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The response of mid-rise reinforced concrete (RC) buildings in Mexico City
after the 2017 Puebla Earthquake is assessed through combined field and com-
putational investigation. The Mw 7.1 earthquake damaged more than 500 build-
ings where most of them are classified as mid-rise RC frames with infill walls.
A multinational team from Colombia, Mexico, and the United States was rapidly
deployed within a week of the occurrence of the event to investigate the structural
and nonstructural damage levels of over 60 RC buildings with 2—12 stories. The
results of the study confirmed that older mid-rise structures with limited ductility
capacity may have been shaken past their capacity. To elucidate the widespread
damage in mid-rise RC framed structures, the post-earthquake reconnaissance
effort is complemented with inelastic modeling and simulation of several repre-
sentative RC framing systems with and without masonry infill walls. It was con-
firmed that the addition of non-isolated masonry infills significantly impacts the
ductility capacity and increases the potential for a soft-story mechanism
formation in RC frames originally analyzed and designed to be bare systems.
[DOI: 10.1193/061218EQS144M]

INTRODUCTION

A moment magnitude (Mw) 7.1 earthquake struck the central region of Mexico on 19
September 2017 at approximately 1:14 pm local time [18:14 UTC; National Autonomous
University of Mexico (UNAM) 2017]. Although the epicenter of the event was located
at approximately 120 km from Mexico City, severe structural damage, including 40 collapses
[Mexican School of Civil Engineers (CICM) 2017], were reported at several locations
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Figure 1. (a) Mw 7.1 Puebla Earthquake epicenter and locations of recording stations. (b) Map of
Mexico City with fundamental soil period (NTC-S 2004), showing locations of recording stations
and visited buildings.

(Figure 1b). One week after the event, a four-day post-earthquake reconnaissance mission
was organized between the Pacific Earthquake Engineering Research (PEER) Center and the
Colombian Earthquake Engineering Research (CEER) Network. Once on the ground, the
teams joined forces with local researchers, practitioners, and faculty from UNAM and
CICM. This joint effort brought together over 20 engineers who conducted a rapid post-
earthquake assessment of over 60 buildings (Figure 1b) in the Polanco, Portales Sur, Emper-
adores, Narvarte, Valle del Centro, and Roma neighborhoods in Mexico City, where the
damage was concentrated. Visited sites were located within the “transition zone” as defined
by the local Mexico City building code (NTC-S 2004; Figure 1b). This is a zone where the
fundamental period of the soil approximately ranges from 1.0 to 2.0 s and is expected to be
influenced by basin site effects, as evidenced during previous earthquakes such as the
1985 Michoacan Earthquake (Chavez-Garcia and Bard 1994).

This article studies the response of older mid-rise reinforced concrete (RC) framed build-
ings to the 2017 Puebla Earthquake. The team verified the seismic performance of the
buildings by assessing the response of structural and nonstructural components. Gathered
observations and the estimated statistics allowed assembling representative numerical experi-
ments to provide reasonable explanation to the extent of damage observed in mid-rise RC
frame buildings with masonry infill walls. These mid-rise buildings were selected in this
study, as they are an archetypical engineered and non-engineered structural system in
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main cities of Latin American countries and also worldwide. In fact, after masonry structures
(55%), RC frame buildings (13%) are the second most common typology in the Andean
region [Global Earthquake Model (GEM) 2016]. In addition, most of these RC frame build-
ings are non—code compliant structures, as they were built several decades ago following
outdated design codes or even constructed as non-engineered structures (Reinoso et al. 2016).

GROUND MOTION INTENSITIES

THE MW 7.1 PUEBLA EARTHQUAKE

On September 19, a 7.1 Mw earthquake was recorded at an epicentral distance of 120 km
from Mexico City (UNAM 2017). The hypocenter of this event was located right at the edge
where the Cocos plate dip-angle increased in its subduction process beneath the North American
plate (Mayoral et al. 2017) with epicentral coordinates 18.40 N, 98.72 W and depth of 57 km
(UNAM 2017). Figure 1a shows the location of the epicenter and most of the 25 stations that
recorded the event. According to the National Earthquake Information Center of the U.S.
Geological Survey (USGS 2017), the event corresponded to a normal faulting earthquake
with a strike angle of 111° and a dipping angle of 42°. Their finite fault model indicates
that the total slip ranged between 0.5 and 3.0 m, concentrated over an area of approximately
225 km?.

The hypocentral distance from Mexico City was approximately 140 km. As shown in
Figure la and 1b, the event was recorded at several locations with various site conditions
in Mexico. Strong motion acceleration records were provided to the PEER-CEER reconnais-
sance team by the National Seismological Service at UNAM. Table 1 presents a summary of
the horizontal-component ground motion parameters recorded at each of the 25 stations.
Following the PEER NGA-West 2 procedure, acceleration records were filtered using an
acausal fourth-order Butterworth high-pass filter with cutoff frequencies at 0.01 Hz and
25 Hz (Ancheta et al. 2014). For each station, the summary data include its location as
well as the relative distance from the source, using the rupture distance parameter R,,, in km
(Bommer and Akkar 2012). Regarding intensity- and duration-related data, the summary
contains maximum values in two horizontal directions for the PGA, peak ground velocity
(PGV), Arias intensity (/,,), significant duration from 5% to 95% of the [, threshold (D5-95),
and the average of the two horizontal directions for the predominant period (7,,).

Among the stations that recorded the earthquake, seven were in Mexico City. The stations
are georeferenced and mapped together with the soil microzonation in the Mexico City build-
ing code (NTC-S 2004) in Figure 1b. Stations TACY and CUPS are located on rock, and the
others are located in soft soils. The source-to-site distance among the stations in Mexico City
[i.e., CCCL (soil), CUPS (rock), LEAC (soil), PCJR (soil), PISU (soil), SCT2 (soil), and
TACY (rock)] did not vary much (e.g., less than 15 km). However, the site and topographic
effects are aspects that may explain the variation in the recorded intensity values. As shown in
Table 1, minimum and maximum recorded PGA were 0.06 and 0.20 g at the CUP5 and
LEAC stations, respectively.

1, values at stations located in soil sites were larger than those at stations at rock sites. The
LEAC station recorded the ground motions with the largest /,,, although there were not as
many damaged buildings reported in the surrounding area, in contrast to the PCJR station,
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Table 1. Horizontal-component ground motions

Ry PGA PGV Duration T,
Station ID Latitude Longitude (km) (2) (cm/s) la D5-95 (s) (s)
ACAC 16.85 —99.85 207 0.060 3.6 0.139 63.8 0.41
ACAM 20.04 -100.72 263 0.005 4.9 0.001 100.7 1.48
ACP2 16.87 —99.89 207 0.036 1.3 0.038 53.2 0.25
ATYC 17.21 —100.43 215 0.019 2.0 0.013 53.0 0.22
cccL? 19.45 -99.14 120 0.075 72.6 0.369 60.8 1.06
CcoycC 17.00 —100.09 208 0.019 39 0.011 50.2 0.20
CUP5* 19.33 -99.18 111 0.060 9.1 0.127 35.8 0.78
HMTT 17.80 —98.56 70 0.147 11.9 0.319 26.5 0.33
LEAC? 19.32 -99.10 108 0.199 27.8 1.242 40.0 0.79
OXBJ 17.07 -96.72 210 0.018 1.8 0.013 36.0 0.40
OXLC 17.07 -97.09 212 0.023 3.1 0.017 39.0 0.54
OZST 18.86 -97.09 141 0.012 2.1 0.006 61.5 0.67
PANG 15.67 -96.49 341 0.005 1.6 0.001 64.2 0.59
PCIR? 19.42 -99.16 118 0.101 25.6 0.958 65.6 1.82
PET2 17.54 -101.26 272 0.010 2.1 0.003 544 0.28
PHPU 19.04 —98.17 97 0.142 9.0 0.483 25.3 0.42
PISU* 19.49 -99.05 120 0.097 28.1 0.638 92.1 1.66
SCT2* 19.39 -99.15 116 0.092 20.7 0.538 58.7 1.10
SXPU 19.04 —98.22 96 0.142 17.0 0.478 30.3 0.64
TACY? 19.40 -99.20 118 0.064 10.2 0.119 32.9 0.74
TEJU 18.90 —100.16 150 0.085 4.2 0.054 23.1 0.24
UNIO 17.99 -101.81 314 0.006 3.0 0.001 514 0.50
URUA 19.42 -102.07 354 0.006 2.6 0.001 69.4 0.86
VNTA 16.91 —99.82 199 0.011 1.6 0.005 56.2 0.33
XALA 19.53 -96.90 192 0.008 12.1 0.005 76.6 0.92

* Stations located in Mexico City.

which recorded the second largest 7, value. The CCCL station recorded the largest values of
PGV, and the PISU station recorded the largest values of duration, D5-95. The PCJR motion
has the largest period T, which is explained, in part, by the location of this station on the lake
bed, where soil periods are between 1.0 and 2.0 s.

The linear regression in Equation 1 describes the mean PGA scaling with distance. In this
case, the geometric mean of the PGA per station is used:

In PGA = Cy + CyIn R, )

where the intercept Cy = 9.14, the slope C; = —2.46, and the coefficient of correlation
R = 0.88. In contrast, the Mw 8.2 Chiapas Earthquake of 7 September 2017, which occurred
12 days before, has a larger intercept of Cy = 10.45 but a similar slope (i.e., attenuation with
distance) of C; = —2.37; the coefficient of correlation for this event is R = 0.82. According
to this simple regression, the 2017 Chiapas Earthquake, being the second strongest event in
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Mexico since 1787, induced ground motions that were, on average, approximately four-times
larger than those induced by the 2017 Puebla Earthquake.

The 2004 version of the Mexico City building code (NTC-S 2004) includes two proce-
dures for seismic design of buildings, one listed in the main code document and other in its
appendix A. In the main document of NTC-S and in previous versions of the building code,
the spectra were not related to the elastic seismic demands because the elastic design spec-
trum was reduced by dividing the spectral ordinates by a seismic force factor that accounted
for ductility, redundancy, and over-strength. On the other hand, the spectra specified in
appendix A of NTC-S (2004) are site specific, and values of the over-strength parameter
are explicitly specified (Carrillo et al. 2014). This appendix A of NTC-S (2004) considers
three main seismic zones: Zone I (hard soil deposits) with fundamental periods lower than
0.5 s, Zone II (transition zone with layers of clay, silt, and even sand) with fundamental
periods between 0.5 and 1.0 s, and Zone III (lake bed zone with large clay layers) with funda-
mental periods between 1.0 and 5.0 s. Zone 111 is subdivided into four different zones depend-
ing on the thickness of the clay deposits (a, b, ¢, and d). In the 1985 Mexico Earthquake, the
damage was concentrated on Zone IIIb, with fundamental periods between 2.0 and 3.0 s. For
the 2017 Puebla Earthquake, the damage was concentrated on Zone Illa, with fundamental
periods between 1.0 and 2.0 s. Figure 2 shows the code-based response spectra for each
station in Mexico City based on appendix A of NTC-S (2004), with the corresponding
ground motion (e.g., geomean of the two horizontal components) recording during the
2017 Puebla Earthquake. It is worth noting that the 2004 design spectra were developed
using a return period of 125 years (Ordaz et al. 2003).

According to CICM (2017) and confirmed by the reconnaissance team, most of the
severely damaged and collapsed buildings were located at sites where the thickness of the
clay deposits was between 15 and 30 m, which concurs with Zone Illa of the appendix A
of NTC-S (2004). Based on Figure 1b, these soils have a fundamental period between 1.0
and 2.0 s. From wave theory (Kramer 1996), it can be demonstrated that the average
shear-wave velocity of such soils is between 60 and 120 m/s. Only for stations CCCL and
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Figure 2. Comparison of code-based design response spectra (appendix A of NTC-S 2004),
5%-damped, and ground motions recorded in Mexico City during the 2017 Puebla Earthquake.
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PCIR were the recorded pseudo-spectral acceleration (PSA) values lower than the code-based
design spectra at all periods. The PSA values at both the CUPS5 and TACY stations were higher
than those recommended by the building code for structural periods (T') lower than 0.3 and 0.5
s, respectively. In general, the response spectra recorded in the transition zone peaked between
1.0 and 3.0 s period. The LEAC station recorded PSA values that surpassed the code-based
spectral accelerations in the period range 0.9-2.0 s. It is worth mentioning that most of the
affected and visited buildings were located around the SCT2 and PCJR stations, where the
recorded spectra only surpassed the design code level spectral acceleration over a narrow
range of periods close to 2.0 s.

COMPARISON WITH GLOBAL AND LOCAL GROUND MOTION
PREDICTION MODELS

The BCHydro ground motion prediction equations (GMPEs) (Abrahamson et al. 2016)
were developed as a part of the probabilistic seismic hazard analysis of the hydroelectric
company BCHydro at its dams in Canada. It is a global subduction model developed
based on a data set of 9,946 ground motion record pairs from 292 subduction zone earth-
quakes occurring worldwide, such as in Japan, South and Central America, and Mexico,
among others. Figure 3 compares PSA values recorded during the Mw 7.1 2017 Puebla
Earthquake at the stations in Table 1, with the median ground motion estimate from the
BCHydro GMPE. Ground motion estimates from a local GMPE developed by Garcia
et al. (2005) are also presented. The comparison is made for PGA and structural periods
of 0.5, 1.0, and 2.0 s as a function of R,,,. Stations outside Mexico City are depicted as
white dots, and those located in Mexico City are depicted with triangular and squared mar-
kers representing rock and soil sites, respectively. To account for the different site conditions
in Mexico City, the median values of the BCHydro GMPE were estimated using shear-wave
velocity at 30 m depth, Vg3, of 80 and 760 m/s for soft soils (e.g., the alluvial basin in the
city) and rock sites, respectively. The Garcia et al. (2005) GMPE does not differentiate
among different soil classes, as it is calibrated for a NEHRP soil type B.

As shown in Figure 3, the median ground motion of the local model follows well the
distance versus PSA trend for the stations outside Mexico City. Nevertheless, it underpredicts
the recorded ground motions within the city, especially those recorded on soil sites. For
T = 0.5s, the PSA values recorded at most soil sites were below the corresponding median
BCHydro model, while for T = 1.0's, most of the stations recorded ground motions close to
the median BCHydro estimates. For 7' = 2.0's, recorded PSA values at soil sites are larger
than the median estimates of the global model. To quantify how representative the recorded
ground motions in Mexico City were, Figure 4 presents the residual between the observed
PSA values and the median estimates from the BCHydro model. The results show the bias for
each of the seven stations considered in Mexico City for structural periods from 0.5 to 2.5 s,
which are representative of the periods of the damaged and collapsed structures. The resi-
duals were estimated as the natural logarithm of the quotient of the observation and the esti-
mation (i.e., residual = In(PSAgpserved /PSAgsimated)> Where positive residuals are associated
with observations larger than the median model.

In Figure 4, the residuals for the rock sites (CUP5 and TACY) are invariant to structural
period. On the other hand, except for the LEAC station, the residual at soil sites (CCCL,
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Figure 3. Comparison of recorded pseudo-acceleration data with the BCHydro and Garcia et al.
(2005) GMPE predictions.

PCIR, PISU, and SCT2) exhibit a monotonically increasing trend in the range 0.5 < T < 2.0,
to then flatten or reduce for larger periods. Similar observations are made by Sahakian et al.
(2018); ground-motion models underpredict the recorded accelerations at soil sites in Mexico
city for periods close to the fundamental period of the deposits because of the basin effects. It
is worth emphasizing that for periods larger than 1.0 s, the residual for all stations is positive,
with a maximum of 1.75. That is, the recorded ground motions were, in some cases, approxi-
mately 5.7-times larger than the median ground motion predicted for the site conditions and
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Figure 4. Residuals of Mexico City ground motions between the observed PSA values and the
median estimates from the BCHydro model.

distance of a Mw 7.1 earthquake. Among the soil sites, the LEAC station exhibits the largest
residuals in the range 0.5 < T < 1.5, recording ground motions as large as 3.5-times the
median level of the global model. For larger periods, this station exhibits the lowest residual
among any station. Stations PCJR and SCT2 are located closer to sites where most damage
was observed. For 7= 0.5s, the recorded ground motions at these two stations were
1.2-times smaller than the median estimate of the BCHydro GMPE; for T = 1.0, both sta-
tions exhibit residual values close to 0.0, but this trend increases linearly up to 7 = 2.0s,
where these two stations recorded ground motions that are approximately 5-times larger than
the median prediction model.

BUILDING CODE EVOLUTION IN MEXICO CITY

Mexico City building code has a long history, and similar to American standards, this
history has been shaped by experiences from devastating earthquakes that have unveiled
important structural vulnerabilities and technical areas in need of further development.
The timeline depicted in Figure 5 summarizes the Mexico City building code
development. It is worth mentioning that the RCDF up to its most recent version
(2017) does not prohibit nonductile structural design in zones of high seismicity like
Mexico City.

STRUCTURAL RECONNAISSANCE

The PEER-CEER team was on site for 4 days giving support to the CICM-UNAM recon-
naissance and tagging brigades. As stated before, the epicenter of the earthquake was located
approximately 120 km South of Mexico City. Several smaller cities were closer to the epi-
center and experienced severe damage because of the earthquake. However, given that the
reconnaissance mission was carried out a week after the event, the government advised
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1920 |Code Published|

First version of Mexico City's building Code (RCDF)

1942 |Code Update|

Buildings classified according to their importance and potential risk to society upon catastrophic failure.
Seismic Coefficients introduced as constant values dependent only on building classification.

1957 |Earthquake]|

Acapulco earthquake (M, = 7.9)
Soft soil amplification effects observed.

1958 |Emergency Adnm|

Emergency addendum to RCDF

Seismic coefficients are a function of building classification, building type, soil type and building height.
ASD allowable stresses increase for elements under seismic loading.

LRFD method introduced.

Provisions for torsional oscillations included.

1966 |Code Update]

Modal dynamic analysis firstly introduced.
Design spectrum, including structural damping effects included.
Soil classification is modified. Structure classification by importance is re-arranged. Structure types are redefined.

1976 [Code Update]

“Normas Tecnicas Complementarias” are introduced. These constitute the official guidelines for designing and detailing
structural elements of different materials.

Ductile concrete detailing provisions at plastic hinge locations included. (Optional).

Included specifications for flat-slabs-supported-by-RC- columns as a lateral force resisting system.

Static analysis restricted to structures lower than 60 meters in height.

Seismic force reduction factors accounting for structural system ductility are introduced for the first time. Q factors.
Weak-story restrictions are included for ductile structural systems.

1985 |Earthquake|

The Mexico City Earthquake (M,, = 8.0)
Flat slabs supported by RC columns proved to be a very inefficient lateral force resisting system.

1985 |Emergency Adnm|

Emergency addendum to RCDF
Overall increment to seismic coefficients. Especially for long period structures on soft soils.

1987 [Code Update|

Adopted most emergency addendum provisions into the code.

Ductile concrete detailing provisions very similar to current ones. (Optional)

Flat-slabs-supported-by-RC-columns buildings are “penalized” by considerable increments in design forces.

Structural irregularity conditions are defined. Such as: torsional eccentricity, reentrant corners, large diaphragm openings,
soft-stories, etc.

Q factors are reduced by 20% for irregular structures.

1993 |Code Update|
*  Minor updates
2004 |Code Update]

Detailed zonation of the city based on soft soil characterization.

Static analysis is prehibited for buildings taller than 20 to 40 meters, depending en irregularity conditions and soil type. As
an alternative modal dynamic analysis or response history analysis can be utilized.

Appendix included for transparent elastic spectrum determination. The transparent elastic spectrum depends on the site's
natural period (T,). The design spectrum can be determined by combining the transparent elastic spectrum with an explicit
overstrength factor (R) and the inelastic reduction factor (Q). (Optional)

2017 |Code Update|

Transparent elastic spectrum appendix becomes part of the code as the prescribed method to determine the design spectrum.
Non-linear response history analysis becomes mandatory for buildings taller than 80 to 120 meters, depending on irregularity
conditions and soil type

Diaphragm minimum design loads included.

Amongst many other updates...

Figure 5. Timeline of Mexico City Building Code evolution.
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against visiting sites close to the epicenter for safety reasons. Consequently, the
PEER-CEER team focused its reconnaissance efforts in Mexico City, where minimum safety
standards were met according to the local jurisdiction. The reconnaissance mission was car-
ried out from 27 to 30 September 2017, visiting over 60 sites tagged for apparent damage.
The team received logistic help from the CICM and researchers from UNAM to focus the
visit on evaluating multistory RC structures. A main task was to determine if any building
was under imminent collapse risk. Any knowledge gained on the status of apparently com-
promised structures was shared to the local authorities, through CICM, to expedite the critical
decision-making process. Assembling an international team with graduate students and
researchers that natively speak Spanish, with the support from local authorities, researchers,
and practitioners on site, proved to be an effective approach to rapidly respond and efficiently
assess disaster-affected areas.

STATISTICS OF THE DAMAGED BUILDINGS IN MEXICO CITY

The teams that supported the CICM reconnaissance effort inspected around 2,100
buildings. Approximately 25% of these buildings were identified with some type of struc-
tural damage, while 61% were tagged as buildings without structural damage. The
remaining 14% of the buildings could not be correctly tagged for different reasons
(CICM 2017). Damage associated with the soil-foundation system was observed in
51% of the buildings tagged with structural damage. Figure 6a shows the ratio of non-
damaged to damaged buildings for different heights, including the number of visited
buildings in each category. The height of about 86% of the buildings inspected varied
between | and 8 stories. Out of the 933 buildings inspected with 1-3 stories, 26% were
marked as damaged. Additionally, a total of 880 buildings with 4-8 stories were visited,
out of which 28% were marked as damaged. The statistics of taller buildings show a

ODamage ®No Damage 350 1 322

a) Total collapse

100% 1 300 { |b) Partial collapse
¢) Structure spread from foundation
d) Differential settlement
80% 4 71 |e) Large tilting
: f) Damage in some structural element
‘S 200 4 178
0, g
60% z » 156
40% A
20% A
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243 244 13 18
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[
[
[=1

Number of buildings
I
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l1to3 4108 91015 >15 f
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Figure 6. Statistics from the CICM reconnaissance team. (a) Ratio of nondamaged to damaged
buildings in terms of their height; (b) number of buildings with different types of damage.
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similar trend, although the number of visited structures with more than 9 stories was
smaller. Figure 6b shows the distribution of different types of damage. Shown categories
are not exclusive; hence a single building may be tagged with various types of damage.
More than 150 buildings (i.e., ~7.5% of inspected structures) were catalogued as partially
or totally collapsed, while 322 buildings (i.e., 16% of inspected structures) had some type
of structural damage. The damage associated with soil-structure interaction, including
tilting, was assigned to 352 buildings (i.e., 18% of inspected structures).

Overall, a wide spectrum of performance levels was observed by the PEER-CEER team,
from perfectly healthy and undamaged structures to partial or complete collapses. Figure 7
shows examples of damage observed during the reconnaissance mission. The main focus of
the visit was assessing frame-type structures, as this typology represents at least 13% of the
engineered buildings in urban areas of several Latin American countries (GEM 2014).
A significant percentage of these structures were built using outdated design guidelines,
namely regulations before the great Mexico City earthquake of 1985, that allowed relatively
flexible frames and poor transverse reinforcement detailing and did not provide specific con-
ditions to isolate the nonstructural walls from the main structure. Furthermore, the use of a
flat slab supported by RC columns is still allowed, even though it has been widely docu-
mented that this type of structure does not perform well during earthquake excitation.

B
=gl

2883273 T
(0

Figure 7. Examples of observed damages: (a) nonstructural damage, (b) structural damage, and
(c) collapses.
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Figure 8. Statistics of inspected buildings by the CEER-PEER team: (a) building height, (b) type
of structural system, (c) categories of nonstructural damage, and (d) categories of structural damage.

Additionally, the extensive lack of enforcement of the building codes contributed to the poor
performance of some of the structures affected by the earthquake.

Figure 8 summarizes the statistics of the observations made in the field by the PEER-CEER
team. A total of 62 buildings were investigated. The buildings had between 2 and 12 stories,
with the majority in the range of 5 to 8 stories. The structural period C, T, ranged between 0.4
to 1.8 s and was evaluated following ASCE 7-16 [ American Society of Civil Engineers (ASCE)
2016] recommendations (Figure 8a). The approximate fundamental period is T, = C,h;;, where
h,, is the structural height in meters, and coefficients C, = 0.047 and x = 0.9 are those of
concrete moment-resisting frames. Coefficient C, is taken as 1.4 to lessen the conservatism
inherent in the estimation of 7', and to be consistent with structural periods of flexible buildings
[FEMA-P1050-1; Federal Emergency Management Agency (FEMA) 2015]. Structural periods
computed following ASCE 7-16 (ASCE 2016) recommendations fit in the range of periods
measured in instrumented buildings in Mexico (Muria and Gonzalez 1995). As shown in
Figure 8b, most of these buildings are described as RC frames with masonry infills (over
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60% of the cases); other RC framed structures comprised masonry infills with shear walls or
RC braces. Buildings with reinforced masonry comprised 15% of the investigated structures,
while only four (i.e., ~6.0% of the inspected buildings) steel buildings were investigated.

The type of nonstructural damage was catalogued into the following four categories
(Figure 8c): (1) no damage, (2) slight, (3) intermediate, and (4) severe (for examples,
refer to Figure 7a). These four categories were adapted and modified from the ones presented
by the European Seismological Commission (ESC) in their European Macroseismic Scale
(ESC 1998). The EMS-98 developed a damage classification of concrete and masonry build-
ings based on qualitative attributes. The definition of the four nonstructural damage cate-
gories can be found in Table 2.

Approximately 60% of the buildings were catalogued as having intermediate or severe
nonstructural damage. The investigated RC buildings commonly used masonry as interior
and exterior infill walls. According to Meli (1994), the most popular masonry unit in Mexico
is a very soft solid clay brick. Furthermore, the Mexican Provision regarding the specifica-
tions and test methods for masonry, NMX-C-404 (ONNCE 2012), states that the thickness of
the masonry units commonly used in Mexico ranged from 10 to 14 cm. A common practice is
to exclude these walls from being part of the lateral load—resisting systems. Instead, they are
only considered in the analytical models as gravitational loads exerted on the beams of the
RC frame. However, only in rare occasions are these walls fully separated laterally from the
main structural system. Thus once these types of structures are subjected to lateral loads such
as earthquakes, the stiff walls attract a major part of the lateral in-plane and out-of-plane loads
while they are still intact. Because these walls are typically not properly designed for such
effects, they may fail. Many studies in the literature have shown the vulnerability of RC
frames with masonry infills (e.g., Mehrabi et al. 1996, Han-Seon and Sung-Woo 2002,
Crisafulli et al. 2005, Hashemi and Mosalam 2006, Mosalam and Giinay 2015). In general,
buildings with widespread nonstructural damage had several masonry infill panels with
extensive cracking (catalogued as intermediate damage) and/or partial or total collapse of
masonry units, usually on the facade planes. The Mexican construction code does not require

Table 2. Classification of nonstructural damage

Damage level Definition

No damage Minimal to no loss of function of the components, it has no impact on the
performance of other elements, and building can be used after the seismic
event

Slight Moderate loss of function of the components, no life hazard. Some minor

repairments may be needed and some areas of the building will be closed
down during repair time

Intermediate Large and extensive damage of nonstructural components but no life-
threatening risk. Functionality of the building will be partly affected and
repair work required

Severe Serious failure of nonstructural components. Severe interruption of the
functionality of the building and possibly will carry a high life hazard
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separation between adjacent buildings. Hence pounding of structures was also observed in
some cases, causing localized major damages of masonry infills, as shown in Figure 7b.

The type of structural damage was catalogued into six categories from no damage to
collapse (Figure 8d). An approximately uniform range of damage levels (average of
about 22%) from undamaged to severely damaged were observed in buildings. Approxi-
mately 30% of the buildings were catalogued as having severe or worse structural damage,
including five collapsed buildings. Typically, structures with intermediate damage had visi-
ble cracks with no spalling in columns and beams. Severely damaged structures exhibited
concrete cover spalling in columns or shear walls, usually near the base of the building or
within the lower third of the building height, showing signs of rebar buckling or lap splice
failures (see Figure 7b). Other severely damaged columns exhibited signs of incipient devel-
opment of planes of shear failure.

CASE STUDY: SEISMIC RESPONSE OF 6-STORY BUILDINGS TO THE 2017
PUEBLA EARTHQUAKE

ELASTIC ANALYSIS AND CODE-BASED DESIGN

Although a continuous updating process of the building code in Mexico City is apparent,
there are still many pre-1985 flexible nonductile structures that were exposed to the 2017
Puebla Earthquake, some of which were severely damaged. To provide an explanation to the
damage observed in older mid-rise buildings, two sets of 6-story RC buildings with moment
frames and different configurations of masonry infills (fully or partially infilled) are studied.
One set of buildings was designed for low ductility while the other for intermediate ductility,
satisfying the NTC-S (1976) and NTC-C (1976) provisions, which were the regulations in
force in Mexico from 1976 until 1987. This archetype is considered here because it was one
of the most common structural systems with damage reported by the reconnaissance team.

The structural plan of the case-study buildings is shown in Figure 9a. It comprises four
4-bay frames in the EW direction and five 3-bay frames in the NS direction, with span length
of 6.0 m. The first story is slightly taller than the other typical stories. The vertical elements of
the lateral force—resisting system are connected through a two-way beam-supported slab of
0.10 m in thickness, which is considered as a rigid diaphragm. For design, the concrete com-
pressive strength was defined as f/ = 28 MPa, although it was reduced to 0.80f . for design
purposes, as specified by the Mexican regulations. All reinforcement was assumed Grade 60
(fy = 420 MPa). The elastic modulus was 16,700 MPa for all RC elements, as indicated in
the NTC-C (1976).

The 1976 NTC-S prescribed the seismic strength of the structures based on their ductility
factor Q, which takes discrete values of 1, 2, 4, and 6 proportionally to their expected defor-
mation capacity. Design seismic forces are estimated by reducing the elastic response spec-
trum by factor Q’. This seismic-force reduction factor is defined in the code as a function of
Q, the structural period (T), and the location within Mexico City. For example, in Zone III of
soft soils, Q' = Q for T > 0.8s. Figure 10c shows the 1976 elastic (Q = 1) and reduced
design spectra for Q values of 2 and 4 for Zone III of soft soils in Mexico City.

Two ductility factors were considered for design; one set of buildings was designed for
Q =2 (low ductility) and the other for Q =4 (intermediate ductility). The regulations
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1778 ARTETA ET AL.

allowed engineers to use either a linear static analysis or a linear dynamic analysis to compute
the design seismic forces. For the case-study buildings, a linear static analysis was imple-
mented because of their symmetry and regularity. The elastic model did not account for
reduction in stiffness caused by concrete cracking and reinforcement slip from connections
or for the existence of infills. The impact of infills on the response is only evaluated in the
inelastic domain, as explained below.

The total building weight per unit area for each story, including superimposed dead loads
that account for the presence of infills, is 7.7kN/m?, with total seismic weight
W = 20,000kN. The seismic base shear, Vg, is estimated as the product of the seismic coeffi-
cient, ¢ and W. Values of ¢ range from 0.16 (for rocks and firm soils) to 0.24 (for soft soils).
For the case study, a value of ¢ = 0.24 was selected because most of the observed collapsed
structures were built on soft soils, as categorized in NTC-S (1976). The elastic (uncracked)
fundamental vibration periods for design of the bare frame building with Q = 2 were 1.46
and 1.35 s for the NS and EW directions, respectively. Those of the weaker building,
designed for Q =4, were 1.49 and 1.45 s for the NS and EW directions, respectively.
Resulting design base shear for the NS direction, including reduction by Q’, are V4(Q = 2) =
2,484 kN (ie., Vg/W = 12.4%) and V4(Q = 4) = 1,218kN (i.e., Vg/W = 6.1%).

Concrete sections were sized and detailed according to the NTC-C (1976). The main
difference between the low and intermediate ductility sections was the implementation of
the plastic hinge detailing provisions, according to Section 4.7 of the NTC-C (1976), for
the building with Q = 4. While the NTC-S (1976) only requires this type of detailing
for O = 6 (high ductility), it was deemed appropriate herein in the interest of capturing
the impact of ductility on the structural response. The Q = 2 building was designed as
an ordinary moment frame. The reader is referred to Table 3 for the reinforcement detailing
of both designs.

INELASTIC MODEL

The expected behavior of the case-study buildings under representative demand from the
2017 Puebla Earthquake was assessed by means of inelastic analyses considering static and
dynamic loading effects. The software package Open System for Earthquake Engineering
Simulation, OpenSees (McKenna et al. 2000), was selected for this purpose. As shown
in Figure 9b-9d, a two-dimensional model representative of the structural framing in the
EW direction was selected for nonlinear analyses. As mentioned before, the following
three types of variations were implemented in this study to consider different plausible
as-built conditions when the earthquake occurred: a bare RC frame (as designed; Figure 9b),
a fully infilled RC frame (Figure 9c), and a partially infilled RC frame with a soft story
(Figure 9d). A total of six models were studied: two sets of ductility factors each with
three variations of the building configuration.

Beams and columns were modeled to include axial and flexural deformations only,
using nonlinear elements with distributed plasticity and fiber sections at the integration
points (Spacone et al. 1996). Shear was modeled as elastic springs. Second-order P-delta
effects were considered in columns. Concrete was modeled as either confined or uncon-
fined, depending on location within the cross section. Linear softening post-peak branch
of the concrete model was regularized according to Coleman and Spacone (2001) to
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Figure 11. Stress-strain relationship for (a) concrete, (b) reinforcing steel, and (c) masonry struts.

enforce objectivity in the local and global post-peak response (Figure 11a). Fracture
energy of concrete in compression (Jansen and Shah 1997) was considered as
25 N/mm and 150 N/mm for unconfined and confined concrete, respectively. Tensile
concrete strength was assumed to be 0.62+/f /. [MPa], with a strain softening branch
adjusted to a fracture energy of 0.1 N/mm (Wittmann et al. 1988). The tensile and com-
pressive behavior of reinforcing steel is asymmetric, as the effects of reduction in com-
pressive strength because of rebar buckling are considered (Arteta 2015). For this
purpose, the uniaxial material implemented in OpenSees is the Hysteretic Material. Mate-
rial parameters to model the cyclic response of the steel were set to simulate a trilinear
backbone (Figure 11b) curve with f,, =483 MPa at &, = 0.0024 (1.15f, nomina) USIng
Mazzoni et al. (2007) recommendations.

The hysteretic behavior of masonry infills was modeled using a nonlinear compression-
only multi-strut model (Crisafulli 1997, Chrysostomou et al. 2002). The struts are modeled
with truss elements whose cross-sectional area and location in the frame depend on the geo-
metrical and mechanical properties of the masonry infills and the RC frame. Masonry wall
thickness was assumed to be 0.10 m, and the total equivalent strut width was defined as
0.18d,,, where d,, is the length of the masonry wall diagonal. Considering the brick com-
pressive strength as f/, = 7.0 MPa and its tensile strength as f, = 0.9 MPa, the compressive
strength of the strut material is determined according to Crisafulli (1997) as f,, = 1.2 MPa.
Strain at peak-stress was considered as ¢,,, = 0.002, while its ultimate stress and strain capa-
cities were taken as f, = 0.02 MPa and ¢,,, = 0.010, respectively (see constitutive relation-
ship scheme in Figure 11c).

NONLINEAR STATIC ANALYSES

Nonlinear static analyses (pushovers) were performed using a lateral load pattern pro-
portional to the fundamental mode shape to investigate the actual strength and the global
deformation capacity of the structures. The analyses were terminated when the roof drift
ratio reached 2.5% for infilled frames and 3.5% for bare frames, as these displacements
ensured modeling a 20% loss of capacity with respect to the peak strength. Pushover curves
are shown in Figure 12a. To facilitate the analysis of the inelastic static response, the push-
over curves of the frame for the six construction conditions can be approximated to a trilinear
model that allows estimating its ductility capacity, .. We use this data in the following
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Figure 12. (a) Pushover curves for fully infilled RC frame, RC frame with soft story, and bare
RC frame. (b) Trilinear idealization of the pushover responses to determine the ductility capacity.

section to simulate the response of structural systems with similar features to typical Mexican
RC frames but in a wider range of periods using inelastic single-degree-of-freedom (ISDOF)
models. The trilinear model is bounded by the following three limit states: yielding (A, V),
maximum base shear (A,,,., V,..c)> and ultimate capacity (4,, V,). Yield capacity is selected
in this study as the instant in which the first plastic hinge in the structure is formed
(i.e., yield curvature ¢, is exceeded). Ultimate capacity is selected as the instant in
which capacity drops in the post-peak range to 80% (i.e., V, = 0.8V ,,,,). The procedure
to estimate the yield and ultimate displacements of the structures is consistent with
FEMA-P695 (2009). Figure 12b presents the trilinear idealized model for the six conditions
evaluated.

Figure 13a shows the roof drift associated with the three limit states previously defined.
A main observation from the pushover analyses is that infills increase strength by 30% on
average while decreasing the deformation capacity by at least 38%. Figure 13b shows that
there is not a proportional relationship between the actual ductility capacity p and the code-
based ductility factor Q, as the NTC 1976 provisions intended, especially when masonry
infills are considered as part of the lateral force—resisting system. While the bare frame
designed for Q = 2 and 4 had ductility capacities of approximately 3.5 and 4.5, respectively,
those of the buildings with masonry had reduced ductility capacity of about 2.5 for Q = 2 and
between 2.5 and 3.0 for Q = 4. For the bare frames, Figure 13c suggests an overstrength
factor of 1.2 and 1.3 for the designs with Q = 2 and 4, respectively. If the masonry infill
is considered, actual overstrength factor for the as-built conditions are at least 1.4 and 1.8 for
the designs with Q = 2 and 4, respectively.
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the evaluated six conditions.

Figure 14 depicts the deformed shape of the building when the ultimate state is reached.
Plastic hinge demand at the beam and column ends is depicted with colored circles indicating
the curvature ductility demand (i.e., ¢/¢,). For buildings with Q =2, an upper-story
mechanism is formed between the second and the fifth floor (i.e., the columns yield at
the bottom of the second story and at the top of the fourth story, while all beams yield
in the third and fourth floor). For buildings with Q = 4, the mechanism comprises 3—4 stories
from the base. This is confirmed by posterior dynamic analyses. It is hypothesized that the
lack of a strong column/weak beam provision in the building code prevented a uniform dis-
tribution of yielding at the beam ends along the height of the structures, hence inhibiting a
more ductile behavior.

NONLINEAR DYNAMIC ANALYSES

For the nonlinear dynamic analyses, mass and stiffness-proportional Rayleigh damping
was included to simulate the energy dissipation characteristics of the building not represented
by the nonlinear behavior of the framing elements. The coefficients in the Rayleigh damping
formulation were established to achieve damping ratio of { = 2.5% at periods corresponding
to the first and third vibrational periods of the model.

Two definitions of structural periods are considered from the inelastic models (see
Table 4): (1) the initial period (7)) of vibration after applying the gravitational loading,
which accounts for some service-loading cracking; and (2) a cracked period of vibration
based on the static nonlinear response. The initial periods of the structures varied from
0.80 to 1.71 s, being 26% shorter, on average, for the structures with Q = 2 compared
with those with Q = 4. The addition of the infills shortens the structural period by approxi-
mately 30%. The idealized pushover curves in Figure 12b were scaled to an ISDOF backbone
following the procedure by Chopra and Goel (2002). By doing so, the initial slope of the
equivalent ISDOF curve is proportional to the square of the cracked circular frequency of
vibration (w2,), and the corresponding cracked period (7,) is consistent with a secant-to-
yielding stiffness. For the bare frames, the ratio T,/T, is 1.53 and 1.31 for Q =2 and
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Table 4. Periods of vibration of the inelastic models

0=2 Q=2 Q=4 Q=4
initial period, cracked period, initial period, cracked period,
TO (S) Trr (S) TO (S) Trr (S)
Bare RC frame 1.20 1.84 1.71 2.24
Fully infilled RC frame 0.80 1.36 1.03 1.29
Partially infilled RC frame 0.86 1.46 1.16 1.42

Q = 4, respectively. For the infilled structures, this ratio becomes, on average, 1.70 and 1.24
for Q =2 and Q = 4, respectively.

The inelastic models were analyzed dynamically with four pairs of two horizontal-
component accelerograms input as uniform excitation at the base. Selected ground motions
were recorded at the Mexico City stations closer to the structures visited and investigated
by the reconnaissance team, namely SCT2, PCJR, LEAC, and TACY stations. The first
three stations were chosen because of their proximity to the observed collapsed buildings.
The TACY station is the only one on rock and is used here for calibration because no damage
was reported around it. The structural response presented next corresponds to that induced
by the horizontal component that produced the largest story drift ratio (SDR). Figure 15
shows the maximum SDR for the six models evaluated. It is apparent in the figure that the
rock motions recorded at the TACY station induced the smallest responses among all evaluated
ground motions. Although the LEAC records exhibited the largest elastic pseudo-acceleration
coordinates among all records in Mexico City, this ground motion did not produce the largest
SDR. In fact, except for the case of Q = 2 for frames with infills, responses under the LEAC
input motion are third to those induced by the STC2 and PCJR motions. For Q = 2, maximum
SDR for the bare frames is observed for the PCJR motion, while the SCT2 motion induced
larger relative displacements for the frames with infills. For the weaker building, the PCJR
record induced the largest SDR in all cases. This trend is consistent with the results presented
in the following section, where the largest displacements are expected for systems subjected to
the SCT2 and PCJR records, especially for 7 > 1.0s.

It is worth noting that the structures with infills exhibited overall larger story drifts than
those without them, especially those with Q = 4, where the drift demand is concentrated in
the first story. Additionally, these structures have shorter period, which exacerbates their
ductility demand. For the stronger building (Q = 2), the maximum computed SDR is
close to 2.5% at the third floor, while for the Q = 4 buildings, this value is approximately
3% at the first story for structures with infills, and it is over 2% at the third floor for the bare
frame. The dynamic analyses confirmed the high potential of damage localization in the first
2 stories for the weaker building with infills. For Q = 4, the SCT2 and the PCJR records
induced localized damage in the first 2 stories even when infills were uniformly distributed
over the entire building height. A question that arises is whether these structures are able to
accommodate drift ratios as large as 2.5% in the middle third of the height or as large as 3% in
the first story. Table 5 summarizes maximum SDR with location over the height of the struc-
ture and the ground motion that produced it.
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Figure 15. Maximum story drifts for 0 = 2 and 4 because of LEAC, PCJR, SCT2, and TACY
ground motion records.

Table 5. Maximum computed story drift ratio

0=2 0=4

Bare Fully infilled Soft story Bare Fully infilled Soft story
SDRmax 2.6% 2.6% 2.5% 2.3% 2.9% 2.5%
Story 3 3 3 3 1 1
Ground motion PCIJR STC2

STC2 PCJR PCJR PCIR
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Figure 16. Ductility demand for Q = 2 and 4.

The maximum roof displacement demand from the dynamic analyses is normalized by
the roof yield displacement from the pushover analyses to estimate the ductility demand.
Figure 16 compares roof ductility capacities with their associated demands from the four
different ground motion records used for theses dynamic analyses. While ductility demand
for bare frames is lower than their capacity according to these results, ductility capacity of
infilled frames is practically reached for the buildings designed with Q = 2 and exceeded for
those designed with Q = 4.

As mentioned previously, though infill walls increase the strength of the lateral force—
resisting system, they limit the deformation capacity. This is mainly due to the limited ductility
and strength of masonry, which is considerably lower than those of the RC structural members.
This implies that for low SDRs (e.g., SDR < 1%), the capacity of infills may be exceeded and
severe damage induced. To assess the damage level in infills, a damage index (DI) is defined as
the ratio between the deformation demand ¢,,,, of the struts representing the infills and their
deformation at peak stress, €,,,, previously defined (Figure 11c). Values of DI lower or equal to
1.0 indicate that the struts were not excited beyond the elastic range, while greater values indi-
cate that permanent deformation of theses struts are expected. Figure 17 presents the maximum
average DI per story and ground motion for the previously defined models of the infilled
frames. Results indicate that SCT2 induced more damage in infills compared with other records
for structures designed with Q = 2, while PCJR and SCT2 induce the most significant damage
for structures with Q = 4. This trend is in accordance with results presented in Figure 16, where
these motions demanded more ductility capacity for the models. Damage is more significant in
the second and third stories for Q = 2, though it tends to distribute over the height. On the other
hand, for O = 4, damage is basically concentrated in the first and second stories. Values of DI
are the greatest for Q = 4, with infills distributed over the entire height when the system is
subjected to PCJR and SCT2 motions. While the average DI only varies marginally, for these
two motions, between the infilled and soft story structure with Q = 2, it does reduce to approxi-
mately one-half for the structure with Q = 4, confirming that the soft story acts as a fuse for the
weaker system, and the upper stories displace as a rigid block.

ISDOF SYSTEM RESPONSE

Simplification of complex multi-degree-of-freedom (MDOF) structural systems to
ISDOF systems has been proven to be an efficient approach to perform seismic response
assessment of buildings with different dynamic characteristics (Takeda et al. 1970,
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Maximum Struts Damage Index D/

Q =2 Frame with Infills Q =2 Frame with soft story
Story | LEAC | PCIJR | SCT2 | TACY Story | LEAC | PCJR | SCT2 | TACY
6 0.5 0.4 0.4 0.2 6 0.6 0.4 0.4 0.2
5 0.9 0.8 0.9 0.3 5 1.1 0.9 1.0 0.3
4 1.9 1.7 1.9 0.4 4 2.2 2.0 2.8 0.4
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Q =4 Frame with Infills Q =4 Frame with soft story
Story | LEAC | PCJR | SCT2 | TACY Story | LEAC | PCJR | SCT2 | TACY
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5 1.1 0.9 0.7 0.3 5 0.9 0.5 0.5 0.3
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Figure 17. Infills damage index DI for Q = 2 and 4 because of LEAC, PCJR, SCT2, and TACY
ground motion records.

Saiidi and Sozen 1981, Gulkan and Sozen 1999, Ruiz-Garcia and Miranda 2003). An ISDOF
model is implemented next to extrapolate the results of the 6-story infilled frames of the
previous section (i.e., those in Figures 9c, 14b and 14e¢) to other ranges of plausible periods.
This is one step further to provide a plausible explanation of the damage observed on build-
ings of certain height in Mexico City and to provide contrast to the discussion presented
above regarding elastic spectral demand.

The results presented in this section were obtained using OpenSees (McKenna et al.
2000). The uniaxial Hysteretic Material model developed by Scott and Filippou (2016)
was implemented for this purpose. The ISDOF model implemented has a multilinear back-
bone (ML-model; Figure 10a) with hysteretic response similar to the Modified Clough model
used by Ruiz-Garcia and Miranda (2006) to simulate stiffness degradation during reloading
but calibrated to replicate the nonlinear dynamic response of the case study models described
before (Figure 10b). As shown in Figure 10a, for small displacements, the system is elastic
with initial stiffness k, up to a yield deformation u, where the system becomes plastic at load
C,, which refers to the yield strength expressed as a fraction of gravity. The model considers a
post-yielding hardening defined by parameter . The ultimate displacement is D, = p.uy,
where the ductility capacity ratio (u,.) is specified to define the span of the strain hardening
portion. For displacements larger than D, the strength degradation is specified with the para-
meters D, = yu, and p; where the ductility-like parameter y specifies the span of the
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softening portion up to achieving the residual capacity pC,. Values of §, u., v, and p are
calibrated to follow the backbone in Figure 12b, which is previously scaled to an ISDOF
backbone following the procedure by Chopra and Goel (2002).

Equations 2—-5 define, respectively, the initial stiffness (k), the ultimate strength (C,,,,),
the yield strength (C,), and the yield displacement (u,) of the ISDOF system. Variable k, is
defined in terms of the cracked period in Table 4. Strength C,,,, is a function of the design
spectral acceleration (S,), the overstrength factor €, and the inverse of the effective modal
mass ratio for the first mode M /M7:

1

ko =—— 2)
)
2n
M
Cmax = Sag_* (3)
Ml
Cmax
y_1+ﬂ(,uc_1) (4)
T.\?2
u, = C, <2;’> ®)

Figure 10c shows the 1976 elastic (Q = 1) and reduced design spectra for Q values of 2 and
4. These spectral coordinates define the S, values in Equation 3 to represent the strength of
older-type of framing systems. Following the results in Figure 12b, factor Q was selected as
1.80 for the infilled frames, which closely matched the mean overstrength for the Q = 2 and
Q = 4 structures. Amplification of S,Q by M /M7 is necessary to match the strength of the
MDOF system. This ratio is set to 1/0.80, which closely matches the estimates for all structural
models. In addition to the energy dissipation provided by the hysteretic response, a 2.5% vis-
cous damping ratio was selected for the model, which is the same as in the MDOF models.

For the ISDOF models evaluated herein, the ductility demand is the ratio between the
maximum displacement experienced under any given ground motion (u,,) and the yield dis-
placement, u, (e.g., 4 = u,,/u,). Figure 18 shows the ductility demand of the ISDOF systems
representative of the infilled frame systems designed with Q =2 and Q = 4 under the
motions recorded in Mexico City. The horizontal axis in these figures is representative
of the cracked period of the structures as described before. Ductility capacity of the
older nonductile structures retrieved from MDOF models is highlighted using a dotted hor-
izontal line. In order to compare ISDOF and MDOF results, predicted ductility demand for
the case study buildings obtained from MDOF models is also depicted with squared and
triangular markers. It is observed that the ISDOF model predicts well the ductility demand
of the MDOF and hence validates the simplified modeling approach.

Figure 18 confirms that the TACY and CUPS5 rock motions induced little to nonplastic
demand on the infilled structures of any strength, while the ductility demand induced by the
PISU and CCCL motions did not surpass the expected capacity of the buildings. These con-
clusions are consistent with the reduced or lack of structural damage observed around these
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Figure 18. Ductility demand spectra for bare frames and infilled frames under LEAC, PCJR,
SCT2, TACY, PISU, CCCL, and CUP5 motion

four stations. On the other hand, the demand on the LEAC and SCT2 stations show that the
ductility capacity for weaker structures with O = 4 may have been surpassed in the period
range of the structures visited. It is noted that that the ductility demand for the LEAC station
is above the capacity for either structural strength in the period range 0.50 < T < 1.15s5,
although it reduces at a constant rate for longer periods. Collapses of buildings shorter
than 4 stories were observed close to this station (see Figure 1b). A similar situation occurs
for the weaker structures under the SCT2 motion, where the ductility demand is beyond the
capacity for 7' < 1.35s. Considering C,T,, a lower bound of secant-to-yielding stiffness-
based periods, this range of periods previously mentioned can be considered as representative
of infilled frame buildings with 2 to 8 stories. The height of collapsed buildings around the
SCT2 station varied between 3 and 6 stories. Lastly, the PCJR motion induced the largest
demand on structures with Q = 4 with T > 1.6 s but did not necessarily surpass the expected
capacity. Nevertheless, Figure 1b shows that the height of buildings that collapsed near this
station ranged from 3 to 7 stories.

CONCLUDING REMARKS

One week after a Mw 7.1 earthquake struck the central region of Mexico on 19 September
2017, a post-earthquake reconnaissance mission was organized between the PEER and the
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CEER to assess the response of structural and nonstructural components of over 60 buildings in
Mexico City where the damage was concentrated. Field observations, statistical analysis of
damage, and numerical experiments helped explain the extent of damage observed in mid-
rise RC frame buildings with and without masonry infill walls. These mid-rise buildings
are an archetypical structural system in Latin American Countries and worldwide. A significant
number of currently functional similar buildings in Mexico were designed following older code
requirements known to be insufficient to ensure acceptable performance under seismic load-
ings, as demonstrated in the 1985 and/or the 2017 Mexico earthquakes.

Comparison of the recoded ground motions with the global BCHydro model demon-
strated that for structural periods between 0.5 and 1.0 s, the recorded ground motions in
soil sites within Mexico City were not particularly rare. Although, for larger structural per-
iods up to 2.0 s, their intensity was larger than the median intensity of global earthquakes of
the same magnitude recorded at similar distances. In fact, ground motions recorded in the
stations next to the observed collapsed were up to 5-times larger than the median global
ground motion, which is associated with basin site effects.

Results from the SDOF and MDOF systems modeled in this study agreed in predicting
high ductility demands for mid-rise buildings with cracked periods shorter than 1.5 s,
approximately. Addition of non-isolated masonry infills during the construction of RC
frames, which were originally analyzed and designed to be bare systems, significantly impact
their ductility capacity. Results also confirmed the high potential of damage localization in
the first 2 stories for pre-1985 flexible nonductile structures with infills. Furthermore, the
masonry-frame interaction increased the potential for a soft-story mechanism formation.
Numerical results also indicated that the accelerograms recorded in SCT2 and PCJR stations
located in Mexico City induced the largest structural and nonstructural demand on mid-rise
RC frame buildings with masonry infill walls. This is consistent with the distribution of
damage identified in the field and reported by the reconnaissance teams.

In general, the ISDOF results agree with in-situ observations. The stations with the high-
est number of nearby collapses were LEAC, PCJR, and SCT2, which is consistent with the
numerical simulations showing that the ductility capacity of mid-rise masonry-infilled
RC-framed buildings was exceeded, specifically, in those designed with the larger seismic
force reduction factor Q = 4.
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