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ABSTRACT 

The 2017 M7.1 Central Mexico Earthquake caused significant infrastructural damage in the Mexico City area. The earthquake 

contained a significant pulse in the long period, resulting in numerous buildings severely damaged or collapsed. This paper 

discusses a reinforced concrete building which was still partially occupied post-earthquake. The building’s interior walls were 

examined to have substantial damage, including some extensive cracking. In January 2018, the authors visited the structure and 

collected detailed assessment data. The data collection included ground-based lidar scans and recorded ambient vibrations of 

the damaged structure using accelerometers. Eleven scans were collected from the four exterior facades to create a three-

dimensional point cloud of the building. The collected point cloud data were used to measure and quantify the permanent 

deformation of the structure at three corners as well as to generate depth maps of two parallel exterior walls. The measurements 

based on the lidar point cloud data are accurate with an error of 2 mm at 10 meters, enabling high resolute and accurate 

assessments. As for the accelerometers, one setup with sixty minutes of ambient vibrations data collection was performed. 

Twenty unidirectional accelerometers were installed on the basement, ground, second, fourth, eighth, tenth and roof floors at 

southwest and northeast corners to capture the torsional and translational acceleration structural response. The collected data 

can be used to perform system identification throughout operational modal analysis to demonstrate the dynamic and modal 

properties of the structures. Both of the lidar and system identification sensing techniques provide essential input to establish 

and calibrate a detailed finite element model. The outputs are used to validate through the comparison of modal frequencies 

obtained in operational modal analysis method. Besides, the finite element model also provides a detailed response and insight 

to understand performance under future earthquakes. 
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INTRODUCTION 

The 2017 Central Mexico (Puebla) earthquake occurred at 13:14 local time on September 19, 2017, with a moment magnitude 

of 7.1. The focal depth is approximately 50 km and the resulting ground shaking could be felt over the Mexico City area. 

Numerous aftershocks in the following days occurred with magnitudes in excess of 4.5. At least 40 structures collapsed during 

the earthquake and its aftershock sequence [1]. One representative damaged structure was a residential condo building located 

in the Hipódromo neighborhood. Prior to data collection by the authors, the structure was retrofitted for some exterior cracking 

and damage. On January 30, 2018, the authors visited the site to characterize the damage by collecting ambient vibration data 

and laser scanning using ground-based light detection and ranging (lidar). In this study, the combination of the collected data 

through these two platforms allow to characterize the dynamic properties and quantify the structures residual deformation after 

the earthquake sequence. Ambient vibrations collected by accelerometers at various levels of the structure were used to estimate 

the structure’s vibration behaviors via operational modal analysis [2]. Lidar provides accurate geometry of the structure, which 

used to quantify and estimate drift of the structure after the event [3]. 

FIELD DETAILS 

The sixteen-story residence building as showing in Figure 1a is a concrete structure with moment frames in the direction 

perpendicular to the roadway, and RC shear walls in the parallel direction to the roadway. The height of the structure is 
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approximately 42 meters, where typically two to four condos are located on each floor. As showing in Figure 1b, the structure 

had a footprint of 18 meters by 19 meters. Two elevators and a staircase are embedded at the center of each floor, from the 

basement to the top floor, which induces some potential torsional response in the structure. Exterior cracking was described by 

the building owner prior to the repair, while interior masonry severe damage was also witnessed by the research team. The 

basement columns were examined to have minor cracks, as well as on the ground floor. 

  

(a) (b) 

Figure 1. (a) Sixteen-story residence building (courtesy of Google Map) and (b) floor plan drawing. 

DATA COLLECTION 

Ambient vibration data collection 

On January 30, 2018, the authors and research team members collected ambient vibration recordings. During afternoon and 

evening hours, 20 accelerometers, operating at 2048 Hz, were installed on seven different floor levels for approximately 60 

minutes. Pedestrian traffic and moderate wind velocities primarily cause the excitation for ambient vibrations. As for the setup, 

four accelerometers were placed on the northwest and southeast corners at 2nd, 10th and top floors, two accelerometers installed 

on the southeast corner of the basement, ground, 4th, and 8th floors. The structure is not absolutely aligned along the cardinal 

north direction. Therefore, the accelerometer instruments were installed in the directions parallel (northeast) and perpendicular 

(southeast) to the structure. Due to the existing residence occupation during the visit, the authors were not permitted to enter 

all floors and access the corners.  

Lidar point cloud data collection 

Ground-based lidar has been used in structural engineering for various applications. Such applications include measurements, 

damage characterization, and deformation quantification due to lidar point clouds high level of accuracy [4]. The output format 

is three-dimensional point cloud data, which can be permanently preserved. The accuracy can reach a sub-centimeter level for 

small sites or structures [5]. However, the accuracy varies, which is a function of lidar settings, scan distance, and surface 

reflectivity. During the site visit and due to equipment availability, the lidar scan dataset was collected in the evening of 

February 1, 2018. Thirteen scans were collected by a Faro Focus3D s150 lidar scanner from all sides of the structure considering 

the accessibility in the built-up urban environment. For the lidar scanner settings, the vertical angular area is 90° to -60°, 

horizontal angular area ranged from 50° to 180° due to the coverage, occlusion, and selected scan locations. The resolution and 

quality settings were set as 1/4 and 4x. Since the data was collected in the late evening, no color information (RGB indices) 

was collected. The scan locations are shown in Figure 2a. For the scan registration procedures, 4-6 correspondences between 

each two closest scans were needed to be manually picked as an alignment reference. Objects such as points, slabs, spheres, 

planes, etc. can be identified as targets for referencing the corresponding scans. After forcing the correspondences between 

scans, target-based and cloud-to-cloud alignments were applied to tighten the registration. As a result, the registered point cloud 

is displayed in Figure 2b, the overall mean registration error was at a sub-centimeter level of 6.5 mm. 
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(a) (b) 

Figure 2. (a) Lidar scan locations, (b) Isometric view of registered point cloud colorized by intensity. 

STRUCTURAL ASSESSMENT 

Previous Work 

One of the more popular nondetective techniques for structural health monitoring is the use of ambient vibrations to conduct a 

system identification, an estimation of the modal properties [6][7]. While this is popular, it does not provide a full diagnosis of 

the structure. The ability to collect various data typologies including point clouds and vibrations has shown to be an effective 

technique for objective damage detection [8]. Specifically from the point clouds, the structural residual drift and surface defects 

can be quantified and related to the estimated modal properties [12]. One example of this application is in Wood et al. [7]. In 

this study, the authors performed system identification and a quantified damage assessment on a five-tiered pagoda style temple 

in Nepal post-2015 Gorkha Earthquake using ambient vibrations, lidar, and a model-updated finite element model. In this study, 

the authors computed the first three excited modes and noted a nearly 16.8% period elongation in the fundamental mode, in 

comparison to pre-earthquake data. Complementary to the vibration, lidar point clouds were also collected for accurate 

dimensions measurement due to the lack of structural plans, as well as damage characterization. The point cloud was analyzed 

for global deformation via torsional drift estimates and local deformation via quantification of the spalling and cracks in the 

first floor using a pattern recognition algorithm.  

Identification of natural frequencies 

Specific to this study, the entire 60 minutes of recording were used for the preliminary assessment to estimate the natural 

frequencies and operational deflected shapes. Initially, the data was filtered and subdivided to minimize the uncertainties via 

spectral averaging. For each channel, the acceleration time histories was first downsampled to 256 Hz and filtered in the 

frequency range of 0.2 Hz to 4 Hz, matching the range of interest for this structure. The overall structural modal natural 

frequencies were identified initially by peak picking method. The natural frequencies were able estimated as 0.458 Hz, 0.773 

Hz, 1.079 Hz, 1.673 Hz, 2.983 Hz, and 3.416 Hz. Out of all of these modes, only mode three demonstrates a torsional response 

while the other five modes are translational-dominated in nature. 

Due to the complexity of loading conditions, ARTeMIS software is used to perform the system identification process. 

ARTeMIS software is a commonly utilized software for system identification processing [13], which incorporates the stochastic 

subspace identification (SSI) method. The first six modes are identified and shown in the stability diagram in Figure 3. Table 

1 and Figure 4 summarize the identification process, including the operational deflected shapes which are commonly akin to 

mode shapes. Note while the values are damping are reported in Table 1, these values may not represent the observed of 

damping present during the moderate level accelerations. Comparing the deflected shapes in Figure 4, it can be summarized 

that mode three and mode four have higher amounts of energy in the stabilization diagram.  
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Figure 3. Modal natural frequencies estimation. 

 

Table 1. ARTeMIS identified modes. 

Mode Frequency (Hz) Damping (%) Complexity (%) Motion 

Mode 1 0.458 2.218 1.001 Translation parallel to roadway 

Mode 2 0.773 2.389 1.648 Translation perpendicular to roadway 

Mode 3 1.079 1.968 1.320 Torsional 

Mode 4 1.673 3.075 1.184 Translation parallel to roadway 

Mode 5 2.983 2.888 2.250 Translation parallel to roadway 

Mode 6 3.416 1.529 1.529 Translation perpendicular to roadway 

 

    

(a) (b) (c) (d) 

Figure 4. Operational deflected shapes from ARTeMIS: (a) mode one, (b) mode two, (c) mode three, and (d) mode four. 

Lidar point cloud assessment 

The lidar point cloud data was used to assess the residual deformation and quantify deformation profiles. To accomplish this 

task, initially, the depth maps for two side walls (perpendicular to the roadway) were developed, which were exterior RC shear 

walls. With the assumption that the vertical direction of the point cloud data is aligned with the direction of gravity. In this 

study, the lidar scanner has a vertical alignment accuracy of 19 arcseconds, which equates to a 3 mm measurement error at the 

full height of the structure at 42 meters. Measuring from the ground floor as 1st floor instead of the basement to the roof, the 

nomenclature and a depth map for each wall is created as shown in Figure 5. The depth map colorizes point cloud into 1 cm 

color bins according to the local deformation in the out-of-plane direction, which gives an overview of the salient residual 

deformation features. The depth maps results suggested that the structure is leaning in the northeast direction as elevation 

increases. This is up to a maximum value of 38 cm. 
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(a) (b) (c) 

Figure 5. (a) Structure's top view and the nomenclatures with roof deformation values, (b) northeast wall depth-map in the 

out-of-plane direction, and (c) southwest wall depth map in the out-of-plane direction (white spaces near the roof are due to 

occlusion of windows). 

The deformation profiles of each building corner were created to further investigate the residual deformation. The deformation 

profile analysis was only carried out for three corners of the structure due to significant occlusion at the southwest corner. 

Significant tree cover occluded this area of the structure at the time of data collection. The residual deformation for each corner 

is measured for the three corners, as demonstrated in Figure 6 and summarized in Table 2. The deformation profiles of the west 

and east corners in the northwest direction suggested these two corners are leaning in the southeast direction. Deformation 

profiles of the north corner (in both directions) had values of 98 mm and 179 mm and the east corner deformation profile in the 

northeast direction of 6 mm demonstrate that the structure has relatively smaller deformations in comparison to the west corner. 

In addition, the upper level of structure is leaning towards northeast and southeast directions, which corresponds to depth maps 

findings. These deformations can be correlated to system identification results that third and fourth mode were potentially 

dominate, which is torsional and translational response along the northeast direction. In addition, the residual deformation is 

due to torsional dynamic behavior. 

      

(a) (b) (c) (d) (e) (f) 

Figure 6. Deformation profiles: (a)north corner on northeast direction, (b) east corner on northeast direction, (c) west 

corner on northeast direction, (d) north corner on northwest direction, (e) east corner on northwest direction, and (f) west  

corner on northwest direction. 


