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ABSTRACT: The Basin of Mexico contains deep deposits of complex lacustrine soils for which the engineering properties are often 
dominated by the presence of microscopic diatoms. The open structure of the diatoms leads to very high water content and void 
ratios, producing an unusual combination of high apparent plasticity coupled with high effective friction angles and low contraction 
when repetitively sheared. Using the data generated by investigations for a new airport, the variation with strength and stiffness of the 
softest shallowest deposits is examined and put into the context of the high rate of regional subsidence arising from deep groundwater 
extraction. Parameters are derived for finite element analyses that enable the future settlements to be estimated, and the seismic 
performance of the new airport installations to be evaluated. 

RÉSUMÉ: Le bassin du Mexique contient des dépôts profonds de sols lacustres complexes dont les propriétés d'ingénierie sont 
souvent dominées par la présence de diatomées microscopiques. La structure ouverte des diatomées conduit à des rapports de teneur 
en eau et de vide très élevés, produisant une combinaison unique de plasticité apparente élevée couplée à des angles de frottement 
efficaces élevés et à une contraction faible sous sollicitations cycliques. En utilisant les données générées par les études pour un 
nouvel aéroport, la variation de la résistance et la rigidité des dépôts les plus faibles et les plus superficiels est examinée et mise en 
contexte du taux d'affaissement régional résultant de l'extraction profonde des eaux souterraines. Les paramètres sont dérivés pour les 
analyses par éléments finis qui permettront d'estimer les changements futurs et d'évaluer les performances sismiques de nouvelles 
installations aéroportuaires. 
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1  INTRODUCTION 

The lakebed soils of downtown Mexico City have been 
extensively described (Santoyo et al, 2005, Diaz-Rodriguez, 
2003, Auvinet, 2002). However outside the built up area, 
specifically to the east of the Nezahualcoyotl dam built by the 
Aztecs that divides the former freshwater lake system from 
saltwater, the Lake Texcoco deposits have had little coverage 
after the intense investigation work for Proyecto Texcoco 
(Carillo, 1969) when the area was under consideration for a 
power station and desalination works. The selection of this area 
for the new Mexico City International Airport (NAICM) has 
required renewed attention to the properties of these difficult 
soils. 

Figure 1 Reference sites over seismic zoning map (GDF, 2004) 

 
 
Figure 1 shows the location of the new airport, which covers an 
approximately 10 km square area, in relation to the Aztec dam,  
seismic zonation and published case histories. 

1 .1  Depositional environment 

The Basin of Mexico occupies an area of 10,000km2. The Basin 
is a predominately flat lacustrine plain with a typical elevation 
of about 2,250m MSL. 
The Basin was open until about 700,000 years ago, during the 
Pleistocene epoch, when volcanic activity caused the creation of 
the Chichinutzin Range, which acted to close off the Basin, 
surrounded on all sides by the southern Mexico plateau. 
At the point projections of the ranges surrounding the Basin are 
alluvial fans and debris flows (lahars) interbedded with volcanic 
pumice and ash. This volcanic-sedimentary complex is known 
as the Tarango Formation. 
Several large lakes, including Lake Texcoco, were formed 
within the Basin by periods of glaciation and persistent rains 
within the last 100,000 years. As the surrounding mountains 
gradually eroded, the fine and ultra-fine volcanic ash particles 
were transported within the basin. Subsequent volcanic 
eruptions created dense ash clouds that settled onto the lake 
surface by rainfall. A feature of the lacustrine deposits is the 
ubiquitous presence of diatoms, the skeletal remains of 
organisms that thrived in the nutrient-rich lakebed. 
The basin remained closed until 1789 when the lake water was 
first drained by the Nochistongo Cut to the north. The lake was 
further drained during the early 20th century and much of the 
city remains built on lacustrine sediments (Auvinet and Juárez, 
2009). Table 1 summarizes the general geology of Lake 
Texcoco. The Holocene Clays comprise the Formacion 
Arcillosa Superior (FAS) that is typically 25 to 30m thick, a 2 
to 5m thickness of dense sands/volcanic glass known as the 
Capa Dura (CD) followed by Formacion Arcillosa Inferior 
(FAI). The weakest and softest material is the FAS and is the 
primary subject of this paper. 
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 Table 1. Geology of Lake Texcoco (after Marsal & Graue, 1969) 

Depth (m) Period Epoch Formation 
Approximate Age 

(millions of years)

0-53 Holocene 0.000 - 0.008
53-59 Late Pleistocene 0.008 - 0.012
59-64 Late Pleistocene 0.012 - 0.013

64-180 Late Pleistocene 0.013 - 0.046

180-505
Middle 

Pleistocene to 
Late Pliocene

Tarango 
formation

0.046 - 0.800

505 Refractor A

505-814
Middle/Early 

Pliocene
8.0 - 13.0

814-1030 Miocene Huatepec 13.0 - 21.0

1030-1125
Early Miocene - 
Late Oligocene

21.0 - 24.0

1125-1437 Late Oligocene 24.0 - 29.0
1450 Refractor B

1437-2065
Middle Oligocene 
- Middle Eocene

Balsas 
formation

29.0 - (?)
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1.2  Basic geotechnical properties of FAS 

The following properties at the airport site were obtained from 
testing by IE (2015) and Fugro (2016) 
 Pore water salinity: typically 45 g/L; 
 Clay fraction: typically 50 to 60%; 
 Uncorrected water content: 150 to 350%; 
 Liquid limit: 300% reducing to 150% with depth; 
 Plastic limit: 40% to 100%; 
 Unit weight: 12 kN/m3; 
 Void ratio: 4 to 8; and 
 f’ (from CIU testing, valid up to shear strains of 10%): 

40°, with standard deviation (S.D.) of 7°. 
Figure 2 shows a normalized plot of representative stress paths 
from undrained, isotropically consolidated triaxial compression 
tests. 
High f’ values are typical of Lake Texcoco clays and these are 
usually ascribed to the effect of diatoms. To the authors’ 
knowledge there are no detailed studies that relate diatom 
content to engineering properties other than those reported by 
Diaz-Rodriguez (2011 and 2014) where diatoms were mixed 
with kaolinite in proportions up to 60% by weight. Although 
the dominant clay minerals are smectites ( Mesri et al, 1975) 
rather than kaolin, Diaz-Rodriguez’ results suggest that the 
statistically normal distribution of spread of f’ values stated 
above relate to a mean diatom content of about 60%, with 20% 
and 80% at 2xS.D. either side of the mean. 
Residual f’ values of about 35° are reported by Saldivar & 
Jardine (2005), and the results of recent static driven pile testing 
from 15 trial piles undertaken on the site support that value. 

1.3  Regional subsidence 

Since 1969, ground surface in the centre of Lake Texcoco has 
settled at least 8m. From about 1930 the citizens of Mexico 
City have relied upon the deep aquifers within the basin to 
provide drinking water. The water has typically been pumped 
from the lower aquifers below a depth of 120m, above which 
depth well casings are grouted in place, to minimize salt 
intrusion (Conagua, 2015). One effect of pumping groundwater 
has been the lowering of the piezometric profile to less than 
hydrostatic within some soil units. The resulting consolidation 
of the soils in the Formacion Tarango and above has led to 
regional subsidence as high as 35cm/year (Carrillo, 1948). 

Current deep well records show a steady depressurization of 
about 7 kPa/yr in the soils below 120m and on the NAICM site 
the CD layer is losing pressure at a rate of 3 kPa/yr. 
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Figure 2 Normalized TXCU Stress paths and HSSmall 

Figure 3 shows the results of consolidation tests performed on 
Mexico City clays at the same location between 1950 and 2001 
(Ovando, 2011). The tests illustrate the effects of the subsidence, 
namely the lowering of void ratio and reduction in the 
compression index (Cc).   
Soil properties in the Mexico City Basin can therefore be 
considered as something of a ‘moving target’.  
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Figure 3 Consolidation tests performed at three dates (Ovando, 2011) 

2  DEVELOPMENT OF STRENGTH AND STIFFNESS 

2.1  Undrained compressive strength 

The sampling and testing of Lake Texcoco clays is challenging: 
the intact void ratio is very high and care has to be taken in 
laboratory preparation. Equally, the soil is sensitive to shear 
strain rate. Diaz and Santamarina (2009) provide test data that 
shows about 15% increase in peak undrained strength, Su, for a 
tenfold increase in strain rate. The influence of diatoms on 
strength is very difficult to establish, due to their microscopic 
scale (typically 2 to 50 µm), however Diaz (2011 and 2014) 
shows that at an OCR of 2, a normalized undrained compressive 
strength ratio, Su/sv’, of kaolin of 0.45 rises to about 1.05 with 
the addition of 60% diatom by weight. 
The axial strain rate for undrained triaxial testing is typically 
carried out at 1.3 to 4%/ hour, depending upon permeability. 
Ovando (2011) confirms that for CPT testing carried out at 
2cm/s, qc=13.2 Su. Figure 4 shows the variation in undrained 
compressive strength with depth obtained from CPT at the 
airport site on this basis. In the FAS: Su= 7 + 1.05z kPa where z 
is depth in metres to 20m depth and a ratio of Su/sv’=0.7 at an 
OCR of about 1.8 is obtained. 
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Figure 4 Undrained strength variation with depth 

2.2  Stiffness 

The results of PS suspension logging are given in Figure 5. In 
the FAS, Gmax=0.5+0.15z MPa. The ratio Gmax/Su varies from 
70 to 150 within the upper 20m of FAS. The decay of shear 
modulus with increasing shear strain is obtained from resonant 
column testing, modified for monotonic undrained strength at 
large strains in Figure 6, and the work of Gonzalez & Romo 
(2011) and Vardanega & Bolton (2013) is superimposed for 
comparison. 
As can be seen from Figure 3, the recompression stiffness is 
comparatively high and is at least ten times the stiffnesses 
obtained at stresses above the Yield Stress (Saldivar & Jardine, 
2005). This property is important for the design and 
construction of compensated foundations. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Shear wave velocity from PS logging 

 

 
 
 
 
 
 
 

Figure 6 G/Gmax versus shear strain 

2.3  Cyclic degradation of strength and stiffness 

A feature of these high void ratio, diatomaceous clays is the low 
excess pore water pressure generated during undrained cyclic 
loading. Figure 7 summarises some results of cyclic triaxial 
tests carried out on specimens at cell pressures, σ3’, between 10 
and 30kPa. Even at high cyclic stress ratios (R=τcy/Su=0.8) the 
excess pore pressures measured at zero shear stress did not 
exceed 0.3σ3’, as also found by Romo (1995), and only as R 
approaches 0.8 does the shear modulus degrade. 
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Figure 7 Degradation of shear modulus during cyclic triaxials 

3  NUMERICAL MODELLING 

3.1  Procedure 

Triaxial stress path testing showed that, if strains were 
maintained at less than 5%, very little degradation in strength or 
stiffness in monotonic loading would occur. Accordingly, 
HSSmall in PLAXIS 3D was chosen as the soil model, and 
formed the basis of development of the soil model in LSDyna 
for the parameters for 3D seismic analyses. 
The inputs for model development are:  
a) In-situ shear wave velocity from suspension logging; 
b) In-situ cone penetration tests; 
c) Oedometer (1D consolidation) tests; 
d) Stress paths to failure from high quality TXCU tests 
e) Back-analysis of a trial excavation and trial dewatering by 

Marsal (1969) and instrumented embankment 
constructions reported by UNAM (2014). 

Table 2 shows the HSSmall soil properties at OCR=1. 
The regional subsidence was back analyzed from year 1930, 
when records show that significant groundwater extraction 
started. Brine pumping between 1945 and 1995 by Sosa 
Texcoco, in which 1 l/s wells were installed across the site at 
about 200m centres at 30-60m depth (Santoyo et al, 2005), was 
also simulated. The progression in water pressure profiles down 
through the soil column is given on Figure 8. This process 
enables current soil properties, 85 years after the start of 
pumping, future consolidation of the soils, and associated 
changes in soil stiffness and strength to be estimated. 
Table 2. HSSmall model properties 
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Figure 8 Water pressure profiles 

3.2  Developed soil properties 

This soil model has been used to generate the variation in 
undrained strength with depth superimposed on Figure 2, and 
also shows a projection of strength gain at 2090. A simulation 
of ground surface settlement given in Figure 9. This settlement 
is compared with the projection of Cruickshank et al (2013). 
Figure 10 shows the variation in settlement with depth since the 
initiation of major groundwater pumping in 1930 up to 2015, 
and shows the projection over the next 75 years. 
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Figure 9 Estimated and measured ground surface settlement 
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Figure 10 Calculated variation of settlement with depth 

4  CONCLUSIONS 

The geotechnical properties of the difficult and unusual Lake 
Texcoco clays are described and established for the design of 
major airport buildings for the new Mexico City airport. 
Particular characteristics of the soils are associated with the 
ubiquitous presence of diatoms within the clay minerals present 
in the deposits. 
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