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ABSTRACT: Mexico City is mostly built on soft, high-plasticity lacustrine clay. The thick-
ness of the clayey layer varies across the city and is one of the main contributors to ground
motion amplification. On September 19th 2017 a Mw 7.1 earthquake struck the central part of
Mexico killing at least 370 people, injuring about 6,000 people and causing the collapse of at
least 44 buildings in Mexico City, with most of the collapsed buildings being in the zone with
a medium clay thickness. Ground motion recordings across the city indicated that this zone
sustained greater acceleration, indicating local amplification. This paper studies the spatial
distribution of maximum spectral acceleration and the period at which they are observed, to
analyze ground motion amplification due to soft lacustrine clays. The amplification observed
is explained by the combination of frequency content of the motion, motion intensity and fun-
damental site period.

1 INTRODUCTION

Mexico City was built on the former Texcoco lake, and the shallower soil strata are mostly
composed of soft, high-plasticity lacustrine clay. The clayey layer is the deepest in the Eastern
part of the city (defined as zone III in the seismic zonation of Mexico City) and almost non-
present in the Western part of the city, called the hill zone (defined as zone I). Over the last
century, regional subsidence has reduced the thickness of soil layers in Mexico City at a rate
unseen in other cities (Lesser and Cortes 1998). Besides excessive settlement, the soft lacustrine
clay poses another geotechnical challenge during earthquakes, as this is one of the main
causes of ground motion amplification observed in previous earthquakes, such as the Septem-
ber 19th 1985 Mw 8.0 earthquake (Seed et al. 1988, Semblat et al. 2002).

This soft clay has been found to be prone to amplify seismic motions because of its low
shear wave velocity (64 m/s) and relatively linear modulus reduction curve (Mayoral et al.
2016). The reduction in shear modulus as well as increase of soil damping is relatively moder-
ate for strain up to 0.1%. Previous studies have found that nonlinear soil response is generally
absent during seismic ground motion (Ordaz and Singh 1992). Arroyo et al. (2013) have con-
cluded that soft lacustrine sediments of Mexico City tend to amplify ground motion over a
broad period range, between 1 and 5 sec. However, as the soft subsoils consolidate, their shear
wave velocities increase, resulting in a decrease in site period over time (Arroyo et al. 2013).
This paper studies ground motion amplification that happened in Mexico City due to soft

lacustrine clays. The geographical distribution of damaged buildings is presented first.
Ground motion data from the September 17th earthquake, and boring logs retrieved from the
literature are then used to analyze the spatial distribution of maximum spectral acceleration
and the periods at which they are observed, depending on the subsurface conditions. A com-
parison with recordings from previous earthquakes at the same stations shows that the ampli-
fication observed in the transition zone is due the mean period of the motion and the
fundamental site period coinciding, while also being dependent on the motion intensity.
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2 GEOGRAPHICAL DISTRIBUTION OF DAMAGES

The 1976 Mexican building code defined seismic zones in Mexico city based on the fundamen-
tal site period, which is related to the thickness of soft lacustrine clay, which varies from 0 m
to 60 m. The 3 seismic zones are: the hill zone (zone I), the transition zone (zone II), and the
lake zone (zone III). In the latest version of the building code (NTCS-04 2004) the zone III is
further divided into 4 sub-zones (IIIa, IIIb, IIIc, and IIId, see Figure 1).
The Colegio de Ingenieros Civiles de México (CICM) website www.sismosmexico.org pre-

sents an inventory of the collapsed or heavily damaged buildings because of the September 19th
2017 earthquake (Figure 1). The majority of collapsed and damaged buildings are located in the
western portions of the transition zone (zone II), and the two lake subzones with lower clay
thickness (zone IIIa and IIIb). It is interesting to note that only a handful of buildings in zone
IIId, where the lacustrine clay thickness is greatest, were damaged and none of them collapsed.
Most of the buildings that collapsed were 7-10 storey high, and were associated with a fun-

damental period of about 1 sec. For this spectral period, the highest spectral accelerations
recorded were in zones II and IIIa (Figure 2) which would explain the geographical distribu-
tion of damages.

Figure 1. Distribution of (a) buildings deemed unsafe for occupation, and (b) collapsed buildings
https://www.sismosmexico.org/mapas

Figure 2. Shakemap for spectral period of 1 s representative of 7-10 stories buildings (from the Grupos
de Sismología e Ingeniería de la UNAM 2017). Black triangles represent buildings collapsed or severely
damaged.
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3 ANALYSIS OF GROUND MOTION

3.1 Ground motion recordings

Raw earthquake recordings were provided by the Centro de Instrumentacion y Registro Sis-
mico (CIRES, cires.org.mx). A total of 61 records were retrieved from recording stations
located in the six seismic zones in the Mexico City (see Figure 3). These raw recordings were
low-pass and high-pass filtered in order to calculate acceleration, velocity and displacement
response Table 1 presents the average properties of the recording stations in each seismic
zone. The average shear wave velocity of the sedimentary layer at every station was estimated
based on information presented in Arroyo et al. (2013), where 81 boring logs from 1946 to
1970 were compiled from earlier studies. The boring logs provide depth of soil layers compos-
ing the subsurface profile of the Mexico City. The stratigraphy can be simplified as being
made of the following four layers: (1) artificial fill, (2) upper lacustrine clay, (3) hard layer, (4)
second clay layer. The thickness of a particular layer at any given site is estimated based on
the information provided by the boring logs with a Gaussian process regression which also
provides the kriging error associated with the process. The magnitude of the error depends on
the measurement error (small in the case of a boring log), and the distance of the given site to
points of observation (i.e. boring-log locations).
Because of the continuous subsidence of Mexico City (Lesser and Cortes 1998) the boring

logs were corrected as follows:

1. Arroyo et al. (2013) averaged continuous settlement measurement from several locations
compiled in Lesser and Cortes (1998). The site of Alameda Central, a park situated in
downtown Mexico City, follows the average trend and is used as the reference site associ-
ated with the average subsidence curve.

Figure 3. Ground motion recording stations throughout Mexico City

Table 1. Average properties of ground motion recording stations

Zone Average VS (m/s) Average Site Period Ts(s) Number of recording stations

I 117.4 0.43 7
II 115.1 0.52 9
IIIa 94.2 1.05 8
IIIb 82.8 1.73 15
IIIc 81.8 1.96 12
IIId 81.8 2.26 10
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2. The thickness of every soil layer at the reference site is computed with a Gaussian process,
based on the measurement from the boring logs.

3. The subsidence curve and the thicknesses are used to compute the evolution of volumetric
strains at the site with time. The volumetric strains are computed based on the observation
from Figueroa and Yamamoto (1984) who stated that 75% of the settlement occurs in the
upper clay layer, and 25% in the second clay layer. Note that the obtained volumetric
strain vs. time curve depends on the results of step 2 which depends on the thickness of
each layer observed at every boring log.

4. Based on the evolution of the volumetric strains, the thickness of each layer at every boring
log is corrected to represent today’s conditions.

5. The thickness of each layer at the reference site is computed again based on the corrected
thicknesses of all the boring logs.

6. Step 2 to 5 are repeated until the layer thicknesses in Step 2 and in Step 5 are the same.

Once the stratigraphy at every boring log had been corrected, the thickness of each layer at
every recording station was computed based on the same Gaussian process regression. Since
the recording stations cover a larger area than that explored by boring logs, some of the
recording stations are situated too far from an observation point to obtain a realistic predic-
tion resulting in a large kriging error. In the calculations of the average shear wave velocity,
only 32 stations located reasonably close to boreholes were used. Note that the average shear
wave velocity is only representative of the soil layer, and not the entire site. For instance in the
hill zone, the average shear wave velocity is low, but the soil layer is thin. The site period was
calculated directly from the average shear wave velocity (TS= 4h/Vs where h is the thickness of
the entire soil deposit).

3.2 Ground motion amplification per zones

Average ground motions parameters in each zone are presented in Table 2. The author deemed
reasonable to average properties throughout every zone because the distance between each sta-
tion and the epicenter was similar (between 93 and 128 km, and about 115 km on average).
The two horizontal acceleration spectra were combined by calculating the geometric mean of

both components (H1 and H2) to obtain the Pseudo-Spectral Acceleration (PSA) of each record-
ing. The Peak Ground Acceleration (PGA) was then calculated as the PSA at the lowest spectral
period. Albeit RotD50, the instrument-orientation-independent combination of horizontal
ground motion components as defined in Boore (2010), is usually preferred over the geometric
mean, the difference between the two is typically less than 3%, hence not significant to affect the
present analysis. Moreover, the PGA of each component of motions showed little difference.

The highest PGA was observed in zone IIIa, where it was about twice the PGA observed in
zone I. PGA in the other zones (II, IIIb-d) were roughly comparable. PGV and PGD increased
with zone softness, indicating a ground motion with lower frequency content.
Figure 4 presents selected response spectra for each zone deemed representative of said

zone, with the exception of Figure 4a is higher than the average spectra in the hill zone. One
of the conclusions from Figure 4 is that the frequency content of the motion spectrum changes

Table 2. September 19th 2017 earthquake ground motion characteristics in Mexico City. H1 and H2
are horizontal components and V is the vertical component of the motion

Zone
PGA
(g)

PGV (m/s) PGD (m)
PGA V
(g)

max PSA
(g)

T0 PSA
(s)

Mean period Tm (s)

H1 H2 H1 H2 H1 H2

I 0.073 0.052 0.070 0.020 0.026 0.046 0.233 0.868 0.725 0.808
II 0.094 0.083 0.096 0.028 0.032 0.037 0.438 0.913 0.893 0.902
IIIa 0.155 0.142 0.162 0.040 0.043 0.055 0.624 1.060 1.266 1.312
IIIb 0.102 0.146 0.151 0.052 0.050 0.040 0.394 1.410 1.571 1.601
IIIc 0.106 0.158 0.209 0.059 0.081 0.045 0.446 1.677 1.774 1.863
IIId 0.107 0.162 0.200 0.071 0.098 0.048 0.404 1.851 1.510 1.556
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when going through zones of increasing softness. The larger spectral response is observed at
greater periods in the softer zone, which is to be expected. However, the spectral acceleration
for these zones is relatively low. Note that the frequency content of the vertical acceleration
spectra is essentially independent of the softness of the zone, in part because it is relatively
low. The elongation of spectral mean period and the large response observed in zone II (and
IIIa to a lesser extent) is due to the effect of soil response on the propagation of seismic waves.
Ground motion amplification is a complex process which depends on soil stratigraphy, stiff-

ness, nonlinear soil response, as well as the intensity and frequency content of the input
motion. In general, ground motion amplification due to soil effect is studied through the verti-
cal propagation of horizontal shear waves but three-dimensional effects also play a role. In
this section, the reference ground motion is taken as the average motion observed in the
recording stations situated in the stiffest zone (zone I).
Table 2 presents the spectral predominant period (T0) and the mean period of the motion

(Tm) calculated based on Rathje et al. (1998) from the response spectra and the Fourier trans-
form of the motion, respectively. The predominant and mean period of the input motion is
about 0.8 s which is between the average site period of the zones II and zone IIIa (see Table 1).
The motion tends to be amplified at these sites because the fundamental frequency of each site
coincides with the frequency content of the input motion, which explains why higher PGA and
spectral acceleration were observed in zones II and IIIa. As the shear waves propagate through
the soft soil and soil nonlinearities develop, the frequency content of the motion shifts toward
lower frequency range which leads to an increase in the predominant and mean period. In zones
IIIb to IIId, the predominant and mean periods of the motion did not coincide with the funda-
mental site period and hence only yielded modest ground motion amplification and spectral
acceleration amplification. The shift in frequency content at all sites is consistent with the

Figure 4. Acceleration response spectra (5% damped) at recording station: a) MY19 (Hill zone), b)
DX37 (Transition zone (II)), c) CI05 (lake zone (IIIa)) and d) PE10 (Lake zone (IIId))
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response spectra presented in Figure 4. The frequency content of the response spectra is of inter-
est because it defines the motion transmitted to the buildings sitting atop the subsoil.
Another effect potentially affecting the ground motion amplification is the nonlinear behav-

ior of soil. In one-dimensional ground response analysis, the elastic shear strain can roughly
be estimated by γ=PGV/Vs. In this case, shear strains can be estimated to be about 0.05% in
zone I, 0.08% in zone II, 0.13% in zones IIIa and b, and about 0.17% in zones IIIc and d. The
shear strains in zone III would be sufficient to induce soil nonlinearities which could further
reduce ground motion amplification.

3.3 Ground motion amplification in other earthquakes

CIRES also provided ground motion recordings for the Mw 8.2 September 8th 2017 and the
Mw 6.1 September 23rd 2017 earthquakes. These recordings were processed and analysed in a
similar fashion. The characteristics of the ground motions were also averaged by zones and
presented in Table 3.
The September 23rd earthquake occurred about 528 km from the Mexico City and its mean

period in Mexico City was longer than that of the September 19th earthquake but shorter than
that of the September 8th Mw 8.2 earthquake, which epicentre was situated about 740 km
from Mexico City and its recording stations. The PGA of both motions are relatively low, but
are amplified consistently in zones III, especially for the September 8th earthquake, due to the
frequency content of the earthquakes coinciding more closely with the fundamental frequency
of zones IIIb to IIId.
Note that for both earthquakes, the period lengthening effect associated with an increase of

site softness is generally observed. For the September 8th earthquake, however, the mean period
decreases in the transition zone and zone IIIa compared to zone I. There are two plausible
explanations for this observation. First, because of the distance of propagation, the motion is
attenuated and has relatively flat Fourier and response spectra, with a broad range of frequen-
cies being contained in the signal. The signal propagating through the soft soil would amplify
and introduce higher frequency content at the fundamental frequency of the site. Thus, for stiff
sites this tends to lower the mean period of the motion. The second explanation is that because
of the frequency content of the input motion, other modes are being excited that are not quite
captured by a simple analysis essentially considering one-dimensional effect.

Table 3. September 8th, 2017 and September 23rd, 2017 earthquake ground motion characteristics in
Mexico City

September 8th, 2017 Earthquake: Magnitude 8.2

Zone PGA (g) PGV (m/s) PGD (m) PGA V (g) max PSA
(g)

T0 PSA (s) Mean period (s)

H1 H2

I 0.009 0.044 0.034 0.004 0.028 2.683 1.627 1.758
II 0.017 0.020 0.016 0.005 0.074 1.492 1.242 1.281
IIIa 0.030 0.047 0.028 0.006 0.170 1.316 1.405 1.398
IIIb 0.028 0.056 0.027 0.008 0.147 1.855 1.879 1.882
IIIc 0.037 0.102 0.054 0.009 0.190 2.202 2.432 2.432
IIId 0.036 0.143 0.093 0.008 0.159 2.867 2.756 2.665
September 23rd, 2017 Earthquake: Magnitude 6.1

Zone PGA (g) PGV (m/s) PGD (m) PGA V (g) max PSA
(g)

T0 PSA (s) Mean period (s)
H1 H2

I 0.0013 0.0019 0.0011 0.0009 0.0050 1.0322 0.9006 0.8581
II 0.0019 0.0062 0.0024 0.0007 0.0091 1.0429 0.9805 0.9851
IIIa 0.0028 0.0068 0.0034 0.0023 0.0148 1.1532 1.2001 1.1999
IIIb 0.0027 0.0080 0.0037 0.0010 0.0138 1.4439 1.6495 1.6213
IIIc 0.0029 0.0082 0.0036 0.0010 0.0134 1.9477 2.1182 2.0938
IIId 0.0028 0.0094 0.0055 0.0012 0.0106 2.7431 2.4443 2.5060
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4 CONCLUSIONS

This paper analyzed ground motion recordings from the September 19th 2017 earthquake in
Mexico City, in order to study ground motion amplification observed in the transition zone,
which caused considerable damage. The amplification is explained by a combination of fre-
quency content of the motion, motion intensity and fundamental site period. This study illus-
trates that (1) site period is crucial and that future changes of site period as a result of
subsidence should be considered in design, (2) ground motion amplification is strongly
dependent on the frequency content of the input motion. Note that the latter is not completely
captured by the uniform hazard spectrum used in design (Baker 2010), since such spectrum
combines different potential earthquakes, each with specific frequency content.
In order to better understand how soft clay deposit affect ground motion propagation, site

response analyses are being conducted and validated based on two downhole arrays in
Mexico City that have recorded the aforementioned seismic events.
Besides the discussed effect of soil, additional factors such as basin effect and topographic

effect might have influenced ground motion amplification, and these factors need to be con-
sidered in future studies.
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