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Abstract: Seismic risk is determined by the sum of multiple components produced by a certain
seismic intensity, being represented by the seismic hazard, the structural vulnerability and the
exposure of assets at a specified zone. Most of the methods and strategies applied to evaluate the
vulnerability of historic constructions are specialized in buildings with higher importance, either
public or private, by relegating ordinary dwellings to a second plane. On account of this, this paper
aims to present a seismic vulnerability assessment, considering a limited urban area of the Historic
Downtown of Mexico City (La Merced Neighborhood), thus showing the analysis of 166 historic
buildings. The seismic vulnerability assessment of the area was performed resorting to a simplified
seismic vulnerability assessment method, composed of both qualitative and quantitative parameters.
To better manage and analyze the human and economic exposure, the results were integrated into a
Geographic Information System (GIS) tool, which allowed to map vulnerability and damage scenarios
for different earthquake intensities.
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1. Introduction

As is widely known, while seismic hazard involves the probability of occurrence of a seismic
event [1], which can be represented by an exposure model [2], seismic vulnerability can be defined
as the intrinsic predisposition of an element to suffer damage from a seismic event of a given
intensity. Specifically concerning Heritage Sites, the elements considered are the inherent features of a
cultural heritage site, a group of buildings, monuments or objects, as well as their institutional and/or
socio-economic context [3]. In terms of the vulnerability of historic buildings, it is fundamental that
vulnerability studies address the assessment of potential damages and, based on those, discuss possible
rehabilitation and/or retrofit interventions and supported pre- and post-disaster decisions [4-6].

Aimed at contributing to this discussion, a pilot area of the Mexico City Downtown is
comprehensively investigated herein by analyzing and intercrossing its historical seismicity with the
most relevant architectural, construction and structural features of the buildings. For this purpose,
a matrix of thirty-six typologies of residential and historical buildings was assessed, resorting to
a simplified seismic vulnerability assessment. Over this assessment, the identification of the most
vulnerable aspects of the building stock allowed the presentation of damage scenarios, generated by
different macroseismic intensities. Geographical Information Systems (GIS) tools play an essential
role in the establishment of urban management, civil protection, and risk disaster strategies. For that
reason, this analysis was established by mapping and discussing all outputs through the free and
open-source software QGIS ver. 3.8.1 (QGIS Development Team: Zanzibar) [7].
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The primary motivation of this work lies in the fact that, although Mexico City has been affected
by multiple disastrous earthquakes over the last decades, no seismic vulnerability assessment tools or
methods have been proposed to evaluate the vulnerability of its historical constructions. As discussed
in this paper, among many other relevant outputs, such a tool would allow for the definition of specific
targets aimed at supporting the preservation of the cultural value of this heritage and to prevent (or at
least to mitigate) economic or human losses in the case of a future earthquake event.

2. A Brief History of Seismicity in Mexico City

The Mexican territory is characterized by high seismic activity. Located next to the Circum-Pacific
Belt and the Cocos, Ribera, North American and Pacific tectonic plates, the site is rich in geologic
effects, particularly subduction (North American and Cocos Plates) and sliding (North American and
Pacific Plates). Furthermore, the high volcanic activity recorded in the last years is also an important
source of seismic activity (e.g., the Popocatepetl or Colima volcanoes). The selected study area is
located in Mexico City within the limits of the borough of Cuauhtémoc, well-known as the La Merced
neighborhood. This area comprises around three hundred buildings, both modern and historic.

The soil properties of Mexico City are classified into three zones, illustrated in the seismic
micro-zoning map (Figure 1a), highlighting that the increase of wave vibrations depends on location.
In Zone I (grey), the soil presents high resistance and less compressibility, with interlayers of sand
in a cohesive condition; thus, the amplification of the seismic waves is reduced (hard rock). In Zone
II (yellow), the characterization of the soil is sandy and silty with interlayers of clay; it is called the
transition zone, with higher amplification waves effects than in Zone I. Finally, Zone III (green, dark
green, orange, red), which comprises the former Texcoco lake [8], is linked to soft highly compressive
soils (clays). For this assessment, the location of the building stock in La Merced is defined within the
limits of Zone III indicated in Figure 1a, which is known as a zone with high seismic waves. Therefore,
the interest and some antecedents of this study are described, considering that the study area is not
only settled over lacustrine soil but also founded on a high seismicity area.

According to the literature [9-13], in 1845, a seism occurred with an epicenter along the coast of
Guerrero. The reason for the earthquake was most likely a subduction effect that struck Mexico City
and its surroundings, causing extensive damages to St. Teresa’s Temple, thus causing the collapse of its
cupola. Some authors and seismologists specialized in the history of seismicity in Mexico indicate that
this event could have had a direct precedent linked to the earthquakes that occurred in 1957, 1985 [11]
and 2017. Some other high seismic events were recorded during the 19th century and published
by [10,12]; one occurred over Oaxaca in 1800, and another occurred along the north part of Michoacan
in 1858. Throughout the 20th century, upon the evolution of the seismic instrumentation, more than
40 seismic events ranging between 7.0 and 7.9 on the Richter scale were recorded in Mexico City, in
addition to six seismic events higher than 8.0 [12].

At the beginning of the 20th century, Mexico City was affected by various subduction events, thus
producing a significant amount of losses, such as those that occurred in 1907 and 1909 with magnitudes
of 7.9 and 7.5, respectively [12]. In 1957, there was an earthquake with an epicenter over the coast of
Acapulco, Guerrero, with a magnitude of 7.8 on the Richter scale, thus causing several damages in the
central zone of the country, especially in Mexico City, reporting 700 deaths and over 2500 injuries [9].

Some years later, in 1979, the city was shaken by an earthquake with an epicentre in Petatlan
(Guerrero), which reached a magnitude of 7.6 on the Richter scale [12]. However, in 1985,
an 8.1 magnitude earthquake with epicenter along the Coast of Michoacan devastated Mexico City,
causing more than 6500 deaths, 50,000 injuries and 770 collapsed buildings [9,14]. Two earthquakes
occurred in 1999, affecting the states of Puebla and Oaxaca, with a magnitude of 7 and 7.5 on the Richter
scale, respectively. The latter produced damages in public buildings (i.e., schools or temples considered
historical constructions), reporting 52 fatalities and inducing the collapse not only of monumental
buildings but also of dwellings made of adobe.
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Recently, in 2017, two intense earthquakes occurred on 7th of September and 19th of September.
The first (7th September) occurred near the coast of Oaxaca with a subduction event of Mg = 8.2,
while the second was a local event with an epicenter located in Axochiapan, Morelos with Mg = 7.1
(19th September). Due to these seismic events, a large number of losses affecting immovable
cultural heritage were reported in different zones of the Central and Southwest part of the country.
The earthquake of the 7th of September 2017 could correspond to the absence of seismic activity located
at the Tehuantepec Gap, in the State of Oaxaca, as seen in Figure 1b.
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Figure 1. (a) Seismic zonation of Mexico City with the location of the study area. Source:
SPC/UNAM/SEDUVI; (b) Most significant seismic events that occurred in the region over the last
century. Source: Geophysics Institute UNAM [15].

Figure 1b shows not only the earthquake near the Tehuantepec Gap but also the seismic activity
that occurred during the 20th century and was recorded by the National Seismologic Service of Mexico
(SSN). The map (Figure 1b) depicts, along the coast of Guerrero, the absence of seismic activity, which
is well-known as the Guerrero Gap. This Gap, located about 300 km from Mexico City, can signify
possible future seismic events produced by interplate movements (i.e., subduction trust events), with
similar or higher magnitudes than those that occurred in 1985 and 2017 with significant impact on
Mexico City. However, the consequences of these seismic events in the city do not depend only on
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interplate movements, but also on volcanic activity (i.e., the Popocatepetl volcano) [13], denoting a
seismic risk between two possible geologic phenomena.

3. Buildings Exposure Model

Numerous researches have proposed different methodologies to achieve closer approaches to the
history of construction and architecture related to buildings from the 16th century to the beginning of the
20th century. Most of the buildings in the historic center are considered of cultural heritage, catalogued
by the National Institution of Anthropology and History (INAH) or by the National Institute of the Fine
Arts (Instituto Nacional de Bellas Artes—INBA). Nonetheless, over their lifespan, some of the buildings
have been refurbished or retrofitted, resorting to different construction technologies and materials,
some of them poorly compatible with the original characteristics of these buildings. A categorical
example of such inadequate intervention is the use of concrete or cement-based materials, which
are chemically, physically and mechanically incompatible with traditional construction technologies.
A comprehensive discussion on this aspect was recently given by Correia Lopes et al. [16]. To determine
the characterization of the buildings, highlighting the wide ranges and complex task of collecting
the data, the typology matrix presented in Tables 1-3 was established based on: (1) post-seismic
damage data collected and recorded by the Ministry of Housing and Urban Development (SEDUVI),
the Ministry of Construction (SOBSE) and the Civil Protection bodies (SPC) after the 19th of September
2017 earthquake; (2) digital visual inspection using Google Earth ver. 7.3.2 (Google: Mountain View,
CA, USA) aerial and Street View; (3) a database provided by the Authority of the Historic Center (ACH)
with general data from a few buildings (conservation state, age, characteristics of the walls, floors
and roofs, interventions history); (4) literature published by various authors, namely research articles
from the Historical Monuments National Coordination (CNMH); (5) on-site reports for 125 residential
buildings; and (6) analysis of historical photos gathered in the scope of the project ‘Memory of the City’
of the Central Zone of Mexico City (coordinated by INAH and CNMH).

Table 1. Final matrix typology. Source: created by the authors.

Type A Type B Type C Type D

LAY BRICKS OR THIBER
i STEEL ELEMENTS Z STEEL OR IRON BEAMS
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2 e ae_ TIVBER BEANS 0 units 6 units 7 units 6 units
L STEL On RO BEANS N " . !
IS voLomcstone | ceventmies (0%) (3.42%) (4.02%) (3.42%)
= LS

VOLCANIC STONE

Regarding material typology, M3 and M2 cover the largest quantity of buildings with 30 and 28,
respectively, after which M5, M4, M1 and M7 have 26, 23, 19 and 15 buildings, respectively, whereas
the types with the smallest number of buildings are the M9, M8 and M6 with 9, 8 and 8, respectively.
With no cases identified, building typologies T1, T4, T6, T7 and T36 are not considered for the study
area. However, they can be extrapolated to the city center locating similar constructions. The major
represented building typologies, with 14 buildings for each (around 8% of the building stock) are
typologies T11 (geometry type B and material M2) and T12 (geometry type B and material M3).
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Table 2. Final matrix typology. Source: created by the authors.

Type A Type B Type C Type D
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The next on the list is typology T14 with 7% and 12 buildings, which results from the consideration
of geometry B and material M5; and T13 with approximately 5.8% corresponding to 10 buildings
(B and M4). These are followed by T34 (D and M7) and T22 (C and M4), which have a percentage of
almost 5.2% each (nine buildings respectively). T30 (correlation between D and M3) has 4.6% that is
equivalent to eight buildings. The ratio of T10 (B and M1), T28 (D and M1), T29 (D and M2) and T32
(D and M5) is almost 3.4% each (six buildings each). Typologies T2, T3, T5, T8, T9, T15, T16, T17, T18,
T19, T20, T21, T23, T24, T25, T26, T27, T31, T33 and T35 have between 0.4% (one building) and 2.9%
(five buildings) on the analyzed site.
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Table 3. Final matrix typology. Source: created by the authors.

Type A Type B Type C Type D
LIME-SAND-SOIL MORTAR
CLAY TILE TILE VAULT
TIMBER BEAMS
O LIME MORTAR STEEL OR IRON BEAMS
= WELLCUT STONE RROMES R TIVSER EAMS " Té6 T15 T24 T33
o= TILE VAULT . . . .
b CLAY BRICK TIMBER BEAVS 0 units 5 units 2 units 1 unit
bt
0, 0, 0, 0,
§ (0%) (2.82%) (1.01%) (0.41%)
VOLCANIC STONE- CLAY, CERAMIC, OR CEMENT TiL
CERAMIC OR CEMENT TILES
IME-SAND-SOIL MORTAR
CLAY TILES LAY BRICKS
-TIMBER BEAMS
LIME MORTAR.
~ VOLCANIG WELLCUT TILE:
= wett ST STONE - LAY BRICKS T7 T16 T25 T34
o= MONOLITHIC STON Tl’\AASECREBREAAM’\T(SJ OR CEMENT TILE L3 . . .
g o LA o8 oL 0 units 3 units 3 units 9 units
- WITH ARCHES OR TIMBER BEAN
I vorcmmcstone _ | (0%) (1.61%) (1.61%) (5.23%)
p B RECINTO STONE
'VOLCANIC STONI
‘CERAMIC OR CEMENT TILES
CLAY TILES / LIME MORTAR/
CEMENT MORTAR TILE VAULT
LIME OR CEMENT MORTAR
STEEL OR IRON BEAMS
w CLAY BRICKS REINFORCED CONCRE1
E -~ T8 T17 T26 T35
- CLAY BRICKS 1 1 1 1
8 cenporee S BRICKS 1 unit 1 unit 5 units 1 unit
S VOLGANIC WELL-OUT TILES STEELORIRONBEANS (0.41%) (0.41%) (2.82%) (0.41%)
E (CHILUCA) REINFORCED CONCRET
VOLCANIC STONE
CERAMIC OR CEMENT T
CLAY TILES / LIME MORTAR/
CEMENT MORTAR =, TILE VAULT
LIME OR CEMENT MORTAR- S ; TIMBER BEAMS
AN Z STEEL OR IRON BEAMS
o weLLcuT SToNE z SHhtegER S, O
o oy o Z A TILE VAULT T9 T18 T27 T36
5 CLAY BRCK N 3 units 3 units 3 units 0 units
>
-la voLcANlcwsLL%i‘TILEéis) ‘/:/::g%:g STEEL OR IRON BEAMS (1 .610/0) (1 .610/0) (1 .610/0) (00/0)
E K S5

VOLCANIC STONE
CERAMIC OR CEMENT 1

4. Seismic Vulnerability Assessment

Following the proposal of Gruppo Nazionale per la Difesa dai Terremoti (GNDT) [17], a simplified
seismic vulnerability assessment approach is used in this work. The method was proposed by Ferreira et
al. [18] to assess the seismic vulnerability of traditional masonry buildings and to estimate damages and
post-seismic losses for different macroseismic scenarios [19]. The method is based on the assessment
of 14 parameters within the vulnerability index, organized in four groups: (1) structural building
system; (2) irregularities and interaction; (3) floor slabs and roofs; and (4) conservation status and
other elements. The first group (Group 1) involves the building resisting system, namely type P1, the
quality of the resisting system (P2), the shear strength capacity of the building (P3), the maximum
distance between walls whose indicator constitutes a potential out-of-plane failure mechanism (P4),
the number of floors (P5) and the geotechnical conditions of the foundations (P6). The second group
(Group 2) considers the irregularities and interaction between adjacent buildings (P7), the regularities
in plan (P8) and height (P9) and the alignment of the openings (P10). The parameters integrated
into the third group (Group 3) are the quality of the horizontal supporting structures, namely of the
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horizontal diaphragms (P11), and the roofing system (P12). Finally, the fourth group (Group 4) is
linked to the conservation status, considering the fragilities of the building (P13) and the characteristics
of non-structural elements (P14).

The vulnerability parameters are influenced by a vulnerability class (A, B, C and D), by choosing
the best-described vulnerability option for each parameter, between the values 0 to 50 multiplied by a
weight (P;), which ranges from 0.5 (lower-ranking) to 1.5 (higher-ranking). A vulnerability index (I})
value ranging from 0 to 650 can then be obtained. Furthermore, for ease of use, this value is usually
normalized (Iy) between 0 and 100. On account of this, the simplified vulnerability assessment method
was applied to the study area in Mexico City through a typological-based approach by establishing
some empirical facts. As will be discussed further on, this vulnerability indicator can be used as an
early step for estimating damages and losses [20].

4.1. Seismic Vulnerability Assessment and Damage Scenarios

Once data is collected, the vulnerability assessment was performed for a historic area of Mexico
City. The vulnerability assessment is performed herein adopting a typological-based procedure which
consists of a pre-assessment of the seismic vulnerability of each one of the typologies identified in
Section 3, through the assessment of eight specific vulnerability assessment parameters (P1, P2, P4, P5,
P8, P9, P11 and P12), which, as can be seen in Table 2, focus on the structural characteristics of the
buildings (Group 1), on their irregularities and the interaction between adjacent buildings (Group 2)
and the characteristics of their floor slabs and roof (Group 3), see Table 4.

Table 4. Vulnerability index, according to [18], modified for the study area.

Vulnerability Index (I,) Class Weight  Vulnerability Index
Parameters A B C D (P;)

1. Structural building system

P1 Type of resisting system

P2 Quality of the resisting system

P4 Maximum distance between walls
P5 Number of floors

Pé6 Location and soil conditions

20 50 0.75
20 50 1.00
20 50 0.50
20 50 1.50
20 50 0.75

I =Y Cyx P

OO o oo
Q1 U1 U1 U1 U1

2, Irregularities and interaction 0<I€ <575

P7 Aggregate position and interaction 0 5 20 50 1.50
P8 Plan configuration 0 5 20 50 0.75
P9 Regularity in height 0 5 20 50 0.75
P10  Wall facade openings and alignments 0 5 20 50 0.50
3. Floor slabs and roofs Normalized index
P11  Horizontal diaphragms 0 5 20 50 1.00 0<I. <100
P12 Roofing system 0 5 20 50 1.00 ==
4, Conservation status and other elements
P13  Fragilities and conservation state 0 5 20 50 1.00
P14 Non-structural elements 0 5 20 50 0.50

After the eight refereed parameters have been evaluated (according to the aforementioned
typological-based approach), the vulnerability analysis is accomplished by evaluating the remaining
parameters of the vulnerability assessment methodology, namely parameters P6, P7, P10, P13 and
P14. Following this strategy, it was thus possible to perform a complete vulnerability assessment of
the whole study area. It is worth noting, that because of the nature of the data required to evaluate
Parameter 3, this parameter was neglected in the present study. For this reason, instead of having 650
as a maximum vulnerability index value, the vulnerability index value is limited in this analysis to
575 (I).



Sustainability 2020, 12, 1276 8 of 21

4.2. Analysis and Discussion of the Results

The vulnerability assessment method was applied to 166 historical buildings, resulting in a mean
value of the seismic vulnerability index (I5) of 45.91. Non-historic buildings, which include reinforced
concrete (RC) and rehabilitated ones, fall outside the scope of the study and are omitted from the data.
Figure 2 presents the results of I5° for the study area, whereas Figure 3a depicts the distribution of the
vulnerability index (I5) for the 166 buildings. Almost 75% of the assessed buildings had a vulnerability
index value (I,) greater than 40 (i.e., equivalent to vulnerability class A in the European Macroseismic
Scale (EMS-98) [18]). While the maximum and minimum values obtained from the assessment were 75
and 27, respectively, the standard deviation value obtained (cI5°) was 8.34. The lower and the upper
bond values of the vulnerability distribution are also used in the analyses presented in the following.

A\

Y vossssenn

JSC
Bl 00-50

[ 5.0-10.0
B 10.0-15.0
[l 15.0-20.0
Bl 20.0-25.0
@ 25.0-30.0
B 30.0-35.0
Il 35.0-40.0

|y

/ [ Unassessed buildings

Figure 2. Mapping of the vulnerability index I in Mexico City (La Merced).
Figure 3b presents the frequency distributions of the most important parameters in terms of their

influence on the vulnerability index definition. As observed, class D overcomes 50% for parameters P4,
P9, P10, P12 and 14 (i.e., the distance between walls, regularity in height, openings and alignments,
roofing system and non-structural elements) evidencing a significant number of parameters related
to the irregularity and interaction of the buildings. The combination of class D and class C covers
more than 50% for parameters P1, P6, P8, P11 and P13 (i.e., type of resisting system, location and
soil conditions, plan configuration, horizontal diaphragms, and fragilities and conservation state); at
this point, the class D for P1, P6, P8, P11 and P13 is lower than parameters P4, P9, P10, P12 and 14;
however, it is still significant with excessive deficiency in the structural building system (Group 1),
and the irregularities and interaction (Group 2). The presence of parameters A and B (i.e., the classes
corresponding to lower vulnerability) is dominant in the parameters P2, P5 and P7 (quality of the
resisting system, number of floors and aggregate position and interaction).

N

\
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Figure 3. (a) Histogram representing the vulnerability index; (b) Frequency distributions for parameters
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Some of the highly vulnerable parameters are related to geometry, such as the alignment of
the openings (P10), the height (P9), the characteristics of the foundations when interacting with the
soil conditions (P6), the connections between vertical and horizontal systems and the increase of the
stiffness on the horizontal diaphragm systems. The latter (i.e., increase of stiffness) is conceivably
linked to the incompatibility of the systems (P1, P12), the physical or mechanical properties of the wall
itself (P2), and the non-structural elements (P14). Even though the weight (P;) of parameters P1, P2,
P11, P12 and P13 is 1.0 or lower (see Table 4), their individual analysis (i.e., non-typological-based
method selection) is essential because the set of these parameters reflects higher levels of individual
vulnerability. The following figures illustrate some parameters with major class D such as P4 (Figure 4a),
P9 (Figure 4b), P10 (Figure 4c), P12 (Figure 4d) and 14 (Figure 4f). The importance of the visual
inspection considering the maintenance and current condition is relevant for the seismic vulnerability
assessment; for that reason, P13 (Figure 4e) is depicted, thus illustrating the conservation level for
each building.
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pen Areas
S . — en 3 Unassessed Buildings

(e) ()

Figure 4. Mapping of (a) parameter P4, (b) parameter P9, (c) parameter P10, (d) parameter P12,
(e) parameter P13 and(f) parameter P14. See Table 1 for a description of the parameters.

4.3. Damage Distribution and Loss Scenario

To obtain the damage distribution and loss scenario, the computation of mean damage grade
must be considered, through either absolute or relative vulnerability results, depending on the selected
methodology [21]. The absolute vulnerability represents the damage as a function of the seismic
intensity, or it can be considered as the damage condition attributed to a given seismic intensity.
On the contrary, the relative vulnerability is determined by empirical or experimental data, without
correlating the damage and the seismic intensity. For this paper, the analysis will be considered
absolute. Accordingly, to represent the grade of damage linked to a seismic event, EMS-98 can be
used [22]. Nevertheless, the damage grade can be associated, employing phenomena that occurred
in a particular location, whose aims entail the assessment of cultural heritage. Thereby, the mean
damage grades (up) are estimated for different macro-seismic intensities based on the previous results
of the vulnerability index. Under the analytical expression that correlates hazard and a mean damage
grade (0 < up < 5) of the damage distribution, the vulnerability value (V) is obtained through the
Equations (1) and (2) [23]:
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25xV-131
Up = 2.5{1 + tanh(%ﬂ; O<up<5 (1)
V =0.592 + 0.0057 X I 2)

According to equations above, the vulnerability index value (V) determines the position of the
curve, whereas the ductility factor (Q) limits the slope of the vulnerability function (e.g., the rate of
damage increases with rising intensity). For the computation of the mean damage grades (up), the input
values were the proposed seismic intensities (I) between the range of V and XII, the vulnerability
index (I) calculated previously with a mean value of 45.91 and the proposed ductility factor (Q) of
2.0. The Q factor is based on similar values recommended by the local code (RCDF-NTC) [24] for
equivalent buildings. In summary, the vulnerability index value, obtained in the prior assessment (I5°),
is associated with the vulnerability index (V') through the macroseismic approach seen in Equations (1)
and (2). Therefore, the calculation of the mean damage grades (up), and the subsequent estimations of
physical, economic and human losses are calculated, by following the initial mean vulnerability index
value (I5F) [18].

Figure 5a shows the vulnerability curves obtained for the mean value of the vulnerability
index (IS mean) and the lower and upper bound ranges (I mean — 20l5"; IS mean — 10l5; I mean +
10l I mean + 20I5f) for events with macroseismic intensities ranging from V to XII. Thus, from an
overall view, the estimated damages range from 1.02 to 2.29 corresponds to the earthquake scenario
of Irpms—9g = VII, the range from 2.06 to 3.48 corresponds to Igps-98 = VIII and the range from 3.28
to 4.31 is linked to Irpis—98 = IX. The evaluation shows alarming results, due to the high estimation
represented by moderate damages (2 < up < 3) at Igps—9s = VII, severe damages (3 < up < 4) at
IEms—9s = VIII and possible collapses (4 < up < 5) at Igps—98 = IX.
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Figure 5. (a) Vulnerability curves and mean damage grade distribution for I5* mean = 45.91 and
intensities Irpss_9g from V to XII; (b) Estimation percentage of buildings damaged by macroseismic
intensity, I® mean = 45.91.

Figure 5b depicts the distribution of buildings for each level of damage, associated with each level
of macroseismic intensity from Irpis—9g = V to Igpis—9g = XII. For Ipps-9g = VI, the seismic scenario is
characterised by moderate damages, thus evidencing the concentration of damage in grade D2, with a
residual amount of D3 (i.e., about 10%). For Igps—9g = VIII, approximately 72% of buildings denote
a damage grade D3, and 28% a corresponding damage grade of D4. Considering a macroseismic
intensity of Igps-98 = IX, 73% of the buildings would have a damage grade of D4, whereas the 26%
would present a damage class of D5.

The damage assessment is an initial step to measure the risk linked to economic and human
losses. These studies allow the spatial the global damage distribution, and the representation of
the building stock analysis, by integrating GIS tools. The mapping damage distribution enables the
practical identification of more vulnerable zones with its correspondent specific constructions, thus
enhancing the decision-making for urban management and civil protection strategies [25]. The damage
distribution scenarios are presented in Figure 6a (for Ipps-98 = VII), Figure 6b (Igps—98 = VIII) and
Figure 6¢ (Igps—98 = IX) presenting the mean damage grade, the non-assessed buildings and the
constructions out of the study area.
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Figure 6. (a) Damage distribution for a macroseismic intensity of Igp1s_9s = VII; (b) Damage distribution
for a macroseismic intensity of Ipyrs_9g = VIII; (¢) Damage distribution for a macroseismic intensity of

Iems—os = IX.
4.4. Fragility Curves

Based on a probabilistic approach, the physical building damage distributions are possible to
determine through the beta probability function for specific building typologies. Fragility curves
are possibly some of the most accepted and used methods for representing estimations of damage,
thus defining probabilities that can exceed a specific damage grade Dy (€ [0;5]) [18]. Fragility curves
establish a relationship between five damage states and earthquake intensity, entailed by continuous
probability functions, which express the conditional cumulative probability when reaching or exceeding
a certain degree of damage state. Equation (3) shows the discrete probabilities, P(Dy = d) derived
from the difference of accumulative probabilities Pp[D; > d|.

P(Dy =d) = Pp[Dy > d] - Pp[Dyy1 2 d] ®)

Influenced by the parameters of the beta distribution function, the estimation of damage can be
determined as a continuous probability function. Figure 7a,b shows the fragility curves by inputting
a mean vulnerability index of I mean = 45.91 and the mean vulnerability index plus the standard
deviation value ( I mean + 1ol = 54.26), respectively.
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Figure 7. (a) Fragility curves for buildings If mean = 45.91; (b) Fragility curves for buildings
IS¢ mean + 1ol = 54.26.

4.5. Loss Estimation

A wide variety of methods can be currently used to estimate material, human and economic
losses [26-29]. From those, probabilistic-based approaches in which the probability of attaining a
specific damage grade for a certain level of action are within the most widely adopted ones. According
to these methods, the construction of a damage scenario can be completed through probabilistic
distributions, whose input data computation involves the representative vulnerability index values
(I5f mean — 20I5; If mean; Iyf mean — 10I; If mean + 1ol3f; 1Y mean + 20l’). The loss estimation can
be considered as part of a damage model, linking the physical damage grades. Thereby, the physical
damage grades include the correlations between the probability of exceeding a certain level of damage
and the probability of different loss phenomena. These methods are herein applied to estimate the
probability of collapsed and unusable buildings or to assess the quantification of probable fatalities
and severely injured people after a seismic event.
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4.5.1. Collapsed and Unusable Buildings

The method used to calculate the probability of collapsed and unusable buildings was proposed
by Servizio Sismico Nazionale (SSN), based on the studies carried out by Bramerini et al. [30]. This
approach involves the analysis of data associated with the probability of buildings, considered unusable
after minor and moderate seismic actions.

Although such events produce lower levels of structural and non-structural damage, higher
mean damage grade values are associated with a higher probability of building collapse. Thus, the
probabilities of exceeding a certain damage grade are used in the loss estimation and are affected by
multiplier factors, which range from 0 to 1. The following Equations (4) and (5) were used for the
computation of the probabilities of collapsed and unusable buildings, respectively:

Pcollapse = P(DS) 4

Punusable buildings — P(D3) X Wei,3 +P (D4) X Wei,4 (5)

where P(D;), is the probability of occurrence at a certain damage grade (from D; to Ds), and W,; ; is
the multiplier factor that indicates the percentage of buildings associated with D;.

Although [30-33] have indicated different values for these factors, in this study, the values of
W,i3 and W,; 4 were assumed as equal to 0.4 and 0.6, respectively. Figure 8a,b presents the resultant
probability of building collapse and unusable buildings, for the mean value of the vulnerability index
(I5F mean = 45.91) and for other characteristic values of the vulnerability distribution (I° mean — 2015;
I mean; IS mean — 10I3f; If mean + 1oly’; I mean + 2015°), respectively. According to the results in
Figure 8a, the building collapse probability curve shows that the probabilities of collapse increase
with the higher macroseismic value Igy5-9s. On the other hand, the number of unusable buildings
(Figure 8b) decreases with the increase of seismic intensity, as a result of the ultimate state capacity
producing the collapse, and thus its reduction.

The overall results from moderate to large intensity seismic events present an exponential rise
between VIII and IX, as seen in Table 5, by considering macroseismic intensities from Igps_9g = VII
to Iems—9g = X [19], and a mean vulnerability index of I mean = 45.91; this output summarizes the
number of units affected and the percentage related to the study area.
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Figure 8. (a) Probability of collapse for different vulnerability values, I5® mean = 45.91; (b) Probability
of unusable buildings for different vulnerability values, I5* mean = 45.91.

Table 5. Relative estimation of collapses and unusable buildings, I mean = 45.91.

Macroseismic Intensities Irpss_og

Total Buildings = 166 Vil VIII IX X
Collapses 0 0 22 (13%) 103 (62%)
Unusable buildings 6 (4%) 60 (36%) 118 (71%) 60 (36%)

4.5.2. Human Casualties and Homelessness

To estimate the probability of deaths, severe injuries associated with a disaster, and homelessness,
the vulnerability index values are required, both the mean value of the vulnerability index
(Iif mean = 45.91) and the representative values of the vulnerability distribution (I3 mean — 2015;
I mean; I mean — 10If; I° mean + 1ol; IS mean + 20l5f). Hence, the calculation is carried out by
resorting to Equations (6)—(8) [18].

Pieath and severely injured — 0.3 x P(DS) (6)
Phomelessness = P(DS) X Weiz + P (D4) X Weia + 0.7 X P(DS) @)
Promelessness = Punusable buildings +0.7x P(DS) (8)

where P(D;), is the probability of occurrence at a certain damage grade (from D; to Ds), W,; j is the
multiplier factor that indicates the percentage of buildings associated with D;, and D; is the damage
grade corresponding to collapse or are considered unusable.

In Equation (7), it is assumed that 30% of the population, located in a building expected to
collapse (i.e., with a probability of exceeding damage grade Djs), will perish or be severely injured.
The probability of homelessness is determined by the Equations (8) and (9), which considers that 100%
of people living in unusable buildings, and the remaining 70% of residents of collapsed buildings
will not be able to reoccupy their dwellings after an earthquake [18]. Four seismic intensity scenarios,
ranging between VII and X according to the EMS-98 scale [19], were analyzed, and the results were
associated with the number of casualties and homeless. As can be observed in Table 6, the percentage
of homelessness becomes relevant for intensity equal to or greater than VIIL

With this information, the extrapolation of loss output data for the Downtown area in Mexico City
can be possible as a relative value. In other words, if these estimations were extended to the city center,
it would have obtained a total number of 14,922 homeless people, which is undoubtedly a concerning
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result from the risk mitigation point of view. For that reason, appropriate logistical preparedness is
required by the stakeholders (i.e., governmental authorities, civil protection, social entities) related to
the relocation of residents, which could be performed through pre-seismic simulation exercises.

Table 6. Estimation of deaths, severely injured and homelessness, I} mean = 45.91.

Macroseismic Intensities Irpss_og

Total People = 2291 VII VIII IX X
Death and severely 0 1(0.1%) 94 (4%) 426 (19%)
injured
o o 1845 1826
Homelessness 89 (4%) 829 (36%) (81%) (80%)

To this end, a logistical plan is essential for having financial resources and thus suggesting
the best emergency plan for the inhabitants. Communities and governments should put the same
emphasis on planning for post-disaster emergency response by valuing community engagement
and decision-making [25]. Figure 9a shows the probability of casualties and Figure 9b presents the
probability of homelessness for different vulnerability values.
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Figure 9. (a) Probability of casualties for different vulnerability values, IS mean = 45.91; (b) Probability
of homeless for different vulnerability values, I mean = 45.91.



Sustainability 2020, 12, 1276 18 of 21

4.5.3. Economic Losses and Repair Cost Estimation

The estimated damage grade can either be interpreted economically, as defined by Benedetti and
Petrini [34] or as an economic damage index, i.e., the ratio between the repair cost and the replacement
cost. The correlation between damage grades and the repair and rebuilding costs is obtained through
the processing of post-earthquake damage data [16]. According to Ferreira et al. [18], the repair cost
probabilities for a certain seismic event characterized by intensity I, (P[R|I] ) can be obtained from
the product of the conditional probability of the repair cost for each damage level (P[R|Dy]) with the
conditional probability of the damage condition for each level of building vulnerability and seismic
intensity (P[Dk|I‘€C, I]) given by the following Equation (9):

5 100
PRI =Y Y P[RID] x PDISE, 1 ©
Dy=11¢=0

Loss estimation plays an essential role in the implementation of urban planning and retrofitting
strategies, enabling costs to be placed alongside various beneficial measures such as reduced repair
costs and life safety [35,36]. To estimate the repair costs associated with the different vulnerability values
used in the loss evaluation (IS mean — 2015%; IS mean; If mean — 1015 I5F mean + 1ol5; It mean + 2015F),
an average cost per unit area of 506 €/m? (about MXN 11,716/m?2) was considered for the building stock
in Mexico City (according to BIMSA—Camara Mexicana de la Industria de la Construccién, 2015).
The estimated global repair costs for the 166 buildings analyzed in this work are illustrated in Figure 10
and summarized in Table 7 for the most relevant macroseismic intensities.

90€
80€ _ |
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Figure 10. Estimation of repair cost in Euros and Mexican Pesos.

Table 7. Estimation of repair costs for macroseismic intensities VII, VIIL, IX and X, IS mean = 45.91.

Macroseismic Intensities Igp5_og
VII VIII IX X
€ €8,746,309.63 €26,602,900.82 €57,049,885.22 €73,855,900.17
Mexican $ $202,914,383.43  $617,187,299.11  $1,323,557,337.03  $1,713,456,883.84

5. Final Remarks

A simplified seismic vulnerability assessment was applied to a set of historical buildings in the
selected area of La Merced at Mexico City. Through an overall description of the study area, an
index-based seismic vulnerability assessment methodology was applied to 166 buildings. To this
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purpose, 31 building typologies were originally defined through a matrix of four geometrical types and
nine material types. From the analysis made, it was possible to observe that intrinsic characteristics of
the buildings, such as their structural and geometrical features, their current conservation state and
their location within the urban mesh are the factors that most contribute to their seismic vulnerability.
Furthermore, it was possible to notice that, in several cases, massive incompatible refurbishment or
retrofit interventions performed over the lifespan of the building also play a significant role in the
increase of the seismic vulnerability of these buildings. From the vulnerability assessment results,
a series of damage scenarios were also computed and plotted for the study area. Among those,
the scenarios obtained for macroseismic intensities VII, VIII and IX were mapped resorting to a GIS
tool in order to better understand and identify the buildings that, in the case of an earthquake within
this range of intensities, will probably suffer more damage.

As a final remark, it is worth highlighting that the overall understanding of the selected area
(i.e., historical context and characterization of the buildings), the vulnerability assessment, the
computation of different damage scenarios and the estimation of losses are all valuable outputs
that can be used by the local and national authorities to support the development of informed pre-
and post-earthquake risk mitigation strategies. Moreover, these kinds of large-scale vulnerability
assessment outputs can also guide the action of cultural institutions towards creating and fostering
programs for the safeguarding of cultural heritage in historic areas.
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