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Understanding seismic risk enables efficient resource allocation in the effort to increase the resilience of our cities and communities. Field reconnaissance and data collection following disasters document the damaging effects of earthquakes to enable lessons and wisdom to accumulate from past events. An important aim of such field data analysis is establishing a better understanding of building performance such as causes of building failures. These lessons provide essential basis to improve our design codes, develop regulations and policies, to increase building resilience by addressing the infrastructure vulnerability. Currently, to make use of the datasets from around the world, significant effort is required to decode the data which often have unique local and regional context and bias. The struggle begins at data collection where there is a lack of consistent methodology and definitions that can adequately cover the regional nuance. This manuscript proposes a new paper-based tool which addresses the need for a global yet detailed universal methodology for building damage assessment post-earthquakes. The new form is based on the GEM taxonomy v2.0 and the European Macroseismic Scale EMS-98. The recent Mexican earthquake from the 19 September 2017 led to significant building damage in the capital Mexico City and the state of Morelos. A team from New Zealand assessed damage throughout the capital and tested the new paper form in Calle La Morena. The street case study presents a novel visualization of the damage data and buildings characteristics which highlights the correlation between the damage and the building features. It is hoped that this kind of illustration will lead to better comprehension of the damage drivers.
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INTRODUCTION

One of the earliest contemporary earthquake reconnaissance and observation for scientific account was that by Robert Mallet (1810–1881). Mallet spent 1 month in Italy following the 1857 great Neapolitan earthquake (Ferrari and Mcconnell, 2005), and he collected meaningful data and documented his finding in the report “The first principles of observational seismology” (Mallet, 1862). Approximately 50 years later, the U.S. experienced one of the worst natural disasters in its history with the 1906 San Francisco earthquake. The earthquake and following fire killed more than 3,000 persons and left 400,000 persons homeless (The US National Archives Records Administration, 2017). More importantly, before the event, San Francisco was the premier city

of the West Coast. After 1906, population abandoned San Francisco, and Los Angeles quickly outgrew San Francisco in the following decade. Los Angeles is now the financial center of California and is five times as large as San Francisco (Jones, 2014). The San Francisco earthquake and other significant earthquakes such as the 1923 Kanto and 1995 Kobe Earthquakes highlighted the importance of the economic and social consequences of earthquake disasters. It pointed to the need for improving the resilience of our cities and urban environment.

Purpose of modern earthquake engineering is to mitigate damage in buildings and infrastructures to reduce the impact of earthquakes on the society. Earthquake risk reduction is a multidisciplinary risk management exercise and is not restricted to improving the science behind more accurate seismic hazard prediction. It encompasses enhancing the understanding of the exposure and vulnerability of our built environment. Then, applying appropriate risk management measures such as Avoid-Control-Accept-Transfer to minimize the related losses. Earthquake risk reduction requires knowledge from seismology, structural, and geotechnical engineering as well as psychology and economics. The most valuable resource in damage mitigation and loss prediction for future earthquakes is actual data and lessons from past events. In the structural engineering fields, the perishable building performance data on damage and undamaged buildings are invaluable in identifying failure causes and damage patterns. Lessons learned enable engineers, planners, and officials to adjust the current setting to optimize future social and economic outcomes. The most direct lever for this is via improving structural design standards and seismic loss prediction models.

This paper first discusses the concept of “natural risk” and present an example use of empirical damage data. Then, a review is provided on post-earthquake damage collection tools and damage collection forms available in the U.S., Europe, and New Zealand. A new paper-based building damage observation form based on the GEM buildings taxonomy v2.0 is proposed. This new form was trialed in Mexico City following the 2017 Puebla earthquake. Results and key findings are presented.

THE ROLE OF SEISMIC DAMAGE ASSESSMENT IN EARTHQUAKE RISK MITIGATION

What Is “Natural Risk”?

In a non-technical context, “risk” is often understood as “a situation involving exposure to danger” (Oxford Dictionaries, 2018) and set of circumstances that might lead to an undesirable outcome and adverse consequences. In a technical context, Hansson (2014) differentiates the definition of “risk” from a qualitative and quantitative sense. From a qualitative definition “risk” either refers to the unwanted event itself or the cause of the unwanted event. In a quantitative sense, “risk” expresses the probability of the occurrence of an unwanted event. It sometimes describes the process of decision making in cognizance of the possible adverse consequences. The most common definition of risk in technical contexts is the expected value of an undesirable outcome expressed as the product of risk probabilities and its severity (Hansson, 2014).

In the context of natural hazards, risk is defined as the combination of the natural hazard, exposure of the structure, and the vulnerability of the studied asset as shown schematically in Figure 1 (Lallemant, 2017). Risk only appears if these components are together.
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FIGURE 1. Risk from earthquakes is the combination of natural hazard, exposure, and vulnerability (Lallemant, 2017).



How to Quantify Earthquake Risk?

Porter (2018) presents a concise summary of the engineering approach to risk analysis. A schematic overview is reproduced in Figure 2. Informed decision making requires understanding of asset characteristics and the site-specific potential hazards. This approach to risk analysis aligns with the Pacific Earthquake Engineering Research Center (PEER) Performance-Based Earthquake Engineering (PBEE) methodology.
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FIGURE 2. An engineering approach to risk analysis (Porter, 2018).



The PEER PBEE methodology is an evolution of the “Vision 2000” framework which emerged in the aftermath of the 1994 Northridge earthquake in an effort to improve seismic codes. The framework developed new criteria based on field observations and quantitative evaluations. It established concepts of key engineering response parameters, defined acceptance limits for building performance objectives in various level of ground shaking (SEAOC Vision Committee, 1995). The “Vision 2000” methodology sets out a relationship between the performance objective, the risk profile of the facility, the probability of an earthquake, and the response parameters related to each performance objective. The newly introduced definitions for the building performance are: fully operational, operational, life safe, and near collapse (Poland et al., 1995). Work such as FEMA 273 [(Applied Technology Council (ATC), 1997)], ATC-32 [(Applied Technology Council (ATC), 1996a,b)], and FEMA 356 (FEMA, 2000) followed. PEER subsequently extended concept to account for uncertainties via a probabilistic framework, this is now commonly referred to as the PEER PBEE methodology. The PEER PBEE methodology provides a consistent and clear framework for the decision-making process regarding the seismic performance of an asset (Cornell and Krawinkler, 2000). In recent years, the PEER methodology has been extensively described (Yang et al., 2009; Gunay and Mosalam, 2012; Broccardo et al., 2016). The PEER methodology considers the building performance at a system level rather than the failure of individual structural components. The decision variable (DV) is expressed through simple performance metrics such as the casualties, the repair costs, and loss-of-use duration (3D'S: death, dollars, and downtime), which are meaningful to technical and non-technical stakeholders (Porter, 2003). The first version of PBEE expressed DV as a function of the seismic hazard, in terms of an intensity measure (IM), and damage, characterized as damage measure (DM) (Cornell and Krawinkler, 2000). Porter (2003) improved the PEER methodology and proposed a four stages approach which combines the results of hazard analysis, structural analysis, damage analysis and loss analysis. The above are characterized by probability functions of IM, engineering demand parameters (EDP), DM and DV. The mathematical expression of the mean annual rate of a DV is shown as Equation (1).
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Equation (1) expresses the mean annual rate of the DV as an integral of a chain of conditional probabilities depending on the DM, a measure of physical damage associated with a given EDP (e.g., local failure, degree of collapse, loss of load capacity), the EDP, a measure used to characterize structural response (e.g., floor acceleration, interstory drift, roof displacement), and the IM of the earthquake, a measure used to characterize the intensity of ground shaking (e.g., ground acceleration, ground velocity, spectral displacement). G(DM/EDP) and G(DV/DM) require a damage analysis and loss analysis based on fragility and loss models, respectively (Yang, 2013). The concept of the PEER PBEE methodology is thouroughly explained in the seminal work of Porter (2003). In recents years, the earthquake and structural engineering community studied the PEER PBEE methodology (Kiureghian, 2005; Dhakal, 2011; Gunay and Mosalam, 2012), and applied it (Krawinkler, 2005; Mitrani-Reiser, 2007; Cutfield, 2015; Burton et al., 2016). The interested reader is directed to the above-mentioned articles.

It is possible to calibrate these damage and loss models based on analytical or laboratory data, expert opinion, or empirical data. While each approach offers advantages, empirical data is often regarded as the most desirable as it comes from the inspection of buildings subjected to real earthquakes and thus reflects actual achieved performance. In the field, seismic damage assessment performed in the frame of earthquake reconnaissance missions play a crucial role in the understanding of our buildings deficiencies and strengths. A better understanding of the failure can lead to possible design code improvement. However, the damage data collection is also an essential step in improving our damage and loss models which also has applications in emergency response and risk management. Figure 3 presents the chain of action from the damage data collection until the implementation of the loss prediction model. The damage state of a building following an earthquake is the root of the validation step in the damage prediction process. We assess the extent of damage and collect damage data following an earthquake to help us develop our damage prediction models. The data can also be used for the ultimate validation of the loss prediction.
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FIGURE 3. Damage assessment in the earthquake risk reduction.



POST-EARTHQUAKE DAMAGE COLLECTION

Review of Existing Collection Forms

The first seismic damage assessment methodology for the US was developed by the Applied Technology Council (ATC) in 1985. The American Federal Emergency Management Agency (FEMA) contacted ATC to bridge the existing literature gap to make earthquake damage, loss and inventory data available. The report “ATC-13 Earthquake Damage Evaluation Data for California” (Rojahn et al., 1985) presents damage and loss estimates as well as details of the methodology employed to compute these estimates. In the 1990's, ATC published the “ATC-20 Procedures for Postearthquake Safety Evaluation of Buildings” (Friedman et al., 1989) and “ATC-20-2 Addendum to the ATC-20 Post-earthquake Building Safety Procedures” (Bolton et al., 1995). These two reports introduced a methodology for the seismic damage evaluation focused exclusively on Californian building stock. In Europe, the first tool for the seismic vulnerability assessment was developed in 1992 and implemented in 1998. The European Seismological Commission developed the European Macroseismic Scale 1998 (EMS-98) bringing a common framework for the vulnerability definition and damage classification of masonry and concrete buildings (Grünthal, 1998). In Italy, the “Field Manual for post-earthquake damage and safety assessment and short-term countermeasures (AeDES)” provides tools for the evaluation of seismic damage data post-earthquake (Baggio et al., 2007). In 1998, the New Zealand Society for Earthquake Engineering (NZSEE) published the guidelines “Post-earthquake building safety procedures.” The assessment forms and building evaluation methodology is identical to the ATC-20 damage data collection form. Nevertheless, it differentiates itself in the placard use. An update of the guidelines followed in 2009 (NZSEE, 2009). The evaluation process includes two levels of rapid assessment followed by a detailed engineering evaluation if necessary. The ATC forms account for specificities of the American building stock characteristics only, thus pointing to the need for a single form capable of capturing building features from different countries. The tool should be global to allow a data collection on a universal basis anywhere in the world, yet detailed enough to capture important region-specific features.

In 2009, private and public entities collaboratively founded the Global Earthquake Model (GEM) aimed to develop a single model for evaluating earthquake risk in any location worldwide. Research efforts focused on different aspects. One of the work streams was the development of tools to capture damage data following earthquakes (Foulser-Piggott et al., 2014).

GEM Inventory Data Capture Tools (IDCT)

As part of GEM, scientists and engineers developed three tools to capture data on site. The researchers programmed two digital tools, one Windows software (Jordan et al., 2014) and a mobile application (app for short) (Rosser et al., 2014). At the time of writing, the app is only available for Android device. The app is open-source and collaborative; features can be improved and added via the GitHub repository [(Global Earthquake Model (GEM), 2013)]. While these tools streamlined the data processing process, they also have limitations surrounding the robustness of the device, the limit of devices available, power and cellular communication requirement, and inflexibility of input for onsite use. Paper forms are thus developed and used as a backup tool or as a tool itself.

The tool development process included field tests in learning from earthquake (LFE) exercise in L'Aquila, Italy, in Athens, Greece, and Bishek, Kyrgyzstan (Foulser-Piggott et al., 2013). These experience further improved aspects of the form construction such as color coding for different categories, presentation order of attributes. Field tests pointed to the need to refine lateral-load resisting system (LLRS) options and data options (Foulser-Piggott et al., 2013).

GEM Building Taxonomy v2.0

Building features classification and arrangements are described in building taxonomies. The recorded use of building taxonomies can be found from the end of the eighteenth century. Insurance companies needed to accurately define and document the building characteristics to provide adequate fire insurance. The concept of recording building characteristics evolved during the nineteenth century. Events such as the great fire of New York City in 1835 which led to the bankruptcy of 23 of the 26 insurance companies at the time (The Graduate Center CUNY, 2001) emphasized the need for accurately cataloging of building inventory and classification of buildings and their components. This categorization of material, elements, and components into several groups is called “building taxonomy.”

While the use of building taxonomy is standard practice for the calculation of risk related to fire, it is only in the mid-1900s that earthquake insurance used taxonomy systems for rating purposes (Brzev et al., 2013). The 1970s saw the emergence of PBEE procedures (Porter, 2005). The building industry first started to adopt taxonomy classification systems in 1985 with the ATC-13 Earthquake Damage Evaluation Data for California (Rojahn et al., 1985). ATC-13 evolved to form the FEMA P-154. This methodology first developed in 1985, is still in use today in an updated version, the FEMA P-154 Rapid Visual Screening of Buildings for Potential Seismic Hazards: A Handbook (Rojahn et al., 2015). The beginning of the twenty-first century saw the development of building taxonomies applicable outside the U.S. Taxonomies useable in several countries such as The World Housing Encyclopedia [(Earthquake Engineering Research Institute (EERI) International Association for Earthquake Engineering (IAEE), 2000)] or the PAGER-STR taxonomy (Jaiswal and Wald, 2008). A recent popular implementation is the GEM Building Taxonomy v2.0 which is designed to be applicable worldwide (Brzev et al., 2013). The GEM taxonomy describes and uniformly classifies buildings according to 13 attributes (Table 1). Additional information on the GEM Building Taxonomy Version 2.0 is available in the technical report, Brzev et al. (2013).


Table 1. Overview of the GEM building taxonomy categories.

[image: image]



Non-structural Components

Non-structural components are essential regarding losses and decision-making. In Performance-Based Earthquake Engineering, non-structural components significantly influence the damage and loss analyses (Porter, 2005). Taghavi and Miranda (2003) showed that non-structural components could make up 60–80% of the total value of a building. To capture damage, define the performance of non-structural components and distinguish between the performances of several design types, it is important to adequately identify and categorize these non-structural components with sufficient details so that components with different damageability are addressed to different categories (Porter, 2005).

IMPROVED PAPER FORM BASED ON THE GEM BUILDING TAXONOMY V2.0

The improved form proposed in this project was designed with universal applicability in mind, in line with the GEM objective. Care was taken to develop a standard and consistent definition of building features to ensure past, current, and future data are comparable. It is the first damage assessment form that combines and aligns the GEM Building Taxonomy v2.0 (Brzev et al., 2013) and EMS-98 (Grünthal, 1998) into one paper form. While the European Macroseismic Scale EMS-98 was primarily developed for European countries, engineers used the EMS-98 damage scale to assess building damage all over the world: in Italy (Borg et al., 2010; Del Gaudio et al., 2017), in France/Spain (Monfort et al., 2011), in Mexico (Juarez Garcia et al., 2004), in New Zealand (Cattari et al., 2015; Stirling et al., 2015; Fikri et al., 2018). The GEM Building Taxonomy is appropriate to consistently describe and classify buildings worldwide (Allen et al., 2015). It was already employed in several projects [(Global Earthquake Model (GEM), 2015; Wieland et al., 2015; Silva et al., 2018)]. The new developed paper form is also one of the few forms that allows for the collection of non-structural components seismic performance data. It combines the nonstructural damage observation form developed by Taghavi and Miranda (2003) and the non-structural building components taxonomy developed by Porter (2005). It is the only form that includes sketches from the glossary of GEM taxonomy (Allen et al., 2013).

The improved paper form comprises six mains sections.

• Section one collects information about the assessor and general building information such as building location (address and GPS coordinates).

• Section two records building information: type of occupancy, number of storeys, building position within a block, date of construction, building shape.

• Section three records the general description of building damage including location and extent based on the EMS-98 (Grünthal, 1998). The placement of this section in the form is deliberate as it places this on the first page. This section also introduces essential definitions that assist the assessment of building elements.

• Section four focuses on structural elements. It records details about the building material and the LLRS in each direction. There is also a space to record any structural irregularity in the structure (in plan and vertical).

• Section five deals with exterior attributes (e.g., roof, façade), flooring systems, foundation system, and ground condition.

• Section six is dedicated to non-structural components from non-structural walls to ceilings and encompasses some building content. On the last page, there is space for a sketch of the building and prompts to write reference and captions for any photographs taken.

A version of the paper form is available in the Supplementary Material.

Field Test of the Improved Paper Form

An international LFE team trialed the improved form on site in Mexico City following the 19 September 2017 Puebla earthquake. The team composition was diverse, consisting of local and foreign academic researchers, graduate, and undergraduate students. The experience in deploying the improved paper form was successful. It provided great detail, enabled consistent damage gradings, and was easy to use. The definition of the general building damage according to the EMS-98 was well-received and understood by local assessors. Local assessment forms such as the one developed at the Autonomous University Azcapotzalco in Mexico City (Gomez-Bernal, 2017) also expressed building damage according to the EMS-98. One of the advantages of the EMS-98 is that the documents are available in full and short form in English, French, Spanish, and Chinese (Grünthal, 1998). Nevertheless, experience in the field showed that training is necessary for assessors to become familiar with the assessment form. The alignment of this new paper form with the GEM taxonomy also made the reporting of the information in the GEM—Direct Observation Tools (Jordan et al., 2014) straightforward.

The new form was designed with an emphasis on non-structural components. It was hoped to collect empirical data on the performance of non-structural components. However, during the field test, the number of internal inspections was limited due to difficulties in obtaining access to private properties and buildings. A better solution for future missions might be to send a questionnaire on non-structural components to owners of damaged buildings (see Supplementary Material). Previous research showed that satisfactory results could be achieved if the form is self-explanatory (Taghavi and Miranda, 2003).

Future Improvement

Assessors appreciated the simplified sketches depicting damage and structural categories included in the form. These sketches were taken from the glossary of GEM taxonomy (Allen et al., 2013). Some assessors suggested more pictures and complementary explanation to be included in the paper form [e.g., explanation on short columns, cripple walls, torsion eccentricity (TOR)]. There exists a trade-off between sufficient explanation and overall length of the form. Version 1.2.0 of the IDCT Android app (March 2018) was available in Spanish. Translation of the paper form into Spanish and any other language used in earthquake-prone countries is recommended and could make the assessment process more accessible. The difficulty for assessors to enter buildings and assess non-structural elements was already pointed. It is thus questionable if the current form section on non-structural components can be reduced to critical non-structural components to reduce overall form length.

Table 2 shows a detailed comparison of the features of the assessment form based on the GEM Building Taxonomy v2.0 vs. the local form used in Mexico. A significant advantage of the paper form based on the GEM Building Taxonomy v2.0 is the direct integration in the GEM environment. Any assessment completed with the IDCT tool produces outputs that are consistent with the data required for the GEM exposure and consequences databases, and thus directly usable by any software and tool developed by the GEM community [(Global Earthquake Model (GEM), 2014)]. Interested readers about the possibilities of GEM tools are directed to The OpenQuake-engine User Manual [(Global Earthquake Model (GEM), 2018b)] as well as the OpenQuake Risk Modeler's Toolkit–User Guide [(Global Earthquake Model (GEM), 2018a)]. The broad terminology of GEM Building Taxonomy gives high flexibility in attribute definitions. The scope goes beyond the building industry and is transferable for loss calculation and estimation for the insurance industry.


Table 2. Comparison of the GEM assessment methodology vs. the local Mexican procedure.
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RECONNAISSANCE MISSION IN MEXICO CITY

The 2017 Puebla Earthquake

On Tuesday, 19 September 2017, at 13:14 p.m. local time (18:14:38 UTC) a Mw 7.1 earthquake struck the central part of Mexico [(United States Geological Survey (USGS)., 2017)]. The 2017 Puebla earthquake occurred on the anniversary of the devastating 1985 Michoacán earthquake. The Puebla earthquake is an intraplate earthquake that started at an intermediate epicentral depth of 48.0 km. The epicenter was located 12 km to the southeast of Axochiapan between the states of Morelos and Puebla [(United States Geological Survey (USGS)., 2017)]. The most affected regions are the rural areas of Puebla and Morelos and the urban area of Mexico City. The death toll was 369, 38 buildings collapsed, and more than 3,000 buildings suffered damage (McDonnell et al., 2017; Ortega, 2017; Munich, 2018) making the Puebla earthquake the fifth largest natural catastrophe in 2017 with 6 billion USD$ of overall losses (Munich, 2018).

The authors are part of a New Zealand team that assessed building damage in Mexico in October 2017. The survey covered the neighborhoods of La Condesa and Roma as well as the southern part of Mexico City. The team observed damage from minor cracks up to total collapse. The NZ team actively worked with locals teams including students and professors from the UAM Azcapotzalco (Roeslin et al., 2018).

Damage Data Collection by Teams From Mexico

Following the Puebla earthquake, the Mexican government mandated engineers and architects from the Mexican college of civil engineers [Colegio de Ingenieros Civiles de México (CICM)] and the Mexican society of structural engineering [Sociedad Mexicana de Ingeneria Estructural (SMIE)] to assess the extent of damage in the city. The assessors used the evaluation form from the Secretariat of Civil Protection of Mexico City (Luciano Fernandez, personal communication). The objective of the assessment was to evaluate if a building presented any threat to its occupant and the public. If inspectors deemed the building unsafe, a further detailed inspection is requested. Buildings were classified into lower risk, high risk, uncertain and collapsed. Findings and generated maps are published publicly [(Colegio de Ingenieros Civiles de México (CICM), 2017)].

Case Study: Calle La Morena

Building Assessment

The assessors inspected 25 buildings in the western part of Calle La Morena. These buildings formed a case study which represented a broad selection of buildings with different features and a full range of damage from no damage to total collapse. The buildings are located in the geotechnical zone III a (Órgano del Gobierno del Distrito Federal, 2004), south of the most damaged neighborhoods of La Condesa and La Roma. It was not possible to access the inside of the buildings thus the assessments were limited to exterior inspections only. Nevertheless, the exterior inspections provided meaningful data on the building characteristics and extent of damage of the structural elements. In the Calle La Morena, the building assessor assessed damage with the improved GEM paper tool. The assessor then transferred the data in a digital form using the GEM Windows tool (Jordan et al., 2014), as shown in Figure 4A. The software links the damage assessment as well as photographs taken on site to a geotagged data point. The geographical position can be exported as a kmz file (Figure 4B) or as a Shapefile. Buildings characteristics and features can be exported as a CSV file.
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FIGURE 4. Screenshots of the GEM IDCT software. (A) Depicting building boundaries property as available from shape files. (B) Post earthquake assessment exported as kmz file overlayed over satellite images in Google Earth.



Statistical Findings

Figure 5 shows the overall distribution of damage grade of the assessed buildings, and the distribution as separated by number of storeys. Out of the 25 buildings assessed, 15 suffered no damage, 10 experienced at least slight damage, and 1 building collapsed. The damage scale followed EMS-98, and a consistent color code was used for all graphs in this paper. The color code ranged from beige for buildings with no damage to dark red for collapsed buildings.
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FIGURE 5. Distribution of damage categories for the 25 buildings studied in the street La Morena. Damage categories as per EMS-98.



Figure 6A plots the damage grade distribution separated by the number of storeys and building occupancy. It is shown that five to eight storeys building were most severely damaged. From the assessed buildings, 60% are residential (RES) and 36% are mixed-used, mostly residential and commercial (MIX1), as shown on Figure 6B. It is noteworthy that this analysis was able to show that residential units with 20–49 units were the most damaged.
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FIGURE 6. (A) Building categorized by occupancy and number of story. (B) Detail of the building occupancy.



The building position and building plan shape influence damage as shown in Figure 7. Buildings are classified into bins according to their plan shape and their position as per the GEM Building taxonomy definitions. Eighty-four percent of the buildings assessed were surrounded by two adjoining structures and 16% have only a building on one side. The plan shape observed in Calle La Morena Street were diverse. Overall the buildings with a solid rectangular plan suffered little or moderate damage. In contrary, H-shaped building experienced very heavy damage. Figure 8 shows the building material and the lateral load resisting system, respectively. Fifty percent of the building are concrete buildings and 10% are masonry buildings. In 40% of the cases, it was not possible to determine the material of the structural elements. It was even more challenging when attempting to identify the lateral load resisting system in the field. It was not possible to identify the lateral load resisting system of 70% of the buildings in the case study. Like other reconnaissance missions, the field assessment in Mexico City following the 2017 Puebla earthquake highlighted the difficulty in obtaining accurate classification from external observations. This is oftentimes made more difficult with the lack of official authority of scientific data collection teams and health and safety concerns. The difficulty of defining the building structural system and material of the structural elements from external observation increases the variability. This variability should be captured in the data analysis process and represented as epistemic uncertainty. One possibility to overcome the limitation of external inspections, is to access to buildings plans. For some buildings in Mexico City outside the scope of this case study, building plans and structural drawing were available. For most of these cases it was possible to determine the structural system and the material of the structural elements. This experience highlights the importance of preparation and collecting inventory data prior to a disaster, and archiving them so that the information is accessible immediately after the earthquake.
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FIGURE 7. Dashboard showing the number of adjoining buildings and plan shape. (A) Configuration of adjoining buildings. (B) Plan shape of each building. (C) Combination of plan shape and building position.
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FIGURE 8. Dashboard showing the material and type of lateral load resisting system. Material of structural system in longitudinal direction (A) and transversal direction (B). Lateral Load Resisting system in longitudinal direction (C) and transversal direction (D).



Figure 9 shows that 40% of the structures present at least one structural irregularity (IRIR) in the vertical or horizontal plane whereas only 44% of the building were regular (IRRE) (in 16% the regularity of the structure is unknown). While regular structures experienced moderate damage or less, 30% of the irregular structures experienced moderate damage and 40% suffered substantial damage or more. Figure 10 shows the type of building irregularity observed in the vertical and horizontal directions. Two-fifth of the structures are irregular. The most common horizontal irregularity is TOR with half of the irregular buildings having torsion issues.
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FIGURE 9. Dashboard showing the distribution of regular and irregular structures and the impact on the damage grade of the building.
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FIGURE 10. Dashboard showing irregularities in buildings. Principal vertical (A) and horizontal (B) irregularities. Secondary vertical (C) and horizontal irregularities.



Examples of Observed Damages

Figure 11A depicts an example of a corner building with torsion eccentricities. Buildings with substantial and heavy damage all presented problems with torsion. The collapsed building had a re-entrant corner (REC). Figure 11B shows that 30% of the vertically irregular structures experienced pounding (POP) and 60% had soft storey (SOS) failure. In fact, all heavily damaged buildings presented a soft storey. Figure 11C shows a building with a soft storey on the ground floor. In the case study, only residential buildings suffered heavy damage or more. Buildings with a residential and commercial use (often with shops located in the ground floor) were less damaged. One possible explanation lies in the structural elements of the ground floor. Where commercial facilities are present, structural elements are sized appropriately to carry the load. However, in residential buildings, the ground floor is often used as parking spaces (Figure 11C). Building designers often try to maximize the parking spot and structural design is compromised leading to fewer elements and or slender columns, to sustain the loads from the upper floors. During the assessment following the Puebla earthquake, the team saw several cases of failed columns. Assessors observed shear cracks, as exposed on Figure 12A or total column failure with buckling of the longitudinal reinforcement bars due to insufficient confinement from widely spaced stirrups (Figure 12B).


[image: image]

FIGURE 11. Damage in La Morena. (A) Corner building with torsion eccentricity. (B) Pounding failure. (C) Soft storey in the ground floor.
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FIGURE 12. (A) Failure of the column in shear. (B) Buckling of the longitudinal reinforcement bars.



Learnings From the Case Study

The Calle La Morena case study highlighted the various behavior of 25 buildings located in the same geographical area even though they experienced similar seismic demand. The buildings studied were diverse by their number of storeys, structural systems, occupancy, and position in a block. Building damage ranged from no damage to total collapse of the building. Building assessors collected relevant building characteristics such as the number of storeys, the building occupancy, the position of the building, and the damage grade according to the European Macroseismic Scale EMS-98 (Grünthal, 1998). Each category has a clear structure aligned with the GEM definition. Experience gathered in the field showed that the definition of building features according to the GEM taxonomy provide consistency in the data collected. The GEM structure simplifies the universal understanding while allowing for regional specificities. This case study is of interest to understand the factors and correlation of factors leading to vulnerability. This is assisted by visualizing the damage distribution data individually by each building characteristic.

CONCLUSION

Modern earthquake engineering aims to reduce the impact of earthquakes on our society. Natural risks such as earthquakes only appear if a building stock is exposed and vulnerable to a natural hazard. To achieve an impactful reduction of loss and mitigating damage in our built environment it is essential to understand both the hazard and vulnerability. The vulnerability of the built environment is correlated to the behavior and performance of the building stock. Understand the deficiencies and strengths of the actual building environment whenever an earthquake affects a region is a critical part of deriving lessons for future damage mitigation. Earthquake reconnaissance missions improve damage predictions models and provide the invaluable empirical actual building performance data.

This study presented an improved post-earthquake building assessment form. It retained the flexible GEM Building Taxonomy v2.0 as a base and employed the EMS-98 for the damage definition. It introduced pictures and explanation of the damage grades within the form. The redevelopment also included a new section for collection damage information of non-structural elements. Following the 2017 Puebla earthquake in Mexico, the form was trialed on 25 buildings in Calle La Morena as a case study. The experience using the new form based on the GEM Building Taxonomy v2.0 was positive. This new form simplified the data extraction as data were easily exported into a GEM framework.
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