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ABSTRACT: The paper presents the results of the geotechnical analysis conducted of a deep excavation in
the lacustrine soft soil of Bogota city, with emphasis on the differences between the predicted and the measured
deformations of the diaphragm walls. The excavation had 11.25 m of depth, and following the construction
process, seven inclinometers in order to date the spatial displacements induced during the construction of
three basements and 40 m deep friction piles under the building infrastructure, including the monitoring of
deformations related to base stability. The measurements were extended about 17 months. The project was
located in the lacustrine soft soil of Bogota city, which is a very high compressible-plastic clay with void ratios
from 3 to 5, compression indexes (Cc) from 1.2 to 2.0 and elastic young modulus under 1000 kPa, with medium
to high organic matter contents. It was found that the overall predicted deformation behavior is not consistly
with the measured deformations, mainly due to the differences between the real boundary conditions and the
model, the localization of the instrumentation and the stiffness properties of the soils.
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1

INTRODUCTION

Through the different field and laboratory tests, the
best modeling scenarios can be evaluated, which will
allow to do an approach to the theoretical and real
behavior of a flexible element such as a slurry wall
embedded in a soft clay. It is well known that boundary conditions and constructive methods have a great
influence in a deep slurry concrete wall performance
and their induced deformations in excavations on soft
clays; these are the main reasons to be especially careful to how those processes are made and implemented.
In this paper, anintegrated analysis of the instrumentation and finite element modeling of a three basement
excavation is shown, in order to present the development of deformations and other particularities of
the case studied. Throughout this work, a benchmark
between measured and predicted wall deformations in
several stages of an excavation is presented, in order
to understand the principal differences and limitations
of both sources of information and how this benchmark could make possible a more robust and rational
practice in soft grounds.

2

SOIL CHARACTERISTICS

Given the geotechnical classification established in
Decree 523 of 2010 of the Construction Code of
Bogota Capital District, the limits of the Seismic

Figure 1. Bogota, D.C. Seismic Microzonation map.

Microzonation are identified and the design spectra for
the city are adopted, it is defined that the project studied, is located at the lakeside area A, which is mainly
formed by deposits of soft clays reaching depths of
up to 500 m with occasional presence of peat and/or
medium to low thick sand. Likewise, a preconsolidated
surface layer with variable thickness of ten (10) meters
is present.
This information could be reaffirmed and supplemented with specific soil boringconducted in the
project area. For this purpose 5 boreholes were executed about 50 m depth. Based on the geotechnical data
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Figure 3. General outlining of the modeling steps from the
excavation stages of the project. Source: Elaborated by the
author.

Figure 2. Down Hole compared values.
Table 1. Summary Tab of geotechnical properties of the
stratigraphic profile.
Young
Module
Layer (kPa)
1
2
3

Young
Module
(MPa)

Angle
of
Cohesion Cohesion Friction Poisson
Ratio
(kPa)
(MPa)
(◦ )

113329.14 113.32914 0.00
167172.95 167.17295 0.08
79454.04 79.45404 1.88

0.00
0.00008
0.00188

26
22
19

0.40
0.40
0.40

3.2 Modelling of excavation stages in Phase 2
software

Source: Elaborated by the author.

from laboratory tests, it was possible to make an adjustment of the stratigraphic profile where they took into
account the UCSC sample classification, unit weights,
liquid limit, plastic plasticity index and the number of
resulting shock SPT test. As a result, 3 layers made
up of organic debris and dark brown silt with presence
of roots, with a hard firm consistency (0.0/0.5–1.50)
were obtained; greenish gray brown silt clay with roots
and presence of oxide and very soft to medium firm
consistency (1.5–4.0), and finally olive gray clay in
sandy matrix, fine-grained sandy presence.
Other geotechnical properties were determined
through the Morh Coulomb model, among which is
theYoung’s module (E) Poisson Ratio (υ) cohesion (C)
and angle of friction. For the first, it was necessary to
perform a Hold Down correlation of the study conducted in a nearby place to the evaluated and the one
determined in the project. Likewise, the similarities
to do the calculation of Young’s module were established. The other three parameters were interpreted
from the resulting Coulomb Failure. Figure 2 Down
Hole compared values.
Accordingly, the information used for finite element
modeling was associated with the Table 1.
3
3.1

with the excavation memories granted for the site was
done in the first instance. From this it was concluded
that the deconfinement was performed on 81 stages
characterized by the removal of soil through an interlayered sequence based on an octagonal geometry.This
allowed the builder to control by sectors the efforts
and resulting pressures. However, in order to make a
general outline for cuts, it was observed Figure 3.

Seeking to give us an idea about the problematic possibly generated in a project of this magnitude, we
chose the Phase 2 program which allows you to enter
the geotechnical variables of the stratigraphic profile interacting directly with structural elements such
as screen walls, piles, structure of the building and
the surrounding elements to the project. These were
preset taking into account the activity and date of
completion.

FINITE ELEMENT MODELING
Excavation methodology and stages

An investigation of the excavation methodology and
stages used for the construction of 3 basements and
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1st stage: Definition of the land limits and soil
characteristics.
2nd stage: Conformation of the slurry walls, the
building and final piles (31/01/2011)
3rd stage: Establishment of the pier cap beams
(28/02/2011)
4th stage: First moment of the first basement deconfinement in the assessed profile. (31/03/2011)
5th stage: Deconfinement of the first basement in the
assessed profile. (28/04/2011)
6th stage: Belt beam. (28/04/2011)
7th stage: First moment of the second basement deconfinement in the assessed profile.
(30/06/2011)
8th stage: Deconfinement of the second basement in
the assessed profile. (28/07/2011)
9th stage: Belt beam. (31/08/2011)
10th stage: First moment of the third basement deconfinement in the assessed profile. (30/09/2011)
11th stage: Deconfinement of the third basement in
the assessed profile. (31/10/2011)
12th stage: Supression plate. (30/11/2011)
13th stage: Loads on the piles due to the superstructure. (30/12/2011)

Figure 4. Conformation of the MEF through the Phase 2
program: Source: Elaborated by the author.

3.3

Constitutive model

The program is developed by a Gaussian methodology,
which allows by using algorithms to achieve solutions
to a system of linear equations, find matrices and
inverses. Thus, it is possible to introduce soil characteristics and structural elements, using as unit of
measure Mega Pascal (MP). As described above in
Section 2 and with some of the pre-established conditions in the Colombian construction standards, the
main characteristics of the boundary conditions and
the structure formed at each stage were established.
The constitutive model used in this work is the conventional Möhr-Coulomb failure criteria, with elastic
parameters E and G. In Table 2 the soil properties used
are presented, and in Figure 4 the general aspect of the
FEM model is show.

3.4

Figure 5. Conformation of the MEF through the Phase 2
program – Partial deconfinement stage 10. Source: Elaborated by the author.

Figure 6. Conformation of MEF through the Phase 2 program, stage of total deconfinement. Source: Elaborated by
the author.

subjected to increases in the pushings. Soil maximum
displacements obtained were 0.33 m to 0.27 m.

Modeling results

The advantage of using a program like Phase 2 is that
you see the results through a range of colors that represent the screen soil movements and at the same time
can be graphically quantified such movements.
3.4.1 Visual result
In the resulting palette is evident that in the conformation stages of the pier cap beam and underpinning
beam, no significant changes were generated in the
variations of pressures of the floor against the building components, contrary to when the partial and total
deconfinements start. The first shows that the soil is
backfill and on the opposite side of the excavation, it
tries to move to compensate the released efforts. This
implies that due to this phenomenon, the slurry walls
of that side are likely to be affected by high strains and
if applicable, phenomena similar to the mass landslide
as the background failure.
Clearly when total excavation is generated by level,
the displacements that occur in the evaluated two
ends can increase proportionally deforming the slurry
walls. This also shows that increasing the pushing
from the bottom towards the inside of the excavation. A key element is the suppression floor as this
conforms the first restriction of soil to keep moving
towards the interior the excavation. To this the piles
help because they work by tension and compression,
they prevent said earthenware immerses after being

3.5 Graphic result
Likewise, it is shown that the pier cap beam and the
underpinning beam do not affect the increase of deformations of the screen, although they are the point at
which it can represent a change of tendency or movement caused by the subsequent deconfinement. These
graphics allow a better understanding of the screen as
a structural element that acts elastically and it deforms
as the internal pressure of the excavation is eliminated.
In the comparative analysis of the slurry walls represented by each inclinometer, it was observed that
for instruments 7 and 3 the maximum displacements
at the depth of 10.65 m, deep-rooted earthenware section line and point from which for lower altitudes a
detriment is presented. Furthermore, inclinometers 1,
2, 4, 5 and 6 allowed to see maximum depth of 5.5 m
position of the first underpinning.
4

INSTRUMENTATION

The inclinometers and piezometers (brand Slope Indicator reference) were the tools used to carry out the
monitoring of the movements of the slurry walls and
soil. The first were located inside the screen and
the second on the floor in front of the above. Both
reached the screen depth (16.15 m). This instrumentation was installed before beginning the excavation
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Table 2.

Guide to compare the graphic results.

Results comparison
Instrumentation
(Date)

Modeling
(Stage)

31/03/2011
28/04/2011
30/06/2011
28/07/2011
30/09/2011
31/10/2011

4
5
7
8
10
11

Source: Elaborated by the author.

Figure 7. Location plant of the instrumentation of each
screen.

process, recording movements for 15 to 16 months
in total. Every 3 times a week readings were taken
until the end of work. In Figure 7 the location of the
instruments is show.
4.1 Analysis of the data recorded by
instrumentation
Results from the inclinometers correspond to the sum
of the incremental displacements starting from the
starting date. Because of this, it is possible to determine
the minimum and maximum displacements obtained
in each of the dates or stages evaluated.
The DigiPro program version 1.0, made possible
to get bi-dimensional readings (X and Y axis) where
X corresponded to the horizontal axis and Y to the
vertical. Similarly, the readings show that in a negative
sense, it is being generated a displacement towards the
neighbors and positively towards the excavation.
In each of the excavation stages for the 7 inclinometers, measures increases to reach the depth of
11.25 m area where the bottom concrete suppression
plate is conformed. From there to the culmination
of the wall, there are significant reductions in displacement. However, lines that show similar tendency
are given according to the stages in which they were
developed. For example, for the first dates where the
first structural elements such as slurry wall, piles and
piles caps beams are constructed, no significant displacements (20 to 30 mm) are presented. From the
deconfinement due to excavation to the construction of
the bottom suppression plate, it appears that there are
more important displacements reaching movements
between 50 mm to 130 mm.
5

COMPARATIVE ANALYSIS BETWEEN THE
INCLINOMETRY AND THE MODELING

At this point, it was proposed to give an interpretation
between the similarities or major differences between
the results of the instrumentation and modeling. This
procedure was performed for all inclinometers and

modeling for the evaluated date. For practical purposes, and after noting that the movements were
negligible at the time of installation of confinement
beams the trends were simplified in the analysis. The
excavation steps analyzed are shown in Table 2.
Trends in some comparisons were very similar,
although a bit distant in values, while others were completely different in every aspect. An example was that
obtained by the inclinometer 3 and 7, the others had
total discrepancy. As a representative sample, it was
then exposed the results of the inclinometers 2 and 3,
in the plan they are located in the left inferior sector
ring 2 (Fig. 7 inclinometers highlighted with circles).
Starting from the premise that the dotted lines
represent the inclinometer, the lines the results of the
modeling, and the positive direction is towards the
excavation, you can infer the following.
As can be seen in inclinometer 2 Model 4, the instrumented tendency is always growing as it descends
through the screen, reaching maximum displacements
the subfloor earthenware sector or final dates to finish
off the wall (17.5 cm) while the model indicates maximum deformations at 5 m (27.1 cm) and then present
detriments from 0.5 cm to 9.4 cm.
Contrary in the inclinometer 3 Model 1, which
both instrumentation and model appear to present
maximum displacements (17.14 cm and 29.4 cm
respectively) between the second and third basement (8 to 11.1 m) case. However, these sectors are
where trendlines of modeling decrease the deformation approaching 17 cm.

5.1 Results discussion
5.1.1 Instrumentation
To make sure you get the most reliable data to model
in finite elements, you must perform an inverse analysis which can optimize the parameters of different
constitutive models (Finno, 2009).
The inclinometry location should be strategically
designed, since better results would be presented if
they are located out of the slurry walls and not embedded as performed in the studied project, This will better
represent the elasto-plastic constitutive models of soil
behavior (Rechea, 2006).
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Table 3. Calculation of security factor against the substantive failure. Elaborated by the author.

Table 4.

Soil and structure weight. Elaborated by the author.

Structure weight
(T)

Removed soil,
total weight (T)

Higher value

30341

51172

Suelo

Figure 8. Comparative graphics between modeling and
inclinometry for inclinotemeters 2 and 3.

Likewise, a length of the greater inclinometry
would also provide more complete results since it
would not only be performed for the screen and soil
measurement until the end of the previous bluiding
element, but it can be more closely detailed the soil
movements under this, allowing to understand if these
thrusts can cause a substantive failure.
The errors associated with the measurements can be
determined by the accuracy of the instrumentation and
the processes carried out to obtain them (Langousis,
2007).
5.1.2 MEF
A very important and influential in shaping the modeling is the angle of friction parameter (Rodriguez,
1982; Oteo and Rodriguez, 2003), since the tests where
this factor was modified, greater displacements having lower angles were presented. Now, assuming that
this value can be obtained from the SPT test, it is vital
that the equipment and power corrections are made or
should be made to not introduce ambiguous values in
the model.
A finite element model associates only two-bidimensional movements, which incurs the exclusion
of understanding of integrated excavation and interaction stages between the other assessed slurry walls or
actual contour conditions (Finno, 2009).
Another important element that should be included
in the modeling for the factor that allows the soilstructure interaction (Sanhueza and Oteo, 2007),
which in this case correspond to the Ballast module.
However, this is defined for homogeneous and granular soils, reason why it was not introduced into the
modeling, which possibly affected the results obtained.
Values of the Field tests like Triaxial, show that the
values may be lower in the modeling in comparison
with the ones done in the field like Down Hole. Due
to lack of information of this type, it was only done
with the field test and developed correlations between
soil type present in the lacustrine A of the Seismic
microzonation of Bogotá.
5.1.3 Constitutive model
It is necessary to simulate all aspects that affect the
efforts conditions during construction around the excavation to give more accurate predictions (Finno, 2009).

That is how you should evaluate not only the phenomena occurring in the same length of the screen but
also extend this to a firmer sector or that it covers the
security zone of a substantive failure.
There are programs with greater precision with
them it is possible to determine the constitutive model
for clays, example is the elasto-plastic model of hardening soil that considers the soil stiffness in a more
accurate manner than the Mohr model. Therefore, they
could enter load and unload values owned by tests like
the Triaxial or other aspects that are not easy to find
(and Oteo Sanhueza, 2007), such as:
Load Triaxial Stiffness, through E50 secant deformation module.
• Unload Triaxial Stiffness, through the Eor unloadreload deformation module.
• Deformation module obtained from the oedometer,
Eoed .
•

Furthermore, after the H-S resulting designs of
using a triaccial that generates reliable models with
about 0.10% difference in the simulations, or lower
(Burland, 1989).
5.1.4 Other important aspects
5.1.4.1 Base heave
This aspect was vital to understand whether this phenomenon was formed or not in the project. In the
calculation of this variable, it was taken into account
the variables of Table 3.
When Ne ≥ 4, the deformation in the excavation
and the outline of the same become unmanageable,
and the substantive failure can occur.
Thus, using this parameter has a perspective of what
would happen if proper measures are not taken. In
the project, thanks to the constructive methodology
and screen configuration, they prevented this from
happening.
5.1.4.2 Structure-soil weight
Through the weight calculation of the entire structure and the excavated soil, it was intended to assess
whether the structure was overcompensated or not.
The results were inconclusive since the excavated soil
outweighed the structure, thus indicates that the structure may rise by the thrust magnitude that has to
be supported. However, when the piles have tension
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and compression, it prevents this phenomenon from
occurring.

6

CONCLUSIONS

To obtain more accurate and closer to reality values, it
is important that excavations in soft soils can be modeled with more specific information obtained from
more specific tests like the triaxial, because through
this is possible enter values for loading, unloading and
deformation. This is preferable to change the MorhCoulomb constitutive model to a more specialized
such as the hardening elasto-plastic model, or the
hardening soil for clays.
The location of the instrumentation must be the
product of a deep analysis done within simulations
in order to understand the areas that are more prone to
deformations and be able to monitor the same in more
detail, making preventive action to avoid irreversible
damage. It is therefore important that the inclinometer
is not embed and allows better representation of the
elasto-plastic constitutive models of soil behavior.
For a good modeling, it is necessary to have modules
that allow attesting of the soil-structure interaction.
To do this, it can be used the ballast module that

integrates the structure with the floor through serving as an independent module that each time reaches
a higher depth.
To make comparative analysis between the modeling and the real data obtained by the inclinometer, it is
necessary to do inverse analysis to adjust or calibrate
the assessed values and thus be able to better interpret
these results.
REFERENCES
Bowles, Joseph E. Physical and geotechnical properties of
soils. Spanish version translated by Eugenio Retamal and
Hugo Cosme. Bogotá: Mcgraw–Hill Latinoamericana.
1982.
Larrañaga R., Sherley C; Lopez C., Carlos. Qualitative analysis of some building systems to mitigate risk fault in
the execution of large excavations in Bogotá, D.C. Civil
Engineering thesis. 2003. in Spanish.
Pineda-Jaimes, J.A. Analysis of building systems Up and
Down for buildings with largue basements. Article. 2001.
in Spanish.
Sanhueza, C. Criteria and design parameters for Pile Wall File
in Madrid. Madrid, 2008. PhD Theses (Civil Constructor).
Polytecnic University of Madrid. E.T.S. Roads, Canals
and ports engineering. Engineering and Spot motphology
department. in Spanish.

332

