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Abstract. This paper presents the long-term settlement predictions of up to 3.5-
m tall, 33-km long berms around the perimeter of five water regulation ponds at
the perimeter of Lake Nabor Carrillo. Settlements due to the construction of the
perimeter bermswere performed using Settle3. Three-dimensional numerical sim-
ulations of the regional subsidence were performed using the Modified Cam-Clay
constitutive model in FLAC3D. Because of the very soft ground conditions, the
field investigation includes cone penetration tests, standard penetration tests with a
sampling of undisturbed samples, and the installation of vibrating-wire piezome-
ters. The predicted settlements were sensitive to the compressibility properties of
soil and consistent with historical settlement monitoring results.
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1 Introduction

Mexico City was built on former interconnected ancient lakes and a lacustrine system,
where soil stratigraphy is highly soft and compressible (Zeevart 1957,Marsal andMazari
1969, Mesri et al. 1975, Diaz Rodríguez and Santamarina 1999). The uniqueness of
Mexico City lacustrine sediments requires a vast understanding of the fundamental
aspects of local soil behavior, such as regional subsidence, Mexico City geotechnical
properties, and highly variable piezometric water levels.

Lake Nabor Carrillo is an existing 100-Ha water body located about 24 km eastern
outskirts of Mexico City that has been investigated over decades as part of the city’s
planned expansion. From 1972 through 1984, Murillo and Garcia (1978) regularly mon-
itored the construction and performance of Lake Nabor Carrillo and reported average
settlements of 15.4 cm/year withmaximum settlements of 24.6 cm/year. Similarly, Rovi-
rosa (1976) reported up to 80 cm embankment settlements over four years. A few years
later, Rodriguez Torres (1982) monitored the perimetral embankments of Lake Nabor
Carrillo and observed settlements from 44 cm up to 136 cm after two and a half years
of monitoring.
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This paper summarizes the long-term settlements predictions due to the construction
of five water regulation ponds at the perimeter of Lake Nabor Carrillo within an area
of 1,190 Ha. The design of these ponds considers the construction of approximately
33.5 km long perimeter berms with variable heights from 0.4 up to 3.5 m. This study
presents the results of settlements calculations using two commercial software: (i) Set-
tle3D for settlements due to the construction of the perimeters berms and (ii) FLAC3D
for settlements due to regional subsidence.

2 Geotechnical Site Characterization

A total of 59 cone penetration tests with pore pressure measurements (CPTU) and 58
standard penetration tests (SPT) with thin-walled tube sampling were performed at the
site. The CPTU tests were pushed through the entire layer of the most compressible
soils, reaching up to 55 m below ground surface. An extensive laboratory testing pro-
gram included one-dimensional consolidation tests, unconsolidated-undrained triaxial
compression tests, and consolidated undrained triaxial compression tests. Vibrating wire
piezometers were also installed to monitor the groundwater pressure variation. The loca-
tion of the field investigation and piezometers, including the footprint of the pond, is
shown in Fig. 1.

Overall, the soil stratigraphy of the site includes, from top to bottom, a 2-m thin crust
layer, an upper very highly compressible clayey layer, a 3-m medium dense sandy layer,
a lower clayey layer, and a more competent sandy layer. For this project, settlements are
controlled by the upper clayey layer. Based on the field investigation, the authors identi-
fied two geotechnical zones. Zone 1 includes Pond 1, Pond 2, and Pond 3, characterized
by a 28 to 38 m thick upper clayey layer and water content ranging from 300% to 400%.
Zone 2 includes Pond 4 and Pond 5, where the upper clayey layer thickness varies from
40 to 53 m, with water content ranging from 200% to 350%.
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Fig. 1. Field exploration (Modified from Google Earth 2023)
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Fig. 2. Variation of a) cone resistance, qc; b) pore water pressure with depth

In both zones cone resistance increases with depth; however, the upper clay layer is
ticker in Zone 2, as shown in Fig. 2a. The piezometers readings within the very highly
compressible clayey layer per zone are shown in (Fig. 2b).

3 Settlements Due to Perimeter Berms Construction

Settlements due to the construction of the perimeter berms were computed in the former
Settle3 software, Settle3D V.3.019 (Rocscience Inc. 2014). Each berm self-weight was
represented by a distributed load applied at the ground surface, and the increase of stress
with depth was computed using the Boussinesq theory. Load were grouped based on
representative heights varying from 0.4 m to 3.5 m applied in a constant width of 4.0 m
along the perimeter berms footprint. The calculations include three types of settlements:
elastic, primary consolidation, and secondary consolidation.

The elastic settlements were estimated based on theYoungModulus, the correspond-
ing change in vertical total stresses, and the thickness of the compressible stratum. The
primary consolidation settlements were computed using a non-linear material with the
compressibility index, recompression index, initial void ratio, and overconsolidation
ratio, based on the Terzaghi theory. The secondary compressibility index was used for
the calculation of secondary consolidation settlements calculation assuming that the ver-
tical strain varies linearly with the logarithm of time. These settlements were computed
up to 50 years at intervals of 10 years.
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Fig. 3. Total settlement at (a) north of Pond 1 and (b) north of Pond 5
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Fig. 4. Long-term settlement due to perimeter berm construction in Pond 1 (Zone 1)
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Fig. 5. Long-term settlement due to perimeter berm construction in Pond 5 (Zone 2)
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Due to the large extension of each pond perimeter, models were fragmented to opti-
mize the computational time for calculations. In this paper, the results of two represen-
tative ponds are presented (i) Pond 1 from Zone 1 and (ii) Pond 5 from Zone 2. Figure 3
shows the total settlement contours at year 50 obtained for the north of Pond 1 and north
of Pond 5. A summary of elastic settlements and settlements due to consolidation for all
periods is shown in Fig. 4 and for Fig. 5 Pond 1 and Pond 5, respectively.

At the tallest berm, results show a maximum long-term settlement of about 140 cm
over 50 years due to the construction of a 3.5-m tall berm in Pond 1. Similarly, for the
tallest berm in Zone 2, long-term settlement estimations were computed as 210 cm over
50 years. Although Zone 2 tallest berm is only 2.3 m, settlements in this zone were
higher because of the presence of a thicker upper clayey layer. During the first ten years,
the average settlement due to berm construction in both zones is about 80 cm, consistent
with previous in-situ monitoring results (Rovirosa 1976).

4 Settlements Due to Regional Subsidence

Three-dimensional simulations were performed using the finite-difference platform Fast
Lagrangian Analysis of Continua (FLAC3D). Mesh was generated using MIDAS GTS,
as presented by Flores and Ayes (2016). For these simulations, the Modified Cam-Clay
constitutive model was used to represent the highly compressible soil layer. Modified
Cam-Clay parameters were estimated from one-dimensional consolidation tests. The
normal consolidation line, λ, and the slope of the elastic swelling line, κ, used for Zone
2 are presented in Fig. 6a. The material constant, M, associated with the critical state
line was estimated from the consolidated undrained triaxial compression test performed
as 0.97 to 1.58.

The decrease rate of the pore water pressure versus depth was estimated with the
Carrahan et al. 1969 algorithm for a 50-year period in 10 years intervals (Fig. 6b). The
initial hydrostatic pressure was consistent with the piezometric readings shown in Fig. 2.
This estimated initial hydrostatic pressure resulted in consolidation coefficients ranging
from 6.18E-08 to 7.90E-08 m2/s. The predictions at different year periods resulted in a
more realistic estimation of the reduction of effective stress and long-term settlements.
The largest settlements due to regional subsidence were obtained at the divider berm
between Pond 4 and Pond 5. Results along this divider are shown in Fig. 7. For the first
ten years, the consolidation rate is about 8 cm/year, decreasing to less than 1 cm/year
after 40 years.

5 Summary and Conclusions

This paper focuses on the predictions of long-term settlements of up 33 km long perime-
ter berm to be constructed over very high compressible soils at Lake Nabor Carrillo in
Mexico City. Elastic and consolidation settlements were computed using the software
Settle 3. The regional subsidence was computed using three-dimensional models devel-
oped in FLAC3D. In FLAC3D, the highly compressible clayey layer was modeled using
theModified CamClay constitutive model. Based on piezometric results, the hydrostatic
pore pressure was estimated to better represent site conditions. Further, estimation of
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Fig. 6. a) lambda and kappa parameters for Zone 2; b) pore water pressure calculated with the
Carrahan et al. (1969) algorithm for the regional subsidence calculations of Zone 2
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Fig. 7. Long-term settlement due to regional subsidence at the divider berm between Pond 4 and
Pond 5, both in Zone 2

the decrease rate of pore pressure with depth were also computed for a more realistic
estimation of the variation of effective stress over time.

Elastic and consolidation settlements were computed for different berm heights.
Consolidation settlements were presented for a total period of 50 years at intervals of
10 years. For the tallest berms per zone, elastic and consolidation settlements were
computed as about 1.4 m and 2.1 m for a period of 50 years for Zone 1 and Zone 2,
respectively. About 70% of these settlements occur over the first 10 years, for where the
regional subsidence was computed to be at a rate of 8 cm/year. The maximum regional
subsidence was also observed in Zone 2, at the limits between Pond 4 and Pond 5,
resulting in up to 2.2 m of settlements. The results of this study were further used for
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the project designers to evaluate ground improvement solutions that could reduce the
expected settlements.
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