
Citation: Suzuki, N.; Nagai, K. Piling

Data-Driven Framework for

Optimized Pile Structures Based on

Minimizing the Expected Total Cost.

Appl. Sci. 2023, 13, 10216. https://

doi.org/10.3390/app131810216

Academic Editors: Mahmoud Bayat,

Won-Hee Kang and Junho Chun

Received: 7 July 2023

Revised: 6 September 2023

Accepted: 10 September 2023

Published: 11 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Piling Data-Driven Framework for Optimized Pile Structures
Based on Minimizing the Expected Total Cost
Naoki Suzuki 1,* and Kohei Nagai 2

1 Construction Solutions Development Department, GIKEN Ltd., Tokyo 108-0075, Japan
2 Institute of Industrial Science, The University of Tokyo, Tokyo 153-8505, Japan
* Correspondence: suzuki.n@giken.com

Abstract: The use of data in the construction industry is growing rapidly. However, projects that
do not have multiple stages, such as pile foundation and cantilever wall construction, are difficult
to reinforce based on the data of observation. It cannot be said that the design–build construction
process is optimized by piling data and active learning. In this paper, a new data-driven framework
is proposed so that it can be used even for construction under single-stage conditions. The proposed
method adopts a lower safety factor (SF) in the preliminary design than that in the conventional
methods, and checks the performance after the building using piling data. Countermeasures are
conducted to satisfy the target reliability, if necessary. Focusing on the expected total cost, the
parametric studies reveal that the proposed method can reduce the expected total cost under specific
conditions, such as lower countermeasure cost, higher failure cost, and higher relative costs of safety
measures. Furthermore, our method exhibits robustness, as even with low initial safety factors, the
expected total cost does not become excessively larger compared to the conventional methods. The
findings highlight the potential benefits of piling data for optimizing construction projects under
single-stage conditions.

Keywords: construction data; pile foundation; expected total cost; value of information; reliability-
based design

1. Introduction

Information and communication technology (ICT) are actively used in construction [1,2],
and the characterization of geotechnical data and the facilitation of site-specific data are
considered important [3]. In addition to enabling us to respond in real-time [4], the
measurement equipment on a construction machine also has the potential to improve the
reliability of the structures [5,6]. In the field of piling, the press-in piling method, which is
one of the pile penetration methods, can obtain contiguous piling data. This method can
not only potentially be used for safety confirmation, but also for the prediction of ground
information in real-time [7], as shown in Figure 1. However, while the piling data are
collected during piling, it is not yet being fully utilized.

As an active learning method for dealing with construction data, the observational
method (OM) was first introduced by Peck [8], and was later supported by many other
researchers [9–12], with its use being accepted by guidelines [13–15]. Because the Bayesian
model can deal with probabilistic problems, and OM and “Bayesian updating” are easy to
use together, these methods can account for uncertainties and update the posterior proba-
bility based on observations [16–20]. The OM has advantages in geotechnical structures,
which have a large degree of uncertainty compared to artificial materials such as concrete
and steel. However, it is said that there are several conditions for its implementation [21,22]:
(1) the structure must have considerable uncertainty; (2) the response time and cost for
monitoring must be appropriate; (3) the field condition must be observable with some
reliability; and (4) the building must consist of multiple stages and be reinforceable after the
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observations. Condition (1) has been met because geotechnical structures have some large
uncertainties [23]. Conditions (2) and (3) can be expected to be met due to improvements
in ICT. Thus, only the last condition remains unsolved for conducting the OM.
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In excavation/embankment, for example, where the OM is actively used, measure-
ments in the early stages of building are used to predict the displacement/settlement and
are also applied in the next step (e.g., the cuts and fill stages and the prediction of consol-
idation durations [9,25]). Conversely, few cases have been reported on pile foundations
or embedded cantilever retaining walls (i.e., single excavations), in which it is difficult to
use construction data [26]. In this paper, such a condition is referred to as “single stage.”
However, is condition (4) always necessary?

The following uses of construction data come to mind: (a) for updating the design for
the next step using the construction data (i.e., ordinary OM); (b-1) for assessing the perfor-
mance of the structure and completing the construction (i.e., construction confirmation);
(b-2) for designing cheaper structures in advance, anticipating that the performance of the
structure can be verified using the construction data; and (c) for reviewing the maintenance
or buying insurance based on the construction data [27]. As projects with rotary press-in
piling are often not so large (mainly 20–40 piles [28]), method (a) is not practical for pile
foundations to take time away from conducting load tests in order to design, order, and
prepare the piles. In method (b-1), the cutting of pre-fabricated piles when the pile stops at
a high level is expensive and time-consuming, and the pile length mainly depends on the
depth of the bearing layer; therefore, no significant changes can be expected. Method (c)
has been reported by [29]; however, to the best of our knowledge, it has not been realized.
Thus, it is difficult to apply these methods in both small and in single-stage projects, with
the exception of method (b-2).

In this paper, we focus on method (b-2) and propose a piling data-driven framework
that adopts a lower safety factor (SF) in the preliminary design than that in conventional
methods and reviews the reliability after building using the piling data. Countermeasures
(CMs) (i.e., emergency/contingency measures) are conducted to satisfy the target reliability,
if necessary.

Our proposed concept may be related to “agile” development, which is one of the
software development methods [30]. The agile process can be seen as a reaction to plan-
based or traditional methods, and it addresses the challenge of an unpredictable world
through continuous design improvement and testing based on rapid feedback and change,
aiming for total optimization [31]. The majority of the project of geotechnical construction
is clearly divided into steps: investigation, design, building, and maintenance (the waterfall
methodology). In the proposed method in this paper, risks are addressed at the building
stage to ensure the overall safety.

In this paper, we conduct a feasibility study of the proposed method based on the
expected total cost, although we understand that it is difficult to apply the proposed method
under the current building codes and regulations. Details of the proposed method are
described in Section 2 and the expected total cost is introduced to evaluate the value of
the piling data. In Section 3.1, the probability of the countermeasure (CM), as well as the
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failure, are calculated, and the expected total cost is formulated. In Section 3.2, introducing
the cost parameters normalized by the building cost, the excepted total costs are calculated
based on the concept of the minimum expected total cost. In Section 4, the effect of the
parameters related to costs and uncertainties in regard to the optimal cost is studied. The
applicability of the proposed method on pile foundations is discussed in comparison with
conventional methods. Finally, Section 5 highlights the advantages and limitations of the
proposed method in comparison with the similar concept of agile.

2. Proposed Method

The proposed method adopts a low SF in the preliminary design, and examines each
pile in a project based on the capacity estimation from the piling data. If insufficient,
countermeasures are taken. This approach is intended to review the quality of all piles
during construction and to reduce the overall construction costs.

2.1. Proposed Idea of Observational Construction

Figure 2 illustrates how the piling data update the probability distribution of the
capacity, comparing the proposed and conventional methods.
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To keep the probability of failure in the conventional method under the target value
based only on geotechnical surveys, a safety margin (i.e., safety factor) is set, for example,
3.0 (Figure 2b). Failure is defined here as the capacity being lower than the load. However,
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if a lower SF—for example, 2.4—is applied in the proposed method (Figure 2(a-1)), the
probability of failure is naturally larger than the target.

After piling, the capacity is re-estimated using the piling data, and the uncertainty
of the estimation is reduced (Figure 2(a-2)). The observation is compared with the trigger
criteria (i.e., alert or alarm), which were prepared in advance. When the observed value is
less than the trigger criteria, the countermeasure (CM) is implemented in order to ensure
the target reliability is obtained (Figure 2(a-3)). The uncertainty after the CM depends on
the type of CM. Where the capacity cannot be estimated after the CM, the uncertainty is
assumed to be as large as that in the conventional method. This efficiently keeps the final
probability of failure in check.

2.2. Flow of the Method

Figure 3 illustrates the flow of the proposed framework, as given below:

1. Design the preliminary structures based on the investigation.
2. Plan candidates of applicable countermeasures from the site conditions, considering

the approximate cost.
3. Decide if the proposed method is applied based on the expected total cost.
4. Plan constructions in detail.
5. Build while obtaining piling data.
6. Re-estimate the performance and update and review the reliability.
7. Take countermeasures if the observed value is less than the trigger criteria.
8. Complete the substructure construction if no piles remain.
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This ensures reliability despite a low SF.
In the conventional method, when it is difficult to estimate the capacity and the

uncertainty of the capacity is larger than usual, on-site tests (e.g., pile load tests) should be
conducted, after which the piles are re-designed. The case with load tests is excluded in
this paper, assuming that the number of piles is small enough.

2.3. Estimation of Pile Bearing Capacity

Many theoretical and statistical studies have been reported on the bearing capac-
ity of piles. The coefficients of variation (COVs) of cone penetration test (CPT)-based
and standard penetration test (SPT)-based estimations of bearing capacity have been re-
ported to be around 30% to 40% [32,33], although it may be larger for unfamiliar soils and
pile types.

In piling data based estimations, we estimate the bearing capacity based on the existing
formula, such as the dynamic formula for driven piles, empirical formula for vibratory
driven piles, and torque-correlation for helical piles (Table 1). Most piling data are measured
at the end of the pile installations, and each estimation method is explained in detail in
the reference listed in Table 1. Spatial variability is inevitable at the design stage based on
the point data obtained from the limited prior ground investigation. However, individual
piling data are the in-situ data from the exact same location as the pile foundation. The
data and the spatial distribution estimation based on them enable us to reduce or remove
spatial variation and to consider only estimation error [34,35]. The COV of the Case Pile
Wave Analysis Program (CAPWAP) was reported to be 19%, which included the setup
effect [36]. Although the dynamic formula method has less reliability than CAPWAP, there
is a strong demand for its use. The COV was reported to be 25% to 28% [37,38]. When the
ultimate bearing capacity was estimated by extrapolating the load–settlement curve, the
COVs are reported to be 15% when the settlement is 5% of the pile diameter [39].

Table 1. Typical methods for estimating bearing capacity and required piling data.

Method Measurements Required Types of Piles References

Dynamic Formula Hammer energy and blow counts Driven piles [40]
CAPWAP Stress wave measurements Driven piles [41]
Empirical Formula Consumed energy Vibratory driven piles [42]
Torque-Correlation Final installation torque Helical piles [43]

Thus, in this paper, the COV in the estimation based on the geotechnical survey
(conventional method), COVR;c, is assumed to be 0.35 or 0.50 as representative values,
whereas that based on the piling data (proposed method), COVR;p, is assumed to be smaller
than 0.25 in anticipation of future technological advances for simply discussing the role of
the piling data.

2.4. Type of Countermeasures

There are three types of countermeasures (CMs): extension, addition, and reinforce-
ment. For steel pipe pile foundations and embedded cantilever retaining walls, CMs are
extended through the pile length, the number of piles is increased, and the ground around
the piles is grouted or the soil in the pipe piles is replaced with concrete. CMs should be
selected based on site restrictions and the construction period, considering that extensions
are generally the cheapest and reinforcements are the most expensive.

3. Evaluation with Expected Total Costs

The expected total cost, ECtot, is expressed as the sum of the building cost, Cb, counter-
measure (CM) cost, Cc, and failure cost, Cf.

ECtot = Cb + PcCc + Pf C f (1)

where Pc is the probability of CM and Pf is the lifetime probability of failure.
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However, it is noted that the formula requires further refinement in reference [44], and
we assume that conventional structures have been designed to minimize the expected total
cost (Equation (2)).

Pf ;T = argmin
Pf

[
Cb + Pf C f

]
(2)

where subscript T stands for the target value.
The failure cost can be proportional to the building cost, depending on its impact on

the economic activity of the site, and the same can be said for the CM cost. Thereafter, for
simplicity, we will normalize the costs by the building cost using the parameters, kf and kc;
that is, Cf = kf Cb;T and Cc = kc Cb;T.

3.1. Probability Analysis

In this paper, the load, capacity, and estimates of capacity are treated as random
variables. By assuming that both the load and capacity follow a lognormal distribution, the
probability of failure can be solved analytically, making the calculations of the probability
much simpler than running Monte Carlo simulations. Model errors in the estimation
of the pile bearing capacity from the geotechnical investigation [45] and piling data [46]
were reported to follow log-normal distribution. Meanwhile, the model for the proba-
bility distribution of the load depends on the type of load: normal distribution for dead
load, lognormal for annual wind load, and Gumbel for wind load [47]. In this study, the
dead loads with small variations are basically targeted, although loads with large varia-
tions are examined in Section 4.4. The failure probability and reliability index, β, can be
calculated analytically [48]:

Pf = Φ(−β) (3)

β =
ln(m)√

ln
[(

1 + COV2
R

)(
1 + COV2

Q

)] (4)

where COV is the abbreviation for the coefficient of variation, subscripts R and Q represent
the capacity and load, respectively, m is the median of the ratio of the capacity to the load,
and Φ is the cumulative distribution function (CDF) of the standard normal distribution.
Note that the assumption of lognormal distribution may lead to an amplified error of
Pf, especially for scenarios with low failure probabilities, and the probability distribution
should be determined based on the project condition. The median, mx, and standard
deviation, sx, of the lognormal variables are converted from the mean, µx, and standard
deviation, σx, as follows:

mX = µX/exp
(

1
2

s2
X

)
(5)

sX =

√√√√ln

[
1 +

(
σX
µX

)2
]

(6)

where subscript X represents variables.

3.1.1. Decision to Implement Countermeasures

The decision to implement CMs is based on whether the reliability index after piling
exceeds that of the target.

Pc = Prob(βob < βT) (7)

where subscript ob stands for the value after the observation of the piling data.
All uncertainties (i.e., mean, variance, and probability distribution) are assumed to be

known based on detailed database building and analysis, including the estimated variability
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after obtaining the piling data. As βT is consistent with the value when designing based on
geotechnical investigations alone, Pc is calculated as follows:

Pc = Prob

 ln(mob)√
ln
[(

1+COV2
R;p

)
(1+COV2

Q)
] < ln(mT)√

ln[(1+COV2
R;c)(1+COV2

Q)]


Pc = Prob(mob < mT

a)

a =

√
ln
[(

1+COV2
R;p

)
(1+COV2

Q)
]

√
ln[(1+COV2

R;c)(1+COV2
Q)]

(8)

where we call this characteristic value, mT
a, the trigger, and subscripts p and c in the COVR

stand for the proposed and conventional methods, respectively.
A smaller COVR;p and larger COVR;c lead to higher triggers and fewer countermea-

sures. The observed values, mob, follow a lognormal distribution with the median mi and
coefficient of variation COVR;c, respectively.

Pc = F
(

x = ln(mT
a); mean = ln(mi), var = si

2
)

(9)

where F() is the normal CDF and subscript i stands for the initial.
Figure 4 shows the probability of the CM based on Equation (9) when COVR;c = 0.35,

COVQ = 0.10, and βT = 3.0, with reference to the findings [32,44,49], respectively. COVR;p = 0.35
requires 60% of the countermeasures even at SF = 3. This is because safety measures were
taken due to the misinformation from highly varied estimates. In the paper below, the
optimized SF ranges between 2 and 3, wherein it can be observed that the Pc decreases
rapidly from a COVR;p of 0.25 to 0.15.
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Figure 4. Example of probability of countermeasure (COVR;c = 0.35, COVQ = 0.10, βT = 3.0). COVR;c and
COVR;p are COV of the capacity estimation by the conventional and proposed methods, respectively.

3.1.2. Probability of Failure

The probability of failure, Pf, in the proposed method is expressed as the sum of the
conditional probability in the case with the CM and that without the CM. When the CM
was conducted, the conditional probability of failure was assumed to be Pf;T. When a higher
mob was observed and the CM was not conducted, the conditional probability of failure
was re-evaluated with the COVR;p.

Pf = Pf ;wi + Pf ;wo (10)

Pf ;wi =
∫ mT

a

0
fln

(
x = mob; ln(mi), si

2
)
· Pf ;Tdmob = PcPf ;T (11)
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Pf ;wo =
∫ ∞

mT a
fln

(
x = mob; ln(mi), si

2
)
· Φ(−βob)dmob (12)

where fln() is the lognormal probability density function (PDF), subscript wo stands for
without CM, and wi stands for with CM.

Figure 5 shows the Pf based on Equations (10)–(12), assuming that COVR;c = 0.35,
COVQ = 0.10, and βT = 3.0. When the initial SF is low, CMs are implemented in most
cases, and Pf approaches the target probability, Pf;T (≈10−3). When the initial SF is high, Pf
becomes inversely proportional to the initial SF, and is lower than Pf;T. Thus, the proposed
method always has a lower probability of failure than the target value.
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3.2. Cost Analysis

In this section, the expected total cost of the proposed method is calculated based on the
probability analysis discussed above and the concept of the minimum expected total cost.

3.2.1. Relationship between Building Cost and Initial SF

The building cost is assumed to be a function of the safety factor (SF) in this paper, al-
though some previous research on the minimum expected total cost portrayed the building
cost as a function of the reliability index [50,51].

A low SF naturally lowers the building cost; however, the ratio depends on the piling
method and has the following three types: the simplest type is that in which the building
cost is proportional to the SF [52]; the second type is where a low additional cost is required
to increase the SF, or where other costs constitute the majority of the costs, for example,
earth-retaining walls or foundations whose superstructures are large; the last type is where
a large additional cost is required to increase the SF, for example, where the weight of the
structure itself harms the function, or the structure has a bad scale effect. As for open-ended
steel pipe piles, the SF is unlikely to be increased by increasing the pile diameter (i.e., cost)
because the unit resistance decreases as the pile diameter increases, which is known as the
plugging effect [53].

Figure 6 shows examples of cost estimations for open-ended steel pipe pile founda-
tions [54] and steel pipe pile-retaining walls [55]. As the cost estimations conform to the
function with the constant power, kb, of the SF (Figure 6), this paper assumes that the
normalized Cb is modeled as follows:

Cb
Cb;T

∼=
(

µi
µT

)kb

(13)
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After substituting Equation (4) for β and differentiating both sides by μ, we obtain: 
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where f () is the normal probability density function. Substitute 0 for the left side of Equa-
tion (15), μT for μ, and βT for β. 
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As kb increases, the incentive to reduce the SF functions better (i.e., relative costs of
safety measures noted in [44]. In this paper, kb is assumed to range between 0.5 and 1.5.

3.2.2. Target Reliability Index Based on the Minimum Expected Total Cost

We assume that structures are constructed to minimize the expected total cost [50,56,57].
Although this assumption has sometimes been criticized because of the lack of accuracy
in the estimation of the probability of failure and cost, as well as the future change in the
demand for performance [58], it is one of the few ways of quantitatively evaluating the
safety margins, and is accepted in some guidelines [44,59].

The failure cost varies widely depending on the structure type, location, utility form,
evaluation of human life, etc. Kanda and Shah [60] presented losses normalized by the
building cost, considering the losses as damage to the structure, function loss, injuries, and
fatalities for various building occupation types; the reported normalized losses were 0.1
to 2000. A large kf is used when the structure is important, as in a nuclear power plant, or
when the restoration is difficult. However, a value between 0.5 and 2.0 was assumed as kf
for port and harbor structures [61], and a value of 10 for pile foundations [52].

Additionally, in the case of no CMs, the expected total cost, ECtot, can be calculated
from Equations (1), (3), and (13), as follows:

ECtot = Cb;T

(
µ

µT

)kb

+ Φ(−β)k f Cb;T (14)

After substituting Equation (4) for β and differentiating both sides by µ, we obtain:

1
Cb;T

dCtot
dµ

= kp
µkb−1

µT
kb

− k f f (β)
1

µ

√
ln
[(

1 + COV2
R

)(
1 + COV2

Q

)] (15)

where f () is the normal probability density function. Substitute 0 for the left side of
Equation (15), µT for µ, and βT for β.

f (βT) =
kb
k f

√
ln
[(

1 + COV2
R

)(
1 + COV2

Q

)]
(16)

Figure 7 shows the relationship between the normalized failure cost, kf, and β.
Equation (16) clearly shows that β is more strongly affected by kf than by kb. If
COVR = 0.35, COVQ = 0.10, kb = 1.0, and kf = 80, βT comes to around 3.0. As the range
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of βT = 0.0–4.3 [44] is roughly consistent with the range of kf indicated by [60], the above
assumption seems reasonable.
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3.2.3. Ratio of Countermeasure Cost to Building Cost

Although no reports on the countermeasure (CM) cost are available, it is easy to
imagine that the cost of reducing the SF and implementing the CMs for all piles is higher
than the cost of meeting the target safety.

Cb + Cc > Cb;T
Cc

Cb;T
> 1 − Cb

Cb;T

(17)

The CM cost varies widely, depending on the site conditions. By the author’s cost
estimation with reference to [62], it is about 1.5 times the building cost when the ground
with a width of 50 cm around the steel tubular pile is improved for the entire length of the
pile through chemical grouting. Conversely, a simple extension would be cheaper than the
piling cost itself. Hence, the parameter related to the CM cost, kc, is temporarily assumed
to be in the range of 0.5 to 2.0.

3.2.4. Expected Total Cost

The normalized expected total cost, ECtot, is the function of three vectors based on
Equations (1), (9)–(13), and (16):

ECtot
Cb;T

=
(

µi
µT

)kb
+
{

kc + k f Φ(−βT)
}

Fln(mT
a) + k f

∫ ∞
µT a fln(µob) · Φ(−βob)dµob

= f unc(I, K, V)
(18)

where I is the vector of input {µi}, K is the vector of parameters {kb, kc, kf}, and V is the
vector of variability {COVQ, COVR;c, COVR;p}. Figure 8 shows the relationship among the
parameters, which differs between the management options—that is, the proposed and
conventional cases.

The input I is the parameter the designer should select to minimize the expected total
cost. Although the optimal value of I is when the derivative of Equation (18) with respect
to I is zero, because of the difficulty of differentiation, it is obtained numerically in the
next section.

Vectors K and V are divided into three parts in the view of who can change them:
conditions of the project {kb, kf, and COVQ}; parameters of the technique {kc and COVR;p};
and parameters of the alternate method {COVR;c}. The conditions of the project depend
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on the type of project as well as the location, which cannot be changed by contractors
and designers. As for the parameters of the technique, makers of the piling techniques
may try to reduce the CM cost and increase the reliability of the estimation with the piling
data. The parameters of the alternate method will be improved due to new investigation
methods [63] or new formulae for estimating the capacity [64].
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4. Parametric Studies

This section compares the expected total costs of the proposed method and the con-
ventional method to investigate the applicability of the proposed method and to find the
economically optimized design.

Figure 9 describes how the normalized expected costs change with the initial safety
factor (SF). In the conventional method, the expected total cost, ECtot, is a downward convex
function of the SF and has a minimal value [50]. It is mostly consistent with the building
cost with a high SF, while the expected failure cost accounts for most of the expected total
cost with a low SF. In this case, the optimized SF becomes 3.0.

In the proposed method, ECtot is also a downward convex function of the SF and has
a minimal value, as in the conventional method. ECtot is minimized at a SF of about 2.4,
which is lower than 3.0 in the conventional case, and even when the initial SF is lower, the
expected total cost does not significantly increase, indicating that the proposed method is
robust. This is because the countermeasure (CM) cost is significantly lower than the failure
cost. Note that when the CM cost is too low, the reduction in the building cost exceeds
the increment in the cost of the CMs, and the minimal value does not appear, as noted in
Section 3.2.3. This is not realistic, and will be excluded from further consideration.
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4.1. Influence of the Parameter Related to Project Condition on the Applicability

First, check the parameters related to the project condition: kb is related to the building
cost and kf to the failure cost. Figure 10 compares the ECtot of both the proposed and
conventional methods.
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In the conventional method, the optimal SF and the optimal ECtot increase with an
increase in kf. Additionally, as kb becomes higher, the optimal SF becomes smaller because
the incentive to decrease Cb becomes more significant.

In the case of the proposed method, the optimized ECtot seems to change only slightly.
This is because ECf is a small part of the ECtot (Figure 9). The optimized ECtot of the
proposed method becomes less than that of the conventional method when kb and kf are
high; in other words, structures that are easily costly require a high performance and
high reliability.

4.2. Influence of the Technique Parameter on the Applicability of the Proposed Method

In this paragraph, we analyze the effect of the parameter related to the techniques
proposed—that is, kc and COVR;p—on its applicability. Figure 11 shows heatmaps that
present the optimized initial SF and ECtot of the proposed method. The heatmaps of the
conventional method are drawn in white, which we hereafter call the boundary line, as
they are independent of the parameters, kc and COVR;p, and become constant. Note that
“optimized” is defined as the point of the minimal cost in each method, as shown in
Figure 9.
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Figure 11. Relationship between the parameters of the proposed method (COVR;p and kc) and SF and
ECtot when kb = 1.0 and kf = 80. The median color of the heatmaps represents the optimum value for
the conventional method.

A smaller COVR;p and kc obviously result in both lower optimal SF and ECtot. The
boundary line of the ECtot deviates more to the left than that of the SF because the same
initial SF results in the additional countermeasure (CM) cost. Even if kc is greater than
1, meaning that the cost of the CM is greater than the target building cost, the proposed
method can still be adopted when COVR;p is lower than 0.2. This may seem unnatural at
first, but it is because the implementation of CMs is judged based on observations, and as a
result, the total cost can be small.

Figure 12 shows the probability of CMs when ECtot is optimized. A higher counter-
measure cost (kc) and lower variation in estimation (COVR;p) reduce the countermeasures
(lower Pc) and raise the optimized initial SF to avoid additional costs.

The gray area on the lower right of Figures 11 and 12 was excluded because it did not
have a minimal value of ECtot (see Figure 9). This is because the expected total cost in the
gray area is not a downward convex function and the expected total cost decreases when
the SF is too low. To prevent this, the cost of the countermeasure could be a function of the
observed value itself, rather than a constant. However, it is difficult to calculate a realistic
cost ratio for the preparation and planning of countermeasures, and more specific works
need to be considered. We believe that kc = 0.7 is not too large and is realistic enough to
consider. Therefore, the gray area is left for future research.
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4.3. Influence of βT on the Applicability of the Proposed Method

Figure 13 shows the boundary lines, which indicate the case when the conventional
and proposed methods have the same expected cost, considering the parameters βT and
kb. The lower left area of each boundary line indicates the applicable area of the proposed
method. Note that kf differs in each case because it is the function of βT and kb, as shown in
Equation (16). The target reliability index, βT, 1.5, 3.0, and 4.0 imply serviceability limit
state (SLS), lower level of ultimate limit state (ULS), and higher level of ULS, respectively,
with reference to [44].
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As kb increases, the boundary line moves to the upper right and the applicability
widens, which is explained in Figure 10.

The slope of the boundary line changes with βT. When βT is greater than 1.5, the line
seems vertical, and the applicability of the proposed method is primarily associated with
COVR;p. Conversely, when βT is as small as 1.5, both kc and COVR;p are important. In other
words, both the CM costs and the uncertainty of the estimation using piling data need to
be reduced. Moreover, even if COVR;p is extremely low, kc must be less than a certain value
(Figure 13a).

4.4. Influence of COVQ and COVR;c on the Applicability

For the remaining parameters, a lower COVQ and higher COVR;c naturally expand
the applicability of the proposed method.

Loads generally consist of dead loads, impact loads, and seismic loads, and the vari-
ability depends on their proportions. Variable loads are typically modeled with the extreme
distribution. This has a heavier tail than the lognormal distribution, which would underes-
timate the probability of failure, especially at a high target reliability index. However, a
lognormal distribution was also used for the higher COVQ case to focus on the differences
in the amount of variation in this paper.



Appl. Sci. 2023, 13, 10216 15 of 21

Figure 14 illustrates the boundary lines when the COVQ increases to 20%. The bound-
ary lines move to the lower left compared to Figure 13. This is because the value of updating
the capacity with the piling data would decrease, and consequently, the applicability of the
proposed method would also decrease. Note that a distribution with a heavier tail would
further limit the applicability of the proposed method.
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Although the COVR;c was assumed to be 0.35 for soils whose characteristics are well
known, it should be larger for unfamiliar rocks with high spatial variability. Figure 15
illustrates the boundary lines if the COVR;c increases to 50% with reference to [65]. The
boundary lines move to the upper right, contrary to those in Figure 14, and the applicability
of the proposed method increases significantly. When βT is 4.0, the visible area in Figure 15c
can be mostly applied to the proposed method.
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Hence, the proposed method seems less effective in cases in which seismic loads are
dominant in determining the structural parameters or in cases in which the reliability of the
design using the conventional method improves. Conversely, the scope of the application
of the method increases when dead loads are dominant or when the information about the
ground and piling methods is insufficient.

5. Discussions
5.1. Advantages of the Method Proposed

Based on the above-mentioned parametric studies, the proposed method is more
cost-beneficial than the conventional method in the cases listed below. The parameters are
categorized in Figure 7 and the conditions referred to in the Introduction were also noted
for reference.
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(A) Parameters of the technique

• Low cost of countermeasure (kc), which was the same as Condition (2)
• Low uncertainty of estimation of the proposed method (COVR;p), which was the

same as Condition (3)

(B) Parameters of the conventional method

• High uncertainty of estimation of the conventional method (COVR;c), which was
the same as Condition (1)

(C) Conditions of the project

• High failure cost (kf)
• Where the structure requires high reliability (βT)
• When the building cost tends to increase with an increase in the SF (kb)
• Low uncertainty of loads (COVQ)
• Small scale of the projects

The conditions required for the OM listed in the Introduction are all included in (A)
and (B). Makers of piling techniques can develop and improve the piling technique through
flexible responses to differences between the design and observed results, the develop-
ment of efficient countermeasure methods, and the development and improvement of the
estimation methods. Which of these should be prioritized depends on the performance
requirements, as stated previously.

The remaining condition is (C), under which, at first glance, it may seem unusual
to decrease the initial SF where the failure cost is large and the structure requires high
reliability. However, this is understandable when considering that the conventional method
requires a larger SF, whereas the proposed method does not.

A larger reliability index is better for the proposed method. Initially, it appears that
the ULS should be dominant in determining the design parameters. However, this assumes
that the COVR;p and COVR;c remain the same, which they generally do not. The estimated
variation in deformation is higher than that of the ultimate capacity. Furthermore, the
measured deformation during piling could be the initial elastic deformation. Therefore, the
COVR;c is expected to be higher and the COVR;p and kf lower for SLS than for ULS. Hence,
it cannot be determined in this paper whether piling data are more important for the ULS
or SLS.

As variations in the loads cannot be handled during construction, it is naturally
appropriate that they are smaller; that is, the dead load should be dominant instead of the
live load.

If the project size and number of piles are large, there will be more time to conduct
preliminary geotechnical investigations and loading tests. In such cases, the estimated
variation COVR;c will be smaller and the likelihood of adopting the proposed method will
be lower. The relationship between the number of piles and the cost of conducting loading
tests was nomogrammed by [66], showing that around 50 piles would be the threshold to
determine whether load tests should be undertaken for the project.

Assuming that kc is 1.0 at most by simply adding new piles, kb is greater than 1.0 and
βT is more than 3.0, the proposed method seems highly applicable (Figure 13). To make the
proposed method more applicable for the ULS, reducing the COVR;p takes priority over
reducing the kc.

5.2. Limitations of the Method Proposed

The proposed method has certain limitations, some of which are common to the agile
method described in the Introduction, while others are due to the differences between
software development and construction projects.

Similar to agile development [31], the proposed method faces the following chal-
lenges: (1) difficulty in predicting the construction period in advance; (2) dependence on
experienced teams with knowledge of both design and construction; (3) suitability for
small teams; (4) lack of comprehensive documentation that prevents accountability, as the
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proposed method may not provide clear estimation in advance. Many of these also apply
to the ordinary observational method, the limitations and critiques of which have been
discussed by [22,67,68]. Other limitations also exist, including difficulty in preventing data
falsification and deciding the responsibility for the risks.

As for what is unique about hardware development, the cost of production is higher.
It takes a lot of time to erase something once it is created, and it is difficult to ensure that the
completed structure adequately meets the requirements. This tendency is more pronounced
in single-item production at the site, where extra work such as countermeasures tends to be
avoided. On the other hand, if the construction and data are divisible and can be updated
for each part, as in the proposed method, the CM cost is not so high and is not critical.

5.3. Comparison with Other Alternatives for Maintaining the Reliability of Geotechnical Structures

To ensure a certain level of reliability for geotechnical structures, there are options at
each of the following stages: investigation, building, inspection, and management. If the
project size is large, it should be thoroughly investigated before the building stage. If the
speed of the project is important, the minimum amount of investigation is required, and the
construction data will ensure the reliability of the structure. If complicated management is
not desired, the construction can be carried out with a high SF, or if it is easy to modify the
structure after inspection and maintenance, that is also an option.

As embedded geotechnical structures are difficult to inspect and repair after build-
ing, detailed geotechnical investigations are usually required in advance. The proposed
method increases the flexibility of project management. It will be effective when detailed
geotechnical investigations are difficult due to the surrounding site conditions, or when
the project duration needs to be shortened. The method increases the value of the piling
data, and the observation and use of data during building increase due to improvements
in the measuring instruments and data sharing methods. Finally, further discussions on
management methods such as those described in this paper are required.

6. Conclusions

In this paper, a piling data-driven framework is proposed for single-stage building
such as excavation for cantilever retaining walls and pile foundations. The proposed
method applies a low safety factor in the preliminary design and reviews the reliability
based on the piling data. Countermeasures are taken if the reliability index is greater than
the target.

To analyze the applicability of the proposed method, the expected total cost was
compared with the conventional method, and the following conclusion can be drawn under
some assumptions:

• The expected total cost is a function of three vectors: ones for cost parameters, ones
for uncertainties, and inputs such as the initial safety factor.

• The expected total cost of the proposed method is a downward convex function of
the safety factor and has a minimum value similar to that of the conventional method.
The proposed method is a robust design, as the expected total cost does not become
extremely large compared to the conventional methods, even when the initial SF
is low.

• The proposed method can reduce the expected total cost on the following conditions:
low cost of countermeasure (kc); low uncertainty of estimation of the proposed method
(COVR;p); high uncertainty of estimation of the conventional method (COVR;c); high
failure cost (kf); when building costs tend to increase for the increasing safety factor
(kb); where the structure requires high reliability (βT); low uncertainty of loads (COVQ),
such as when the dead load is dominant; and the small scale of the projects.

• Makers of piling techniques can reduce two parameters to expand the applicability
of the proposed method: the cost of the countermeasure and the uncertainty of the
re-estimation. Reducing the uncertainty in estimating the bearing capacity using
piling data (COVR;p) has priority over reducing the countermeasure cost (kc) for the
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ultimate limit state. Conversely, when high reliability is not required, it is important to
reduce both.

• The limitations of the proposed method include challenges similar to agile devel-
opment, such as the difficulty in predicting construction timelines and the need for
experienced teams. Comparatively, the method increases project management flexibil-
ity and the value of the piling data, but requires further discussions of the management
methods and adequate cases depending on the project size and requirements under
the current regulations.

Author Contributions: Conceptualization, N.S.; methodology, N.S. and K.N.; formal analysis, N.S.;
investigation, N.S.; writing—original draft preparation, N.S.; writing—review and editing, K.N.;
visualization, N.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Cb building cost
Cb;T Cb to obtain more than target probability of failure by conventional method
Cc cost of countermeasure
Cf cost of failure
ECtot expected total cost
fln lognormal probability function
Fln cumulative lognormal probability function
kc parameter of countermeasure cost
kf parameter of failure cost
kb parameter of piling cost
m median
Pc probability that countermeasures will be required
Pf lifetime probability of failure
Pf;T target probability of failure
Pf;wi conditional probability of failure with countermeasure
Pf;wo conditional probability of failure without countermeasure
s standard deviation of lognormal variable
a parameter to indicate trigger criteria
β reliability index
βi initial reliability index at design stage
βT target reliability index
βob reliability index after evaluation with observational data
µ average
σ2 variance
COV coefficient of variation
COVR;c COV of the capacity estimation by conventional method
COVR;p COV of the capacity estimation by proposed method
COVQ COV of the load
SF safety factor
OM observational method
CM countermeasure
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