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Abstract: The north of the state of Baja California (BC) is located in one of the regions of Mexico
with a high seismic risk. The predominant infrastructure in the city of Tijuana consists of reinforced
masonry housing structures, making it crucial to understand the dynamic behavior of this type of
structure. Using the “Vulnerability Modeller’sToolKit” (VMTK), fragility functions were obtained
for low, medium, and high levels of seismic design. It was found that the probability of achieving
or surpassing the different damage states (light, moderate, extensive, and complete) is high in low-
height housing (1-3 floors) for an expected value of 0.50 g of PGA and in medium-height housing
(4-7 floors) for an expected value of 0.5 g of SA (T = 0.5 s).Vulnerability functions were derived, and
it was determined that, for a low seismic design level, low-height and medium-height structures,
respectively presented loss probability rates of 30% and 44% for an expected value of 0.50 g of PGA
and SA (T = 0.5 s). These fragility and vulnerability functions can be used to estimate damage and
losses in future risk scenarios, thereby reducing uncertainty in the risk analysis calculations for the
city of Tijuana.

Keywords: masonry; seismic engineering; structural analysis; fragility function; vulnerability function

1. Introduction

The vast majority of economic and human losses resulting from earthquakes are a
product of poor construction efforts carried out by humans [1-4]. In this context, vulnerabil-
ity assessment provides an essential tool for understanding the geographical distribution of
seismic risk and for the development and implementation of risk mitigation strategies [5].

One of the main components considered inthe majority of risk assessment methodolo-
gies is the relationship between the danger intensity parameter and the level of damage or
loss for a specific building classification [6,7]. Generally, two different approaches are em-
ployed, one of which is based on fragility functions, and the other on vulnerability functions.

In order to advance in the formulation of fragility and vulnerability functions, methods
have been developed that encompass empirical and analytical approaches. Empirical
methods are based on research conducted in laboratory tests [7] and data collected from
observations of actual damages that occurred after previous earthquakes. These methods
involve statistical data analysis for calibration [3]. However, they present certain limitations,
such as subjectivity in assigning each building to a damage state and a lack of precision in
determining the ground motion impacting the region [8].

Among the empirical methods, several stand out, such as the Damage Probability Ma-
trix (DPM) method [9] for vulnerability assessment, the Vulnerability Index Method (VIM),
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which is like the Italian method developed by Benedetti et al. [10], and the macroseismic
method [11]; these are used to establish fragility and vulnerability functions. Additionally,
there are methods, like the Agibilita e Dannonell’EmergenzaSismica (AeDES) method [12]
and the Rapid Visual Assessment (RVS) method described in FEMA [13], both of which are
used to determine damage levels in structures.

Recently, a study on unreinforced masonry residential buildings was conducted by
Rosti et al. [14], in which they presented an empirically derived fragility model. This
model was obtained through statistical data processing of damage data collected following
previous seismic events in the municipalities of Irpinia and L’Aquila in Italy. The described
methodology includes an explanation of seismic vulnerability in terms of fragility curves
and the classification of vulnerability for exposed buildings, based on the building attributes
from the national census.

Analytical methods are applied to both individual structures representing categories
of buildings and sets of randomly generated buildings. These models are created through
structural analysis techniques and are subjected to specific lateral load patterns or accelero-
grams [6]. Among the analytical approaches for assessing seismic vulnerability of masonry
structures, the following stand out [15]: FaMIVE (Failure Mechanism Identification and
Vulnerability Evaluation), which defines fragility functions and conducts vulnerability
assessments [16,17]; SP-BELA (Simplified-Pushover-Based Earthquake Loss Assessment),
which is focused on vulnerability functions [18]; CSBM (Capacity-Spectrum-Based Meth-
ods), which obtains fragility functions and addresses structural and economic damage [19];
SELENA (SEimic Loss EstimatioN using a logic tree Approach), which determines struc-
tural and economic damage as well as the number of casualties [20]; HAZUS (HAZard
U.S), which determines fragility functions and evaluates damage from both structural and
economic perspectives [21]; and RMTK (Risk Modellers” Toolkit), which is focused on
fragility and vulnerability functions, as well as seismic risk assessment [22].

META-FORMA-XL [3] is an automated processing tool that was recently used in a
case study in Foggia, Puglia, in southern Italy. This methodology was used to estimate
seismic fragility curves for masonry aggregates in historic centers by combining data from
multiple sources and automated typological-mechanical modeling of archetype buildings.
These analytical methodologies provide a diverse range of tools for addressing seismic
vulnerability assessment in masonry structures from various perspectives. An important
limitation is that currently, this automated processing is only applicable to row buildings.

The lack of reliable or applicable vulnerability models for a significant number of
building classes worldwide has led the Global Earthquake Model (GEM) Foundation
to develop databases of vulnerability and fragility models in recent years for the most
common building classes globally. The GEM Foundation has also published the tools,
datasets, and models used so that other researchers can adapt them to their own needs,
including the selection of ground motion records for specific locations [23,24]. One such
tool is the VMTK (Vulnerability Modeller’sToolKit), which is a comprehensive platform for
developing fragility and vulnerability models and also offers flexibility in terms of seismic
motion, structural capacity, damage criteria, and damage-to-loss conversion [24].

In the literature review conducted in the northwestern region of Mexico for buildings
with up to five floors constructed with both reinforced and unreinforced masonry, there
is no publicly available information that is considered in the complementary technical
standards [25]. This information pertains to behaviors in terms of generated displacements,
maximum shear, damage states, or distortion values based on earthquake records in the
region. Such studies are scarce in the Baja California region, and among those documented
are the following.

The project called “Risk Assessment Tools for Diagnosis of Urban Areas against
Seismic Disasters” (RADIUS), developed by Rosquillas and Mendoza [26], had as its main
objectives the creation of tools to estimate the assessment and mitigation of seismic risk
in the city of Tijuana. To achieve this, a damage scenario was generated using damage



Appl. Sci. 2023,13, 10634

30f21

matrices previously calibrated for Quito andEcuador and adapted for Tijuana. The results
of this assessment led to a coordinated action plan by the authorities.

Using geospatial techniques within a Geographic Information System (GIS) environ-
ment, Garatachia, Baro, and Huerta [27] conducted a seismic risk assessment in the city
of Tijuana. They performed geological and geotechnical characterization, estimated so-
cioeconomic vulnerability, and identified critical structures. They proposed the following
structural vulnerability ranges: low, medium, and high, with the high range encompass-
ing vibration periods from 0.7 to 1.2 s. These values were primarily found in the Centro,
Centenario, Cerro Colorado, La Mesa, Mesa de Otay, and parts of Playas de Tijuana districts.

In terms of physical losses to buildings in the cities of Tijuana and Mexicali, Gonzélez
assessed the socioeconomic impact. Their study focused on one- and two-floor residential
buildings and examined the impact on the people who inhabit them in terms of structural
damage or loss of life resulting from seismic events.

Using the Comprehensive Approach to Probabilistic Risk Assessment (CAPRA) plat-
form [28], Gonzalez calculated the socioeconomic impact through a probabilistic risk analy-
sis. This analysis required the integration of seismic hazard data as well as an inventory of
exposed elements, particularly residential buildings [29].

Using the OpenQuake Engine tool, Romero conducted a seismic risk scenario assess-
ment in the city of Tijuana, considering residential, industrial, and commercial buildings.
The seismic hazard used was developed by the Earthquake Engineering Research Institute
(EERI) for the “San Diego Earthquake Planning Scenario, Magnitude 6.9 (Mw) on the
Rose Canyon Fault.” The inventory of exposed elements was based on the 2015 National
Intercensal Survey conducted by the National Institute of Statistics and Geography (INEGI).

Vulnerability functions for the predominant construction systems in the region, in-
cluding masonry, steel, concrete, and wood, were obtained from the Global Earthquake
Model (GEM) Foundation for Latin America [30].

In some of the studies mentioned earlier, vulnerability functions or data from other
countries were used for seismic risk assessment in the city of Tijuana. This is why the
fragility and vulnerability curvesproposed in this article, specifically for reinforced masonry
structures in the city of Tijuana, were developed using the VMTK methodology and the
criteria suggested by FEMA.

2. Seismicity of Baja California

The state of BC is located in a tectonically active zone. The region is subject to high
seismic activitydue to its proximity to seismogenic zones associated with the interaction
of the Pacific and North American plates [2,31]. BC is the eleventh most populous state
in Mexico and is located in the northwest of the country. Baja California is divided into
six municipalities.

The seismotectonic framework affecting the northwest of BC is composed of the following
fault systems (Figure 1): Agua Blanca, the San Miguel-Vallecitos system, Ojos Negros, Tres
Hermanos, Sierra Juarez, San Pedro Martir, Calabazas, Maximinos, Pescaderos, and Bahia
Soledad, the Rose Canyon—-Newport system, Coronado Bank, San Diego, San Clemente,
and Elsinore [31,32].

Regardingthe seismicity background in the region, a noteworthy earthquake occurred
in the Mayor-Cucapah region in the Mexicali Valley on 4 April 2010, with a magnitude
of 7.2. Additionally, in the central region of northern BC, the 1944 Guadalupe earthquake
(M =5.7) and the 1956 San Miguel earthquakes (M = 6.8, 6.4, and 6.3), located in the San
Miguel-Vallecitos system, stand out, as does the 1934 earthquake (M = 5.9) associated with
the San Clemente Fault on the continental edge. These seismic precedents indicate that
anearthquake of significant magnitude should not be ruled out in the vicinity of the Pacific
coastal strip in northern BC [31].
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Figure 1. Tectonic framework of the northern region of Baja California and major faults associated
with plate relative motion. B = Borrego Fault, CA = Calabazas Fault, CH = Chupamirtos Fault,
CR = CanoénRojo Fault, CU = Cucapah Fault, M = Maximinos Fault, ON = Ojos Negros Fault,
P = Pescaderos Fault, S = Bahia Soledad Fault, and TH = Tres Hermanos Fault.

Figure 2 depicts the distribution of historical seismic events from 1800 to 2021 with
magnitudes greater than 4.0 (Mw) in Southern California, Tijuana, and its surrounding
areas in Mexico, as well as the activity of faults near the area of interest. Instrumental and
historical events were extracted from the National Seismological Service [SSN] [33] and the
United States Geological Survey [USGS] [34].
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Figure 2. Seismic events and faults in the south of California and the northwest of Mexico. (a) Instru-
mental events. (b) Historical events.

3. Identification of Common Housing Types in Tijuana

Baja California has a total of 1,148,913 housings, which accounts for 3.3% of the
national total. Over 50% of the total housings in the city of Tijuana are concentratedwithin
an area of 1074.1 km? [35]. Based on the Intercensal Housing Survey conducted in the
city of Tijuana in 2015, which aimed at collecting data on the city’s housing inventory, the
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following aspects are included: construction system, type of housing, number of levels,
year of construction, and replacement value.

Regarding the construction system, at the national, state, and municipal levels, the
most common construction materials, according to the distribution of the housing inventory,
include masonry (brick, block, stone, and concrete), wood or adobe, and other materials
(such as waste materials, cardboard, wattle and daub, asbestos or metal sheets, reeds, and
unspecified materials). This is clearly evident in Figure 3, which highlights that over 75%
of housings in the city of Tijuana are constructed using masonry materials [36]. Therefore,
from an urban modeling perspective in the city, it is essential to pay special attention to
homes that use masonry as a construction material.
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Figure 3. Housing record distribution according to the most common structures.

In the census, type of housing is classified into five categories: house, apartment in
a building, dwelling in a tenement, other types of dwellings, and unspecified dwellings,
with houses being the dominant category with over 88% representation [36]. To determine
the number of floors, as this information was not available in the census, a virtual survey
was conducted, which involved taking a representative sample of housings from a total of
573 block clusters in the city of Tijuana. This was achieved using images available on the
Google Street View application and the digital map of Mexico (http://gaia.inegi.org.mx/)
(accessed on 15 February 2022). Each housing was classified into one of the following
categories based on the number of floors: 1 floor, 2 floors, and 3 to 5 floors. Furthermore,
housings were categorized into three types: social interest, middle-income, and residential
(Figure 4). This last distinction is of paramount importance in a model, as it contributes to
making accurate predictions of economic losses.

The year of construction was based on data provided by censuses conducted by the
INEGI, covering a period from 1950 to 2020, as shown in Figure 5. This information is
of great importance when assessing the vulnerability of existing buildings, as the year of
construction can be used to determine the structural design code that was in effect at the
time of construction. However, it is relevant to note that in the Tijuana region, many houses
have been informally constructed, without adhering to the corresponding design codes.
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Figure 4. Classification of masonry houses based on (a) number of floors and (b) type of housing.
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Figure 5. Percentage of homes in terms of construction years in Tijuana.

The cost of housing is not reflected in the censuses conducted every ten years, so
it was defined based on the construction area taken from virtual surveys. Regardless of
the structural system, the following replacement costs were considered: for social interest
houses, MXN 6413.03 (USD 320) per square meter;for medium-level houses, MXN 8680.40
(USD 434) per square meter;and for residential houses, MXN 13,478.89 (USD 673) per
square meter. These values were defined based on the expert judgment of the College of
Appraisers of Baja California A.C. in 2018.

The previous exposure model provides guidelines for categorizing masonry houses in
the city of Tijuana. These categorizations have been subdivided considering their expected
level of ductility, the number of floors, and the respective seismic design levels.

Table 1 presents a summary of the classification of masonry houses from 1 to 5 floors in
the city of Tijuana. In this classification, vertical walls constitute the lateral force resistance
system and can be either confined or reinforced masonry, designed for both ductile and
non-ductile conditions, covering different seismic design levels in each taxonomy.
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Table 1. Classification of masonry construction in the city of Tijuana.
Taxonomy @ Description Typology
MCF/LWAL/DUC/H:1-5/L-M-H Confined masonry, ductile, 1-5 floors
MCF/LWAL/DNO/H:1-5/L-M-H Confined masonry, non-ductile, 1-5 floors
MR/LWAL/DUC/H:1-5/L-M-H Reinforced masonry, ductile, 1-5 floors
MR/LWAL/DNO/H:1-5/L-M-H Reinforced masonry, non-ductile, 1-5 floors

@ (Explanation of abbreviations); MCEF: confined masonry, MR: reinforced masonry, LWAL: vertical walls in
thelateral force-resisting system, DUC: ductile, DNO: non-ductile, H: number of floors, seismic design level L:
low, M: moderate, and H: high.

For each construction taxonomic rank, the seismic design level is defined and assigned.
The following categories are considered [37]: a high level ofseismic design, H: the structure
complies with all seismic requirements of national and international standards regarding
load-bearing capacity and horizontal deformation capacity or ductility in high-seismic-
hazard areas; a moderate level ofseismic design, M: the seismic-resistant specifications
of the structure are associated with a medium level of compliance; and a low level of
seismic design, L: the structure generally does not meet the minimum requirements for
seismic-resistant design.

4. Vulnerability Modeller’sToolKit (VMTK)

The VMTK is a publicly accessible open-source toolkit available through a GitHub
repository (https://github.com/GEMScienceTools/ VMTK-Vulnerability-Modellers-ToolKit)
(accesses on 14 March 2022). It was developed using the Python programming language with
theaim to facilitate integration with other software that also utilizes this language, such as
OpenQuake and OpenSees, for instance. The toolkit includes a graphical user interface (GUI)
with graphic capabilities. The VMTK’s unique feature lies in its ability to integrate all stages
of seismic vulnerability assessment within a single environment [24].

It is divided into six modules (a more detailed explanation of each module is available
in Martins et al. 2021): (i) selection of ground motion records, (ii) definition of structural
capacity, (iii) nonlinear dynamic analysis in single-degree-of-freedom (SDOF) oscillators
to estimate the building’s response to seismic loads, (iv) conversion of dynamic analysis
results into fragility functions, (v) derivation of vulnerability functions, and (vi) validation
of results through the calculation of annual average losses and other common risk metrics.

4.1. Demand Module

This module is designed to assist the vulnerability modeler in the selection of ap-
propriate ground motion records. In the current version of the VMTK, three options are
presented for the selection and adjustment of these records.

The first alternative is to use all records provided by the user. The second option
involves using a list of intensity levels, and the graphical user interface (GUI) includes a
predefined list (PGA, SA (0.2 s), SA (0.3 s), SA (0.5s), SA (0.6 s), SA (1.0 s), or SA (2.0 s)).
The third option is based on the Conditional Spectrum Method (CSM).

It is essential to underline that the user must choose a set of ground motion records
that meet the requirements of the vulnerability analysis. Regarding the list of intensities,
the modeler can choose to select from the predefined list, but also has the flexibility to add
custom intensities as needed. As for the CSM, this method involves conducting seismic
risk disaggregation to understand the distribution of magnitude, distance, and epsilon at a
specific location.

4.2. Capacity Module

In the VMTK, the capacity of structures is defined using bilinear, trilinear, or quadrilin-
ear backbones. The capacity module processes capacity curves in the format of Acceleration
Displacement Response Spectra (ADRS). The coordinates of the capacity curves can be
input using the graphical user interface (GUI).
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4.3. Structural Response Module

To calculate the nonlinear response of single-degree-of-freedom (SDOF) oscillators,
the VMTK has been integrated with the open-source finite element modeling software
OpenSees [38] through its Python implementation. Nonlinear behavior is introduced
into numerical models through the uniaxial Pinching4 material and the capacity curves
previously input by the user.

4.4. Fragility Module

The fourth module of the VMTK is dedicated to deriving fragility functions. After
defining the relationship between structural response and ground shaking intensity, fragility
functions are derived using the cloud analysis approach proposed by Jalayer et al. [39].

At this point, it is essential to have a damage model consisting of four damage states
(DS): slight damage (DS1), moderate damage (DS2), extensive damage (DS3), and complete
damage (DS4). Damage thresholds are defined using the yield (Sdy) and ultimate (Sdu)
displacements from the capacity curves.

4.5. Vulnerability Module

For deriving vulnerability functions, two methodologies are implemented in the
VMTK. In the first approach, the probability distribution of the loss rate is calculated using
the resulting fragility model and a damage-to-loss model (i.e., the relationship between
each damage state and the corresponding loss ratio).

The second methodology included in the tool follows the procedure described in Silva
(2019) [40], in which loss rates (LR | IM) are directly calculated from the results of nonlinear
dynamic analyses using a relationship between the engineering demand parameter and
the expected loss rate.

4.6. Comparison and Results Verification Module

The last two modules of the VMTK provide the opportunity to compare the results
with other available models, estimate risk metrics that can be compared with results
from other models, or assess relative risk among different building categories. The GUI
includes a comprehensive set of fragility and vulnerability functions extracted from the
GEM vulnerability database. Users can also compare the results of fragility or vulnerability
matrices from other models. Furthermore, the toolkit allows for the calculation of common
risk metrics using the resulting fragility or vulnerability functions and seismic hazard
curves defined in the OpenQuake format.

5. Case Study
5.1. Selection of Ground Motion Records

The probabilistic method defined by Cornell was used to calculate seismic hazard in
the city of Tijuana [41]. Data processing was carried out using the EPPS14 program [31,42],
which wasdeveloped in the Matlab language. The linear sources used in the EPPS14 pro-
gram represent faults or fault segments in the region based on the segmentation proposed
by Anderson et al. and Munguia [42,43]. These correspond to active faults with the potential
to generate significant magnitude earthquakes that could affect civil structures. The points
of interest where this method was applied were within the city of Tijuana, specifically at the
locations of stations that make up the Tijuana Strong-Motion Network. The stations include
PR = Presa Abelardo L. Rodriguez, TUN = Tanque Aguaje de la Tuna, COL = Tanque
Cerro Colorado, PLA = Planta de Tratamiento Playas, PCI = TerrenoProteccion Civil, and
CCC = Centro Control, Comando y Computo de la Policia (Table 2).

Using EPPS14, seismic hazard disaggregation was determined for each site of interest.
A summary of the results for each of the sites is presented in Table 3. The results obtained,
considering the linear sources and the calculation of the uniform hazard spectrum at each
specific site, were used for the selection of records based on tectonic setting, magnitude,
and distance.
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Table 2. Shear wave velocity average values in the top 30 m of subsurface (Vs30) at the points of

interest in the city of Tijuana [44].

. . . Vs30 . Classification According to
Site Longitude Latitude (m/s) Settlement Site IBC 2006
PR —116.906667 32.445000 646 Volcanic Rock C (Very dense soil and soft rock)
TUN —117.006727 32.480516 487 Sandstone—Conglomerate C (Very dense soil and soft rock)
COL —116.878755 32.503136 368 Sandstone—Conglomerate C (Very dense soil and soft rock)
PCI —117.054227 32.515075 348 Conglomerate D (Stiff soil profile)
CCC —116.992590 32.532390 250 Conglomerate D (Stiff soil profile)
PLA —117.122693 32.518990 175 Siltstone-Sandstone E (Soft soil profile)
Table 3. Seismic hazard disaggregation values for each site of interest.
. o Probability of Exceedance = Magnitude Distance
Site Most Contributing Fault PGA in 50 Years (%) Range Range (ikm)
PR San Miguel-Vallecitos Fault (Northern) 36 0.20 1.47 5.0-7.0 15-30
Rose Canyon—Newport Inglewood Fault
TUN . 0.26 5.35 5.5-7.0 15-30
(multiple) 37
Falla San Migue—Vallecitos Fault
COL (Northern) 36 0.26 4.08 5.0-6.5 15-30
Rose Canyon Newport Inglewood g g
PCI Fault(multiple) 37 0.34 13.83 5.0-6.5 0-15
Falla Rose Canyon—Newport Inglewood g g
CCcC Fault (La Nacién) 39 0.38 21.79 4.5-6.5 0-15
PLA Rose Canyon—-Newport Inglewood 0.54 60.87 4565 0-30

Fault(multiple)37

The seismic demand requested by the VMTK was integrated using the accelerometer
records for our study area that met the aforementioned characteristics (Figure 6). The
following ground motion databases were selected for the records: the Center for Engineer-
ing Strong Motion (CESMD) [45] (Table 4) and the Northwestern Mexico Accelerograph
Network (RANM) [46] (Table 5).

L=l

Spectral Acceleration [g]

Mean spectrum
e Individual spectra

T L1

]
|

107"

Period [s]

Figure 6. Response spectra for ground movement registrations selected for the city of Tijuana.
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Table 4. Ground movement registrations from the CESDM database, considered in the city of Tijuana

in similar tectonic environments.

Station Name Earthquake Origin Date Magnitude Distance (km) PGA (g) V30
WRC2 SearlesValley 5/07/2019 5.0 Mw 26.2 0.355 686
13879 La Habra 28/03/2014 5.1 Mw 8.3 0.307 283
36138 Parkfield 28/09/2004 6.0 M1 10.7 0.308 270
68150 (Chn 1) South Napa 24/08/2014 6.0 Mw 6.4 0.339 300
68150 (Chn 3) South Napa 24/08/2014 6.0 Mw 6.4 0.370 300
57191 MorganHill84 24/04/1984 6.2 Ml 3.9 0.314 282
24643 Northridge 17/01/1994 6.4 Ml 20.1 0.320 258
36431 Parkfield 20/12/1994 4.9 Mw 7.5 0.433 297
WMD Westmorland 30/09/2020 4.9 Mw 2.1 0.538 301
CLC Searles Valley 5/07/2019 5.0 Mw 10.8 0.511 1464
11369 Westmorland 27/04/1981 5.7 Mw 6.9 0.480 194
36228 Parkfield 28/09/2004 6.0 M1 11.9 0.600 173
36410 Parkfield 28/09/2004 6.0 M1 12.3 0.570 231
24386 Northridge 17/01/1994 6.4 Ml 6.6 0.450 284
14125 Inglewood 17/05/2009 4.7 Mw 21.8 0.290 334
57187 Livemore80B 26/01/1980 5.8 Ml 20.4 0.280 378
36445 Parkfield 28/09/2004 6.0 M1 15.2 0.141 308
24283 Northridge 17/01/1994 6.4 M1 325 0.290 342
24592 Northridge 17/01/199%4 6.4 Ml 38.2 0.260 365
13068 Chino Hills 29/07/2008 5.4 Mw 10.4 0.270 485
13873 Chino Hills 29/07/2008 5.4 Mw 12.4 0.260 396
CCC Searles Valley 3/06/2020 5.5 Mw 11.5 0.260 432
89101 Petrolia 22/06/2019 5.6 Mw 5.8 0.300 422
KCO Petrolia 22/06/2019 5.6 Mw 3.8 0.270 --
12204 PalmSprings86 08/07/1986 6.0 Mw 33.7 0.240 447
36520 (Chn 1) Parkfield 28/09/2004 6.0 M1 7.7 0290 467
36520 (Chn 3) Parkfield 28/09/2004 6.0 M1 7.7 0.290 467
24464 Northridge 17/01/1994 6.4 Ml 18.5 0.320 464
57217 CoyoteLake 6/08/1979 5.7 Ml 2.1 0.250 561
36437 (Chn 1) Parkfield 28/09/2004 6.0 Ml 9.5 0.192 565
36437 (Chn 3) Parkfield 28/09/2004 6.0 M1 9.5 0.199 565
54171 (Chn 1) ChalfantValley 21/07/1986 6.4 Ml 21 0.170 522
54171 (Chn 3) ChalfantValley 21/07/1986 6.4 Ml 21 0.250 522
CLC Ridgecrest 4/07/2019 6.4 Mw 14.8 0.192 1464
57562 Loma Prieta 17/10/1989 6.9 Ml 20.5 0.160 648
57563 (Chn 1) Loma Prieta 17/10/1989 6.9 M1 20.3 0.270 648
57563 (Chn 3) Loma Prieta 17/10/1989 6.9 Ml 20.3 0.230 648

Table 5. Ground movement registrations from the RANM database, considered in the city of Tijuana

in similar tectonic environments.

Station Name Origin Date Magnitude Distance (km) PGA (g) Vs3o0
Aguascalientes 19/11/2018 4.9 Ml 11.8 0.360 188
Aguascalientes 19/11/2018 4.9 Ml 11.8 0.267 188

Chihuahua 9/02/2008 5.5 Ml 10.3 0.221 181

Chihuahua 9/02/2008 5.5 Ml 10.3 0.299 181

Chihuahua 11/02/2008 5.1 Ml 11.2 0.389 181

Chihuahua 11/02/2008 5.1 Ml 11.2 0.488 181

Chihuahua 4/04/2010 7.2 Mw 20.32 0.389 181

Chihuahua 4/04/2010 7.2 Mw 20.32 0.249 181
Planta Geotérmica 22/02/2002 5.8 Ml 7.46 0.403 205
Planta Geotérmica 22/02/2002 5.8 Ml 7.46 0.238 205
Planta Geotérmica 13/02/2003 5.2 Ml 6.2 0.220 205
Planta Geotérmica 13/01/2003 5.2 Ml 6.2 0.192 205
Planta Geotérmica 22/08/2004 5.1 Ml 2.29 0.360 205
Planta Geotérmica 22/08/2004 5.1 Ml 2.29 0.267 205
Planta Geotérmica 24/05/2006 5.4 Mw 3.75 0.430 205
Planta Geotérmica 24/05/2006 5.4 Mw 3.75 0.366 205
Planta Geotérmica 19/09/2009 5.3 Ml 3.02 0.316 205
Planta Geotérmica 19/09/2009 5.3 Ml 3.02 0.342 205
Planta Geotérmica 30/12/2009 6.0 M1 7.93 0.216 205
Planta Geotérmica 30/12/2009 6.0 Ml 7.93 0.178 205
Planta Geotérmica 4/04/2010 7.2 Mw 12.27 0.286 205
Planta Geotérmica 4/04/2010 7.2 Mw 12.27 0.288 205
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Table 5. Cont.

Station Name Origin Date Magnitude Distance (km) PGA (g) Vs30
Tamaulipas 9/02/2008 5.5 Ml 13.83 0.258 217
Tamaulipas 9/02/2008 5.5 Ml 13.83 0.279 217
Tamaulipas 12/02/2008 52Ml 15.33 0.442 217
Tamaulipas 12/02/2008 5.2 Ml 15.33 0.390 217
Tamaulipas 19/02/2008 5.0 Ml 14.57 0.320 217
Tamaulipas 19/02/2008 5.0 Ml 14.57 0.278 217

Volcan Cerro Prieto 22/02/2002 5.8 Ml 7.81 1.003 437
Volcan Cerro Prieto 22/02/2002 5.8 Ml 7.81 1.003 437

5.2. Capacity Curves

ConsideringTijuana’s status as a border city with the United States, typologies with ca-
pacity curves and similar characteristics developed in the HAZUS manual [21] were sought,
with the closest match being typologies RM2/L and RM2/M, corresponding to masonry
shear wall buildings with low (1-3 stories) and medium (4-7 stories) concrete diaphragms,
respectively (Table 6). Each HAZUS capacity curve for buildings is a graph that shows
the lateral resistance of a building as a function of a characteristic lateral displacement. It
is derived from a graph of the equivalent static base shear versus the building’s displace-
ment. To make it easier to compare it to earthquake force (i.e., by overlaying the capacity
curve with a response spectrum), we transformed the axis representing force into one that
shows spectral acceleration and the axis representing displacement into one indicating
spectral displacement.

Table 6. Comparison of masonry housing classification in the city of Tijuana and HAZUS manual.

Housing Classification in Tijuana HAZUS Housing Classification

Description

Taxonomy @ Typology

Taxonomy Description Typology

Confined masonry,
ductile, 1-3 floors
Confined masonry,
non-ductile, 1-3 floors
Reinforced masonry,
ductile, 1-3 floors
Reinforced masonry,
non-ductile, 1-3 floors

MCF/LWAL/DUC/H:1-3

MCF/LWAL/DNO/H:1-3 Reinforced brick
RM2/LWAL/L(H:1-3) or block masonry,
MR/LWAL/DUC/H:1-3 1-3 floors

MR/LWAL/DNO/H:1-3

Confined masonry,
ductile, 4-5 floors
Confined masonry,
non-ductile, 4-5 floors
Reinforced masonry,
ductile, 4-5 floors
Reinforced masonry,
non-ductile, 4-5 floors

MCF/LWAL/DUC/H:4-5

MCF/LWAL/DNO/H:4-5 Reinforced brick
RM2/LWAL/M(H:4-7) or block masonry,
MR/LWAL/DUC/H:4-5 4-7 floors

MR/LWAL/DNO/H:4-5

(M RM2: reinforced masonry with concrete diaphragms, LWAL: vertical walls in the lateral force-resisting system,
L: low rise, M: medium rise, and H: number of floors.

The capacity curves defined by HAZUS are given by the yield point (Dy, Ay) and the
maximum capacity point (Du, Au). The yield capacity represents the true lateral resistance
of the building, considering redundancies in design, conservatism in code requirements,
and actual material strength. The maximum capacity represents the maximum strength of
the building when the overall structural system has reached a fully plastic state. HAZUS
provides only the values of these two points, so the curves were reconstructed using a
fourth-degree polynomial while ensuring the following conditions are met: (1) the curve
passes through the yield point (Dy, Ay); (2) the curve passes through the maximum capacity
point (Du, Au); (3) the curve is linear from the origin to the yield point; (4) the curve
retains the initial slope at the yield point; and (5) the curve is horizontal at the maximum
capacity point.
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The capacity curve was transformed into a bilinear capacity curve to obtain an idealized
representation, following the ATC-40 procedure [47], where a yield point A with coordinates
(dy, ay) and an assumed performance point B with coordinates (Du, Au) are defined, and the
area designated as Al is approximately equal to the area designated as A2 [48].

Figure 7 shows the idealized bilinear HAZUS capacity curves for buildings with
reinforced masonry low-rise (RM2/L) and medium-rise (RM2/M)load-bearing walls, with
low (L), moderate (M), and high (H) seismic design code levels.

Median capacity curve for Median capacity curve for Median capacity curve for

Low Seismic Design Code Level
0.35

gn;?dewte Seismic Design Code Level

" 4High Seismic Design Code Level
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Z 025 Z o0} Z 4
s [ s
2 -3 - - g .
$ 02 S 04r c o8
| ° ®
o (3} o
o Q 1=
® 015 ® 03f 5086
£ £ 5
g F 3
& 01 a 0.2{ 2 04
w w : L]
0.05}] o' 0.2
0 0 " 0
0 0.02 0.04 0.06 0 005 041 015 02 0 0.1 0.2 0.3 04

Spectral displacement [m] spectral displacement [m] Spectral displacement [m]
(a) (b) (c)
Figure 7. Bilinear capacity curves for masonry buildings of low height (RM2L) and medium height
(RM2M). (a) Low seismic design code level, (b) moderate seismic design code level, and (c) high
seismic design code level.

5.3. Structural Response

After conducting the structural analyses, thedistribution of engineering demand pa-
rameters (EDPs) against intensity measure (IM) levels wasgenerated with the VMTK, which
wasthen used for the derivation of fragility functions. Two types of IM were defined as
representative of the dynamic characteristics for building classes: peak ground acceleration
(PGA) for housing (one to three floors) (Figure 8) and spectral acceleration (Sa) of 0.5 s
for a housing with four to seven floors (Figure 9). The selection of 0.5 s was based on the
elongated period to account for the effect of structural damage on the dynamic properties
of the housing census [49].

Low Seismic Design Code Level Moderate Seismic Design Code Level High Seismic Design Code Level
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Figure 8. EDP distributions vs. IML for RM2/L low-height masonry housing (1 to 3 floors). (a) Low
seismic design code level, (b) moderate seismic design code level, and (c) high seismic design code level.



Appl. Sci. 2023,13, 10634

13 of 21

Is.ow Seismic Design Code Level Moderate Seismic Design Code Level o 1High Seismic Design Code Level
351 012 Ay

: 0.0t
0.3} )
0.t 0.08}
0.25¢ ) 2 0.07}
E . 7 E 008 E 8
0 wm 0.08+ =
£ 02! E = o
Q aQ - o 0.05
- £ oosf © £
& 015t & a &
[ = 5 o
2 ¢ 7] e o
=] ] o
0.1 © e
0.05F 0
(0 o
AR < Data 0  Data
4] | SO " ] | 0 T ) D

0 0.5 1 15 0 0:5 1 15 0 05 1 15
SA (0.5s)[g] SA (0.5s)[g] SA (0.5s)[g]

(a) (b) (c)

Figure 9. EDP distributions vs. IML for RM2/M medium-height masonry housing (4 to 7 floors). (a) Low
seismic design code level, (b) moderate seismic design code level, and (c) high seismic design code level.

5.4. Definition of Damage Criterion

Four potential damage states were considered, ranging from minor (DS1) to moderate
(DS2), extensive (DS3), and complete (DS4). This study closely followedthe proposal
ofLagomarsinoandGiovinazzi [11]. Minor damage occurs when 70% of the spectrum
exceeds the displacement at the yield point (i.e., 0.70 Sdy); the threshold for moderate
damage, which is higher than that for extensive damage, is defined as (0.75 Sdy + 0.25 Sdu).
The threshold for extensive damage is defined as the average between the spectral yield
point displacement and ultimate displacement (i.e., (Sdy + Sdu)/2), and it is considered
complete when the ultimate displacement is exceeded (i.e., Sdu) [50].

5.5. Derivation of Fragility Functions

The cloud analysis [39] requires defining a best-fit curve between an intensity measure
(IM) and an engineering demand parameter (EDP) in the logarithmic space.

The regression algorithm was implemented in the toolkit, where excessively high
displacements are treated differently through censored regression analysis [51]. This
regression method is based on the fact that numerical analyses can achieve convergence
for displacement levels that are incompatible with structural stability. This mainly occurs
due to limitations in numerical modeling and can introduce biases into the best-fit curve.
Censored regression analysis requires defining a threshold (i.e., maximum displacement or
acceleration), beyond which data points are assumed to be affected by numerical errors.
This threshold is defined by a censoring factor, which is defined as the ratio between
the maximum allowable EDP and the threshold for the last considered damage state
(e.g., complete damage). In this case, a censoring factor of 1.5 was used, meaning that EDPs
1.5 times above the threshold for the last damage state will be treated differently [23,24].

As explicit consideration of building-to-building variability was not accounted for
(i.e., only one capacity curve was provided per building class), it waspossible to increase
uncertainty to account for this source of variability. In the VMTK, this adjustment wasmade
by adding to the dispersion of variability from record to record (crec-to-rec) [24]. In other
words, two records with the exact same IM can result in different structural responses due
to the contribution of building-to-building variability (cbld-to-bld). For simplicity’s sake,
we chose to directly increase the standard deviation around the best-fit curve by a factor of
0.30, as described in Equation (1) [23].

2 2
Chotal = \/(Urec—to—rec) + (Obtd—to—bld) @
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The resulting fragility functions are defined using cumulative log-normal functions,
as shown in Figures 10 and 11 for the aforementioned structure classes.
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Figure 10. Fragility functions for low-height masonry structures (RM2/L) with PGA spectral accel-
erations. (a) Low seismic design code level, (b) moderate seismic design code level, and (c) high

seismic design code level.
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Figure 11. Fragility functions for medium-height masonry structures (RM2/M) with spectral acceler-
ations of SA (0.5 s). (a) Low seismic design code level, (b) moderate seismic design code level, and

(c) high seismic design code level.

The fragility functions derived from low- and medium-rise masonry houses werecom-
pared for different seismic design levels. Table 7 provides a summary of the probability of
reaching or exceeding various damage states for low-rise houses (RM2/L) at an expected
value of 0.50 g of PGA and for medium-rise houses (RM2/M) at an expected value of 0.5 g
of SA (T = 0.5 s). For example, it can be observed that the probability of damage decreased-
for low-rise houses (RM2/L) with moderate and high levels of seismic design, especially
for damage states DS3 and DS4, and the probability of damage waszero for medium-rise
houses (RM2/M) in damage state DS4 for moderate and high levels of seismic design.
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Table 7. Probability of damage in low- and medium-rise houses at different seismic design levels.

Probability of Exceedance for

Housing Expected Value Damage State Code Seismic Design Level (%)
Low Moderate High
DS1 66 38 18
RM2/L DS2 40 11 2
(1-3 floors) 0.5 g of PGA DS3 30 6 0.8
DS4 20 2 0.2
DS1 100 80 18
RM2/M 0.5gof SA DS2 77 4 0
(4-7 floors) (T=055) DS3 50 0.3 0
Ds4 16 0 0

5.6. Vulnerability Functions

Fragility functions are often transformed into vulnerability functions that can be
subsequently used in loss assessment [52]. The VMTK wasalso employed in deriving these
curves by calculating the probability distribution of the loss rate using the resulting fragility
model and a damage-to-loss relationship model (i.e., the relationship between each damage
state and the corresponding loss rate).

The damage-to-loss model used is the one described in FEMA [53], where the expected
loss rates for each damage state are as follows: slight damage (LR) = 0.05, moderate damage
(LR) = 0.25, extensive damage (LR) = 0.60, and complete damage (LR) = 1.00.

The average loss rate of the vulnerability functions at each level of intensity measure-
ment (LRI1IM) is equal to the result of multiplying the probability of each damage state
(P [DS = dsi | IM]) by the associated average loss rate (LRdsi), as described in Equation (2) [24].

nDS
LR|IM = )_ P[DS = ds;|IM]x LRy, )
i=1
Following this procedure and utilizing the fragility functions and the damage-to-loss model
presented earlier, the vulnerability functions were obtained, as depicted in Figures 12 and 13.

Low Seismic Design Code Level o 2Moderate Seismic Design Code Level High Seismic Design Code Level
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Figure 12. Vulnerability functions for low-height masonry structures (RM2/L) with spectral accelera-
tions of PGA. (a) Low seismic design code level, (b) moderate seismic design code level, and (c) high
seismic design code level.
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Figure 13. Vulnerability functions for medium-height masonry structures (RM2/M) with spectral
accelerations of SA (0.5 s). (a) Low seismic design code level, (b) moderate seismic design code level,
and (c) high seismic design code level.

Table 8 presents a summary of the probability of loss ratio in low-rise (RM2/L) and
mid-rise (RM2/M) buildings for an expected value of 0.50 g of PGA and 0.50 g of SA
(T = 0.5 s), respectively. For example, it can be observed that the loss ratio wasminimal
for low-rise (RM2/L) and mid-rise (RM2/M) buildings with a moderate and high seismic
design. For a low seismic design, both low-rise and mid-rise structures hada 30% and 44%
probability of loss ratio, respectively.

Table 8. Loss rate for low- and medium-height housing structures at different levels of seismic design.

Loss Rate for Code Seismic Design Level (%)

Housing Expected Value
M Low Moderate High
RM2/L
(1-3 floors) 0.5 g of PGA 30 7 18
RM2/M ~
(47 floors) 0.5g0of SA(T=0.55) 44 5 0.9

5.7. Comparison of Results

In the case of single-floor houses constructed with reinforced masonry, the damage
assessment is closely related to the maximum ground acceleration (PGA). On the other
hand, for two-floor and three-tofive-floor houses, the damage assessment is directly related
to spectral acceleration, specifically SA (T = 0.3 s) and SA (T = 0.6 s), respectively. This
allows us to more accurately assess the vulnerability of different types of houses to seismic
events. Furthermore, to compare our results with other studies, we calculated vulnerability
functions using the previously mentioned procedures for two spectral acceleration values:
SA (T=0.3s)and SA (T =0.65).

Figure 14 presents vulnerability functions specifically designed for reinforced masonry
structures, developed by severalauthors. Among these, Romao et al. created functions for
European houses, classifying them into three ductility levels: low (DUL), moderate (DUM),
and high (DUH) [54]. Likewise, Cardona contributed functions with global applicability,
suitable for various seismic threats, following the HAZUS methodology [37]. The functions
presented in this article, like those of Cardona et al., are divided into three categories
corresponding to low (L), moderate (M), and high (H) seismic levels.
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Figure 14. Comparison of vulnerability functions for reinforced masonry structures: (a) 1-floor houses
with peak ground acceleration (PGA) [37,54], (b) 2-floor houses with spectral acceleration (SA = 0.3 s) [54],
and (c) 3-5-floor houses with spectral acceleration (SA = 0.6 s) [37].

Table 9 presents a summary reflecting the probabilities of loss rates in different types
of houses, including one-floor, two-floor, and three-tofive-floor reinforced masonry houses.
These probabilities werecalculated considering a spectral acceleration of 0.5 g and compared
with historical accelerations recorded in the study area, which can vary in the range of 0.20
to 0.50 g [29].

Table 9. Comparison of results forl-, 2-, and 3-5-floor houses.

Numero de Pisos Expected
Value Masonry House Loss Rate (%)
Number of Floors IM

RM2/L/L 30

RM2/L/M 7

RM2/L/H 1.8
RM2L/L (Cardona et al.) [37] 19.7
1 floor 0.5 g of PGA RM2L/M (Cardona et al.) [37] 17.4
RM2L/H (Cardona et al.) [37] 144

MR/LWAL + DUL (Romao et al.) [54] 9.7

MR/LWAL + DUM (Romao et al.) [54] 4.7

MR/LWAL + DUH (Romao et al.) [54] 1.8

RM2/L/L 30

RM2/L/M 34

0.5 g of SA RM2/L/H 0.3

2 floors (T=030s)

’ MR/LWAL + DUL (Romao et al.) [54] 5.3

MR/LWAL + DUM (Romao et al.) [54] 35

MR/LWAL + DUH (Romao et al.) [54] 1.5

RM2/M/L 52

RM2/M/M 6

0.5 g of SA
| RM2/M/H 1
3-5 floors (T=0.60s) /M/

RM2M/L (Cardona et al.) [37] 20.1
RM2M /M (Cardona et al.) [37] 16.4

RM2M/H (Cardona et al.) [37] 11.2
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When analyzing the loss rates in vulnerability functions proposed by various authors
for one-floor houses, considering a low seismic design level, significant differences can be
observed. In particular, Romao et al. present a loss rate of 9.7%, while Cardona et al. and
the results of this article show significantly higher figures, at19.7% and 30%, respectively.

For these same one-floor houses, when considering moderate and high seismic design
levels, Romao et al. reported loss rates of 4.7% and 1.8%, respectively. These values show
similarity with the results obtained in this article, at 7% and 1%, respectively.

The vulnerability functions proposed in this article were compared with the Romao
et al. functions, considering two-floor houses and their three seismic design levels: low,
moderate, and high. In the case of houses with a low seismic design level, this article
reveals a 30% higher loss rate compared to the loss rate presented by Romao et al., which is
5.3%. However, a similarity wasobserved in the loss rate in cases of moderate and high
seismic design.

A comparison was made between the vulnerability functions presented in this study
and those developed by Cardona et al. for three-to-five-floor houses in three seismic design
levels: low, moderate, and high. In all cases, it is evident that the loss rate is lower than
what is presented in this work.

6. Conclusions

Some researchers have developed fragility and vulnerability functions for various
building classes in different parts of the world, achieving promising results through open-
access programs [5,23,24,49,50]. In the preceding sections, the probability of damage and
loss was determined using a set of ground motion records characteristic of the region [45,46].
The analysis was conducted on masonry houses in the city of Tijuana, BC, which, according
to data from [35], represents over 432,000 housings. The open-source platform VMTK was
employed, offering a viable option for determining fragility and vulnerability functions
for various types of structures in the region and around the world. Before using it, it is
essential to review its limitations and necessary features to ensure it can be easily adapted.

The fragility models were developed following the cloud analysis method proposed
by [39] and nonlinear time history analysis in equivalent SDOF oscillators. The derived
fragility functions for low- and medium-rise masonry houses were compared for different
seismic design levels. It was observed that the probability of damage decreases in low-rise
houses for all damage states with moderate and high seismic design levels. Additionally,
there is a 20% probability of reaching damage state DS4 for low-rise houses with a low seis-
mic design level, considering an expected value of 0.50 g of PGA. For medium-rise houses,
there is no damage in DS2, DS3, and DS4 with a high seismic design level. Furthermore,
there is a 16% probability of reaching damage state DS4 for medium-rise houses with a low
level of seismic design, considering an expected value of 0.50 g of SA (T =0.5s).

In BC, over 50% of housings exhibit structural damage [35], stemming from a substan-
tial portion of informal construction carried out over the years with low or nonexistent
design standards, resulting in increased vulnerability of housings in the event of an earth-
quake. When deriving vulnerability functions, it was determined that for a low seismic
design level, structures with 1-3 stories and 4-7 stories in height have a higher probability
of loss indices, at 30% and 44%, respectively, for an expected value of 0.50 g of PGA and SA
(T=05s5).

When comparing vulnerability functions for single-floor and two-floor houses with a
low seismic design level, it is noteworthy that the results of this article reveal a significantly
higher loss index, reaching 30%, surpassing that found by other authors. Similarly, for
three- to five-floor houses, the loss index also significantly increases to 52%, positioning it
above values obtained by other researchers.

For single-floor houses with a moderate and high seismic design level, it can beob-
served that the loss indices obtained in this study, which are 7% and 1.8%, respectively,
are lower than those presented by Cardona et al. [37]. Conversely, these results show
similarities with the values obtained by Romao et al. [54].
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In the case of two-floor houses with a moderate seismic design level, a notable simi-
larity can beobserved between the results presented by Romao et al. [54] and those of this
study. On the other hand, for three- to five-floor houses with a moderate and high seismic
design level, the values obtained in this study, which are 6% and 1%, respectively, are lower
than those presented by Cardona et al. [37].

A comparison has been made between the vulnerability functions obtained in this arti-
cle and those developed by other authors in different regions around the world, revealing
significant discrepancies. These disparities could introduce greater uncertainty in damage
and loss estimation in risk scenarios.

In the specific case of the city of Tijuana, which is located in a high-seismic-activity
zone, there areno available data regarding the damage caused by earthquakes prior to the
generation of these vulnerability functions. Furthermore, there is no regulatory section
addressing the specific use of vulnerability functions for masonry houses. This has led
other authors, such as Gonzales, Rodriguez, and Romero [2,29,30], to utilize vulnerability
functions from other parts of the world for their risk assessments.

This work introduces a procedure grounded in open-access methodologies, providing
the opportunity for other users, especially those with limited access to data and information,
to develop their own vulnerability functions tailored to their study area and various types
of structures. These functions can be employed to estimate damage and losses in risk
situations, playing a crucial role in reducing uncertainty in risk analysis calculations.
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