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Abstract: This work deals with the effect of targeted field investigation on the reliability of axially
loaded piles, aiming at an optimal serviceability and ultimate limit state design. This is done in
a Random Finite Element Method (RFEM) framework properly considering sampling in the analysis;
the RFEM method combines finite element analysis with the random field theory. In this respect,
the freely available program called RPILE1D has been modified by the authors as to consider sampling
of both soil and pile properties. In each RFEM realization, failure is considered to have occurred when
the calculated shaft resistance of pile considering spatially uniform properties (average of sampled
values from the soil and pile random fields) is greater than the respective “actual” one considering
spatially random properties for both soil and pile. The necessary numerical demonstration of the
proposed methodology is done by considering two sampling strategies: a) sampling from a single
point and b) sampling from a domain, both along the pile, whilst the various parameters governing
the statistical uncertainty of the problem are examined; 5383 different cases were considered in total.
As shown, a targeted field investigation may minimize or even eliminate the statistical error inserted
in the design. The error is quantified by the difference in the probability of failure comparing different
sampling scenarios. Another main finding is that the optimal horizontal sampling location occurs
where the pile is going to be constructed. In addition, it is shown that the benefit of a targeted field
investigation is much greater than the benefit gained using characteristic soil property values.

Keywords: field investigation; Random Finite Element Method; soil sampling; probabilistic analysis;
reliability analysis; pile design; characteristic value

1. Introduction

Soil media, even the seemingly homogenous ones, exhibit variability by nature; this is known as
inherent variability. Soil heterogeneity is an important component in designing geotechnical engineering
structures, where the proper soil parameter values need to be determined directly in the laboratory
based on undisturbed samples or indirectly based on in-situ tests (usually continuous probing tests
such as, the Cone Penetration Test (CPT) or the Standard Penetration Test (SPT)). Recent studies have
shown that that the reliability of geotechnical engineering structures is greatly affected by the location
and the number of sampling points [1–16]. This sampling-related uncertainty is commonly known as
statistical uncertainty.

Regarding field investigation for designing deep foundations, the current design codes
are limited to some general recommendations. For example, EN 1997-2:2007 [17] recommends
two to six investigation points per foundation with a minimum depth of investigation below the
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pile(s) tip za ≥ max
{
bg, 5 m, 3DF

}
. American Association of State Highway Transportation Officials

(AASHTO) [18], in turn, refers to Geotechnical Engineering Circular #5 - Evaluation of Soil and Rock
Properties [19]. The latter suggests one or two investigation points for substructure widths ≤30 m and
30 m, respectively, and za ≥ max{6 m, 2DF}.

The present paper deals with the effect of targeted field investigation on the reliability of axially
loaded piles. This is done through an extensive parametric analysis involving 5383 different cases
using the Random Finite Element Method (RFEM) [20], properly considering soil sampling in the
analysis. The RFEM method combines finite element analysis with the random field theory. The random
field analysis that follows deals only with the shaft resistance of piles for the obvious reason that
for the effective calculation of the tip resistance of a pile, soil property values referring to the very
limited area affected by the tip must be used. The sampling strategy from a single point is first
investigated, examining the effect of the spatial correlation length, the maximum allowable settlement,
the pile stiffness, the soil stiffness and strength, and the coefficient of variation (COV) of these
parameters. The sampling from a domain strategy is then investigated in an analogous manner.
The importance of the findings in practice are highlighted in Sections 4 and 5.

2. Brief Description of the Procedure Followed

The freely available RFEM program RPILE1D (http://www.engmath.dal.ca/rfem) has been extended
as to consider sampling of soil and pile property values. The original RPILE1D program is described
in detail in Fenton and Griffiths [21], so only a brief description is given here. In this respect, the pile is
divided into a series of elements with cross-sectional area, A, and modulus of elasticity, Ep. The axial
stiffness assigned to the i-th element is the geometric average of the product Sp = AEp over the
element domain. Also, the soil spring elements, which are attached to the nodes, are characterised
by the initial stiffness, Ss, and the ultimate strength, Us (bilinear relationship; see [20]). The initial
stiffness is a function of soil’s modulus of elasticity, Es, while the ultimate strength is given by the
following formula:

U(z) = p[acu(z) + Kσn(z) tanψ(z)] (1)

The ultimate strength is simulated as a single random process due to the uncertainty associated
with both empirical coefficients a and K [21]. In the same manner, the soil and pile stiffness (Ss and Sp,
respectively) are also simulated as random processes. Pile stiffness is considered a random field
in the present analysis because although a manmade material, according to experimental studies
(e.g., [22–24]), the COV of concrete stiffness is as high as 0.1 (a value of 0.3 has also been reported
in the literature, e.g., [25]). The COV of timber stiffness is typically in the order of 0.2 (e.g., [26]),
timber piles are mentioned here because driven timber piles for foundation purposes are considered in
the AASHTO LRFD Bridge Design Specifications [18].

Therefore, the RFEM model consists of pile elements joined by nodes, a sequence of spring
elements attached to the nodes (see Figure 1), and three independent 1-D random processes, described
as follows:

• Ss(z) and Us(z) are the spring stiffness and strength contributions from the soil per unit length
along the pile respectively, and

• Sp(z) is the stiffness of the pile.

The above one-dimensional random fields are assumed to be lognormally distributed [21]
having the same spatial correlation length (θ) and the same type of correlation function,
in this respect, Markovian.

Eventually, the analysis results in the calculation of the load beyond which the given maximum
settlement (δmax) becomes intolerable or the ultimate load that the pile can carry just prior to failure.
These two loads correspond to the serviceability and ultimate limit state, respectively (SLS and ULS).
The ULS state is defined by the sum of the ultimate strength (Us) over all the springs, whilst the
calculation of the SLS state is determined by imposing a displacement δmax at the top of the pile.

http://www.engmath.dal.ca/rfem
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In general, the finite element analysis involves the computation of the spring force which yields the
prescribed δmax.
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The RPILE1D program was modified as to:

1. have the function to virtually sample soil stiffness (Ss), soil strength (Us), and pile stiffness (Sp)

values from specific points or domains (it is noted that the soil consists of a single material,
i.e., there is no stratification; the same for the pile),

2. calculate the average of the sampled values (when the sampling points are greater than one),
3. calculate the resistance of the pile in both the SLS and ULS states, using the sampled value(s) and
4. calculate the failure probability of the pile in either the SLS or the ULS state.

In addition to the above modifications, the base spring has been modified to have the same
properties as the lateral ones, meaning that the pile does not rest on firm stratum. The actions referring
to the added features 1 to 3 are performed in each RFEM realization.

The validation of the modified program was done as follows. First a given pile was solved with
the original RPILE1D program using deterministic property values for all materials. Then, the same
pile was solved with the modified program using values sampled from various places along the pile
(since the problem is deterministic, all sampled values had the same value). The two programs gave
exactly the same results for both the SLS and the ULS states, indicating that the function of sampling
was embedded correctly into the original program.

The following definitions are given:

• the “optimal sampling strategy” refers to the number of sampling points and their location
resulting in an optimal design. In an “optimal design” the error due to a non-effective sampling
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strategy is the minimum possible (i.e., the statistical uncertainty is minimized). The error is
quantified comparing the probability of failure (p f ) obtained by different sampling scenarios.
The term “sampling” may refer to undisturbed specimens or to continuous probing test data
(e.g., CPT, SPT).

• In each RFEM realization, “failure” is considered to have occurred when the calculated shaft
resistance of the pile considering spatially uniform properties sampled from the soil and pile
random fields (average values) is greater than that considering spatially random properties for
both the soil and pile.

• The “probability of failure” is defined by the fraction of the realizations resulting in failure relative
to the total number of realizations.

3. Parametric Study for Determining the Optimal Sampling Strategy

In the parametric study that follows, the input data used in the example presented in Fenton and
Griffiths [21] are used herein as reference values (see Table 1). The reference pile length (L) here is
15 m. It is noted that when no values are mentioned in the text below, the reference values are used.

Table 1. Input data abstracted by Fenton and Griffiths [21], referred to as “reference data”.

δmax Pile Stiffness (Sp) Soil Stiffness (Ss) Soil Strength (Us)

µSp COV µSs COV µUs COV

25 mm 1000 kN 0.1 100 kN/m/m 0.2 10 kN/m 0.2

The influence of the following parameters on the failure probability of the pile has been investigated:
the sampling depth (dp) referring to a single sampling point or the sampling domain length (dd),
both measured from the surface (i.e., the uppermost point of the pile), the pile length (L), the spatial
correlation length (θ), the maximum allowable settlement (δmax) of the pile, as well as the pile
stiffness

(
Sp

)
, soil stiffness (Ss), and soil strength (Us). The number of realizations for each RFEM

model was set to 20,000 because this paper deals with small differences in p f values (this is further
discussed in Appendix A). The optimal sampling strategy, which could be a single point or a domain
along the pile, is indicated by the minimum failure probability in the p f vs. depth charts.

3.1. Sampling Soil and Pile Properties from a Single Point

3.1.1. Effect of Spatial Correlation Length and Pile Length

The following spatial correlation lengths and pile lengths were considered: θ =0.1, 0.2, 0.5, 1, 2,
5, 10, and 100 m and L = 10, 15, and 20 m, respectively. It is noted that the number of pile elements
considered was always 100 for effectively finding the optimal sampling location; for comparison
purposes, in their example, Fenton and Griffiths [21], considered 30 elements for a 10-meter-long pile.

The variation of p f with respect of the scaled sampling depth
(
dp/L

)
for the various θ and L values

is shown in Figure 2. In this paragraph, the pile and soil properties are sampled from the same
depth, although the authors admit that sampling from a specific depth of a pile is unrealistic for cast
in situ piles.

As shown in Figure 2, the minimum p f value was found near the top of the pile in the SLS state
(Figure 2a,c,e) and at the centre in the ULS state (Figure 2b,d,f). It is interesting that there is a worst-case
θ value (θ giving the maximum statistical error), which is different for the two failure states. In addition,
in the SLS state, the worst-case θ depends also on the location of the (single) sampling point. For the
ULS state, it is observed that for θ ≤ 1,p f is independent of the dp/L ratio (i.e., p f is constant along
the pile length). Moreover, in the SLS state, for the high θ values considered in the analysis, the p f vs.
dp/L curves present a characteristic minimum near the top. These behaviors are very interesting, and
they are further discussed below.
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Figure 2. p f vs. dp/L curves for various θ values and for three different pile lengths. Figures (a), (c),
and (e) refer to SLS state for L = 10, 15 and 20 m respectively and figures (b), (d), and (f) to the ULS
state also for L = 10, 15 and 20 m respectively.

The effect of pile length on p f is shown in Figure 3 for both the SLS and the ULS state. From Figure 3
it is inferred that as L increases, p f also increases (recall the definition of p f in Section 2). Moreover,
although for the ULS the minimum p f is always found at the mid-height of pile (Figure 3b), for the SLS,
the characteristic minimum in p f is shifted slightly to smaller dp/L ratios as L increases (Figure 3a).
Probably the increase in p f with pile length is because the pile is affected by a longer random field.
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The fact that this increase appears to be smaller and smaller as the pile length increases is attributed to
the fact that a long pile (as compared to θ) meets a repeating pattern for each property.
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From Figures 2 and 3 it is inferred that for the same pile and soil, the statistical error (expressed by
the p f ) may vary significantly when the analysis is based on a single sample taken from different
depths. The same is illustrated for both states in Figure 4, using as an index the relative percentage
difference (Rd) between the minimum and maximum p f value; as shown,Rd depends strongly on θ.
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Figure 4. Chart indicating the relative percentage difference Rd between the minimum and maximum
p f value for θ values ranging from 0.1 to 100 m and pile length L = 10, 15, and 20 m for (a) the SLS and
(b) the ULS.

3.1.2. Effect of δmax

The effect of the maximum allowable settlement (δmax) on the optimal sampling location is
examined in a similar way; apparently, this case is relevant only to the SLS state. Different δmax values
were considered, i.e., δmax = 0.025, 0.075, 0.100, 0.150, and 0.250 m. The results are presented in
Figure 5a. The analysis was carried out for all input value combinations shown above; however,
only the scaled correlation length θ/L = 2/3 case is illustrated here. In brief, it seems that the δmax

value plays a minor role in the location of the optimal sampling point. Moreover, the fact that the
optimal sampling point is near the top is because the pile stiffness considered is relatively small. The
authors add that stronger piles (i.e., Sp>>Ss) call for sampling from the mid-height of the pile.
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3.1.3. Effect of Pile Stiffness (Sp)

The effect of pile stiffness on the sampling strategy is illustrated in the p f vs. dp chart of Figure 5b
referring to the SLS state. Various Sp values ranging from 103 to 106 kN have been considered, whilst for
all p f – dp curves, the θ/L ratio was equal to 2/3. From the figure in question it is inferred that the
pile stiffness plays a significant role in the selection of the optimal sampling location in the SLS
state. More specifically, as Sp increases, the p f vs. dp relationship tends to be symmetrical as for the
mid-height of the pile; subsequently, the minimum p f tends also to be in the mid-height of the pile as
Sp increases. On the other hand, as Sp decreases, the minimum p f appears to be at shallower depths.
This is attributed to the fact that the axially loaded piles of low stiffness (or better, of low Sp/Ss ratio)
deform more near the top, while in very stiff piles, the strain is distributed more evenly along their
length. One should bear in mind that excessive deformation near the top may cause either the pile or
the soil to fail without influencing the underlain pile–soil system. Thus, the fact that the case of weak
piles results to very low p f values in the SLS state is only fictitious. In reality, piles have much greater
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stiffness than the surrounding soil, and thus, a failure of this kind is not possible. For the ULS state the
optimal sampling location always lies at the mid-height of pile, exhibiting, in general, behaviour such
as the respective one observed in Figure 2.

3.1.4. Effect of Soil Stiffness (Ss)

The effect of soil stiffness (Ss) on the optimal sampling location has also been examined. In this
respect, a number of p f vs. dp curves for the SLS state were drawn for various Ss values ranging
from 10 to 500 kN/m/m (Figure 5c). Generally, it can be said that the soil stiffness affects the sampling
location in a way similar to pile stiffness (see the previous paragraph), apparently because it is the
relative difference between Ss and Sp that controls the behavior of the soil–pile system and not their
absolute values.

3.1.5. Effect of Soil Strength (Us)

The parametric study on the effect of soil strength on the optimal sampling point for both SLS and
ULS states revealed that the Us value does not affect the sampling strategy; Us values ranging from 5 to
150 kN/m were examined. Although the findings indicate that the soil strength from the parametric
analysis point of view considering different mean Us values (while all other parameters were kept
constant) does not affect the optimal sampling location, this is not absolutely true. The effect of soil
strength on the sampling strategy should be better interpreted in relation to the effect of soil stiffness
(see Section 3.1.4), because as known, soils of high strength present high stiffness and vice versa.

3.1.6. Effect of COV of Pile Stiffness (Sp), Soil Stiffness (Ss), and Soil Strength (Us)

In this paragraph, the effect of COV of Sp, Ss, and Us on the optimal sampling location was
examined for different COV values, i.e., COV= 0.1, 0.2, 0.3, 0.4, and 0.5 with θ/L being equal to 2/3.
The results are presented in Figure 6. From the figure in question it is inferred that the statistical error is
largely affected by the coefficient of variation of the various parameters. However, there is no influence
on the location of the optimal sampling point.

3.2. Sampling Soil and Pile Properties from a Domain

In this sampling strategy, sampling domains are chosen as fractions of the total pile length,
L. All sampling domains are extended from the uppermost point of the pile to a certain depth;
thus, the maximum sampling domain is equal to the total length of the pile. An incremental domain
length of 0.1L was chosen in the analysis. The effect of pile stiffness

(
Sp

)
, soil stiffness (Ss), and soil

strength (Us) on p f of pile is examined separately below.

3.2.1. Effect of Pile Stiffness
(
Sp

)
The effect of pile stiffness on the sampling strategy for the SLS state is shown in the p f vs. ‘sampling

domain length’ (dd) charts of Figure 7a. Generally, from this figure it is inferred that for the usual case
where Sp>>Ss, the longer the sampling domain, the smaller the statistical error. Indeed, this error can
be reduced to zero by exploiting the probing test data (e.g., CPT or SPT) along the entire pile length.
The same conclusion stands for any θ value (e.g., see Figure 7b).

Regarding the ULS state, it was found that the optimal sampling domain length is independent
of the pile stiffness, since for any Sp value, the same p f – dd curves shown in Figure 7e are obtained.
By considering, however, the entire pile length, the statistical error is reduced to zero.

3.2.2. Effect of Soil Stiffness (Ss)

Generally, it stands what has been written for the case of Sp (Section 3.2.1). The effect of Ss on the
sampling strategy is shown in Figure 7c,d,f. Regarding the SLS state, from Figure 7c,d it is inferred
that for the usual case of Sp>>Ss, the longer the sampling domain, the smaller the statistical error.
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For small Sp/Ss ratios, that is, for relatively weak piles, the optimal sampling domain length is very
short, indicating a possible failure near the surface. Regarding the ULS state, it was found that the
optimal sampling domain length is independent of Ss; indeed, for any Ss value, the same p f – dd curves
shown in Figure 7f are obtained.

3.2.3. Effect of Soil Strength (Us)

The parametric study on the effect of soil strength on the optimal sampling domain length for
both SLS and ULS states revealed that the Us value does not affect the sampling strategy (see also
Section 3.1.5).

3.2.4. Effect of δmax

The effect of the maximum allowable settlement (δmax) on the optimal sampling domain is shown
in Figure 8; for the obvious reason, this case is relevant only to the SLS state. Different δmax values
were considered, i.e., δmax = 0.025, 0.075, 0.100, 0.150, and 0.250 m, while the curves in Figure 8 refer to
θ/L = 2/3. In brief, it seems that the δmax value plays a rather minor role in the location of the optimal
sampling point. Moreover, the fact that the optimal domain length ranges between L/5 and L/3 is
because the pile stiffness considered is relatively small. Stronger piles with Sp>>Ss call for dd values
equal to the entire pile length.
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Figure 7. pf vs. dd curves for different values of (a) pile stiffness (Sp) and θ=1.0 m, (b) spatial correlation
length (θ) and Sp = 106 kN, (c) soil stiffness (Ss) and θ = 1.0 m, (d) spatial correlation length (θ) and
Ss = 100 kN/m/m, (e) spatial correlation length (θ) (chart standing for any Sp value), and (f) spatial
correlation length (θ) (chart standing for any Ss value). Figures (a) to (d) refer to the SLS state, whilst
figures (e) and (f) to the ULS state.
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3.2.5. Effect of COV of Pile Stiffness
(
Sp

)
, Soil Stiffness (Ss), and Soil Strength (Us)

In this paragraph the effect of COV of Sp, Ss, and Us on the optimal sampling domain length was
examined for different COV values, i.e., COV = 0.1, 0.2, 0.3, 0.4, and 0.5 with θ/L being equal to 2/3.
The results are presented in Figure 9. From the figure in question it is inferred that the statistical error
is largely affected by the coefficient of variation of the various parameters. However, the influence on
the optimal sampling domain length is rather minor.
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Figure 9. p f vs. dd curves for different values of COV values of (a) Sp, (b) Ss, and (c) Us Figures (a) and
(b) refer to the SLS state, whilst figure (c) refers to the ULS state; θ/L = 2/3 in all figures.



Geosciences 2020, 10, 160 12 of 18

4. The Importance of Targeted Field Investigation in Practice

A random material field referring to a specific RFEM realization, such the two realizations
presented in Figure 10 (light areas correspond to lower friction angles and vice versa), convincingly
represents a real field. For the two examples presented here, the various values for the parameters
used are summarised in Table 2; both soil materials are assumed cohesionless, whilst the unit weight
of soil is considered constant throughout the soil mass.
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Figure 10. Graphical representation of the two example random fields of the friction angle of soil
(recall Table 2). (a) θ/L = 1/15 and (b) θ/L = 1/1.5. Light areas correspond to lower friction angles
and vice versa. The pile is located at x/L = 0.

Table 2. Summary of the values of parameters defining the two examples.

Example Random Field Distribution µφ′ COVφ′L θ/L Figure

#1 φ′ Log-normal 30◦ 0.2 15 1/15 10a
#2 φ′ Log-normal 30◦ 0.2 15 1/1.5 10b

As known, the shaft resistance of piles is given by the following equation:

Qs = (2πR) · L · (Kσ′ tan δ′) (2)

where, R and L are the radius and length of the pile, respectively, σ′ is the average effective overburden
pressure, K is the coefficient of earth pressure, and δ′ is the soil–pile friction angle. For bored, cast in-situ
piles, K = Ko= 1− sinφ′ [27] and δ′/φ′ = 0.98 [28]. Rearranging the terms in Equation (2), after making
the relevant substitutions:

Qs

(2πR) · L · σ′
=

(
1− sinφ

′)
tan

(
0.98φ

′)
= Λ (3)

Thus, for a given bored pile (expressed by the dimensions L and R) and deterministic unit weight
of soil, the shaft resistance of pile is directly analogous to the term shown on the right-hand side of
Equation (3). φ

′

is the mean of the values sampled (values derived from an empirical correlation with
CPT tip resistance data).

Using for reference φ
′

value, the value corresponding to the entire length of the pile at the location
where the pile is going to be constructed (x/L = 0), the relative difference Rd ( = Λ/Λref-1) versus x/L
charts of Figure 11 were drawn. These figures refer to the specific realizations given in Figure 10,
which have been randomly chosen.

From Figure 11 it is inferred that not only does the sampling domain length strongly affect the
statistical error but also the location (in plan-view) of sampling. Also, it is mentioned that the decrease
and increase of the Rd values in Figure 11b around x/L= −0.25 and 0.25, respectively, are due to the
existence of a weak (elements) and a strong area (light and dark elements, respectively) at these
locations (see Figure 10b).
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pile location) for (a) θ/L = 1/15 and (b) θ/L = 1/1.5. Charts drawn using mean friction angle values.

5. Designing with the Limit State Method

While North America [18,29–31] uses the mean of the measured values for each soil property,
Eurocode 7 [32] relies on “characteristic” values. For Eurocode 7, the characteristic value of a geotechnical
parameter is “a cautious estimate of . . . the mean of a range of values covering a large surface or
volume of the ground”; “if statistical methods are used, the characteristic values should be derived
such that the calculated probability of a worse value governing the occurrence of the limit state under
consideration is not greater than 5%.” In this respect, the following statistical equation is often used for
the calculation of the characteristic value [33,34]:

Xk = Xm −
ta;vs · Sd
√

n
(4)

The effectiveness of the “characteristic value” concept in designing an axially loaded pile is
illustrated in the two example charts of Figure 12 (same as Figure 11 but with characteristic values).
From Figure 12 it is clear that the benefit of a targeted field investigation is much greater as compared
to the benefit gained using characteristic values. Moreover, despite the conservatism which is inserted
in the analysis using the characteristic value concept, the characteristic values alone, as shown, cannot
guaranty a sufficiently conservative engineering study [3].
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angle values.
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6. Summary and Conclusions

This work deals with the practical problem of the effect of targeted field investigation on the
reliability of axially loaded piles, aiming at an optimal design. In this respect, the freely available
Random Finite Element Method (RFEM) program called RPILE1D has been modified by the authors as
to consider the sampling of both soil and pile properties. Two sampling strategies were considered,
namely, sampling from a single point and sampling from a domain, both along the pile, whilst the
various parameters governing the statistical uncertainty of the problem were examined.

The analysis showed that statistical uncertainty in designing axially loaded piles can be very
high and that statistical error is not necessarily reduced by increasing the number of sampling points
considered. Indeed, the opposite may happen. As shown, the statistical error can be minimized or
even eliminated by adopting the proper sampling strategy (defined by the number and location of
sampling points along the pile). Even the characteristic values of materials when designing in a limited
state analysis framework (e.g., Eurocode 7) cannot guaranty a sufficiently conservative engineering
study. Indeed, the benefit from a targeted field investigation is much greater.

Based on the results of the extensive parametric analysis carried out, the following conclusions
are drawn:

• When continuous probing test data are used and the pile stiffness is much greater than the stiffness
of the surrounding soil, the entire pile length is advised to be taken into account both in the SLS
and the ULS state, as shorter sampling domain lengths may result in high statistical error.

• Weak piles, such as timber piles, require much shorter domain lengths (measured from the top),
as longer sampling domains may increase the error.

• When the design is based on sampling points and not on continuous probing test data, the best
practice for minimizing the statistical error is sampling from the mid-height of the pile in both
SLS and ULS states.

• When the pile is relatively weak, the optimal sampling point for the SLS state lies near the top
of the pile. For the ULS state, the optimal sampling point lies at the mid-height of pile, for any
pile stiffness.

• The optimal sampling location in plan-view is the actual location of each pile; by sampling away
from this location, high statistical error may be introduced in the analysis.

Finally, it is important to be mentioned that the present research refers to a pile surrounded by
soil of the same material (layer). In the case of stratified media (currently under investigation by
the authors), the findings must be interpreted according to the needs of the project. Moreover, it is
assumed that the piles do not interact with adjacent piles. (i.e., “group efficiency” of pile [28] equal to
1). The authors believe that any loading transferred by the surrounding soil due to downdrag upgrades
the role of the lowermost parts of soil around the pile. Of course, this depends on the number of piles,
the space between the piles, and the type of soil (clay or sand). Also, in projects involving a great
number of piles, exploring each and every pile location is probably not a realistic practice. The present
analysis could be applied to the most unfavorable locations identified on geotechnical cross-sections.
For effectively drawing such cross-sections capturing the randomness of soil, the spacing between the
exploration points should be carefully determined. This depends on the spatial correlation length of
soil; roughly, the correlation length of soil in the vertical direction is 10 times smaller than the respective
correlation length in the horizontal direction [35–39]. In this respect, the authors [40] have recently
offered a comparative assessment of the effectiveness of eight methods-of-moments for estimating the
correlation length.
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Notation List:

A pile cross-sectional area

bg
smaller side of the rectangle circumscribing the group of piles forming the foundation at the level of
the pile base

COV coefficient of variation
D f pile base diameter
dd sampling domain length measured from the uppermost point of the pile
dp depth of the sampling point
Ep modulus of elasticity of the pile
Es soil’s modulus of elasticity
K earth pressure coefficient
K0 coefficient of earth pressure at rest
L pile length
n number of samples
p perimeter of the pile
p f probability of failure of the pile
p fmax maximum probability of failure of the pile
p fmin minimum probability of failure of the pile
Qs shaft resistance of the pile
R pile radius
Rd relative percentage difference
SLS serviceability limit state
Sp pile stiffness
Ss soil stiffness
Sd sample standard deviation
ta;vs Student’s t factor for a confidence level of α% in the case of vs degrees of freedom
ULS ultimate limit state
Us soil strength
x location where the pile is going to be constructed
Xk characteristic value
Xm sample mean
Za depth of investigation below the ground level
α empirical adhesion factor
acu(z) adhesion at depth z
δ′ soil–pile friction angle
δmax maximum allowable settlement of the pile
θ spatial correlation length; it refers to both soil and pile properties
µSp mean pile stiffness
µSs mean soil stiffness
µUs mean soil strength
σn(z) normal effective stress at depth z
σ′ average effective overburden pressure
φ′ drained friction angle
φ
′

mean of the sampled drained friction angle
ψ(z) interface friction angle at depth z

Appendix A. Stability of Numerical Results (Number of Realizations Considered in
the RFEM Models)

The parametric analysis carried out is, in essence, a comparison study between different scenarios
for determining the optimal sampling location or domain length for effectively designing axially loaded
piles. When dealing with small differences in p f , the need for statistically stable results is even greater.
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In this respect, 20,000 realizations were considered. As shown in the example curves of Figure A1,
this number of realizations is adequate.
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Figure A1. p f vs. number of realizations for different values of (a) pile stiffness (Sp), (b) soil stiffness
(Ss), (c) soil strength (Us) and spatial correlation length (θ) for (d) the SLS state and (e) the ULS state.
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