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Abstract: Historically, empirical relations are the basis of everyday foundation design. These relations,
however, rely on specific datasets, which may not represent the true conditions observed in the field.
Even in situ tests rely on empirical correlation formulas, which link observed phenomena to soil
properties. These correlations should be updated according to the specific design conditions. Big data
(BD) workflows enable the use of massive data available to update the correlations and to provide
more accurate predictions of the parameters studied. Thus, in this paper, a BD approach is used to
study the relation between the drilling process of continuous flight auger piles and the shear strength
properties (SSPs) of the surrounding soils. Soil surveys were carried out to identify the soil strata in
the site and to validate the estimates of the SSPs. The results show that indirect measurements are in
accordance with typical undrained shear strength and friction angles of the materials considered.

Keywords: continuous flight auger piles; specific energy; shear strength; friction angle; undrained
shear strength

1. Introduction

Saturated and unsaturated soil shear strength parameters are important to properly
design geotechnical infrastructures as well as to accurately model soil erosion and manage-
ment [1].

The literature indicates that measuring shear strength parameters at field scale is
difficult, time consuming, and very costly [1]. In these cases, any available information can
be used to perform estimations of these parameters of interest.

In the work of [1], the relationship between unsaturated shear strength parameters and
soil properties was carried out, leading to the creation of prediction models of unsaturated
shear strength parameters (effective cohesion and angle of effective internal friction) in
terms of a series of soil properties (particle size distribution, organic matter content, calcium
carbonate content, compactness indices, mean weight diameter of aggregates and structural
stability indices). In a similar fashion, the surface soil shear strength was estimated from
several soil properties (root density, moisture, gravel content, clay, organic matter and
calcium carbonate contents, as well as bulk density) [2].

Normally, such soil properties are not readily available, which suggests that specific
tests may be needed to accurately account for the soil’s true behavior. This is the case, for
example, of cone penetration tests (CPTs). As pointed out in [3], some limitations of shear
laboratory testing made researchers look for a better understanding of CPTs, allowing the
estimation of shear strength parameters (such as internal friction angle and undrained soil
shear strength) using CPT data [3].

In the context of soil liquefaction prediction, other authors have also considered
CPTs data to predict shear strength parameters [4]. Similarly, variations of CPTs were
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studied as alternatives to estimate the undrained shear strength. This is the case, for
example, of seismic piezocone tests, which have been used to assess in situ soil behavior
and stratigraphy in geotechnical site investigation [5].

When soil-rock mixtures (SRMs) are considered, the complex compositions and struc-
tures of these materials combined with the rock sizes of natural SRMs make it difficult
for laboratory or in situ tests. Therefore, robust models to indirectly estimate their shear
strength characteristics are of great interest. This way, researchers considered the rock block
proportion and component properties as proxies to predict the shear strength of SRMs [6].

Sometimes, geotechnical designers do not have the chance to require more tests.
Normally, a small amount of testing data is available, and it is crucial to indirectly obtain
new insights from it. This is also a major trend in the big data era, where it is paramount to
take advantage of available data to indirectly obtain new information.

One of the most common in situ tests that is carried out prior to geotechnical inter-
ventions is the standard penetration test (SPT). Therefore, the literature has massively
presented studies where the number of blows required for the penetration of the sampler
(NSPT) is related to the cohesion and angle of internal friction [7,8].

In some cases, even when test data are not available, engineers can obtain data from
unavoidable construction procedures and transform it into the parameters needed to model
the soil behavior [9]. These parameter estimation procedures can be systematized as
traditional workflows for big data (BD), which normally consist of the following stages:
data mining from data sources, data management, data modeling and result analysis and
visualization [10].

When foundation design is considered, engineers need access to parameters which
characterize the underground medium. This is due to the dependency of constitutive
models on some parameters related to the strength and deformability characteristics of the
local soil.

A common unavoidable construction procedure is the drilling of piles. Using the
drilling data of geomaterials to estimate strength parameters is a promising in situ method
that has been studied by many researchers [11]. Mostly, economic interest has driven
such studies. The drilling process of geomaterials (such as rock and soils) is considerably
impacted by their strength properties [12]. For example, these properties impact the drilling
speed, depreciation of drilling bits, machines, and overall drilling costs. Therefore, better
knowing the drilling environment and the characteristics of the in situ rock/soil mass is
crucial to properly select the machines and predict the execution schedules [12].

In the present paper, the main objective is to propose a BD analytics workflow to obtain
the shear strength parameters of soils drilled during the execution of continuous flight
auger piles (CFAPs). The following specific objectives are explored: assessing the use of BD
in geotechnical engineering; building a new empirical model to relate strength parameters
of soils to the energy required to drill them; and applying the new methodological workflow
to a real construction site in Brasilia-DF, Brazil.

In the next section, the BD workflow and methods considered in the present paper
are discussed.

2. Big Data Workflow and Methods

According to [10], data from various sources are used to build models. In a BD
environment, large and diverse datasets demand pre-processing tasks for data integration,
cleaning and filtering. Prepared data are then used to train a model and to estimate its
parameters [10]. Finally, prior to its utilization, model validation must be performed.

After validating the model, the step called scoring is carried out, which simply consists
of applying the model to data as it arrives [10]. This scoring process generates predictions,
prescriptions, and recommendations, which can be interpreted and aggregated to other
tasks [10].

As previously indicated, the common phases of a traditional analytics workflow for
big data are data mining from data sources, data management, data modeling and result
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analysis and visualization [10]. Therefore, each of the next subsections will explore these
phases, which can be visualized as a chart in Figure 1.

Data collected from the
sensors in the drilling Data
machine of CFAPs Mining
Pre-processing o Data
dat_a_ to calculate Management
specific energy from
drilling data
Build new empirical model to
correlate the Specific Energy Database of
to Shear Strength Parametrs Specific
of drilled soils Energies
Data
: Modelling
Combine
input data
with the
new
model
Predict shear strenght Result
parameters and Analysis and
generate visualizations Visualization

Figure 1. Methodological flowchart.

2.1. Data Mining

Data mining in engineering depends on gathering data either from laboratory or in
situ tests. When cost is a major issue, i -situ tests are good candidates, as they tend to
be cheaper than laboratory tests. Additionally, since in situ tests have been extensively
validated in the literature, this type of test is commonly chosen.

The building process (excavation and concreting) of CFAPs can be fully monitored by
collecting data from sensors in the drilling machine. Therefore, gathering the data which
were recorded by those sensors can be thought of as an in situ test, and is the main data
mining process considered in this paper.

2.2. Data Management

In a big data workflow, the data management step is the process of transforming raw
input data into pre-processed information. For example, data storage and manipulation
are considered in this step.

In the present paper, the raw data collected during the execution of CFAPs are stored
on simple database .mdb files, which are then combined and treated. The dataset collected
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contemplates the following items: depth, rotation speed, torque, vertical tilt of the drill and
pressure of the injected concrete.

As a pre-processing step, the raw data mentioned are used to calculate the energy
required to perform the drilling operation. This pre-processed information is modeled to
predict some parameters of interest.

2.3. Data Modeling

The literature reveals that there exists a correlation between strength parameters and
drilling data. For example, from a semi-empirical perspective, Warren [13] proposed a
model to predict the penetration rate based on the properties of the drilling machine and
rock strength. Later on, that author updated his model to account for the initial chip
formation and cuttings removal processes [14].

Another empirical correlation was proposed in [15], indicating that for percussive
blast hole drills, the net penetration rates of the drills can be related to strength parameters
(uniaxial compressive strength, the Brazilian tensile strength and others) as well as to
deformability parameters (Young’s modulus).

From a theoretical perspective, correlations were also discussed, reinforcing that
information from the drilling process could be used to predict the compressive strength of
rocks [11].

Normally, the methods developed tried to predict the penetration rate of the bits,
which is key information to schedule drilling campaigns. On the other hand, instead of
the penetration rate, other researchers explored models which could be used to predict the
energy required for drilling a given volume of material. These models also explored how
such energy can be correlated to the strength and deformability parameters of the drilled
materials [16,17].

In order to compare and standardize energy measurements, instead of dealing with
the actual energy required to drill some material, the concept of specific energy (S.) was
introduced [16]. In short, S, is the work done per unit volume excavated, which mitigates
the influence of the dimensions of the drilling machinery on the energy calculations. For
rotary, percussive-rotary and roller-bit drilling, this S, value is correlated to the crushing
strength of the medium drilled [16].

While executing continuous flight auger piles, a rotary non-percussive drilling is
present. The energy calculation is quite straightforward in this case, as work is done both
by the thrust, F [MLT 2], and the torque, T [ML?T~2]. By considering that the drill is
being inserted into the soil with a penetration rate P, [LT '] and that this equipment is
performing N rotations in a given time interval [T~!], for a drilled pile with cross-sectional
area A [L?], the total work done is simply (FP, + 27tNT). To normalize this work by the
volume of excavated material, it is clear that this volume is nothing but (AP;), which leads
to the following definition of the specific energy S, [ML~1T~2] [16]:

Se=F/A+ (2m/A)(NT/P,) 1)

A similar rationale was used by Perko [17] to relate the energy spent during the
installation of helical piles to the displacement behavior of the foundation or anchor once
in place. Other authors preferred to build models relating the installation torque instead of
installation energy to such displacement behavior of helical piles [18].

CFAPs have received less attention in this regard, mainly because no systematization
of the drilling process was readily available. On the other hand, some researchers collected
data from built-in sensors in the drilling machines and proposed a methodology for pile
acceptance based the energy spent to drill a CFAP [19].

Since the energy spent to drill rocks and soils can be related to some strength and
deformability parameters of the drilled strata, in the present paper, a semi-empirical model
is proposed to relate the specific energy of the drilled materials to the shear strength
parameters (friction angle and undrained shear strength). This way, a new physical model
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is derived and used to estimate these parameters of the stratum being drilled. This is the
model chosen to be part of the BD workflow considered in the present paper.

2.4. Result Analysis and Visualization

Analyzing and visualizing the results is the last step in the BD workflow. In order to
analyze the results presented, a real construction site in Brasilia-DF, Brazil is studied.

The BD workflow is applied to this specific site, and the shear strength parameters
indirectly obtained are compared to the values presented in the literature for the materials
drilled. These materials were identified after soil surveys were carried out.

As a visualization technique, in the present paper, the results are presented as tables
with color codes.

3. Shear Strength Parameters Behavior and Estimation

Shear strength parameters are stress dependent; therefore, this dependency must
be accounted for when estimating these parameters along a soil profile with increasing
confining pressures. Besides considering triaxial and shear tests, field engineers commonly
estimate the shear strength parameters based on other information available.

Standard penetration tests (SPTs) are often performed to provide information for
foundation designs. Therefore, relations between shear strength parameters and the number
of NSPT blows are of interest. Thus, the angle of internal friction ¢’ and the undrained
shear strength c, can be related to the NSPT (hereby equivalent to N60) values as [8]:

¢/ = p'tan"'[0.2NsprP, / (Ko') — 0.68B] @)

cu/Ps = o/ Nspr (©)

where B/, B and &’ are constants of proportionality, K is the coefficient of lateral earth
pressure, P, is the atmospheric pressure (100 kPa) and ¢’ is the overburden pressure
(in kPa).

By considering that the SPT procedure is similar to driving a miniature open-ended
“pipe pile”, the relations in (2) and (3) can be obtained [8]. The key aspect of such a model
is the energetic balance of the driving process, where the energy that is transferred into the
soil is dissipated at the soil-sampler interface (to overcome skin friction) and at the tip of
the theoretical “pipe pile” (to penetrate the sampler into the soil). From an energetic point
of view, the SPT blow count could be related to the shear strength properties of the soil at
the depth of testing [8].

Regarding other strength parameter, the literature also indicates that the unconfined
compressive strain, ¢, may be estimated in kPa for low plasticity clays and for clayey silts
based on NSPT data as [20]

0. =107.3Nspr/13.5 @)

The rationale behind the present paper is to extrapolate these intuitive procedures
of relating in situ tests to the strength parameters. Thus, a BD approach is applied to
the problem: use existing information continuously collected on the field to predict shear
strength parameters.

In order to use the energetic data available from monitoring the execution of CFAPs
(big data, as a huge number of piles are drilled everyday), either a good experimental
relation should be found, or a consistent physical model should be built. The former
approach is considered in the present paper. In the next section, the derivation of a simple,
yet powerful, model for the drilling phenomena is presented.

Simplified Model for Shear Strength Parameters Prediction

The concepts introduced by Teale and further developed by other authors, such as [21],
indicate that the specific energy, S,, can be correlated to the unconfined compressive stress,
o, of a given rock by means of the following equation
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Se = noc %)

in which # represents the efficiency of the drilling process. Greater values of 77 imply on
less efficient drilling processes.
In this paper, that relation is extended to soils, thus, by combining (4) and (5), for S,
given in k] /m?3,
Sg = 107.377NSPT/13.5 (6)

Finally, by the direct combination of (2), (3) and (6), the specific energy can be correlated
to the shear strength parameters of the material being drilled (rocks) or excavated (soils).
Mathematically, one can write for both o' and ¢, given in kPa

¢’ = p'tan"'[2.516S. / (Kyo') — 0.68B] @)
oy = 12.581a'S, /1 ®)

One shall notice that the friction angle calculation in (7) incorporates some in situ
characteristics, namely, depth dependence, degree of saturation, stress memory and so on.
Additionally, both (7) and (8) are applicable to low plasticity clays and for clayey silts. The
next section presents the results and discussions.

4. Results and Discussions

In the current section, the results and discussions are presented.

4.1. Application to a Real Construction Site in Brasilia-DF, Brazil

As previously indicated, a real construction site is considered in the present paper
to validate the new formulations. A local residential construction site was chosen, whose
terrain had a mean inclination of about 5.50% with an average altitude of 1034.5 m above
sea level. In this site, 320 juxtaposed CFAPs with 0.4 m of diameter and lengths varying
between 10 m and 14 m were prescribed for the retaining wall structure. Additionally, 316
foundation piles were considered, all of which had a 0.5 m diameter with lengths varying
between 8 m and 14 m.

Before the foundation piles were executed, two survey campaigns were carried out to
assess the local soil profile. These campaigns were carried out in March of 2014 and of 2016,
respectively.

The first campaign consisted of two sampling sites, encompassing both percussion
and rotary sampling methodologies. After the retaining wall was built, an excavation was
carried out until the quota to drill the foundation piles was achieved. In this moment, the
second survey campaign began and consisted of four SPTs, which allowed the identification
of the soil profile (color-coded later on this paper).

As the piles were executed in the whole terrain, the authors chose the closest pile to
each of the surveys in order to characterize the pile’s installation soil profile.

The piles named PICEF, PR6, PO9AF and P6AD are the closest piles to the soil surveys
51, 52, S3 and 54, respectively. After the piles are chosen, it is necessary to estimate the
shear strength parameters of the soil layers drilled during their executions.

In order to use (7) and (8), it is important to firstly estimate the input parameters
needed. According to [8], the calibration of (2) and (3) with experimental data provided
B =2.61,K=0.8,B=0.6anda’ = 0.041. Additionally, to obtain the vertical stress at a
point, a linear varying stress with depth is considered. The specific weight of the soils is
vastly reported in the literature. To the best of the authors’ knowledge, a mean value of
15 kN/m? is consistent and shall be considered. Therefore, the only parameter which still
needs evaluation is 7.

The efficiency parameter 7 is related to the energetic balance during drilling. Teale [16]
indicates that there exists a minimum value of S,, which is the necessary amount to
crush/excavate the materials. Anything greater than that indicates that some energy is
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being dissipated and not directly employed to increase the drilling performance. For
example, energy may be spent to break the excavated material into smaller fragments
than needed or may be dissipated as friction between drilling bits and drilled material.
This unnecessary energetic expenditure becomes more prominent as the particle size is
reduced [16].

Overall, since constituent particles are significantly smaller in soils than in rocks, soil
excavation is not as efficient as rock excavation. This indicates that the energy spent to
drill piles in soils is much bigger than the minimum amount that would be required for the
particular material existing in the substratum.

Since the literature does not present a survey on the value of 3, these values were
calculated in the present paper. By (5), 7 can be estimated by fitting a line to the relation
between S, and o.. This last parameter can be estimated from NSPT data by using (4).
For each of the soil surveys performed, a SPT test was carried out. Thus, it is possible to
estimate the UCS of the soils drilled and, therefore, estimate 7.

From Figure 2, it can be seen that different soils have different values of 1. Greater
values of this parameter imply less efficient drilling, as the energy needed to perform the
drilling increases (considering that there is an optimal S, value). Soils with lower plasticity
tend to have a more efficient drilling, as expected. Thus, based on the linear regressions
presented, for the silty clay, clayey silt and silt, the values of 7 are 48.06, 41.04 and 33.86,
respectively.

e Silty Clay
a  Clayey Silt
+ Silt
——— SC: S, = 48.06 0. and R? = 0.787301
CS: S, =41.04 o, and R? = 0.840611
rrrrr S: S, = 33.86 o and R? = 0.965305

. (MPa)

Figure 2. Relation S, vs 0.

Being that all the parameters are obtained, one may proceed to use (7) and (8). Tables 1
and 2 present the results, where the color codes follow the indications soil profile of the site.
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Table 1. Friction angle estimation. Color code: silty clay (light gray), clayey silt (medium gray), silt

(dark gray).
P9CF PR6 P9AF P6AD
Layer Se MJ/m3) ¢’ (°) S, MJ/m3) ¢’ (°) S, MJ/m3) ¢’ (°) S, MJm3) ¢’ (°)
0-1m 2.06 37 2.07 38 2.53 41
1-2m 4.45 39 7.26 45 8.55 47
2-3m 5.30 34 11.02 45 10.91 45
3-4m 7.71 36 9.22 39 10.70 4
45m 6.33 26 12.02 40 12.24 40
5-6 m 7.28 25 11.80 37 13.20 39
6-7 m 9.19 27 13.65 36 13.69 37
7-8m 15.07 36
8-9m 18.18 37
9-10 m
10-11 m
11-12 m
12-13 m
13-14 m

Table 2. ¢, Estimation. Color code: Silty Clay (light gray) Clayey Silt (medium gray) Silt (dark gray).

P9CF PR6 P9AF P6AD

Layer Se MJ/m®) ¢, (kPa) S, (MJ/m3®) ¢, (kPa) S, (MJ/m3) ¢, (kPa) S, MJm?® ¢, (kPa)
0-1m 2.06 22 2.07 22 2.53 27

1-2m 4.45 48 7.26 78 8.55 92

2-3m 5.30 57 11.02 118 10.91 117

34 m 7.71 83 9.22 29 10.70 115

4-5m 6.33 68 12.02 129 12.24 131

5-6m 7.28 78 11.80 127 13.20 142

67 m 9.19 99 13.65 147 13.69 147

7-8 m
89m
9-10 m
10-11 m
11-12m
12-13m
13-14 m

15.07 162
18.18 195

4.2. Discussions

A comparison between Tables 1 and 2 and common literature values for the parameters
involved indicate that the results obtained are consistent with the soils drilled.

A major advance of the present model over existing studies is that no additional test is
needed to perform the predictions. By considering only the data from the drilling machine,
it was possible to obtain the parameters of interest in real time. This new approach also
allows designers to know the parameters of exactly where the piles will be built, as no
spatial interpolation is required (as is the case of other in situ and laboratory tests). This
way, the new framework can be used as both the design and quality of execution assessment
tools.

It is worth noticing that the model hereby developed is based on a semi-empirical
approach, therefore, it could benefit from considering more data. Additionally, other
studies need to be carried out in this direction, as the present paper is just a first step into
the path of exploring drilling data to predict foundation behavior.
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5. Conclusions

In the present paper, the relation between the execution energy of continuous flight
auger piles and the strength parameters of the surrounding soil mass is studied. Based
on two experimental models presented in the literature and a new physical model hereby
derived, the collected data were analyzed, and it was possible to estimate the friction angle
and the undrained shear strength of the excavated soil layers.

The simple method proposed provides consistent results, indicating its validity.
Greater datasets, especially to better estimate #, could be used to enhance the applica-
bility of the model.

Instant updating of designs can be achieved by using the methodology hereby pro-
posed. This avoids common spatial interpolation errors, which would arise while using
segregated test results.

Engineers need to make use of all the technological and theoretical aspects to enhance
the capabilities of their models and designs. This is a key aspect in the big data era,
where taking advantage of available information can be crucial to enhance the quality of
designs. Overall, more laboratory and in situ tests need to be carried out to better calibrate
the parameters of the model hereby developed, allowing a greater generalization of the
predictions discussed.
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