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Abstract– The use of deep foundations in the construction of 

buildings and infrastructure is a key issue in Bogota, Colombia; 

where there is a deep deposit of soft lacustrine soil lightly 

overconsolidated near the ground surface. However, the increase 

in pore pressure in the clayey soil that occurs during pile driving 

and the uncertainties in shaft strength related to the installation 

process, are not fully understood. The objective of this paper is to 

better understand these processes to reduce uncertainty when 

working with deep foundations. Research on this problem is still 

ongoing at the campus of the National University of Colombia in 

Bogota. Therefore, this paper only presents partial results and a 

route for future research. To evaluate what happens when driving 

piles in this type of soil, it is necessary to experimentally measure 

important parameters with field tests (CPTU, SPT) and a 

laboratory testing program. Then, from these data, a numerical 

model must be developed to estimate the load-settlement curve of 

the soil and its ultimate bearing capacity. Finally, to contrast the 

model predictions with actual conditions, a dynamic field load test 

and monitoring of soil circumstances during pile driving must be 

performed, using piezometers and inclinometers as part of the 

geotechnical instrumentation. 
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I.  INTRODUCTION 

This paper aims to be an investigation tool based on the 

driving of an instrumented pile in the soft soil zone of the 

Sabana of Bogotá [1]. For this purpose, the soils within the 

campus of the Universidad Nacional Colombia are being 

studied. (See figure 1) 

 

      The soils of the city of Bogotá are characterized by the 

presence of a vast body of soft deposits of lacustrine origin and 

are geologically constituted by soils with special physical and 

mechanical characteristics [2]; as a result of the deformations 

and faulting processes of the Eastern Cordillera during the 

different orogenic pulses [4]. The use of deep foundations in the 

soils of the capital city of Colombia is evidenced, given the 

depth and extension of the sedimentary deposit that composes 

it. A crucial parameter that must be considered for our purposes 

is the increase in soil pore pressure that occurs when piles are 

driven into the soil. This increase in pore pressure usually leads 

to unexpected behavior of the soil around the piles. 

 

      High displacement piles are used in soils similar to those of 

Bogotá. These piles get their name from the fact that no material 

must be extracted before they are driven into the ground: the 

force with which the piles are introduced displaces and 

compacts the soil laterally. This, in turn, changes the bearing 

capacity of the soil, which is also determined by its stress 

history and state of consolidation. High displacement piles are 

also able to transfer a relatively high load into the ground (in 

relation to their length). The load transferred from the piles by 

friction with the ground is particularly important. 

 

 
Fig.  1 Geological profile FF', Universidad Nacional de Colombia [1] 

 

 

    Despite the increase in soil pore pressure during pile driving, 

this phenomenon has not yet received adequate attention in the 

study of deep foundations in Colombia. The purpose of this 

study is to be a tool to improve design processes and to 
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understand the short- and long-term behavior of deep 

foundations. 
 

II. RESEARCH PROPOSAL 

      The research schedule for the present project includes 4 

clearly differentiated stages. Figure 2 shows the process map 

and a description of each of the planned research stages. 

 

 
Fig.  2 Proposed process map 

 

Stage I - Characterization of the subsoil 

 

The city of Bogota is geologically located on an extensive 

sedimentary fill that forms the Sabana de Bogota. This 

corresponds to the central part of its area [2]. The deposit over 

the area of the National University of Colombia has an 

approximate thickness of 180m and corresponds to deposits 

made up of predominantly plastic clays to silty clays, with 

liquid limits ranging from 30% to more than 200%, and 

plasticity indexes higher than 100% [3]. It should also be noted 

that these sediments are mostly composed of overconsolidated 

material whose overconsolidation index (OCR) decreases with 

depth [3]. 

 

This project contemplates two explorations of the subsoil in the 

campus of the Universidad Nacional de Colombia, of which one 

is already finished. The first drilling (S1) was carried out with 

the aid of a 28-horse-power reformed Petty machine of the 

longyear type. Preliminary information led us to choose this 

machine as the most fitting one to retrieve inalterated of 

samples that we needed, since its thin-wall pipe prevents them 

from being altered too much when they are extracted. The 

second drilling (S2) will be done with the same machine. 

However, in this case, standard penetration tests (SPT) and vane 

shear tests on the drilled shaft will be done sequentially 

throughout the process of retrieving new samples.  

 

Thus, we measured the thicknesses of the different soil layers 

and evaluated their composition. We were then able to create a 

geological-geotechnical model based on what was collected 

through the development of physical and mechanical 

characterization tests and on previously available data from 

other models. 

 

Stage II - Design and Instrumentation 

 

Given the features of the soils of the Sabana de Bogotá, the pile 

that will be driven on the campus of the Universidad Nacional 

de Colombia in the future stages of this research will have to 

work by shaft resistance and by point resistance, developed at 

the soil-pile interface, since there is no bedrock at a reasonable 

depth that could offer support at the base of the pile [7]. 

 

The design criteria for this pile include diameter and length, 

concrete compressive strength, and construction methodology 

[8]. In addition, it follows the suggestions for determining 

ultimate load capacity, admissible load capacity and negative 

friction. 

 

The reasons for developing an efficient geotechnical 

instrumentation, at the Universidad Nacional de Colombia, 

according to Das [7] are based on the verification of the design 

and long-term behavior of the pile, as well as the control of the 

construction and safety of the structure. Therefore, the 

instrumentation program is proposed according to the following 

factors: 

 

• Site Conditions and Purpose of Instrumentation 

• Identification of variables to monitor 

• Prediction of behavior 

• Instrument selection 

• Instrument Layout Planning 

• Instrument Acquisition and Installation 

• Monitoring 

 

The instrumentation stage includes the installation of different 

equipment prior to pile driving, to measure parameters 

associated with its behavior and load capacity over time, as 

shown in the Table I. The main instrumentation consists of 

vibrating string piezometers to measure pores pressure 

dissipation and inclinometers to measure lateral ground 

deformation. The secondary instrumentation consists of the 

installation of devices on the internal structure to measure strain 

with strain gauges, stress with vibrating wire extensometers and 

temperature with thermocouples. 

 
TABLE I  

Summary of Measurement Parameters, Instruments,  

and Instrument Types for the Instrumented Test Piles (after  

Paikowsky and Hajduk, 1999 [8]) 

Parameter  Measuring 
Instrument  Gage Type  Instrument 

Abbrebation  
Excess Pore 

Pressure 

Dissipation  
Piezometers  Vibrating Wire  VWPG  

Deformation  Inclinometer  Vertical in-place 

System  VIPS  

Interior Stress 
Wave 

Measurements  

Abstract, Index 

Terms  Vibrating Wire  VWSG  

 

Stage III - Numerical modeling 
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Our approach for a mathematical model is implemented by 

means of an analysis of the soil mechanics from continuum 

mechanics and the description of a classical linear porous 

medium model, as proposed by Maurice Biot [9]; making a 

reduction of the temporal terms to obtain a quasi-static model 

of two systems of equations: one of momentum (1) and one of 

mass conservation where Darcy's law is applied (3). 

 

∇ ∙ 𝜎(𝑢𝑠) = 𝑓      (1) 

 

𝜎(𝑢𝑠)  =  𝜎(𝑢𝑠)𝑒 − 𝛼𝑝𝐼     (2) 

 

𝛼
𝜕∇ ∙ 𝑢𝑠

𝜕𝑡
− ∇ ∙ (

𝜅

𝜇
∇𝑝) = 𝑔  (3) 

 

To solve this system of partial differential equations, a finite 

element implementation is developed as explored by 

Haagenson in the solution of the Terzaghi problem [10], using 

Open Source libraries. Likewise, a library such as FEniCS, in 

which all the computational simulation will be developed to 

execute methodologies for terrain stabilization, applying the 

mathematical developments made in recent years such as those 

made by Egger with higher order elements [11].  

 

Stage VI - Stressing and Load Testing 

 

Once the necessary instrumentation has been installed in the 

pile, the pile will be driven into the ground by dynamic driving. 

This method is the preferred method since it is a good 

alternative for the foundation of structures in soft soils and at 

the same time improves the intrinsic characteristics of the soil. 

Another method proposed is the pressure driving system, which 

is a relatively new methodology, so there are few antecedents 

and technical documents that can be consulted in the literature 

[12]. 

 

During the dynamic driving procedure, a test will also be 

performed with the Pile Driving Analyzer (PDA) system, 

incorporating sensors in it just after the completion of the 

driving process and recording the blows required for the test 

[12]. Two weeks later, another load test will be performed on 

the pile; the period between tests has been chosen following 

recommendations for working with high displacement piles 

[15]. Finally, the results of these tests will allow us to calculate 

the bearing capacity of the pile and create an approximate load 

distribution profile for the system. 

 

III. SOME ADVANCES 

Characterization 

  

After reviewing the scientific literature in search of a general 

characterization of the soils of the Sabana de Bogotá, we 

proceeded to characterize the soil of the area where we would 

work. A 25 m deep borehole was drilled with a Shelby type 

sampler at a radius of 1 m from the point where the pile will be 

installed in the future. Thus, we were able to recover with 

continuous sampling along the drilled hole. In addition, there 

are drilling logs with gross results of 4 boreholes in the study 

area with different types of sampling, these at distances no 

greater than 100m from the study area; three boreholes were 

carried out at 50m depth and one at 41m depth. The results of 

this last exploration indicate that the Universidad Nacional de 

Colombia has soils with high water content, which varies 

between 27% and 130%. Due to the presence of organic matter 

lenses at 18 m depth, it has specific gravity values that are 

between 2.44 and 2.64. Likewise, total unit weights are between 

12.0 kN/m3 and 19.3 kN/m3. 

 

According to the process carried out in the field and the 

characteristics of the samples obtained, a test plan was designed 

in order to adequately organize the schedule of activities and 

give continuity to the previously proposed methodology; this 

plan includes mainly the performance of 8 consolidations, 4 

direct cuts and 4 triaxial CU cuts. Knowing that permeability 

plays a fundamental role in the study of pore pressure increase 

and field displacements [14], it was proposed the development 

of horizontal permeability tests by obtaining unaltered 

horizontal samples at certain depths. Another test of special 

characteristics proposed is the direct shear test, where the tested 

sample corresponds to soil and mortar in equal proportion, 

especially analyzing its shear plane at the mortar-soil interface. 

 
TABLE II  
Soil Properties  

Material  
Initial 

Depth  
Final 

Depth  𝛾𝑡  w  Gs  Cu  E  ν - 

Poisson  
m  m  kN/m3  %  -  kN/m2  kN/m2  -  

M1  0  4.70  19.30  27  2.64  91.25  1729  0.35  
M2  4.70  7.40  17.50  40  2.62  40.00  2717  0.35  
M3  7.40  18.50  19.00  10  2.66  25.00  334  0.35  
M4  18.50  19.30  12.05  136  2.44      0.35  
M3  19.30  27.00  16.50  40  2.53  5.00  1252  0.35  
 

Design and geotechnical instrumentation 

With the pile design and installation parameters established in 

Stage II, the implementation of a precast concrete pile with a 

square section of 0.3mx0.3m and a length of 22m, divided into 

11m sections, is established. Having joints to join on site the 

standard length and thus achieve the perfect grip and fastening 

between them [15]. These characteristics will be used because 

the usual lengths of this type of piles vary from 10m-45m, and 

their maximum load ranges from 7500kN-8500kN. In addition, 

this type of piles can be subjected to difficult excavations, are 

corrosion resistant and can be easily combined with the 

concrete superstructure [5]. 

 

Currently the project has a Casagrande piezometer (CPG) 

manufactured with a 0.381m diameter pipe PVC and installed 

at 12m depth, whose objective is to measure the water table in 
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the study area. Since in soils of high hydraulic conductivity the 

water level will stabilize approximately 24 hours after the end 

of the exploration, it was decided to monitor the days of the 

geotechnical exploration and the days after it. The results are 

presented in figure  

 

 
Fig.  3 Water level monitoring 

Numerical modeling 

In the first approach, the problem is approached using a linear 

elastic constitutive model given the ease of implementation in 

linear terms, such that the effective stress 𝜎(𝑢𝑠)𝑒   is defined as 

in eq. (4) where 𝜆 and 𝜇 are the Lame coefficients.  

 

𝜎(𝑢𝑠)𝑒 = 𝜆𝑡𝑟(𝜀)𝐼 + 2𝜇𝜀    (4) 

 

𝜀 =
1

2
(∇𝑢𝑠  + (∇𝑢𝑠)𝑇)     (5) 

 

Data obtained in previous explorations in the vicinity of the 

study area were used, considering 5 main strata up to 50 meters 

depth. The physical properties of these soils are shown in the 

Table.  It is necessary to emphasize that the Biot Coefficient 

was assumed as 1, since laboratory test results are required to 

establish it for each stratum; this is an objective to be carried 

out with the samples obtained in borehole 1. 

 

The results of the simulation are presented in Figures (4), (5), 

(6) and (7). These represent a scalar field of safety factor to the 

Mohr Coulomb failure envelope. Values above 1 are below the 

failure envelope and values below 1 touch the envelope (shear 

failure). Isolines referring to the increase in pore pressure for 4 

different driving depths are evidenced over this field.  

Ultimate Compressive Load Prediction 

Based on the compilation of background information on 

dynamic pile driving in the city of Bogota and dynamic load 

tests performed in Colombia and other countries, a load 

capacity prediction was made based on an established 

geological-geotechnical model. Finally, the aim is to correlate 

the predictions with the results obtained from the tests 

performed with the Pile Driving Analyzer (PDA) system. 

 

The prediction consists of determining the ultimate bearing 

capacity of the pile by calculating the tip resistance using the 

Meyerhof and Vesic methods, and the frictional bearing 

capacity using the Alpha (𝛼)  and Lambda (𝜆)  methods. 

However, the pile's own weight must be considered. 

 

Based on the geomechanical parameters established as typical 

for the Universidad Nacional de Colombia clay, some initial 

results of the ultimate load prediction, bare presented in the 

table below. 
TABLE III  

Ultimate Strength per Shaft and tip  

Method  Qp  Qp PDA  
Method  Qf  Qf PDA  

kN  kN  kN  kN  

Meyerhof  20.25  50.14  𝛼 199.92  653.37  

Vesic  17.79  18.71  𝜆  18.35  52.36  

Where: 

• QP : Ultimate point resistance 

• QS : Ultimate shaft resistance 

Fig. 4 Sequence pile driving at 5 m (A), 10 m (B), 15 m (C) & 20 m (D) 

(A) (B) (C) (D) 
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IV. PARTIAL CONCLUSIONS 

- The material at the pile installation site corresponds to 

soft soils, according to what was observed and 

described in the drilling performed, thus determining 

a correlation with what was consulted in the 

bibliography. 

- According to the data compilation and the different 

methods to determine the ultimate resistance of the 

pile, it is determined that there is a significant variation 

between the values obtained for the tip and shaft 

resistance in relation to the values of the dynamic load 

tests (PDA). 

- In the simulation we can observe how the strata that 

have a lower resistance dissipate the stress, this is 

observed by increasing the safety factor in these strata 

once they are crossed by the pile and we can also 

observe the typical pore pressure increase bulb at the 

tip of the pile as the pile is driven. 

IV. FUTURE ACTIVITIES 

Based on the research proposal and the progress made in the 

project, activities will be carried out to determine the behavior 

of the soil-pile system, produce research papers and thus 

generate an advance in the state of the art of deep foundations 

for the city of Bogota. The proposed activities are listed below: 

• Execution of laboratory tests.  

• Static penetration test with seismic piezocone (down-

hole) SCPTU. 

• Subsurface exploration with standard penetration tests 

(SPT) and shear tests with field vane. 

• 3D modeling of topographic survey performed with 

drone. 

• Extraction of material at 3.5m to determine special 

mineralogical composition encountered. 

• Exploration to determine horizontal permeability and 

correlate with depth. 

• Shear tests of clay-concrete interface. 

• Comparative analysis of bearing capacity 

Conventional Methods-Dynamic load tests. 

• Implement plastic constitutive model for effective soil 

stresses. 
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