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ABSTRACT

This paper presents recent advances in the geotechnical characterization of Mexico City subsoil based on a
Geographic Information System for Geotechnical Borings (GIS-GB) that includes more than 7,000 soil profiles.
Geostatistical techniques were used to define 2D and 3D models of the subsoil. Contours map of layers thickness, as
well as index (water content) and mechanical (CPT point resistance) properties in the area were also obtained. The
maps that have been established have been used in order to update the geotechnical zoning presented in Mexico City
Building Code.

RESUMEN

En este trabajo se presenta una contribucion a la caracterizacién del subsuelo de origen lacustre de la zona norte de la
cuenca de México, a partir de los resultados de exploraciones geotécnicas. Se emplea la Geoestadistica como
herramienta para definir modelos 2D y 3D del subsuelo. Se han obtenido mapas de isovalores de espesores de
estratos y de propiedades indice (contenido de agua) y mecanicas (resistencia de punta en pruebas de cono) para el
area de estudio. Los mapas que se han construido se han usado para actualizar la zonificacion geotécnica del
Reglamento de Construcciones de la Ciudad de México.

1 INTRODUCTION In previous papers the geotechnical characterization

subsoil for some areas of Mexico City has been

The numerous geotechnical borings performed in the
urban area of Mexico City can be used to obtain a better
knowledge of the subsoil and improve the accuracy of
geotechnical zoning maps for regulatory purposes of
construction (GDF, 2004).

To take advantage of the new available information, it
has been considered as necessary to use computational
and informatics tools, such as Geographical Information
Systems as well as powerful mathematical tools based
on Geostatistics.

Geographic Information Systems help to organize
geotechnical information for fast and easy review. On the
other hand, Geostatistics, defined as the application of
random functions theory to the description of the spatial
distribution of properties of geological materials, provides
valuable tools for estimating data such as thickness of a
specific stratum, or value of a certain soil property at a
given point where no information is available, taking into
account the correlation structure of the medium.
Additionally, uncertainty associated to these estimations
can be quantified.

Fundamentals of Geostatistics applied to Geotechnics
have been presented in detail in some previous
publications and contributions to different conferences
(Auvinet, 2002; Juarez and Auvinet, 2002). This paper
illustrates the direct application of geostatistical methods
to the assessment of spatial variations of soil properties
(water content and CPT point resistance) and geometric
configuration of layers (depth and thickness) in the
lacustrine zone of Mexico City.

presented. In 2009, the west zone and downtown area
were described (Auvinet, 2009). This paper deals with the
subsoil geotechnical characterization of the east and
south zones of Mexico City.

2  LOCATION OF STUDY AREA

The study area is located to the east of Mexico City. It
includes parts of municipalities of Tlalnepantla, Texcoco
and Nezahualcoyotl in the State of Mexico and the area
named “Federal zone of Texcoco Lake” (Figure 1).



Figure 1. Location of study area

3 GEOGRAPHIC INFORMATION SYSTEM FOR
GEOTECHNICAL BORINGS

The information used to assess the configuration of
typical layers and spatial variation of soil properties from
profiles of geotechnical borings, has been incorporated
into a Geographic Information System developed by the
Geocomputing Laboratory of Institute of Engineering,
UNAM.

This Geographic Information System for Geotechnical
Borings (GIS-GB) for the area has been built using
ArcMap ver. 9.2 (commercial software). Nowadays, the
system includes a database with information on more
than 7,000 borings (type, date, location, depth, water
table level, etc.) and a database of images of
geotechnical profiles, which can be readily consulted,
Figure 2.

Incorporating information from the borings in the
system requires pre-processing: the information is
critically reviewed and converted from analog to digital
format of either raster (cell information) or vector
(digitized information) type.
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4 SUBSOIL MODEL
4.1 Vertical model

The typical soil profile sequence in the lacustrine zone of
Mexico City subsoil includes a thin superficial Dry Crust
(DC), a First Clay Layer (FCL) several tens of meters
thick, a First Hard Layer (FHL), a Second Clay Layer
(SCL) and a second hard layer called "Deep Deposits
(DD)” (Marsal and Mazari, 1959).

4.2 Horizontal model

Article 170, Chapter VIII, of Mexico City Building Code
(GDF, 2004), establishes that for regulatory purposes,
Mexico City is divided into three zones with the following
general characteristics:

Zone |. Hills, formed by rocks or hard soils that were
generally deposited outside the lake area, but where
sandy deposits in relatively loose state or soft clays can
also be found. In this area, cavities in rocks, sand mines
caves and tunnels as well as uncontrolled landfills are
common.

Zone Il. Transition, where deep firm deposits are
found at a depth of 20 m or less, and consisting
predominantly of sand and silt layers interbedded with
lacustrine clay layers. The thickness of clay layers is
variable between a few tens of centimeters and meters.

Zone lll. Lake, composed of potent deposits of highly
compressible clay strata separated by sand layers with
varying content of silt or clay. These sandy layers are
firm to hard their thickness varies from a few centimeters
to several meters. The lacustrine deposits are often
covered superficially by alluvial soils, dried materials and
artificial fill materials, the thickness of this package can
exceed 50 m.

5 SPATIAL DISTRIBUTION OF THE SUBSOIL
TYPICAL LAYERS

The geotechnical zoning map is based on the model
previously described. Applying geostatistical methods the



depth of deep deposits (FCL) is considered as a random
field V(X), distributed within an R domain, with p = 2
(area). The set of measured values within the R~ domain
is a sample of this random field. After removing a linear
trend, a structural analysis was performed to obtain
experimental correlograms (Figure 3) and to asess
correlation distances (&= 450m and (o= 430m). The
theoretical correlograms were fitted to an exponential
equation taking into account the corresponding
correlation distances (Figure 3).

1

—— Experimental correlogram
——Exponential correlogram

o
©

o o
e (2]
|

Correlation coefficient, p
o
n
—

o

500 1000 %0 2000 2500 3000 3500

o
¥

o
S

Distance, h(m)
a) Correlogram for direction Az =0°

-

‘ —— Experimental correlogram
|_——Exponential correlogram

o o
o
//

~

\ — N\

-> .

o
IS

o

K|
500 1000 500 2000 2500 3000 3500

Correlation coefficient, p
o
n

S
o

S
S

S
o

Distance, h(m)
b) Correlogram for direction Az =90°

Figure 3. Directional correlograms for FCL depth

From the data set without trend (residual field) and
using the results of structural analysis, the expected
value and standard deviation of the depth of the FCL
were obtained for all nodes of a regular grid conveniently
defined, using the technique of Ordinary Kriging (Journel
& Deutch 1992). The final estimate of the field was
obtained reinstating the trend into the results. A contour
map could then be drawn, Figure 4.
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Figure 4. Contour map for FCL depth

Figure 4 shows that in the airport area and Aragon,
district, the depth of FCL varies between 3.00 and 4.50m,
in the area of Federal zone of Texcoco Lake the depth is
shorter.

Applying the same methodology, the contour maps
for other typical layers of subsoil were drawn. Figures 5
to 7 show the contours maps for FHL depth, SCL depth
and DD depth respectively. In Figure 8 a 3D model for
typical layers of the subsoil is shown.

Figure 5. Profundidad frontera superior de la FHL
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Figure 7. Contour map for DD depth
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Figure 8. 3D model of typical layers of the subsoil

According to Figure 5, the largest depths of FHL are
located in the areas of Ciudad Nezahualcoyotl and of the
airport and vary between 30.00 and 35.00 m.

Figure 6 shows that the lowest depth of the SCL is
found close to the "Pefion de los Bafos" mountain and
hill zone, and that the greater depths are located in the
southwest area of the domain under study, close to the
airport, where the clay is thicker.

According to Figure 7, the shortest depths of DD are
located close to the hill zone and the greater depths are
found in the area of the airport, Ciudad Nezahualcoyotl
and the Federal zone of Texcoco Lake.

6  SPATIAL DISTRIBUTION OF WATER CONTENT

Water content, w(%), is an index property that is useful
for identifying the typical layers of Mexico City subsoil.
High values of water content indicate the presence of soft
soil with low shear strength (FLC) and (SLC) and low
values are characteristic of formations with higher shear
strength (DC, FHL and DD). Therefore, using the same
Geostatistical method, some cross sections (virtual
sections) were obtained from data set of water content,
w(%). Figure 9 shows the location of cross-sections and
borings and Figure 10 shows spatial correlations models.

505750

Figure 9. Location of cross-sections and borings

Figure 11 shows a cross section A-A of estimated
water content and associated uncertainty, this model
illustrates the spatial distribution of water content along
this preferential axis, it can be observed that the high
values of water content are located in the center of the
lake. Figure 12 shows a 3D model of cross-sections
representing water content variations in the east area
(Texcoco Lake) of Mexico valley. This model represents
the continuous spatial distribution of this property and
indirectly helps defining the configuration of the typical
layers in this area.
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Figure 10. Spatial correlation models for water content
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Figure 11. Cross-sections showing variations of
estimated water content and associated uncertainty
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Figure 12. 3D model with cross-sections representing the
estimated water content variations

7  SPATIAL DISTRIBUTION OF CPT POINT
RESISTANCE

Point resistance observed in cone penetration tests
(CPT) is a mechanical property that is useful for
identifying the typical layers of Mexico City subsoil. Low
values of this parameter indicate the presence of soft soil
with low resistance to stress shear (FLC) and (SLC) and
high values are characteristic of formations with higher
shear strength (DC, FHL and DD). Therefore, using the
same Geostatistical method, some cross sections (virtual
sections) were estimated from data set of resistance of
cone penetration test (qc). Figure 13 shows the location
of cross-sections and borings and Figure 14 shows the
spatial correlations models.
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Figure 13. Location of cross-sections and borings
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Figure 14. Spatial correlation models for resistance of
CPT point resistance

Figure 15 shows a cross section C-C’ of estimated
CPT point resistance and associated uncertainty, this
model illustrates the spatial distribution of CPT point
resistance along this preferential axis, it can be observed
that the low values of point resistance are located in the
center of the lake. Figure 16 shows a 3D model of cross-
sections representing CPT point resistance variations in
the east area (Texcoco Lake) of Mexico valley. This
model represents the continuous spatial distribution of
this property and indirectly helps defining the
configuration of the typical layers for study area.
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Figure 15. Cross-sections showing variations of
estimated CPT point resistance and associated
uncertainty
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Figure 16. 3D model with cross-sections representing the
estimated CPT point resistance

8  GEOTECHNICAL ZONING MAP PROPOSED

A new geotechnical map for the east zone of Mexico City

was proposed using the following information:

- The results of spatial distribution estimations for
subsoil properties and typical layers.

- The specifications for geotechnical zoning included in
Mexico City Building Code (GDF, 2004).

- A previous map for the north zone of Mexico Valley
(Geocomputing Laboratory, 2007.)

In Figure 17 a geotechnical map for the east zone of
Mexico City is shown. Below, the different geotechnical
zones are described:

Zone |. Hills, formed by rocks or hard soils that were
generally deposited outside the lake area, but where
sandy deposits in relatively loose state or soft clays can
also be found. In this area, cavities in rocks, sand mines
caves and tunnels as well as uncontrolled landfills are
common.

Zone la. Area of hills, formed by rock or firm soil
deposited outside the lacustrine environment and that
correspond to the mountains area.

Zone Ib. Alluvial, formed by sand and sandy silt
layers interbedded with clay layers that are highly
resistant, these typical materials are found in the high
areas, above the level of ancient lakes.

Zone Il. Transition, where deep deposits are located
at a depth of 20 m or less; this typical layer is constituted
predominantly of sand and silt layers interbedded with
lacustrine clay layers. The thickness of clay layers is
variable between a few tens of centimetres and meters.

Zone lla. High transition, formed by layers of
lacustrine clays with a thickness less than 2.50 m.

Zone llb. Low transition, consisting of lacustrine clays
with thickness greater than 2.50 m.

Zone lll. Lake, composed of potent deposits of highly
compressible clay strata separated by sand layers with
varying content of silt or clay. These sandy layers are
firm to hard; their thickness varies from a few
centimetres to several meters. Lacustrine deposits are
often covered superficially by alluvial soils, dried
materials and artificial fill materials, the thickness of this
package can exceed 50 m.
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Figure 17. Proposed geotechnical zoning map
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9  APPLICATION TO A NEW LINEAR
INFRASTRUCTURE WORK OF THE TRANSPORT
SYSTEM

To illustrate the applicability of the results of this
research, the analyses for the water content and CPT
point resistance of the subsoil along the proposed route
to be followed by a new linear infrastructure work of the
transport system are presented.

The new linear infrastructure work is located south of
Mexico City, it is approximately 25 km long. The axis of
the project crosses several political precincts: Benito
Juarez, Alvaro Obregén, Coyoacan, Iztapalapa y Tlahuac
(Figure 18).
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Figure 18. Location of a new Ilnear infrastructure work

Most of the project is located in lacustrine soil but
several other types of geological materials are found
(Figure 19).
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Flgure 19. Geology (Mooser 1996)

The geotechnical characterization of subsoil along the
project axis was made applying the previously exposed
geostatistical method.

Figure 20 shows the location of borings used for the
geostatistics analysis for water content w(%) and Figure
21 shows the location of borings used for the
geostatistics analysis for CPT point resistance.
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Figure 20. Location of borings used for geostatistical
analysis for water content, w(%)
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Figure 21. Location of borings used for geostatistical
analysis for CPT point resistance

In Figures 22 and 23, a 3D model for the water
content and CPT point resistance are shown respectively,
these models can be updated easily when additional
information becomes available.

The water content model permits to observe that:

— To the west, the low water content corresponds to the
hill zone.

— The highest water contents are found in the lake zone.
Within the clay formation, some substrates with
different water content can be observed whose
configuration is random but presents some degree of
horizontal continuity.

— Close to “Cerro de la Estrella” and “Cerro de San
Lorenzo” the water content decreases.

— The water content is more uniform in the areas of
Chalco and Tlahuac lakes.
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Figure 23. 3D model for spatial distribution of CPT point resistance estimated

The model of water content allows to conclude that:

— The resistant layer is located at a depth increasing in
the west-east direction, towards the lake area.

— The value of the CPT point resistance decreases as
the project enters deeper into the lake zone.

— The CPT point resistance reaches lowest values in the
areas of Iztapalapa and Tlahuac.

— The results of CPT point resistance are less
contrasting than in the case of water content.
However, several thin resistant layers can be
identified.

10 CONCLUSION

Recent advances in the geotechnical characterization of
Mexico City subsoil based on a Geographic Information
System for Geotechnical Borings (GIS-GB) have been
presented. Geostatistical techniques were used to define
2D and 3D models of the subsoil. Contours of layers
thickness, as well as index and mechanical properties in
the area were also obtained. The maps that have been

established have been used in order to update the
geotechnical zoning presented in Mexico City Building
code.

Availability of increasingly accurate information about
the distribution of materials and index and mechanical
properties in Mexico City subsoil has immediate
implications for planning of future works and has been
useful for civil engineers working in this area.
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