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Abstract. Land subsidence is a phenomenon present in several cities in central Mexico, and results from a com-
bination of groundwater resources’ overexploitation and the local stratigraphic nature. Furthermore, subsidence
occurs inhomogeneously in space, producing differential vertical displacements, which affect both the natural
media, as well as human-built structures. Subsidence associated structural-vulnerability assessments usually rely
on direct field measurements to determine parameters such as angular distortion. However, the large areas in
which land subsidence occurs (city-scale) in Mexico City hinders a direct quantification of differential displace-
ments for all buildings and structures present in it. A Sentinel-1 based subsidence analysis shows that the highest
velocities are located on the eastern sector of the city. This velocity map was used as the basis for a popula-
tion density weighted land subsidence correlation analysis. Our Land Subsidence Risk assessment indicates that
15.43 % of the population of Mexico City live in intermediate, high and very-high risk zones which corresponds
to 1358 873 inhabitants. Therefore, a significant percentage of Mexico City’s population is vulnerable to suffer-
ing damage in their housing structures due to land subsidence. Furthermore, the lower income inhabitants share
a proportionally greater economic cost due to land subsidence and associated shallow faulting. The structural
vulnerability analysis of the civil structures in the city was performed using angular distortion maps derived
from the subsidence velocity gradient between October 2014—October 2017 period. These maps indicate that
within this time window, ~ 12 % of the total urbanized area in Mexico City had already exceeded a 0.002 radian
angular distortion threshold; above which damage in civil structures is more likely to occur. In fact, more than
1 million people have already suffered damages in their houses due to the differential ground subsidence and
the resulting structural angular distortion. With these results, we can evaluate correspondence between angular
distortion map and critical infrastructure of the city, as a result, we found that between 0 % and 12.84 % of these
buildings have undergone over 0.002 radian angular distortion.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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1 Introduction

Mexico’s central region has the higher population density of
all the country (INEGI, 2011) therefore this condition cre-
ates an accelerated demand of public services among them
potable water. In the case of Mexico City, more than 70 % of
this water come from the aggressive exploitation of the un-
derground aquifer of the basin (Santoyo-Villa et al., 2005).
The intense underground extraction produces piezometric
reduction and an increase of the effective stresses within
the subsoil that generates compaction and causes land sub-
sidence velocities of outstanding magnitude (e.g. Carrillo,
1948; Cabral-Cano et al., 2008, 2011).

Ground subsidence risk maps are a valuable decision ele-
ment to help local authorities design better risk management,
land use and mitigation strategies for cities under intense
subsidence. In Mexico City, methodology to create risk an
hazard maps have been refined for the past years (Cabral-
Cano et al., 2011, 2015; Solano-Rojas, 2013) to help cre-
ate an adequate characterization of subsidence velocity and
its associated surface faulting as well as the spatial relation-
ship between those process and the population density (e.g.
Solano-Rojas, 2013).

Continuous ground subsidence results in severe damage to
urban infrastructure and civil infrastructure. Angular distor-
tion is a valid alternative to evaluate damages of civil infras-
tructure caused by land subsidence. This parameter measures
the difference of subsidence of two adjacent supports rela-
tive to the distance between them (Skempton and MacDon-
ald, 1956), and threshold limits of angular distortion beyond
which it is expected that there will be damage to civil struc-
tures. This analysis can be useful as a criterion for evaluation
of the impact of differential subsidence over the civil struc-
tures in Mexico City.

This work is aimed toward the use of InSAR-derived prod-
ucts to obtain ground subsidence velocity map and subsi-
dence horizontal gradient map combined with population
density to generate a land subsidence hazard map. Further-
more, these products were also used for a, structural vulner-
ability analysis of the civil structures in the city using an an-
gular distortion estimation derived from the subsidence hor-
izontal gradient map, this methodology allowed the evalua-
tion of critical infrastructure due to angular distortion.

2 Methodology

2.1 Land subsidence velocity and subsidence horizontal
gradient maps

Ground subsidence velocity and subsidence horizontal gradi-
ent maps are based on space-based Synthetic Aperture Radar
(SAR) acquisitions processed using Interferometric SAR (In-
SAR) techniques. Other INSAR products include time series
and velocity maps, obtained from an SBAS analysis.
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Figure 1. Velocity of Land Subsidence (LOS) of Mexico City (Oc-
tober 2014—October 2017). The shaded topographic base layer is
taken from Continuo de Elevaciones Mexicano 3.0. © Instituto Na-
cional de Estadistica Geografia e Informatica (INEGI).

For this job, InSAR processing from Sentinel la and b
data was used to obtain an SBAS derived subsidence velocity
map (Fig. 1). Subsidence horizontal gradient was calculated
(Cabral-Cano et al., 2011), using a slope algorithm, available
in QGIS v 2.18 (Fig. 2).

Both maps land subsidence velocity and subsidence gra-
dient were divided into five categories using the algorithm
Natural Break (Jenks, 2007) as the criterion of classification
in order to better discriminate among classes.

2.2 Land Subsidence Risk assessment

A Risk map was computed using algebra maps by multiply-
ing the sum of land subsidence velocity and subsidence hor-
izontal gradient with the population density (INEGI, 2011,
2012). To better estimate the distribution of the city regions
where most people are affected by these processes. To define
of relative weight of the previously mentioned variables that
defined hazard due to land subsidence and associated fault-
ing we considered the relative importance of each parameter
as shown on Eq. (1). We assigned three times more weight to
subsidence horizontal gradient than land subsidence because
subsidence gradient represents differential ground displace-
ment of civil structures and as a result, the higher subsidence
gradient, the higher shear stress and the consequent develop-
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Figure 2. Subsidence Horizontal Gradient of Mexico City. The
shaded topographic base layer is taken from Continuo de Eleva-
ciones Mexicano 3.0. © Instituto Nacional de Estadistica Geografia
e Informatica (INEGI).

ment of faults and damage to structures (Cabral-Cano et al.,
2015). On the other hand, if the magnitude of land subsidence
velocity is spatially homogeneous on an area, the probability
of damage in urban infrastructure is reasonably lower. The
equation that define the risk due to land subsidence and as-
sociated faulting is the following:

Risk = (3 x SHG) + Vup) X Popye, M

Where SHG is the subsidence horizontal gradient, Vyy, is the
land subsidence velocity and Popy,,, is the population density
of Mexico City.

Finally, we divided risk map (Fig. 3) into five categories by
using the Natural Break algorithm (Jenks, 2007) and count-
ing the population inside each category.

2.3 Structural vulnerability analysis of the civil due to
angular distortion and exposition of critical
infrastructure of the city

To compute the angular distortion map we used the raster
calculator available in QGIS v2.18 to transform the subsi-
dence horizontal gradient from percentage into radians. This
map expressed in radians let us to evaluate the places of the
city that are above the 0.002 radian threshold that is the rec-
ommended value to avoid damage in urban infrastructure
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Figure 3. Hazard zonation for surface faulting associated to ground
subsidence in the Mexico City. The shaded topographic base layer
is taken from Continuo de Elevaciones Mexicano 3.0. © Instituto
Nacional de Estadistica Geografia e Informatica (INEGI).

(Skempton and MacDonald, 1956; Bjerrum, 1963; Zhang
and Ng, 2007). The next stage was the evaluation of struc-
tural vulnerability by counting the area and population which
are affected their infrastructure due to angular distortion for
this propose the information of the 2010 Mexico’s population
census was used (INEGI, 2011, 2012).

To evaluate the structural vulnerability of critical infras-
tructure of the Mexico we mapped these discrete points over
the angular distortion layer and recorded the of angular dis-
tortion value for each point or polyline by using the add raster
value to feature tool available in QGIS 2.18.

3 Results

The eastern sector of Mexico City is undergoing rapid subsi-
dence due to overexploitation of ground water resources and
the consequent compaction of clay-rich lacustrine sediment
(Osmanoglu et al., 2011). According to our land subsidence
velocity map (Fig. 1) the municipalities with higher land
subsidence velocities are Tlahuac (—0.27 myr—!), Iztapalapa
(—0.26rnyr_1), and Xochimilco (—0.22myr™!). These ar-
eas show the highest values of land subsidence because of
combination of lacustrine deposits with high ground water
extraction rates.

The subsidence horizontal gradient map show that
municipalities with highest values are Venustiano Car-
ranza (0.02745 %), Tlahuac (0.02722 %), and Iztapalapa
(0.02603 %) (see Fig. 2). Moreover, as the highest values
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of subsidence gradient represents potential areas of surface,
the horizontal gradient is an excellent proxy for assessing
potential structural damage to civil structures and other hy-
draulic infrastructure. The development of higher values of
subsidence gradient (Fig. 2) is controlled by the sharp tran-
sition between highly compressible lacustrine deposits and
volcanic structures (Auvinet, et al., 2017).

The hazard map due to land subsidence and associated
faulting combines risk elements represented by the veloc-
ity of land subsidence and subsidence gradient. On the
other hand, local density population represents the vulner-
ability indicator. After applying map algebra using Eq. (1)
we found that municipalities with higher area and popula-
tion that fall under intermediate, high and very high risks
categories are Gustavo A. Madero (18.25 km?, 369387 in-
habitants), Venustiano Carranza (18.25 km?Z, 329 338 inhabi-
tants), Iztacalco (13.21 km?Z, 292241 inhabitants.), and Izta-
palapa (11.49 km?, 262 892 inhabitants) (Fig. 3). This under-
scores the presence of high land subsidence velocities and
differential subsidence rates with higher density of popula-
tion. The land subsidence hazard map is a valuable decision
element to help local authorities design the best hazard mit-
igation and management strategies for cities under intense
subsidence.

The angular distortion map shows that the eastern portion
of the city is where civil structures have exceeded 0.002 ra-
dian which is the recommended threshold to avoid damage in
urban infrastructure (Skempton and MacDonald, 1956; Bjer-
rum, 1963; Zhang and Ng, 2007). According to our angular
distortion map (Fig. 4), more than 12 % of the area and 13
% of the population of Mexico City which corresponds to an
area of 97.47 km? and a population of 1110790 inhabitants
which are affected.

Our assessment of Mexico City’s critical infrastructure of
between 0 % and 12.84 % of these buildings overcome 0.002
radians of angular distortion (Fig. 5). This analysis is of fur-
ther importance in case of occurrence of other phenomena
such as earthquakes.

4 Conclusions

Our land subsidence risk analysis in Mexico City shows that
this process affects the eastern portion of the city. The angu-
lar distortion product is a valuable tool to assess the structural
vulnerability and allowed us to estimate areas with the high-
est structural damage. The angular distortion map may is an
excellent proxy to help local authorities design the best risk
mitigation and management strategies.

Data availability. Sentinel 1a and b SAR data used on this work
was provided by the European Space Agency (ESA) through the
Alaska Satellite Facility SAR Data Center (ASF SDC) at https:
/Iwww.asf.alaska.edu/ (Alaska Satellite Facility SAR Data Center,
2020).
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Figure 4. Angular distortion map of Mexico City. The shaded to-
pographic base layer is taken from Continuo de Elevaciones Mex-
icano 3.0. © Instituto Nacional de Estadistica Geografia e Infor-
matica (INEGI).
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Figure 5. Mexico City’s critical infrastructure assessment.
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