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Abstract: The full-scale static pile loading test is without question the most reliable methodology for
estimating the ultimate capacity of large diameter bored piles (LDBP). However, in most cases, the
obtained load-settlement curves from LDBP loading tests tend to increase without reaching the failure
point or an asymptote. Loading an LDBP until reaching apparent failure is seldom practical because
of the significant amount of settlement usually required for the full shaft and base mobilizations.
With that in mind, the supervised learning algorithm requires a huge labeled data set to train the
machine properly, which makes it ideal for sensitivity analysis, forecasting, and predictions, among
other unsupervised algorithms. However, providing such a huge dataset of LDBP loaded to failure
tests might be very complicated. In this paper, a novel practice has been proposed to establish a
labeled dataset needed to train supervised machine learning algorithms on accurately predicting
the ultimate capacity of an LDBP. A comprehensive numerical parametric study was carried out to
investigate the effect of both pile geometrical and soil geotechnical parameters on both the ultimate
capacity and settlement of an LDBP. This study was based on field measurements of loaded to failure
LDBP tests. Results of the 29 applied models were compared with the calibrated model results,
and the variation in LDBP behavior due to change in any of the hyperparameters was discussed.
Accordingly, three primary characteristics were identified to diagnose the failure of LDBPs. Those
characteristics were utilized to establish a decision tree of a supervised machine learning algorithm
that can be used to predict the ultimate capacity of an LDBP.

Keywords: large diameter bored pile; hyperparameters; supervised machine learning; finite element
method; parametric study; load transfer; failure mechanism

1. Introduction

The design of foundations has to satisfy two principal necessities [1]. First, complete
failure of the foundation must be prevented with a sufficient margin of safety. Usually,
the safety factor is assumed in practice to obtain the maximum safe foundation load (load-
based design approach). Second, the relative and total settlements of the foundation must
be kept within limits that the superstructure can tolerate. Therefore, the settlement of
the foundation under the working load has to be estimated to ascertain its effect on the
superstructure (settlement-based design approach). Traditionally, both load and settle-
ment control approaches are usually applied separately in the design process. However,
Ref. [2] stated that the allowable load on the pile foundation should be obtained through a
combined approach considering both soil resistance and its settlement inseparably acting
together and each influencing the value of the other.
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Significant contributions have been proposed to develop a settlement-based design
approach for large diameter bored piles (LDBP) alongside the conventional capacity-based
design approaches. Despite that, several studies [3–6] reported that most of the available
methods for forecasting either the bearing capacity or the load-settlement behavior of
LDBP invariably are associated with various degrees of uncertainty resulting from several
factors. The mechanisms of pile foundations and pile–soil interaction are ambiguous,
complex, and not yet entirely understood [7–10]. Additionally, several factors influence the
pile settlement in a semi-infinite mass and a finite layer, as indicated by [11], i.e., the pile
length to diameter ratio, Poisson’s ratio, and others. Based on results of numerical analyses
studies, it was argued by [12] that the skin friction and end bearing load-transfer responses
of large diameter bored piles may invariably depend on the pile shaft length to diameter
ratio (l/d), the relative strength and stiffness of the existing soils along the pile shaft and
in the vicinity of the pile base, also the applied load level, and the accomplished amount
of pile settlement. Those conclusions pinpoint that pile proportional and geometrical
parameters (length and diameter) have a significant effect not only on pile settlement but
also on the ultimate capacity of the pile, i.e., the portion of the load carried by end bearing
resistance may be somewhat dominant in the cases of either an embedded short pile in a
predominately homogeneous granular soil or an embedded long pile in a stronger/stiffer
layer overlain by a weaker/soft layer. Incidentally, Ref. [12] proposed an l/d limit of “10”
to distinguish between short and long piles.

Consequently, by necessity, many of the available methods have been mainly based on
simplifications and assumptions [13]. This has led to limited success in terms of providing
consistent and accurate predictions (Refs. [8,14–17]). Therefore, the in-situ pile loading
test has been commonly accepted as the method providing accurate bearing capacity and
settlement predictions. For design purposes, the full load–settlement response of the pile
has to be well predicted and simulated; the designer can thus decide the ultimate load and
comply with the serviceability requirement. Based on that, the loading test has been widely
recommended by several international design standards (e.g., Refs. [18,19] and others).

Fellenius [20] defined the ultimate pile capacity at failure state, based on the pile load
settlement performance as the load at which a considerable increase in the pile settlement
occurs under a sustained or slight increase in the applied load. However, in most cases,
load-settlement curves obtained from full-scale load tests conducted on large diameter
bored piles tend to increase without reaching the failure point or an asymptote. Despite the
reliability, loading of this class of piles (large diameter bored piles) until reaching apparent
failure is seldom practical. An enormous amount of pile settlement is usually compulsory
to achieve full friction and bearing mobilization [21–24]. Therefore, several extrapolation
techniques, such as [25,26], among others, were developed to interpret the pile failure
load (ultimate pile capacity) using the pile loading test data. Most of those methods are
associated with several degrees of uncertainty as they were developed using the results
of different cases of pile loading tests with a variety of pile geometries and geological
conditions, and hence occasionally, any two give the same failure load (Refs. [5,15,27]).
Despite that, these methods are widely accepted in many international design codes (e.g.,
Refs. [18,19]) to predict the ultimate capacity of large diameter bored piles if the in-situ
loading test measurements do not indicate an apparent failure point.

Several international codes (e.g., Refs. [18,19,28]) suggest settlement-based failure
methods for estimation of the ultimate capacity of large diameter bored piles in caseit
is impossible to perform pile loading tests at the design phase. In addition, various
correlations have been proposed in several pile design codes to predict the bearing capacity
of large diameter bored piles based on the results of in-situ soil tests such as the Standard
Penetration Test (SPT) and the Cone Penetration Test (CPT). However, most of the available
forecasting methods either for the bearing capacity or the load-settlement behavior of large
diameter bored piles in clay soils are deterministic in the sense that average/representative
values of the soil properties incorporated along the affected zone of soil by the pile load are
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used. However, these pile design methods neglected the potentially existing variation of the
in-situ soil properties along the pile shaft (inherent vertical soil variability) (Refs. [5,29–32]).

With that in mind, the load transfer method is generally a simple analytical procedure
that can be applied in many complex situations, such as variation in the sections along a pile
shaft and an inhomogeneous layered soil system. Therefore, there is still a need to develop
a theoretically sound method that predicts a reliable value for the ultimate capacity of
large diameter bored piles (LDBP). However, with the new technologies available recently,
such as neural networks, artificial intelligence, and machine learning, the influence of
both soil resistance and its settlement can be more accurately considered inseparably,
acting together and each influencing the value of the other. Nevertheless, the machine
should first learn the effect of each parameter influencing the pile behavior. Therefore, each
influencing factor should be investigated individually to be used in the machine learning
process [33–37]. The parameters whose values are used to control the learning process are
called hyperparameters.

Supervised and unsupervised machine learning are the two basic approaches of
artificial intelligence (AI) and machine learning. The main distinction between the two
approaches is the use of labeled datasets [34,37]. Supervised learning uses labeled input
and output data, while an unsupervised learning algorithm does not. These datasets are
designed to train or supervise algorithms into classifying data or predicting outcomes
accurately. Using labeled inputs and outputs, the model can measure its accuracy and learn
over time. On the other hand, unsupervised learning uses machine learning algorithms to
analyze and cluster unlabeled data sets. These algorithms discover hidden patterns in data
without the need for human intervention. Thus, supervised learning models are ideal for
sensitivity analysis, forecasting, and predictions, among others. Despite that, they require
a huge data set to train the machine properly and obtain accurate results [34]. With that in
mind, it is hard to have a huge data set for loading tests for the pile cases, especially for
LDBP that rarely reach failure.

Certainly, the full-scale static pile loading test is the most reliable methodology for
estimating the ultimate capacity of large diameter bored piles (LDBP). That is why several
international geotechnical codes and foundation design standards (e.g., Refs. [18,19,28])
recommend this method to study and investigate the load transfer and failure mechanisms
of this class of piles. However, in most cases, the obtained load-settlement curves from
such tests conducted on LDBP tend to increase without reaching the failure point or an
asymptote. Loading LDBP until they reach apparent failure is seldom practical because
of the significant amount of pile settlement that is usually required to fully mobilize the
pile shaft and reach the ultimate base resistances [21–27]. Huge test loads and hence high-
capacity reaction systems should be used to accomplish the required enormous settlements.
Thus, the targeted failure load may not always be practical to achieve, as reported in many
case studies [21–27].

In this paper, a novel practice is proposed to establish a labeled dataset needed to
train a supervised learning algorithm on accurately predicting the ultimate capacity of the
LDBP. A comprehensive parametric study is carried out to investigate the effect of both pile
geometrical and soil geotechnical parameters on both the ultimate capacity and settlement
of LDBP installed in clayey soils. The procedure followed in this parametric study aims to
explore the characteristic effect of each factor affecting the behavior of LDBP by comparing
results of the numerical models with the measurements of a well-documented loaded to
failure pile load test and assess the variation in both pile settlement and ultimate capacity
due to change in either pile geometrical or soil geotechnical factors included in this study.
Results of this parametric study are utilized to develop the decision tree needed to train
supervised machine learning algorithms.

2. The Reference Case Study

A full-scale and well-instrumented load test was carried out by [38] at the location of
Alzey bridge (Germany) to investigate the behavior of a large diameter bored pile (LDBP).



Processes 2021, 9, 1411 4 of 23

The instrumentation utilized in the LDBP loading test is described in Figure 1a. The length
and diameter of the investigated pile were 9.50 m and 1.30 m, respectively. This LDBP
was installed in overconsolidated stiff clay soil and subjected to axial loading cycles until
achieving failure, as shown in Figure 1b. Test setup and the soil characteristics at the site
location are also given in Figure 1b.
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Figure 1. Large diameter bored pile loading to failure test (modified from [38]). (a) Measuring devices and instrumentation.
(b) Test arrangement and typical soil profile with mechanical properties. (c) Field measurements of the loading test.

The main measurements of the well-instrumented load test are shown in Figure 1c.
As shown, the significant increase in the measured settlement indicated apparent failure at
the end of this test when the last load increment was applied on the pile head. More details
of the loading test are available in [38].

3. The Reference Numerical Calibration Study

A numerical study has been carried out to simulate the response of the LDBP of the
Alzey bridge case history [39]. Figure 2a shows the numerical model established to simulate
the drained condition of overconsolidated (OC) stiff clay soil. The micro-fissures associated
with the OC stiff clay are the main reason behind using the drained condition. These
micro-fissures usually provide avenues for local drainage; soil along fissures has softened
(increased water content) and is softer than intact material (more comprehensive discussion
for using the drained condition with OC stiff clay is provided in [39]). Three constitutive soil
models have been utilized to simulate the drained condition of the overconsolidated (OC)
stiff clay soil. It was found that for this case history, the modified Mohr-Coulomb (MMC)
constitutive model was superior to Mohr-Coulomb (MC) and the soft soil (SS) model in
the simulation of the soil behavior [40,41]. The secant stiffness non-linear convergence
method has been utilized to provide numerical stability required for the software solver
to obtain convergence at substantial strain results (at failure). In addition, the sensitivity
analyses performed also highlighted the significant effects of the mesh size and geometric
dimensions on the analysis results. Results of this calibration study showed that excellent
agreement was obtained between finite element results and the in-situ measurements of
both the pile load settlement and load transfer relationships, as presented in Figure 2b,c.
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Figure 2. Numerical model established to simulate the response of the LDBP of the Alzey bridge case history (after [39]).
(a) Details of boundary conditions. (b) Deformed shape of the finite element mesh (MMC) under the failure load. (c) Com-
parison between field measurements and the numerical results (after [39]).

Based on the numerical calibration analysis performed, the finite element method
was capable of predicting not only the working capacity but also the ultimate capacity of
the large diameter bored piles (LDBP). Moreover, the large induced pile settlement at the
failure state could be determined. The procedures that followed to calibrate the numerical
models are available in [39].

4. Methodology of the Parametric Study

Factors affecting the response of large diameter bored piles in clayey soils are classified
in this study into two main categories (Figure 3). The procedure followed in this parametric
study aims to explore the characteristic effect of each geometrical or geotechnical factor
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affecting the behavior of LDBP. Therefore, a particular sequence will be followed in this
study; each factor is explored separately. Measurements of the reference case are used
to assess the variation in both pile settlement and ultimate capacity due to change in the
factor under investigation, and the influences of the other parameters are filtered out at
this step. In this way, it is possible to examine the specific effect of each factor.
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Figure 3. Factors affecting the behavior of large diameter bored pile in cohesive soil.

The first category (A) includes pile geometrical parameters (pile diameter D and pile
length L). The effect of these parameters on the response of large diameter bored piles
is assessed by implementing different values for pile diameter and length in the finite
element analyses. At the same time, soil properties are kept with the same values adopted
in the reference calibrated model [39] without any change to reveal the variance in pile
behavior due to the change in either pile diameter or length. Because the pile’s diameter
is the pivotal parameter in this study, nine numerical models for piles with equal lengths
and different diameters are established to reveal the change in ultimate bearing resistance
under the pile base during the failure. In contrast, only three finite element pile models
with equal diameters and various lengths ranging from double to triple the original pile
case’s length are established to investigate skin friction changes.

On the other hand, the second category (B) involves the cohesive soil geotechnical
parameters: effective cohesion c’, effective friction angle Ø’, lateral earth pressure coeffi-
cient K0, soil Young’s modulus E, and dilatancy angle Ψ. The effect of each of these soil
parameters on the response of LDBP in clayey soil will be individually evaluated by con-
sidering different values for each factor and assessing the change in the obtained ultimate
pile capacity. Worth noting in this category, pile geometry parameters are kept with the
same values adopted in the reference study [39]. Seventeen (17) new numerical analytical
trials are performed for this purpose and compared with the calibrated model results.

4.1. Adopted Parameters in the Numerical Models

Modified Mohr-Coulomb (MMC) constitutive model has been used to define the
drained condition of the homogenous overconsolidated stiff clay soil in all of the twenty-
nine established numerical models for both categories A and B. The adopted parameters
in each numerical model included in this study are summarized in Table 1. It is funda-
mental to note that the overconsolidation ratio (OCR) was set at a constant value of 2.0
for all cases [38], and its effect was not considered a variable in the parametric analyses.
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Additionally, the adopted values for shear strength parameters were selected to cover the
different OC stiff clay soil classes in various drained conditions.

Table 1. The adopted geometrical and geotechnical parameters in the parametric study.

Pile Structural Parameters Overconsolidated Stiff Clay Soil Parameters

Model No D L Eelastic µ Gc
γunsat\

γsat
ν C Ø Eref

50 = Eref
oed Eref

ur K0 ψ R

Units m m kN/m2 - kN/m3 kN/m3 - kN/m2 o kN/m2 kN/m2 - o -
1 (The Calibrated

Model) 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

2 0.4 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

3 0.5 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

4 0.6 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

5 0.7 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

6 0.8 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

7 1 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

8 1.2 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

9 1.5 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1
10 2.0 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1
11 1.3 13 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1

12 1.3 19 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1
13 1.3 26 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 0.1 1
14 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 20,000 40,000 0.8 0.1 1

15 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 30,000 60,000 0.8 0.1 1

16 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 60,000 120,000 0.8 0.1 1
17 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 80,000 160,000 0.8 0.1 1
18 1.3 9.5 24,248,711 0.2 24 20 0.3 20 10 45,000 90,000 0.8 0.1 1

19 1.3 9.5 24,248,711 0.2 24 20 0.3 20 15 45,000 90,000 0.8 0.1 1
20 1.3 9.5 24,248,711 0.2 24 20 0.3 20 30 45,000 90,000 0.8 0.1 1
21 1.3 9.5 24,248,711 0.2 24 20 0.3 5 22.5 45,000 90,000 0.8 0.1 1

22 1.3 9.5 24,248,711 0.2 24 20 0.3 10 22.5 45,000 90,000 0.8 0.1 1

23 1.3 9.5 24,248,711 0.2 24 20 0.3 30 22.5 45,000 90,000 0.8 0.1 1

24 1.3 9.5 24,248,711 0.2 24 20 0.3 50 22.5 45000 90,000 0.8 0.1 1
25 1.3 9.5 24,248,711 0.2 24 20 0.3 100 22.5 45,000 90,000 0.8 0.1 1
26 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.43 0.1 1

27 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.62 0.1 1

28 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 1.0 1

29 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 3.0 1
30 1.3 9.5 24,248,711 0.2 24 20 0.3 20 22.5 45,000 90,000 0.8 5.0 1

D: pile diameter. L: pile length. Eelastic: Young’s modulus of Pile material. µ: pile Poisson’s ratio. Ø’: soil effective friction angle. c’:
soil effective cohesion. v: soil Poisson’s ratio. K0: lateral earth pressure coefficient.t ψ: dilatancy angle. Ere f

50 : secant stiffness in the

standard drained triaxial test. Ere f
oed: tangential stiffness in oedometer test loading. Ere f

ur : elastic modulus at unloading. R: interface strength
reduction factor.

4.2. Numerical Modeling and Sensitivity

The 29 numerical models of this study were established using MIDAS GTS NX finite
element package. For category A, it was essential to perform sensitivity analysis to unify
the effect of mesh size on the examined finite element models. This sensitivity study has
been performed with the same procedure presented in the numerical reference study [39].
Results of these analytical trials showed that a fine mesh should be utilized to represent
the pile element with a size that enables having at least two or three mesh elements in
the vicinity of the pile base. This is important for bearing resistance results to eliminate
the effect of mesh dependence at the level of the pile base [40]. Further, the boundary
locations should be far away from the pile element for enough distance, not less than
15 times pile diameter (15D) in width, and at least 4 times the pile length (4L) in depth.
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These dimensions should be considered to ensure that the locations of boundaries do not
affect the analysis zone.

Based on the results of sensitivity analyses performed, 12 two-dimensional axisym-
metric models are established to investigate the effect of the pile geometrical parameters.
Nine of them are prepared to simulate 10 separate single piles with equal lengths of 9.50 m
and different diameters of; 0.40 m, 0.50 m, 0.60 m, 0.70 m, 0.80 m, 1.0 m, 1.20 m, 1.50 m,
and 2.0 m. The other three numerical models are established to simulate three single piles
with equal diameters of 1.30 m and different lengths of 13.0 m, 19.0 m, and 26.00 m. The
12 models’ results were compared with the reference case study (1.3 m diameter and 9.50 m
length) to assess the change in pile behavior due to change either in pile diameter or length.

In contrast, for category B, pile geometrical dimensions are taken with the same values
of the reference case study, and the soil properties are changed according to the factor
considered for evaluation in each section. The effect of the soil geotechnical parameters
is investigated through 17 numerical models, and no change in the pile geometry is
considered for this part of the study. Thus, the same mesh size and geometry dimensions
adopted previously in the reference calibrated model have also been adopted to investigate
the effect of category B parameters on pile response. According to [39], the positions
of the model boundaries did not affect the analysis results of stresses and displacement
around the pile when a numerical model height of 40 m and width of 20 m was adopted.
Furthermore, the pile was represented by a very fine mesh with a mesh size of 0.216 m
(quadratic 8-node elements). Additionally, with the same mesh size, a fine soil mesh media
was established around and below the pile element. Gradually, soil mesh size was increased
to be 1.0 m at the boundary locations.

According to the calibration study [39], very good agreements were obtained between
field measurements of the Alzey bridge case study and the results of the numerical analyses,
even at the failure state, when an interface strength reduction factor (R) of 1.0 was adopted
in the analyses. Consequently, the same value of the reduction factor was utilized in the 29
parametric models.

4.3. Stages of Analysis

Similarly to the analytical procedure utilized in the numerical calibration study, the
analysis sequence followed in this parametric study consists of three stages of analysis. The
first stage represents the initial stresses of the soil due to the overburden effect. This stage
is essential to simulate the initial condition of the soil before installing the pile. The second
stage started by changing the pile volume to concrete material instead of soil material to
represent the pile installation phase. It is worth noting that a rigid interface element has
been used in the second stage to provide the required numerical stability at this stage, as
it is rigidly connecting the paired nodes of soil and pile to avoid singularity. In the third
stage, the rigid interface has been replaced with the frictional interface, and the uniform
load is applied to the pile head using incremental load steps (250 kN per load increment).
The applied load in each case is defined with a value greater than the estimated value of
ultimate pile capacity (using [42]) for each of the 30 pile cases to allow the numerical solver
to achieve the failure according to the adopted convergence criteria.

4.4. Load Transfer Mechanism and Failure Criteria

The maximum load where convergence can be achieved in the numerical analysis is
considered as the failure load. Failure is also indicated by the apparent large settlement
that is expected to be induced under the application of the ultimate load. The pile load
transfer mechanism is investigated by determining the pile stress in the vicinity of the
pile base and multiplying it by the cross-sectional area of each pile case to obtain the pile
bearing resistance at each load increment. Thus, pile friction resistance can be calculated
by deducting the obtained pile bearing load from the total applied load at each loading
increment. Then, the relations between pile load settlement, pile friction, and bearing
capacities at each loading increment can be plotted. In contrast, the formation sequence,
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shape, and size of the formed plastic bulb at the failure status are explored at the obtained
ultimate load of each pile model.

5. Analysis Results and Discussion
5.1. Large Diameter Bored Pile Load-Settlement Relationship

For pile geometrical parameters (category A), load-settlement results of the nine
numerical pile models with different diameters and equal length (9.50 m) are presented
in Figure 4a. Additionally, the results of the three numerical equal-diameter (1.30 m) pile
models with different lengths are shown in Figure 4b. Those results were compared with
the load–settlement relationship of the calibrated model (Figure 1) to assess the change in
pile load settlement performance due to variation in either pile diameter D or pile length L.

Figure 4a,b highlight the effect of pile diameter and length on the ultimate pile capacity
and the induced settlement at failure. Hence, the ultimate capacity increases with increases
in pile diameter and length. Consequently, the induced settlement at the failure state is
also increased. A significant increase in pile settlement is also observed at the last load
increment in the results of the 12 finite element models (category A), as the induced pile
settlement at the last load increment (failure load) ranged from about one and a half to
more than two times the obtained settlement value at the pre-last loading increment.

Similarly, Figure 4c–e highlights that ultimate pile capacity is increased, and conse-
quently, the induced settlement at failure is also increased with increases of the following
soil geotechnical parameters from category B: clay effective cohesion (c’), effective friction
angle (Ø’), and soil dilatancy angle (Ψ). Conversely, the induced pile settlement at failure is
decreased with increases in the lateral earth pressure coefficient (K0), despite the observed
increase in ultimate pile capacity, as shown in Figure 4f. This is attributed to the confine-
ment of the surrounding soil due to stress increases according to lateral earth pressure
coefficient increases. Conversely, the increase in soil Young’s modulus (E) also caused a
decrease in the induced pile settlement at failure, but without any observed change in
ultimate pile capacity, as shown in Figure 4g.

5.2. Pile Load Transfer Mechanism

Based on the methodology explained before in Section 4, the ultimate total, bearing,
and friction capacities are determined for each of the 29 numerical models performed
in this study. The effect of each factor, either from category A or B, on the ultimate pile
capacity is given in Figure 5a–g. Figure 5a–g highlights that the three ultimate capacities
(total, bearing, and friction) are increasing with increases in pile diameter (D), length
(L), effective clay cohesion (c’), effective friction angle (Ø’), and soil dilatancy angle (Ψ).
However, Figure 5e reveals that the lateral earth pressure coefficient significantly affects the
pile friction resistance; however, it has almost no effect on the ultimate bearing capacity. In
contrast, Figure 5f indicates that soil Young’s modulus has almost no effect on the ultimate
friction, bearing, and total capacities of the large diameter bored pile. However, it has a
major impact on the settlement of large diameter bored pile, especially at the failure state
(see Figure 4g).
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In the same line, percentages of load transferred by bearing and by friction are cal-
culated relative to total obtained ultimate capacity (QB/QT and QF/QT) for each of the
29 numerical models, and the variations of those percentages with each factor in both
categories are given in Figure 6a–f.
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Figure 6. Variation of (QB/QT) and (QF/QT) with different parameters. (a) Pile diameter (D). (b) Pile length (L). (c) Effective
cohesion (c’). (d) Effective friction angle (Ø’). (e) Lateral earth pressure coefficient (k0) (f) Dilatancy angle (Ψ).

It can be seen from Figure 6a that the percentage of load transferred by bearing
(QB/QT) increases from 10% to about 50%, with pile diameter increases from 0.40 m to
2.0 m. Conversely, the percentage of load transferred by friction decreased from about 90%
for a pile with a diameter of 0.40 m to 47.3% for a pile with a diameter of 2.0 m.

It was also observed that the applied load was predominantly transferred by friction
for the first nine cases (from 0.4 to 1.50 m in diameter). Especially in small diameter piles,
the percentage of the load transferred by friction ranged from 90% (0.40 m small diameter
pile) to 81% (0.60 m small diameter pile). An observed decrease in the percentage of the
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load transferred by friction was noted after the pile diameter increase from 0.5 m to 0.6 m,
as the Qf/QT decreased by about 10%.

For large-diameter piles (with diameters greater than 0.60 m), the load transferred
by friction linearly decreased from 79% (a pile diameter of 0.70 m) to 58% (at a pile
diameter of 1.50 m) with pile diameter increases. Thus, the total load friction and bearing
percentages became nearly equal (52.6%:47.3%) in the last case (pile with 2.0 m diameter).
These percentages indicate an apparent difference between the behavior of large and small
diameter bored piles.

Figure 6b demonstrates that the applied load was predominantly transferred by
friction (Qf) for the four cases with different lengths. The percentage of load transferred by
bearing decreases from about 40% to about 20% with pile length increases. Consequently,
the percentage Qf/QT is increased from about 60% (pile with length 9.50 m) to about 80%
in the last case with the pile of 26 m length.

In summary, the percentages presented in Figure 6a,b indicate that the rate of load
transferred by friction increases with increases in pile length. In contrast, this percentage
(load transferred by friction) decreases with increases in pile diameter.

The effects from the category B parameters of effective clay cohesion (c’), effective
friction angle (Ø’), lateral earth pressure coefficient (K), soil Young’s modulus (E), and soil
dilatancy angle (Ψ) on the percentage of load transferred by bearing or friction are given in
Figure 6c–f.

It can be seen from Figure 6c that the percentage of load transferred by bearing (48%)
nearly equals the percentage of load transferred by friction (52%) for a small value of soil
cohesion of 5 kN/m2. The percentage QF/QT increased from about 52% (5 kN/m2) to
near 63% for the case with an effective cohesion of 30 kN/m2. For the last three cases with
effective cohesion higher than 20 kN/m2, the ratio between the load transferred by bearing
and by friction of the total ultimate load tended to be constant (37% and 63%, respectively).
Those percentages indicate that effective soil cohesion has the same impact on both bearing
and friction pile resistances at the ultimate state.

Figure 6d demonstrates that the percentage of load transferred by friction decreases
from about 70% (Ø’ = 10◦) to about 53% in the fourth case with an effective friction angle
of 30◦. In addition, the percentage QB/QT (47%) nearly equals the percentage of load
transferred by friction (53%) in the last case with a friction angle of 30◦. An observed
increase is noticed in the percentage of load transferred by bearing with effective friction
angle increases, as it increases from about 30% at an effective friction angle of 10◦ to about
47% at an effective friction angle of 30◦. These percentages indicate that effective soil
friction angle has a significant effect on the percentage of the load transferred by bearing,
which is expected because of the related increase in soil bearing capacity with the increase
in effective friction angle. Of note, in these trial analyses, the same value for the lateral
earth pressure coefficient (K0) was adopted for all four of the cases with different effective
friction angles.

It can be seen from Figure 6e that the percentage of load transferred by friction
increased from about 52% at ko of 0.43 to about 62% in the third case with lateral earth
pressure coefficient of 0.8; also, the percentage of load transferred by bearing (48%) nearly
equals the percentage of load transferred by friction (52%) in the first case with ko of 0.43.
These percentages indicate that the soil lateral earth pressure coefficient has a significant
effect on the percentage of the load transferred by friction, which is attributed to the related
increase in soil shear strength with increases in k0. On the other hand, Figure 6f highlights
that the percentage of load transferred by friction and by bearing is almost unaffected by
the change in dilatancy angle value, as about 63% of the applied load is carried by friction,
and about 37% is transferred with bearing, in the four cases with different dilatancy angles.

In the next two sections, the results of the numerical models of this parametric study
will be used to assess the calculated ultimate capacity of the LDBP using two different
methods of both capacity-based and settlement-based design approaches. According to
the available data in a field study [38], the Meyerhof 1976 capacity-based method [42] and
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Egyptian code settlement-based design (ECP 202/4) [19] approaches were chosen for this
evaluation because other methods, such as AASHTO LRFD [28], require soil testing results
such as SPT or CPT test results that were not provided in the field study.

5.3. Average Ultimate Bearing Stress

Results of the numerical models are used to explore the effect of several geometrical
and geotechnical parameters on the bearing stress below the pile base at the failure state.
Pile diameter (D), length (L), clay effective cohesion (c’), and soil effective friction angle
(Ø’) are the selected parameters to represent the two categories (A and B) in this evaluation.
Numerical results are compared with estimated values of bearing stress using the chosen
settlement-based design method of [19], as given in Figure 7a–d.
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Figure 7. Influence in bearing stress with various parameters. (a) Pile diameter (D). (b) Pile length (L). (c) Effective cohesion
(c’). (d) Effective friction angle (Ø’).

As shown in Figure 7a the almost equal value of bearing stress (about 600 kN/m2)
can be seen for piles with small diameters of 0.40 m and 0.50 m. A significant increase
in bearing stress value was observed in the case of a pile with a diameter of 0.60 m, as
the bearing stress increases to about 800 kN/m2, which is about 33% greater than the
obtained bearing stress at 0.4 and 0.5 m pile diameters. Further, almost the same value of
bearing stress was obtained below the bases of piles with diameters of 0.6, 0.7, 0.8, and
1.0 m. Bearing stress increases again with pile diameter increases for piles with diameters
greater than 1.0 m, to achieve its maximum value of 1050 kN/m2 below the 2.0 m diameter
pile base.

It can be seen from Figure 7b that the bearing stress increases with increases in pile
length, which is expected at the drained condition because of the increase in vertical soil
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stress at the pile base level. The bearing stress increases from 920 kN/m2 below the base
of the pile with length 9.50 m, to nearly two times this value with a length of 26.0 m
(1985 kN/m2).

On the other hand, Figure 7c presents the obtained bearing stress values below the pile
bases of the six finite element models with different soil effective cohesion values (category
B). It can be seen from this Figure that the bearing stress increases with increases in soil
effective cohesion. The bearing stress increases from about 800 kN/m2 in the first case with
an effective cohesion of 5 kN/m2, to about three times that value (2113 kN/m2) for the case
with effective cohesion of 100 kN/m2. Similarly, Figure 7d shows an increase in bearing
stress due to the increase in soil effective friction angle.

Although the results of the numerical models showed that the ultimate bearing stress
is influenced by the pile diameter, pile length, soil effective cohesion, and soil effective
friction angle, the bearing stress estimated by the settlement-based method (ECP 202/4) is
independent of pile diameter, pile length, and soil effective cohesion. Most of the available
settlement-based methods depend on settlement-based criteria to estimate the ultimate
bearing resistance of the pile at a particular settlement value. Those methods generally
defined the nominal ultimate pile capacity (Qtu) using different percentages of the pile
head settlement to diameter ratio (s/d), such as 10%, according to ECP 202/4 [19].

5.4. Average Ultimate Unit Skin Friction

The effects of pile diameter (D), length (L), clay effective cohesion (c’), and soil effective
friction angle (Ø’) on the soil unit skin friction are investigated using the results of the
numerical models. The obtained numerical results are compared with the calculated values
of the interface shear strength (according to Mohr-Coulomb failure criteria (σh tan Øi + ci)),
to ensure that full mobilization has been achieved in each case.

As shown in Figure 8a–d, all numerical models reached the full friction mobilization.
With that in mind, numerical results of the soil unit skin friction are also utilized to assess
the ones determined using the chosen capacity-based method [42].
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As demonstrated in Figure 8a, the obtained results for the average unit skin friction of
the 10 pile cases with different diameters are almost equal. This indicates that the unit skin
friction is not affected by the pile diameter (D). In contrast, Figure 8b highlights that the
unit skin friction of the four pile cases with different lengths increases with increases in pile
length. This is attributed to the increase in vertical stress due to the increase in overburden
pressure at the pile base level. Additionally, Figure 8c,d highlights that the obtained average
unit skin friction results increase with the increase in effective soil cohesion and effective
friction angle.

On the other hand, the calculated soil skin friction values using the capacity-based
method [42] are close to the numerical results, except for the three cases with different
lengths (Figure 8b) and the last two cases with greater friction angles (Figure 8d). The
difference between the numerical results and those obtained using the Meyerhof formula
ranges from 10% to 21%. However, the Meyerhof method underestimated the unit skin
friction of all cases. Of note, the capacity-based method takes the effect of pile diameter
(D), length (L), clay effective cohesion (c’), and soil effective friction angle (Ø’) into account,
in contrast to the settlement-based methods that ignore the effect of several influencing
factors, as presented in Section 4.3.

5.5. Size of Plastic Bulb below Pile Base

Figure 9a–d presents the shape of the formed plastic bulbs obtained from numerical
analyses at the last load increment (failure load) for different pile model cases with various
geometrical and geotechnical parameters. Plastic points are generally formed when the
transferred stress achieves a value that almost equals the soil shear strength (according
to Mohr-Coulomb’s theory of rupture). Hence, the yielding occurs, and plastic strains
are induced. The zone at which the plastic points are concentrated under the pile base
is hereafter referred to as the plastic bulb. These plastic bulbs have been measured in
diameter and length to assess the effect of each parameter considered in this study on the
failure mechanism of large diameter bored piles.

Because the pile diameter is the main governing factor in this comparison, it was
essential to investigate the differences between large and small diameter piles in terms
of the size of the end bearing plastic bulb that formed under the pile base in the failure
state. Figure 9a presents the change in width and length in the formed plastic bulb with
pile diameter change. As shown, the plastic bulb is obviously increased in size and height
with increases in pile diameter. The diameter of the plastic bulb (Dp) under the base of
the first pile case with a diameter of 0.40 m is 2.14 m (~5D), and the greatest size of the
plastic bulb is at 7.08 m (3.54D) when pile diameter increases to 2.00 m. The length of the
plastic bulb below the pile bases (Lp) also increased with pile diameter increases, to about
5.14 m (~2.5D) below the 2.00 m diameter pile base. Of note, in the 10 cases with different
diameters, the length of the plastic bulb below the pile base is nearly two and a half times
the pile diameter.

In contrast, as shown in Figure 9b, plastic bulbs of almost identical diameter are
obtained in all cases of piles with equal diameters and different lengths. A minor increase
is observed with pile length increases. For the pile with a length of 9.50 m, the plastic
bulb diameter measured at 3.68 times pile diameter and slightly increased to 4.05 D for
the fourth case of the pile with a length of 26.0 m. Furthermore, the length of the plastic
bulb slightly increased below the pile base from three times pile diameter at the pile with a
length of 9.50 m to almost 3.10 of pile diameter at the pile with a length of 26.0 m.
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Figure 9c indicates that the size of the formed plastic bulb is affected by effective
soil cohesion. The formed plastic bulb increases in width and length as the soil effective
cohesion increases, i.e., the plastic blub radius (rp) is measured as 2.66 m (~4D) in the first
case (c’ = 10 kN/m2) and increases to 3.6 m (5.54D) for the last case (c’ = 100 kN/m2).
The height of the plastic bulb below the pile base ranges from 3.11 to 3.62 times the pile
diameter. Similarly, as presented in Figure 9d, the plastic bulb also increased in size and
length with soil effective friction angle increases.
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6. Observations of the Ultimate Capacity of the Large Diameter Bored Piles

Based on the results of the numerical models investigated within this parametric study,
it was noted that full friction mobilization occurs when the transferred shear stresses from
the shaft interface achieve a value that almost equals the soil shear strength (according to
Mohr-Coulomb theory of rupture). This may be described as the beginning of the failure
stage, as in this phase, the pile friction resistance tends to be constant or slightly decreases
(See Figure 1). The full friction mobilization was also indicated in the numerical models
by the formed plastic points that extended above the pile base along an interface length
of more than three times the pile diameter (3D). Additionally, in many cases, the plastic
points extended above the base to fully cover the whole length of the pile shaft interface.

After full mobilization, the pile friction resistance tends to be constant (inactive
constant friction situation). However, the pile is still able to sustain higher applied loads
safely through its bearing resistance. The applied load is predominantly transferred by
bearing within the failure stage. Consequently, the transferred high bearing stresses at the
pile base level resulted in a significant increase in both the size and length of the formed
plastic bulb below the pile base. Finally, the transferred bearing stress value will achieve
the value of the soil’s ultimate soil bearing capacity. In this situation, the pile will transition
from the inactive constant friction situation into the sliding friction situation, and apparent
failure will be observed through the large induced pile settlement at the end of this stage.
Hence, the applied load at which the failure is achieved could be described as the ultimate
load of the large diameter bored pile.

Results of the numerical model simulation indicate that the induced settlement at
the failure state (Sf) ranges from 1.5 to more than 2 times the obtained settlement (Sf-1) at
the pre-last load increment (90% of the ultimate load), as shown in the results summary
presented in Figure 10.
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Figure 10. The ratio between the induced settlement at the failure load (Sf) and the settlement (Sf-1)
under the load before the last load increment (0.9Qult).

To investigate the size and length of the end bearing plastic bulb at the failure stage,
the ratio (Dp/D) between the plastic bulb diameter (Dp) and pile diameter (D) is calculated
for (19) sample models with different pile proportions and soil properties as shown in
Figure 11. In addition, the ratios (Lp/D) between the length of plastic bulb below the base
level (Lp) to the pile diameter are obtained for the 19 models and shown in the same Figure.
Results of the numerical models indicate that the plastic bulb diameter (Dp) ranges from 3
to 6 times the pile diameter (D). Moreover, the plastic bulb length (Lp) ranges from 2 to
4 times the pile diameter (D). These percentages are used to diagnose the expected plastic
zone around the base of LDBP, as shown in Figure 12. Significant plastic deformations are
highly expected to be induced in this area, which may cause the arching phenomenon that
leads to the failure state and sudden excessive settlement of LDBP.
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Figure 11. Relation between pile diameter and length and diameter of the formed plastic bulb below
the pile base at the failure state.
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Figure 12. Schematic diagram showing the formed plastic bulb’s predicted size and the induced
settlement at the failure state of large diameter bored piles.

7. Application of the Study

Based on the results of the numerical parametric study performed, the failure of
LDBP can be diagnosed by the ratio between the induced settlement at the failure load
(Sf) and the settlement (Sf-1) at the pre-last load increment (90% of the ultimate load).
Moreover, it can be identified through the size and height of the plastic bulb formed around
and below the base of LDBP at the failure state, as explained in the previous section. In
addition, the achievement of full friction mobilization can be ensured using Mohr-Coulomb
failure criteria (σh tan Øi + ci). Thus, those three characteristics can be used to formulate a
supervised machine learning algorithm. With that in mind, the parametric study results
can extend the measurements of only one loaded to failure LDBP (Alzey case history) to
provide the supervised algorithm with a data set for 29 cases with various pile geometrical
and soil geotechnical parameters.

Figure 13 presents the decision tree that can be used to train the machine learning
algorithm using the field measurements of the loading test and the parametric study results.
The primary input in the tree will be the site investigation data needed to estimate the
soil parameters, in addition to the pile geometry and field measurements of the available
loading test. In the first layer of analysis, the algorithm should estimate both the ultimate
pile capacity and settlement behavior. Secondly (layer 2), the estimated results shall be
compared with the field measurements (layer 3) to assess the accuracy of the calculations.
If the accuracy of the results exceeds the 95% benchmark (layer 4), the algorithm can
open the data set of the parametric data set (Layer 5) and start performing the same
procedure (forward process). In case the accuracy is below the benchmark, the algorithm
shall re-analyze the data until hitting the benchmark (backward process).
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Consequently, the algorithm can be trained using the loading test measurements and
the supervised data set of the parametric models. Thus, the algorithm will be ready to start
the prediction process for different cases after achieving the targeted accuracy benchmark
for all cases provided in the data set.

8. Conclusions

In this study, 29 numerical models were established to investigate the effect of different
geometrical and geotechnical parameters on the response of large diameter bored piles in
clayey soils by comparing their results with the results of the calibrated model of the Alzey
Bridge case study. The following conclusions are drawn:

(1) The ultimate capacity of large diameter bored pile is increased with increases in each:
pile diameter (D), pile length (L), effective soil cohesion (c’), and soil effective friction
angle (Ø’). Consequently, the induced settlement at failure is also increased with the
increase in any of these parameters.

(2) The initial stress coefficient has a minor effect on the results up to the working loads.
However, the lateral earth pressure coefficient substantially affects both the ultimate
capacity and the induced settlement at the failure state. Although the ultimate capacity
increases with increases in the soil lateral earth pressure coefficient (k0), the settlement
of a large diameter bored pile at failure decreases with increases in the lateral earth
pressure coefficient.

(3) Soil Young’s modulus (E) does not affect the ultimate pile capacity. However, the
settlement of a large diameter bored pile at failure is decreased with increases in
this parameter.

(4) The average ultimate unit skin friction is not affected by pile diameter change. In
contrast, it increases with each increase in pile length, effective soil cohesion, soil
lateral earth pressure coefficient, or soil effective friction angle.
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(5) The calculated average soil skin friction values using the Meyerhof (1976) capacity-
based method are consistent with the numerical results of models with different
geometrical and geotechnical parameters. However, Meyerhof’s method underesti-
mated the soil unit skin friction, with differences ranging from 10% to 21%.

(6) The ultimate bearing stress below the large diameter pile base is affected by pile
diameter, pile length, soil effective cohesion, soil lateral earth pressure coefficient, and
soil effective friction angle increases. However, several settlement-based methods
proposed by different codes and design standards suggest constant bearing stress at a
particular settlement value (i.e., 5% D) irrespective of pile geometry and without any
discrimination for any class of the cohesive soils.

(7) The Meyerhof (1976) capacity-based method is generally a simple analytical proce-
dure, taking the effect of pile diameter (D), length (L), clay effective cohesion (c’),
soil lateral earth pressure coefficient (k0), and soil effective friction angle (Ø’) into
account, so that it can be applied in many complex situations, such as variation in the
sections along a pile shaft and an inhomogeneous layered soil system. Dissimilarly,
settlement-based methods ignore the effect of several influencing factors.

(8) In the failure phase, the pile load transferred by friction tends to be constant or slightly
decreased, and the applied load is predominantly transferred by bearing. Apparent
failure is often observed through the large induced pile settlement at the end of this
stage. The induced settlement at the failure state (Sf) is equal to or greater than
1.5 times the obtained settlement at 90% of the ultimate load.

(9) At the failure load, the formed plastic bulb vertically extends to distances of more
than 3 times the pile diameter (3D) above the pile base and 2 to 4 times (2–4D) the
pile diameter below the pile base. Additionally, the diameter of the formed plastic
bulb ranges from 3 to 6 times the pile diameter (3–6D) at failure state.

(10) Results of the 29 numerical models applied in this parametric study can be used to
develop a new theoretical method that predicts a more reliable value for the ultimate
capacity of a large diameter bored pile installed in overconsolidated stiff clay soil.
Moreover, the proposed decision tree can be typically utilized for several machine
learning-supervised algorithms for different types and classes of soil.
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