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ABSTRACT: This paper summarizes some of the key findings and observations, following
the September 19th, 2017 Mw 7.1 Puebla-Mexico City earthquake. The principal topics that
are discussed in this paper are: (1) site effects in Mexico City for normal and subduction
events, (2) ground subsidence, and its implication on soil-structure interaction and the
observed damage, (3) vulnerability studies based on fragility curves, (4) topographic effects,
and (5) seismic performance of underground structures. This paper revisits the characteristics
of the event, the damage distribution across Mexico City and surrounding regions, the per-
formance of buildings, lifelines, and other critical infrastructure in the city. The observed
damage is analyzed considering site effects, seismic soil-structure interaction effects and the
impact of regional subsidence, topographic and basin effects. Comparisons are made between
the observed building damage patterns following the September 19th, 1985 and the 2017 earth-
quakes, and the differences are discussed.

1 INTRODUCTION

The September 19th, 2017 Mw7.1 Puebla-Mexico City earthquake affected the Mexico City
basin, which contains very soft lacustrine soils, mostly comprised of high plasticity clays, transi-
tion granular materials, and stiff hill soils. Mexico City and its surroundings are very densely
populated, and major critical infrastructure is spread around the city, including tunnels, bridges,
urban overpasses, metro stations, airports, widely variety of building stocks, among others. As a
result, 38 mid-rise buildings collapsed and several hundred more were damaged (Mayoral et al.
2018a, b). This paper synthesizes the observations related to building performance, damage pat-
terns, and foundation performance made by two UNAM-GEER engineering reconnaissance
teams sent to investigate the geotechnical aspects of the earthquake. This paper revisits the seis-
mological aspects of the event, the demand and damage distribution across Mexico City and sur-
rounding regions, the performance of buildings, lifelines, and other critical infrastructure
systems. In particular, the impact of ground subsidence, site response, and soil-structure inter-
action, topographical and basin effects in the observed damage is discussed. Moreover, compari-
sons are made between the observed building damage patterns following the September 19th,
1985 and the 2017 earthquakes. Overall, building and foundation performance were observed to
be quite good during the 2017 event, especially when compared to the 1985 event. Structures that
were observed to be heavily damaged or collapsed were all built prior to 1985, and/or incorpor-
ated poor structural design and/or construction which resonated with the soil column on which
they were constructed, and/or were built upon very soft soils that contributed to significant foun-
dation deformations. More details regarding the aspects presented in herein can be found in
Mayoral et al. 2018a, b &c, Mayoral & De La Rosa 2018, and Roman et al. 2018.

1.1 The September 19th, 2017 Mw7.1 Puebla-Mexico City earthquake

Western Mexico is a collision zone, where the Rivera and Cocos plates are subducting under
North America plate at rates ranging from 69 mm/yr. to 75 mm/yr. During the last 40 years,
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dozens of significant events have occurred along the plate boundaries; the most destructive
among them was the 19th September 1985 M 8.1 Michoacan earthquake that caused 10,000
fatalities and left 700,000 people homeless. On 19th September 2017, at 1:14:40 p.m. local time
(at 18:14:40 GMT), a Mw 7.1 earthquake struck 60 km SE of Puebla and 120 km SE of
Mexico City.

2 SITE EFFECTS IN MEXICO CITY BASIN

Due to the unique subsoil conditions prevailing in the Mexico City basin, seismic risk has
been strongly correlated to site effects. Thus, during the 19th September 1985 Mw 8.1 subduc-
tion fault earthquake, and its strong aftershock Mw 7.5 21st September 1985, extensive
damage was observed in the area, along with the loss of thousands of lives, despite these
events had an epicentral distance of around 430 km from Mexico City. The observed damage
was mostly due to site affects originated by the high plasticity clay deposits found in the basin,
which lead to large amplifications, and duration elongation of the ground motions coming
from the epicenter. In addition, a frequency content modification occurs, which in turn, leads
to a double resonance effect between the incoming ground motions, soil deposits, and the
damaged buildings. Exactly 32 years after this devastating event, the 19th September 2017 Mw
7.1 normal fault earthquake, reminded us of the importance of accounting for site effects, and
most importantly, the need to carry out a proper characterization of basin geometry, soil pro-
file configuration, hydraulic conditions, and maintenance-structure periodic assessments of
the building stock in Mexico City. This is required to reduce uncertainties of seismic vulner-
ability studies for extreme-event seismic hazard scenarios. To understand the changes in site
periods, these were measured and contrasted to the 1985, 2010, and 2050 site periods maps
presented by Arroyo et al. (2013), based on expected changes in site period due to water
extraction from the basin. This comparison is shown in Figure 2. The Mw 7.1 19th September
2017 event was triggered by an intraplate rupture at approximately half the epicentral distance
of the 1985 event relative to Mexico City. The shorter rise time of the crustal source and smal-
ler epicentral distance resulted in ground shaking in the hill zone that was considerably richer
in high frequencies than the 1985 event. In turn, these ground motion characteristics tran-
spired into more significant site amplification of ground motions on the surface of the

Figure 1. Historical earthquake ruptures in Mexico. The epicenter of the M7.1 Puebla Mexico City

earthquake is indicated in red (from Special Report of SSN, Sismo del 19 de septiembre de 2017, Puebla-

Morelos (M 7.1), http://www.ssn.unam.mx).
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shallower sandy silts and silty sands layers of the transition and outer lake zones; and conse-
quently, resulted in more significant impact to shorter period structures than those affected
during the 1985 earthquake. It is important to note that site effects must have played an
important role in determining the damaged zones. The majority of severely damaged struc-
tures in Mexico City were concentrated in the west and southwest Transition Zone (II, in
yellow) and Lake zones IIIa and IIIb (orange and brown, accordingly). Zones II, IIIa and
IIIb contained 85% of the high risk and 95% of the collapsed buildings, as we can see in
Figure 3 (source: CICM 2017). There is a direct relationship between site effects, and the
larger seismic demand acting on the damaged buildings at those areas with 5 to 8 stories. In
those cases, where the structures were constructed prior 1985 and lacked ample inspection/
retrofit mostly collapsed, because parameters such as construction quality, design code, mater-
ial degradation from continuous seismic activity, and building to building interaction were
factors that also play a key role. A comparison of the collapse buildings in the central region
of Mexico City during both the 1985 and 2017 events are presented in Figure 3. A resonance
effect, in which the energy of the excitation was concentrated between 0.15-1.0 s, was close to
the fundamental elastic periods of the so called Zone IIIa (0.8 to 1.5s), and affected 5 to 8
story buildings (Building period, Te, around 0.8 to 1.6 s) was a key factor on the observed
damage. This effect is represented schematically in Figure 4, for both the 19th September 1985

Figure 2. Comparison of site periods determine using the HVSR method (ambient noise) by UNAM-

GEER team, and site period maps from Arroyo et al. (2013) for 1985, 2010, and 2050 based on expected

changes in site period due to water extraction from the basin.
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event and the 19th September 2017 event, considering seismological stations SCT and CU
(CUP5), located in the lake zone and rock respectively.
Mayoral et al. (2018a) presented the seismic performance evaluation of common building

typologies found at the areas where most of the damage was observed. This was carried out to

Figure 3. Collapsed buildings in the central region of Mexico City during the 19th September 1985 and

2017 events, and location of case studies (source: CICM 2017).

Figure 4. Potential double resonance effect.
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study the effect of the site response and seismic soil-structure interaction in the seismic
demand acting on the buildings during the 2017 earthquake. Table 1 summarizes the cases
considered, including number of stories and basement floors, and structural periods. A typical
20 by 20 m2 building, of variable high with a box-like foundation was considered in the ana-
lyses. Series of three-dimensional finite difference models were developed with the program
FLAC3D to simulate the soil-foundation-structure systems considered (Figure 5a). The accel-
eration time histories for each building models are presented in Figure 5b.
As can be noticed in Figure 5b, there is an important amplification of the structure response

observed, where the structural period, Ts of 1.01s, is closer to the fundamental soil period T
soil around 0.9 to 1.1s. Thus, there is a direct correlation between seismic demand and
observed damage due to site effects and seismic soil-structure-interaction clearly observed in
the damage pattern.

3 GROUND SUBSIDENCE AND ITS EFFECTS ON SEISMIC SOIL- STRUCTURE
-INTERACTION

Ground subsidence due to underground water extraction lead to changes in dynamic proper-
ties such as shear wave velocity distribution and modulus degradation and damping curves, as
well as soil layer thickness and shape. Figure 6a present the subsidence rate in Mexico City
and surrounding areas (Auvinet et al. 2017), as can be seen, some areas have subsidence rates
up to 40 cm/year. This effect modifies site predominant periods, and frequency content and
spectral accelerations in both the free field and the soil-structure systems during an earth-
quake. These variations can be substantial in highly compressible very soft clays, such as
those found in Mexico City valley. Mayoral et al. 2018b examined the complex role that exist-
ing ground conditions, including settlement distortion due to regional ground subsidence, and
structure tilting had in the seismic performance of buildings during 2017 Puebla-Mexico earth-
quake. According to the CICM database (2017) there were a total of 38 collapsed buildings.
From the reconnaissance works, UNAM-GEER team established that the collapsed buildings,
and most of the observed damage can be associated to the ground and building conditions
prevailing before the earthquake, coupled with seismic soil-structure interaction effects. Four

Table 1. Properties of buildings analyzed.

Building
Case Stories

Basements
Levels

Te estimated for stiff
buildings
Stories*0.1
(s)

Te estimated for flexible
buildings
Stories*0.2
(s)

Height
(m)

A 5 1 0.5 1 12.0

B 9 2 0.9 1.8 21.0

C 13 3 1.3 2.6 30.0

Figure 5. (a) Numerical model and (b) acceleration time history at the Roof.
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main failure modes were identified: ground settlement, building rotation, soil-structure inter-
action, and structural failure, as summarized in Table 2. Of these main failure modes, three
(ground settlement, building rotation, soil-structure interaction) are associated with geotech-
nical mechanism of fault (GMF), these modes are presented schematically in Figure 6b, along
with an example surveyed for each case before and after the earthquake.
Sets of three-dimensional finite difference models were developed with the software

FLAC3D. A typical 7 story, square 20 by 20m2 building was considered in the analysis. The
structure is 21 m high, and has a period of 1.0 s. The foundation system consisted on a par-
tially compensated box foundation, 4.0 m deep. Initially, the overall static behavior of the
soil-structure system was assessed, considering both ground settlement and structure tilting
(Figure 8a) due to uneven static building loads, coupled with ground consolidation, resem-
bling the conditions prevailing right before the earthquake. The pore pressure distribution pre-
vailing at the site was characterized based on piezometric readings as depicted in Figure 7b.
Due to underground water extraction, the initial distribution will change overtime. To esti-
mate these changes, the consolidation equation was solved with the program FLAC3D. Three

Figure 6. (a) Map of the subsidence rate in Mexico City and surrounding areas (Auvinet et al. 2017),

and (b) Geotechnical mechanism of fault (GMF) and examples of earthquake 2017.

Table 2. Major causes of buildings collapse.

Failure Mode No. Buildings Percentage (%)

Ground Settlement 13 34.21

Building Rotation 2 5.26

Soil-Structure Interaction 9 23.68

Structural Failures 14 36.84
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dimensional fine elements models of the soil deposit were developed with the program,
FLAC3D (Figure 7a). These models were used to computed the ground settlement due to
regional consolidation. An iterative process was carried out to determine the pore pressure
distribution that lead to the ground settlement predicted based on the settlement rate meas-
ured at the site (i.e. 7 cm/years), for each consolidation year considered (i.e. 0, 25, 32, 45, and
65 years). Then, the seismic performance evaluation during the dynamic event was conducted
at several consolidation times. The static conditions for each consolidation time were the start-
ing point of the dynamic analysis. Figure 8b shows the acceleration time history at roof level.
It is observed an amplification when the period of the structure is closer to the fundamental
elastic period of soil. From the results gathered herein, it was clearly established the effect of
the variation of the fundamental period of the soil deposit, Tp, and the initial ground and
structure deformations, on the seismic demand acting on the structure during the earthquake,
which in turn, lead to most of the observed failures.

4 ASSESSMENT OF FRAGILITY MODELS BASED ON THE SEPTEMBER 19TH,
2017 EARTHQUAKE OBSERVED DAMAGE

A critical study of the accuracy of fragility curves for buildings, urban bridges, tunnels, over-
passes, main roads, avenues and metro stations, aiming at establishing its advantages and
shortcomings, when using them in seismic vulnerability and resilience assessments was pre-
sented by Roman et al. 2018. Data gathered from one of the most damage areas during the
7.1 Mw 19th September 2017 Mexico-Puebla earthquake was used in this study (i.e. between

Figure 7. (a) Numerical model and (b) idealized variation of pore pressure.

Figure 8. (a) Building tilting evolution over time and (b) acceleration time history at roof level.
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PCJR and SCT2 seismological stations, Figure 3). Measured peak ground accelerations,
PGA, and permanent ground deformations, PGD, along with appropriate fragility curves
were used to establish the probability of having minor, moderate, large damage or collapse of
buildings and critical infrastructure components (Figure 9a).
The damage on the study area documented during field reconnaissance was compared to

that which would have been predicted using the fragility curves (Figure 9b). The probability
of extensive damage in existing concrete and masonry buildings is higher than computed util-
izing the selected seismic fragility curves (around 20 to 30%). Hence, unexpected resulting
probabilities may expose the variation of geotechnical and typology conditions under which
fragility curves used were developed. To better characterize the vulnerability of heavily popu-
lated cities such as Mexico City, more accurate analyses considering particular conditions is
needed to developed reliable fragility curves of buildings and critical infrastructure. More
than anything, this study continues to reveal that more accurate information is needed to
develop refined seismic fragility curves for critical infrastructure located in heavily populated
urban areas to improve estimates of regional damage after major to extreme earthquake
events and to conduct a more reliable characterization of the vulnerability of densely popu-
lated urban areas, such as Mexico City. The most significantly damaged buildings were typic-
ally reinforced concrete moment frames with masonry infill with minor damage probabilities
ranging from 37% to 80% for buildings between 3 to 7 stories and 0.8% to 16% of moderate
damage (Figure 10). Also 3 stories confined masonry constructions show 73% probability of
minor damage and 18% of moderate damage. However, the probability of extensive damage
and collapse was below 1%, contrasting to the observed damage pattern.

Figure 9. (a) Fragility curves used in the analysis presented herein for the major components and (b)

observed damage and predicted damage comparison for buildings within the study area.

Figure 10. Villar-Vega et al. 2017 fragility curves for reinforced infilled frame buildings (Non ductile).
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5 TOPOGRAPHIC EFFECTS DURING THE 19TH SEPTEMBER 2017 MEXICO CITY
EARTHQUAKE

Seismic waves can significantly amplify in firm soil with abrupt geometric changes due to topo-
graphical effects. This amplification can be significant for normal fault type events, in which
most of the energy is concentrated in the lower period range. Moreover, nonlinearities associated
with soil layering and geometrical interactions of the propagating waves can lead to changes in
frequency content and duration. Mayoral & De La Rosa 2018 presented a case study of the
effects of the 19th September 2017 earthquake, in the seismic response of a building-hill system
60m high located in the western part of Mexico City (Figure 3). In particular, in hilly areas, most
of the damage was observed in masonry walls, and 1 to 2 story masonry houses, which exhibited
medium to large damage, and 7 to 13 story buildings, which presented slightly to moderate
damage, as illustrated in Figure 11. To assess the static and seismic performance of the hill slope-
building system, a tridimensional finite difference model (Figure 12a) was developed using the
software FLAC3D (Itasca 2009). The soil profile presents a layer of sandy silt at the top extending
down to a depth of 15 m. Underlying this sandy silt, there is a 30 m thick layer of boulders, and
1 m thick dense sandy silt layer. Below this layer, there is a second layer of boulders packed in a
silty sand matrix, which goes down to 80 m of depth (Figure 12b). A Mohr-Coulomb failure
criterion was used in the model. This criterion was deemed appropriate considering the low to
medium strain level expected due to the soundness of the soils that composed the hill.

The conditions (i.e. geometry) of the slope and buildings before the 19th September 2017
earthquake were considered in the study presented by Mayoral & De La Rosa 2018. Mayoral

Figure 11. (a) Non-structural damage in the building at the top of the hill (minor damage) and (b)

Damages in Santa Rosa Xochiac (BuzzFeddNews 2017).

Figure 12. (a) Numerical model, (b) geotechnical units and (c) static factor of safety.
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2014, propose to use the traditional concept of capacity over demand to better establish poten-
tial local failure zones in tunnels built in brittle stiff silty sands or sandy silts, with varying
degree of cementation. In this approach, τcap is obtained assuming a Mohr-Coulumb failure cri-
teria as c + σocttan ϕ, where σoct is the octahedric stress, and c and ϕ are the soil cohesion and
friction angle respectively. The acting shear stress in the soil mass, τact, is expressed in terms of
the deviatoric stress. This approach allows defining overstressed zones within the soil mass,
which may reach a failure state when local stresses are equal or larger than local capacity.
Figure 12c shows the contour of the value of factor of safety, FS, considering both approaches
The strong ground motion recorded during the 19th September 2017 Puebla-Mexico earth-

quake at station U121, was used as input in the dynamic analyses. This station is located in
firm soil at 1.8 km from the site (Figure 3). Figure 13a shows the accelerations time history
recorded at UI21. All three components of motion were considered in the seismic response
analysis. Then, a factor of safety was obtained for the time where the maximum acceleration
is presented (i.e. 38 s), following the strength criteria (Figure 13b). Also, the Figure 13c shows
the displacements contour. Then, the seismic response was obtained at the control points
depicted in Figure 12a, to evaluate the amplification of seismic waves in the hill top due to
both topographic, site and soil-structure interaction effects, and the corresponding increase of
the seismic demand acting in the building (Figure 14). As can be seen in Figure 13, the FS
computed at the time when the maximum acceleration is reached (i.e. t=38s), is near to one at
the area where damage occurred in the hill slope. Furthermore, the computed horizontal dis-
placements are larger in the affected area than in the rest of the slope, reaching values of
about 26 cm. This ground deformation level, coupled with the brittleness of the soil, lead to
the observed damage at the hill slope. This is in agreement with the slope failure configuration
showed in the Figure 14d, which included a plan view of the topographic configuration of the
slope before and after the earthquake, in a plane cutting right at the affected zone
To study the effects of the frequency content, seismic intensity, and duration in the distribu-

tion of factor of safety and slope deformation patterns, the building-hill seismic response was
further studied for subduction and normal events (Figure 15a), considering uniform hazard
spectra with a return period of 250 years (Mayoral & De La Rosa 2018). Figures 15b and 15c
show the distribution of factor of safety. From the results gathered in here, a clear dependency
of the expected damage on the hill slope as a function of the seismogenic zone (i.e. subduction
or normal) was observed.

6 SEISMIC PERFORMANCE OF TUNNEL DURING THE SEPTEMBER 19TH, 2017
MW 7.1 PUEBLA-MEXICO EARTHQUAKE

Modern tunnel-excavation techniques in heavily populated cities such as Mexico City, must
be accompanied by both proper instrumentation and numerical modeling to foreseen and
reduce potential risk situations, such as local and global instability. These simulations must
account for subsoil conditions, tunnel geometry, and construction procedures, to estimate as

Figure 13. (a) Acceleration time history recorded at UI21 seismological station, (b) factor of safety

computed with strength criteria at t= 38 seconds and (c) displacement vectors (units in meters).
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close as possible ground deformations and settlements generated by the excavations, as well as
to establish the expected factors of safety for both static and seismic conditions. Mayoral
et al. 2018c presented the seismic performance evaluation of an instrumented tunnel under
construction on rigid soils, located in the western part of Mexico City (Figure 3), during the
19th September 2017 Puebla-Mexico earthquake. Three-dimensional finite differences models
were developed using the software FLAC3D. Initially, static soil parameters were estimated
through a back analysis, adjusting the deformability elastic parameters based on the measured
ground displacements. A factor of safety was obtained for static conditions following the
strength criteria (Figure 16a). Then, the seismic performance evaluation of the tunnel was car-
ried out, through computed ground deformations, and factors of safety (Figure 16b). Good
agreement was observed between the predicted and the observed damage.

7 CONCLUSIONS

This paper presents the characteristics of the 19th September 2017 Mw 7.1 Puebla-Mexico City
earthquake, the demand and damage distribution across Mexico City and surrounding
regions, the performance of buildings, lifeline, and other critical infrastructure, as well as the

Figure 14. Response spectra at control points for (a) x direction (N90W), (b) y direction (N00E), (c) z

direction (Vertical) and (d) topographic configuration before and after the earthquake.

Figure 15. (a) Uniform hazard spectra and adjusted ground motion response spectra and synthetic time

histories, factor of safety computed with strength criteria considering (b) subduction seismic events at t=

59.4 s and (c) normal seismic events at t= 27.46 s.
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impact of ground subsidence, in site response and soil-structure-interaction. Moreover, com-
parisons are made between the observed building damage patterns following the 19th Septem-
ber 1985 and the 2017 earthquakes. Differences in the damage pattern distribution between
the two earthquakes are summarized. There is a direct correlation between seismic demand
and observed damage due to site effects and seismic soil-structure-interaction clearly observed
in the damage pattern. Also, it was clearly established the effect of the variation of the funda-
mental period of the soil deposit, Tp, and the initial ground and structure deformations, on
the seismic demand acting on the structure during the earthquake, which in turn, lead to most
of the observed failures.
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