for school buildings in Puebla after being subjected to strong
ground motion: (a) M6.69; (b) M7.18; (c) M7.66.
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Figure 27. Expected functionality maps for school buildings in Puebla after being subjected to strong
ground motion: (a) M6.69; (b) M7.18; (c) M7.66.
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Figure 28. Expected resilience maps for school buildings in Puebla after being subjected to strong
ground motion: (a) M6.69; (b) M7.18; (c) M7.66.
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Finally, when resilience analysis including the effects of delay time and the affected
non-structural components was performed, it was found that a hypothetical strong ground
motion with the characteristics of scenario A would have a major effect on 9.5% of the
structures, demonstrating low resilience values. Furthermore, the number of structures with
low resilience increases to 38.7% given the occurrence of earthquake scenario B. Lastly, the
intraplate M7.66 earthquake with normal faults associated with scenario C could have great
negative consequences since 47.2% of the structures in the database exhibited resilience
values under the minimum acceptable level, which may potentially lead to thousands
of students without adequate facilities for a prolonged period of time and, in the worst
scenario, result in various injuries and, probably, loss of human life. In addition, it is notable
that in all three scenarios there is practically no presence of high resilience structures (under
1% of structures presented high values), which in this case is largely attributed to the delay
times during the beginning of the recovery process, reinforcing the idea that resilience can
be enhanced through control of the factors that delay the rehabilitation process.

5. Conclusions

This study focuses on providing a methodology to estimate resilience, through ex-
pected values functions for times and functionality, while taking into consideration delay
times and non-structural elements. A comparison was carried out between simplified
approaches for seismic estimation and refined ones. The results showed that a simplified
approach to estimating seismic resilience is not reliable for decision making since it can
lead to important overestimations of seismic resilience, and a more refined approach pro-
vides lower and thus more conservative values of resilience while maintaining a similar
computational cost.

It was found that the study of delay time factors is highly relevant to resilience assess-
ment since the shortening of some of these factors might increase seismic resilience, as in
the case of direct assignation of structural repairing contracts instead of bidding processes.

There are few available studies regarding the definition of rating values for resilience;
however, the method presented here suggests that cost-benefit analysis may be a good
tool when defining acceptable resilience or downtime values from a financial point of view.
For school buildings, a minimum acceptable value (mid-resilience limit) of 92% and a high
resilience desirable value of 99% was found. When these acceptable and desired values
were compared to resilience values reported in previous research (Gonzalez et al., 2018), it
was found that the analyzed structure presented low resilience in most cases.

From the resilience analysis presented on school buildings in Puebla city, it is evident
that prevention measures must be taken alongside the development of post-earthquake
contingency plans in order to increase educative infrastructure resilience since strong
ground motion earthquakes could have major impacts on the education sector with its
current conditions.
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