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Abstract: Laterally loaded piles, which are commonly used in sandy stratum foundations, are particularly susceptible to necking
defects during cast-in-place installation due to borehole collapse risks. These construction-induced geometric imperfections
substantially compromise pile safety under lateral loading conditions. To address this critical design challenge, we develop a
reliability-based multi-objective optimization framework that simultaneously accounts for structural safety, construction economy,
and design robustness. The proposed methodology integrates the p-y curve (where p is the soil pressure per unit length, and y is
the lateral deflection of the pile) analysis with stochastic modeling, enabling efficient evaluation of pile performance considering
uncertainties in soil parameters and depth and size variations of necking defects. A systematic design framework is implemented
and validated through experimental case studies, successfully generating optimal designs along the Pareto front. The identified
knee-point configurations serve as practical compromise solutions for engineering decisions. Parametric investigations further
elucidate the influence of necking defect depth and sand friction angle variations on optimal design outcomes, offering insights
into risk mitigation for pile construction.
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1 Introduction

Laterally loaded piles are common elements of
foundations in sandy strata (Sun et al., 2023; Zhou et al.,
2024). In the course of cast-in-place pile installation,
borehole wall instability during drilling frequently in-
duces localized collapse, creating necking defects. These
defects reduce the lateral load capacity by decreasing the
cross-sectional area, making it vital for infrastructure
safety to accurately predict their spatial distribution and
severity. However, variations in the mechanical prop-
erties of sand create significant uncertainties in defect
characteristics, making the accurate pre-construction
prediction of defects difficult. Current practice involves
post-installation defect identification and subsequent
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impact quantification, a process that delays projects and
increases costs. This highlights the need for design-
phase mitigation strategies that can control deforma-
tions and enhance the safety of cast-in-place piles.

The influence of necking defects on foundation
pile responses has been investigated by various re-
searchers. For instance, Xu and Poulos (2000) studied
the impact of necking defects on pile stiffness, em-
ploying both experimental and theoretical analyses of
model piles. Poulos (2005) investigated the relation-
ship between defect severity and stiffness reduction
using load-settlement curves. The results indicated that
the stiffness reduction is more pronounced when the
defect is located at or near the surface, rather than at
depth. Li et al. (2018) investigated the response of lat-
erally loaded piles in different soils based on the con-
structed p-y curve (where p is the soil pressure per
unit length, and y is the lateral deflection of the pile).
The applicability of the p-y curve to laterally loaded
piles has been validated using data from both a 1g
(g is the acceleration due to gravity) model experiment
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and a field experiment. Xu and Guo (2021) conducted
experiments to ascertain the influence of necking de-
fects on the bearing capacity of vertically loaded piles.
Their findings indicated that the pile’s bearing capacity
declined more markedly when the necking defect was
situated closer to the pile’s upper extremity, and when
the necking defect was situated in the same location,
the bearing capacity of the pile decreased even more
significantly as the diameter of the necking defect was
reduced. Furthermore, researchers have investigated
the impact of necking defects on the performance of
laterally loaded piles. Fattah et al. (2010) employed
the finite element method to examine the behavior of
laterally loaded piles in sand. Their results demonstrated
that the deflection of the pile diminished with an in-
crease in the depth of the necking defect (relative to
the ground surface). Hariswaran and Premalatha (2021)
discovered that necking defects reduced the ultimate
bearing capacity of laterally loaded piles in a 1g model
experiment, particularly when the necking defect was
situated near the ground surface.

To assess the impact of necking defects on the
performance of pile foundations, it is essential to iden-
tify such defects in practical settings. With this in mind,
Lee et al. (2018) employed electromagnetic waves to
identify necking defects in bored piles. While this
method can enhance detection efficacy, the negative
impacts of necking defects must ultimately be addressed
through replacement or repair of the affected pile.
This approach will result in increased costs of labor,
materials, and time. Therefore, if necking defects can
be reduced or prevented during the design phase, these
aforementioned costs could be decreased. However,
the inherent uncertainties in soil parameters present a
significant challenge in pile design (Yu et al., 2024).
To address these challenges, the reliability-based design
(RBD) method is frequently employed. As demonstrated
by Stuedlein et al. (2012), the RBD represents an effec-
tive methodology for addressing the uncertainties asso-
ciated with soil parameters in pile foundation design. Li
et al. (2015) leveraged reliability theory in conjunction
with test data collected from Shanghai, China, and ac-
cordingly modified the local design code for pile foun-
dations. Moreover, Schmoor and Achmus (2020) evalu-
ated sand pile performance using optimized design
parameters through the RBD method. However, in
these studies, only the uncertainties in soil parameters
were considered. Because necking defects can impact
the design parameters of a pile (e.g., diameter), it is

essential to comprehensively consider the uncertainties
associated with both soil and design parameters.

As mentioned earlier, the robust geotechnical
design (RGD), as proposed by Juang and Wang (2013),
may be an effective method for designing piles prone
to necking defects. In the RGD framework, the input
parameters are classified into two categories: design
parameters and noise factors. The objective of RGD
is to ensure the robustness of a geotechnical system
(e.g., the deformation of a laterally loaded pile) to fluc-
tuations in noise factors (e.g., uncertain soil parameters)
while maintaining compliance with safety standards by
optimizing the design parameters. Peng et al. (2017)
employed Monte Carlo simulation (MCS) to enhance
the practical applicability of the RGD method. The
application of MCS to rock slope design demonstrated
that RGD based on MCS is more intuitive and efficient.
Furthermore, the effectiveness of the RGD method in
stabilizing pile design has been demonstrated by Wang
et al. (2020) and Yu et al. (2020), and its suitability
for braced excavations by Khoshnevisan et al. (2017).
These studies illustrate RGD’s capacity to address
uncertainties in both soil and design parameters. Never-
theless, further investigation is required to determine
the optimal design of laterally loaded piles using the
RGD framework, particularly with regard to potential
necking defects. Additionally, the effectiveness of such
an approach must be substantiated through practical
engineering applications or rigorous testing.

The rest of this study is organized as follows: In
Section 2, a methodology for assessing the responses
in a laterally loaded pile with necking defects is pre-
sented. Section 3 describes a robust design framework
for a laterally loaded pile that considers the inherent
uncertainties in both soil parameters and necking
defects. In Section 4, the proposed method is vali-
dated by experimental data. Subsequently, the proposed
framework is applied towards the optimal design of a
laterally loaded pile with necking defects. The factors
affecting the optimal design are discussed in Section 5,
and conclusions are given in Section 6.

2 Method for evaluating responses of a
laterally loaded pile with necking defects

2.1 Spreadsheet method

Fig. 1 illustrates a conceptual model of a laterally
loaded pile exhibiting a necking defect. In this context,
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Fig. 1 Schematic of the necking defect of a laterally loaded
pile
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the symbols L and D represent the length and diameter
of the pile, respectively. The necking defect is situated
at a depth of L, below the pile top. The dimensions of
the necking defect are defined by its length / and dia-
meter D, (where D <D). The laterally loaded pile is
decomposed into a series of beam elements, and the
responses of these elements, including deflection and
internal forces, are solved for using the spreadsheet
method (Low et al., 2001). Fig. 2 shows a typical
spreadsheet for a laterally loaded pile with a necking
defect. It includes formulations for calculating bending
moment, shear force, and deflection, which will next
be introduced in detail.

The coordinates of each node of the beam ele-
ments are presented in Cells C7—C23 in Column z,. The
value in each cell is calculated with:

2=z, 41, (2,-2,,), 1>2, (1)
where r,, is the common ratio. In the spreadsheet
method extruded in Microsoft Excel, the GoalSeek
function is used to calculate r,. under the constraint
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Fig. 2 Spreadsheet method for a laterally loaded pile with a necking defect. The Excel solver is applied to reach the
equilibrium; boxed cells contain equations; the yellow highlighted cells are initially set to 0; the blue highlighted cells are
the necking section of the cast-in-place pile. The parameters are explained in the text. References to color refer to the online

version of this figure
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that the length of the laterally loaded pile should be
reached at the position of the last node (e.g., z,,) (Low
et al., 2001). Also, note that i is the node number.

As depicted in Fig. 2, the necking defect is loca-
ted between Nodes 5 and 7 in Column i. The diameter
(in Column D) of the necking defect is 0.7 m. Corre-
spondingly, the bending stiffness of the necking defect
in Column E /| is determined as:

Dj

E I :EPIPF, 2)

ppl

where E, is the elastic modulus of the pile, 1, is the
moment of inertia of the necking defect, which is equal

to mD}/64, and I, is the moment of inertia of the pile
without a necking defect, which is equal to nD*/64.

The lateral deflection of the pile is entered into
Column y, (Cells E7-E23), which is defined as:

i+2

AZH—I !
1+AZ yi+17

2

Az,
yi=yi+l+(AZ 1 ) Die2= i)~ Az, _
(3)

i+2

where Az, =z.,—z, and Az.,=z,,~z,,. The final two de-
flection values, y,, and y,,, are initially set to zero.
Column y/ stands for the rotation of the pile at z;:

+

i+1

PP p .
i

’ ’ M M
yi=y/,—0.5 E I E [p (z:—2), “)

where M is the bending moment defined later in Eq. (7),
and y '30 is equal to (y3o_y 29)/ (230_229)~

Column £, stands for the product of the initial
stiffness (secant k) and the pile diameter (D). Visual
Basic for Applications (VBA) in Microsoft Excel is
employed to establish the initial stiffness function. The
detailed code is given in Section S1 of the electronic
supplementary materials (ESM). The initial stiftness
function reads its parameter y from Column y,,, in
Fig. 2 (starting from Cell K7). A program created by
Low et al. (2001) is used to iteratively update the
secant k of the p-y curve (note that the p-y curve will
be introduced in Section 2.2), in tandem with the
updated pile deflections of the Column y,.. This code
is provided in Section S2 of the ESM. The reader may
also refer to Low et al. (2001) for additional details.

pi:_ksecdyi’ (5)

where p, is the soil resistance per pile length, and &, is
the product of the initial stiffness (secant k) and the pile
diameter (D). The negative sign means that soil resis-
tance acts in the opposite direction to the pile deflection.

The shear force Q and bending moment M are
defined as:

0,=0.,,-05(p,.,+p)(z:—z) (6)

1
Mi:Mi+l_Qi+lAZi+l+€Azi2+l(2pi+l+pi)' (7

The shear force and bending moment at the pile
toe (Q,, and M,,) are set to zero (in Cells 123 and J23,
respectively). To be in equilibrium, the computed
values of O, and M, at z, must be equivalent to the
applied horizontal force (P,) and moment (M,), respec-
tively. The equilibrium conditions, which are shown
in Cells I3 and J3 of Fig. 2, are defined as:

Q() -P,= 0, (8)
M,~M,=0. ©9)

These two equations have been entered in Fig. 2
under the heading “Equilibrium”. Note that Q, and M,
in Egs. (8) and (9) can only be determined through
recursive numerical calculation by satisfying the rela-
tionships among y, v/, p, O, and M, (at all nodal
points i), according to Egs. (3)—(7).

2.2 p-y curve

The p-y curve for sand recommended by the
American Petroleum Institute (API, 2011) is adopted
in the spreadsheet method to simulate the interaction
between the pile and the sand:

kz
p=Ap, tanh(A%y), (10)
where A4 is the depth correction coefficient, which is
equal to 3.0-0.8(z/D)=0.9 (Reese et al., 1974). k is
the initial foundation reaction modulus, which is
(0.008085%¢**-26.09)x10° (Augustesen et al., 2009).
@ 1is the friction angle of the sand. y is the deflection

of the pile at a depth z, and p, is the ultimate soil reac-
tion, which is determined as (API, 2011):

pu:min{(C]Z+ CZD)O-\C7 C3DO-\C}7

o= V2

(11a)
(11b)



where ¢! is the effective overburden pressure at a given
depth z, y is the unit weight of the sand, and C,, C,, and
C, are the ultimate soil reaction coefficients, which are
determined as (Augustesen et al., 2009):

C,=0.115x 10005 (12a)
C,=0.571x10°022% (12b)
C,=0.646x 10005, (12¢)

These equations are embedded in the spreadsheet
method using the VBA program, which can then be
used to update the initial stiffnesses in Column £_,. In

this study, the initial stifthess of the p-y curve for sand
proposed by Kallehave et al. (2012) is adopted:

0.6 0.5
z D
K: kAPIZref( 7 ) ( l;ef ) ,
ref

13)
where K is the initial stiffness of the p-y curve for sand,
k. 1s the initial stiffness modulus, and z, and D, are
equal to 2.50 m and 0.61 m, respectively.

ref

2.3 Calculation procedure

To start the calculation, the lateral deflections at
the last two nodes of the pile are initially set to zero,
first rendering the pile straight along its entire length.
Microsoft Excel and its built-in optimization routine,
Solver, are used to calculate the pile deflection as fol-
lows: “set” Eq. (8) equal to zero, “by changing” (auto-
matically) the values of the lateral defections y at the
bottom two nodes, “subject to” the constraint that
Eq. (9) equals zero. The Solver option “Use automatic
scaling” is also selected. Other Solver options (precision,
estimates, derivatives, and search method) are left at
their default settings. The program “Sub Iterate ksecd”
(Section S2 of the ESM) is then executed to invoke
the Solver repeatedly using the preset scenario. Each
time the program “Iterate_ksecd” (Section S1 of the
ESM) modifies the “y,.” column in its For/Next loop,
the values in the “k_ " column shown in Fig. 2 are

secd

updated automatically.
2.4 Robust geotechnical design

According to the framework of RGD, the input
parameters used in the spreadsheet method can be
divided into two categories: noise factors and design
parameters. The position, diameter, and length of a neck-
ing defect, together with the friction angle and unit
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weight of the sand, are regarded as noise factors that
exhibit considerable uncertainty. These noise factors
could be estimated using statistical data from on-site
investigations and/or geotechnical tests. However,
obtaining in-situ data is time-consuming and expen-
sive, which is why some sites have limited data on soil
parameters for design applications. Because of such
cases, researchers such as Kharmanda and Antypas
(2016), Phoon et al. (2022), and Li et al. (2023) have
established databases for soil parameters and provided
guidance on evaluating uncertainties in these parame-
ters. Thus, the statistical parameters (e.g., the type of
distribution, mean value, and coefficient of variation)
can be determined using the aforementioned methods.
The length (L) and diameter (D) of the pile are
regarded as the design parameters that can be set by
the designers. Based on the chosen design parameters,
the cost of a certain design can be estimated. In pract-
ical engineering, the cost function is typically deter-
mined based on local experience and industry require-
ments. For the sake of simplicity, we consider the
volume of the laterally loaded pile to be the cost (C):

(14)

For each set of design parameters, the spread-
sheet method (presented in Section 2.1) is used to
establish the calculation model of the pile. In the cal-
culation model, MCS is applied to generate N sets of
noise factors. Subsequently, NV sets of the deflection,
bending moment, and shear force of the laterally loaded
pile are obtained, from which mean values and stan-
dard deviations can be determined. In this study, we
use the standard deviation of the pile deflection at the
ground surface to assess the design robustness. A minor
variation in the deflection of the pile at the ground
surface (in terms of standard deviation) indicates en-
hanced design robustness. The objective of the RGD is
to render the standard deviation of the deflection of the
pile insensitive to variations in the noise factors (e.g.,
the diameter and length of necking defects, the friction
angle, and the unit weight of sand) by adjusting the
design parameters. At the same time, safety require-
ments for the laterally loaded pile must be satisfied.

Two safety requirements are considered in this
work. One is the factor of safety (FOS, F\), which is
defined as the ratio of the maximum bending moment
and the ultimate bending moment of the pile:
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M,
FS: Mmax’ (15)

where M, is the mean value of the N sets of maximum
bending moments as calculated by the spreadsheet
method. M, is the ultimate bending moment of the

pile, which can be determined as (MOHURD, 2011):

sin’® (na)

2
MU:§ xalﬂrST, (16)

where f, is the compressive strength of the concrete.
a, 1s equal to 1 when the concrete strength grade is
lower than C50. » and S are the radius and area of a
pile with a circular cross-section, respectively. a is the
central angle (in radians) of the compressive zone of
the circular cross-section, which is equal to 1/3. In this
paper, the target FOS of the pile is larger than 1.5.

The other safety requirement is that the mean
value of pile deflection at the ground surface should be
less than a standard value. In accordance with the tech-
nical code for building pile foundations (MOC, 2008),
a permissible pile deflection is less than 6-10 mm. In
this work, we set the allowable pile deflection at the
ground surface to 6 mm.

Designs that satisfy these two safety requirements
are considered as feasible designs in the RGD. Given
the inherent conflict between cost and design robust-
ness for the feasible designs, the Pareto front and knee
point are utilized to identify the optimal design out of
the various candidates. As a result, the optimal design
derived from the proposed framework can simultane-
ously consider the safety, design robustness, and cost of
the laterally loaded pile. For further insights into the
Pareto front and knee point, please refer to Section S3
of the ESM.

3 Design framework

A flowchart for the robust design workflow for a
laterally loaded pile considering necking defects is
shown in Fig. 3, and its main steps can be summa-
rized as follows:

Step 1: Define the problem, and then categorize
all input parameters into design parameters and noise
factors.

Step 2: Determine the design space and charac-
terize the uncertainties in the noise factors. The design

Define the problem. Divide all input
parameters into two groups: (1) design
parameters; (2) noise factors.

v

Determine the design space and characterize
the uncertainty in the noise factors (M,
possible designs and N groups of noise
factors). Calculate the responses in the

calculation model, for each possible design.

A 4
A

Repeat
N times

Complete the repetitions
for each of N groups of
noise factors?
Repeat
M, times

Store N responses, calculate and store the
mean and standard deviation of the
responses for each possible design.

Complete the repetitions
for each of M, possible
designs?

Store K, feasible designs that meet safety
requirements. Determine the Pareto front and knee
point based on the relationship of cost and design
robustness.

Fig. 3 Flowchart for the robust design of a laterally loaded
pile considering necking defects

parameters, which should be selected based on local
experience and their typical ranges, are specified in
discrete numbers. The total number of possible de-
signs in the design space is represented by M,. Uncer-
tainties in noise factors are usually quantified based
on data from field surveys and supplemented by local
experience. N sets of noise factors are generated by
the MCS.

Step 3: For each set of possible design parameters,
the responses (deformation, bending moment, and shear
force) of the laterally loaded pile are calculated accord-
ing to N sets of noise factors. The mean value of the
N sets of the maximum bending moments is used to
evaluate the safety requirements. The standard devia-
tion of the lateral pile deflection at the ground surface
is used to measure the robustness of a feasible design
that fulfills the safety requirements. The cost of the
feasible design is estimated using Eq. (14). Then, a
number (K,) of feasible designs are obtained.



Step 4: Obtain the Pareto front and knee point
based on the relationship between cost and design ro-
bustness. The knee point is the most preferred design,
as it can balance design robustness and cost. The read-
er can refer to Section S3 of the ESM for more details
about establishing the Pareto front and knee point.

4 Validation and application
4.1 Validation with experimental data

In this study, the spreadsheet method is validated
using experimental data from Hariswaran and Premal-
atha (2021). A schematic of the experimental setup in
the research of Hariswaran and Premalatha (2021) is
shown in Fig. 4. A solid aluminum pipe with a diameter
(D) of 20 mm is adopted as the model pile, consistent
with the conceptual pile depicted in Fig. 1. The bend-
ing stiffness of the model pile is 542.0x10° N-mm’.
Three length-to-diameter ratios (L/D) of the model pile,
which are 20, 30, and 40, are used in the experiments.
The diameter and length of the necking defect are D =
16 mm and /=80 mm, respectively. The necking defect
is positioned at depths below the ground surface (L,)
ranging from 40 to 320 mm, in 40 mm increments.
The load—deflection curve for the L/D=20 model pile
is measured, along with the ultimate lateral loads for
L/D=30 and 40 piles.

.......................

Stnng wire

DiaI gauge O

-
<>

% Testmg tank ﬁ&-‘
12m><12m><10m

r;;l"':g- ot ' s ‘1 - -.-Z

Fig. 4 Schematic of the experimental setup for the laterally
loaded pile with necking defects (modified from Hariswaran
and Premalatha (2021))

The model piles are embedded in sand within a
1.2 mx1.2 mx1.0 m testing tank. Silt with mass frac-
tion of 2% is contained in the sand. The maximum
and minimum dry densities of the sand are 1806 and
1543 kg/m?, respectively. Direct shear tests indicate
friction angles of 31°, 35°, and 40° for sand with rela-
tive densities of 30%, 50%, and 70%, respectively. The
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unit weight of the sand is derived from its relative
density using the following relationship:

pd_pdmin pdmax
R,= X ) 17a
° pdmax_pdmin pd ( )
V=Pax8s (17b)

where R, is the relative density, p, is the dry density,
Panee 18 the maximum dry density, p,,.., 1s the minimum
dry density, and g is the acceleration due to gravity
(which is set to 9.81 m/s?). Using Egs. (17a) and (17b),
the maximum, minimum, and average unit weight of the
sand are determined as 18.0, 15.4, and 16.6 kN/m’,
respectively.

A monotonically-increasing lateral load is applied
on the top of the pile by a string wire until the lateral
deflection of the pile at the ground surface reaches
4 mm, at which point the ultimate lateral bearing
capacity of the pile is achieved. The loading process
in these experiments is simulated by the spreadsheet
method described in Section 2. The load—deflection
curves are obtained and then compared with the experi-
mental measurements. Fig. 5 presents a comparison

300 + ® Measured ultimate load
—o— Simulated load—defection curve

250

Applied load (N)
=0 =Y N
o a o
o o o

[$)]
=

o
T

o o o
(6]

0 1 2 3
Deflection of pile top (mm)

(a)

300 + e Measured ultimate load
—o— Simulated load—defection curve

250 *

200

-
a
o

=
o
o

Applied load (N)

a
o
T

o
T

A et
(6]

0 1 2 3
Deflection of pile top (mm)

(b)

Fig. 5 Comparison between the simulated and measured
ultimate loads for piles with (a) L/D=30 and (b) L/D=40
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between the simulated and the measured ultimate
bearing capacities of the pile without a necking defect.
For sand with a relative density of 50%, when the lat-
eral deflection at the ground surface reaches 4 mm, the
simulated and measured loads at the pile head are 232
and 246 N (L/D=30), respectively. For L/D=40, the
corresponding values are 233 N (simulated) and 249 N
(measured). Thus, strong agreement is observed be-
tween the simulated and measured ultimate loads.

Fig. 6 shows a comparison between the simulated
and measured load—deflection curves for piles with an
L/D ratio of 20. The model pile has a total length (L) of
400 mm. The necking defects are positioned at depths
of 80 mm (0.2L), 160 mm (0.4L), 240 mm (0.6L), and
320 mm (0.8L) below the ground surface. The results
demonstrate that the simulated curves accurately cap-
ture the nonlinear behavior observed in the experimen-
tal load—deflection data. The simulated loads closely
match the measured values across all lateral deflection
levels at the ground surface. As the necking defect is
placed deeper (from 80 to 320 mm below the surface),
the ultimate load increases; this trend is accurately
predicted by the proposed spreadsheet method.

230 —o— Measured, 0.2L below ground surface
225 | —=— Simulated, 0.2L below ground surface
200
g 175
§ 150
S 125
Q , 0.4L below ground surface
% 100 - —e— Simulated, 0.4L below ground surface
< 75| —4— Measured, 0.6L below ground surface
—— Simulated, 0.6L below ground surface
50 F —v— Measured, 0.8L below ground surface
—v— Simulated, 0.8L below ground surface
25 [ —o— Measured, without necking defects
! —e— Simulated, without necking defects
O 1 1 1

0.0 05 10 15 2.0 25 30 35 40 45 50 55
Deflection of pile top (mm)

Fig. 6 Comparison between the simulated and measured
load—deflection curves of the piles with necking defects at
various depths

4.2 Application of the proposed method

The prototype pile corresponding to the model
pile used by Hariswaran and Premalatha (2021) is next
taken as an example to illustrate the proposed method
and framework. Hariswaran and Premalatha (2021)
reported that the prototype pile is a reinforced con-
crete pile with a diameter of 1000 mm. The scaling
factor (n) between the prototype pile and model pile is
calculated using Eq. (18) and yields »=26 (Hariswaran
and Premalatha, 2021):

E I,=E,I.n*, (18)
where E I, and E, I, are the bending stiffness of the
prototype pile and the bending stiffness of the model
pile, respectively.

Based on Eq. (18) and the scaling factor, the bend-
ing stiffness of the prototype pile can be determined as
126.3x10* kKN-m’. Because the L/D values of the model
piles are 20, 30, and 40, and D is equal to 1000 mm,
the lengths of the prototype piles L are equal to 20, 30,
and 40 m. The diameter of the necking defect of the
prototype pile ranges from 0.7D to 0.9D. The length of
the necking defect of the prototype pile ranges from
0.1L to 0.4L. The friction angle of the sand is between
30° and 40°. The unit weight of sand is between 15 and
18 kN/m’. The prototype pile is subjected to a lateral
load of 200 kN. These parameters used for the model
and prototype piles are summarized in Table 1.

Recall that the parameters can be categorized
into design parameters and noise factors in the frame-
work of RGD. Design parameters are specified by the
engineer during the optimization process. For the pro-
totype pile, the design parameters are the length and
diameter of the pile. The length of the pile (L) ranges
from 20 to 40 m, in increments of 2 m. The diameter
of the pile (D) ranges from 0.6 to 1.4 m, in increments

Table 1 Parameters of the model and prototype piles

Description

Parameter

Model pile (solid aluminum pile)

Prototype pile (reinforced concrete pile)

Bending stiffness

542.0x10° N-mm?*

126.3x10* kN-m’

Diameter of the pile 20 mm 1000 mm
Length of the pile 400, 600, and 800 mm [20 m, 40 m]
Diameter of the necking defect 14,16, and 19 mm [0.7D, 0.9D]
Length of the necking defect [0.1L,0.4L] [0.1L,0.4L]
Friction angle 31°, 35°, 40° [30°, 40°]
Unit weight 15-18 kN/m’ 15-18 kN/m’




of 0.2 m. This results in 55 candidate designs within
the design space, each representing a unique combina-
tion of discrete L and D values.

The position, diameter, and length of the necking
defect, as well as the friction angle and unit weight of
the sand, are considered as noise factors. Their uncer-
tainties should thus be quantified. Due to the lack of
in-situ data for the noise factors, the position of the
necking defect is assumed to be uniformly distributed
between 0.1L and 0.8L depth below the sand surface.
The diameter of the necking defect is taken to be uni-
formly distributed between 0.7D and 0.9D. The length
of the necking defect is assumed to be uniformly dis-
tributed between 0.1L and 0.4L. The friction angle of
the sand is assumed to exhibit a uniform distribution
between 30° and 40°. The unit weight of the sand is
assumed to be uniformly distributed between 15 and
18 kN/m’.

4.3 Optimal result

Next, the noise factors are randomly generated
by the MCS. However, the ideal number of realizations
is an important parameter that must be determined.
The coefficient of variation (COV) of pile deflection
at the ground surface with varying MCS realization
numbers is calculated using the spreadsheet method
from Section 2. The results are presented in Fig. 7. When
the number of MCS realizations exceeds 150, the COV
of deflection at the ground surface exhibits asymptotic
convergence toward stability. To balance computational
efficiency and accuracy, the number of MCS realiza-
tions is taken as 200, aligning with the sensitivity ana-
lysis shown in Fig. 7.

0.46
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® 0421

2 040}
o
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Number of MCS realizations

Fig. 7 COVs of the pile deflection at the ground surface
corresponding to different MCS realization numbers

For illustrative purposes, the design robustness
and cost of all 55 designs within the design space are
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calculated and presented in Fig. 8. The hollow circles
indicate designs that fail to meet the safety require-
ments; the solid red circles represent the feasible de-
signs that satisfy the safety requirements. A total of 29
feasible designs are obtained out of the 55 designs in
the space. In accordance with the procedures detailed
in Section S3 of the ESM, the Pareto front and knee
point can be determined using the feasible designs.
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Fig. 8 Design robustness and cost of all 55 designs within
the design space. References to color refer to the online
version of this figure

The design parameters for the designs on the
Pareto front illustrated in Fig. 8 are presented in Table S1
in the ESM. As demonstrated by Khoshnevisan et al.
(2014), the knee point of the Pareto front can be iden-
tified through the minimum distance method, which
is outlined in Section S3 of the ESM. In our investiga-
tion, the optimal design parameters corresponding to
the knee point are determined as L=20 m and D=
1.2 m.

The design corresponding to the knee point (L=
20 m and D=1.2 m) could be the optimal design if
there is no preference for budget or design robustness.
In practice, the designer could select an optimal de-
sign from the designs on the Pareto front according to
their specific budgeting needs or target design robust-
ness. Taking Table S1 in the ESM as an example, if
the highest allowable cost for a project is 30 m’, the
design parameters corresponding to Designs 1 to 4
could be selected as the optimal designs since their
costs are under 30 m’. The optimal design could also
be determined according to other factors, such as con-
venience and time-efficiency of the installation, which
are not considered in our design framework. If there is
a preference for the design robustness (a target standard
deviation of deflection) for the sake of infrastructure
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deformation control, the optimal design could be se-
lected out of the designs on the Pareto front according
to the target standard deviation of deflection.

5 Discussion on optimization factors
5.1 Position of the necking defects

The experimental results presented by Hariswaran
and Premalatha (2021) indicate that a deeper posi-
tioned necking defect has a minimal impact on the lat-
eral deflection and bearing capacity of a pile. This
finding may also influence the obtained final optimal
designs. To elucidate this point, consider that the posi-
tion of the necking defect is fixed at depths of 0.1L—
0.2L,0.2L-0.3L, 0.3.-0.4L, 0.4L—0.5L, and 0.5L—0.6L,
respectively. The diameter and length of the necking
defect are the same as in the previous example. The
Pareto fronts corresponding to different positions are
shown in Fig. 9. We can see that the design robust-
ness is the lowest when the necking defect is located
in the depths of 0.1L.—0.2L. As the defect becomes
more deeply buried, the design robustness improves.
When the position is deeper than 0.4L, the standard
deviation of the pile deflection at the ground surface
is zero. This indicates that the positioning of the neck-
ing defect has no impact on the optimal designs. This
finding is consistent with the results reported by Xu
and Guo (2021), who experimentally investigated the
influence of necking defects on the vertical bearing
capacity of piles.

0.25
—o— 0.1L-0.2L
—o— 0.2[-0.3L
L —4— 0.3L-0.4L
020 —v— 0.4L-0.5L

—o— 0.5L-0.6L

—o

Standard deviation of deflection (mm)

15 20 25 30 35 40 45 50
Cost (m?)

Fig. 9 Pareto fronts for necking defects located at different
depths

To investigate why deeper necking defects mini-
mally influence the optimal results, deflections, shear
forces, and bending moments of laterally loaded piles

with necking defects are calculated and plotted in
Fig. 10, using depths of 0.1.—0.2L (black), 0.2L—0.3L
(red), 0.3L—0.4L (green), and 0.4L—0.5L (blue). The
pile dimensions are set to L=22 m and D=1.0 m for
this analysis. For each defect position (e.g., 0.1.—0.2L),
the noise factors are identical to those defined in
Section 4.2. An MCS with 300 realizations is executed,
thus generating 300 sets of deflections, shear forces, and
bending moments per defect position. Fig. 10 reveals
that these responses are primarily distributed in depths
of 0-0.4L. Specifically, Fig. 10c indicates that the maxi-
mum bending moment occurs at 0.1.-0.2L (2.2—4.4 m),
followed by decreasing magnitudes in the 0.2.-0.3L
and 0.3L-0.4L ranges. In addition, below 0.4L, the
bending moments are negligible.
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Fig. 10 Deflections, shear forces, and bending moments with
necking defects located at different depths (L=22 m, D=1.0 m,
and each color is composed of 300 lines). References to color
refer to the online version of this figure

If necking defects occur in regions with signifi-
cant bending moments (e.g., 0.1.—0.2L or 0.2.—0.3L),
the reduced bending stiffness amplifies deflection vari-
ability (i.e., poor design robustness, as shown in Fig. 9)
due to noise factor variations (black and red lines in
Fig. 10a). Conversely, defects in deeper regions (e.g.,
0.3L-0.4L or beyond 0.4L) induce smaller bending
moments, leading to lower deflection variability (im-
proved robustness) under noise variations (green and
blue lines in Fig. 10a). Therefore, the influence of neck-
ing defect position on the optimal results (Fig. 9) is
predominantly governed by the bending moment dis-
tribution in laterally loaded piles.

5.2 Friction angle of sand

To investigate the influence of sand friction angle
on the optimal results, the responses of laterally loaded



piles are calculated under two conditions: the friction
angles of the sand varying in 24°-46°, and varying in
28°—42°; the other parameters are consistent with those
used in Section 4.2. Fig. 11 shows the feasible and
infeasible designs for both friction angle cases. When
the friction angle varies in 24°—46°, the standard devi-
ations of deflection for infeasible designs are slightly
larger than those under the 28°—42° condition. This
occurs because infeasible designs (with smaller pile
lengths and diameters) have lower costs, making them
more sensitive to variations in friction angle. In con-
trast, feasible designs exhibit minimal sensitivity.
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Fig. 11 Infeasible and feasible designs for friction angles
varying between 24° and 46° (a) and between 28° and 42° (b)

To clarify this relationship, Fig. 12 presents the
Pareto fronts for both friction angle ranges alongside
the reference case from Fig. 8. The negligible differ-
ences between these three Pareto fronts indicate that
sand friction angle variation has a limited impact on the
optimal designs in this study. Feasible designs inher-
ently employ larger parameters (selected to meet the
safety requirements in Section 2.4), which are less
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Fig. 12 Pareto fronts corresponding to variations in the
friction angle of sand

J Zhejiang Univ-Sci A 2025 26(11):1021-1033 | 1031

sensitive to the friction angle. Thus, incorporating safety
requirements (e.g., the FOS for laterally loaded piles)
into the RGD framework not only improves structural
safety but also promotes designs with greater robust-
ness (lower deflection variability).

6 Conclusions

A spreadsheet method was developed and vali-
dated for evaluating the mechanical responses of a lat-
erally loaded foundation pile with necking defects. By
leveraging the concept of RGD, the framework was
aimed at mitigating the effects of necking defects. The
efficacy of the method was substantiated through vali-
dation with experimental data.

The spreadsheet method was shown to be an
effective tool for evaluating the responses of laterally
loaded piles with necking defects. A comparison of the
proposed method with experimental data demonstrated
that it is both accurate and efficient, thereby providing
a robust design procedure.

Because of the inherent uncertainties associated
with soil parameters and the potential for necking de-
fects, the RGD methodology was effectively applied to
mitigate the impact of such defects on laterally loaded
piles. Accordingly, the framework comprehensively bal-
ances the cost, design robustness, and safety of the
pile. The proposed design method may therefore be
an effective way to address necking defects during the
design stage.

We found that when the necking defect is situated
deeper within the pile structure, the overall robustness
of the design is enhanced. When the position of the
necking defect is deeper than 0.4L, the influence of the
necking defect on the design robustness is minimal due
to the distribution characteristics of bending moments
along the pile.

Large variations in the friction angle of sand were
found to significantly influence the standard deviation
of deflection for piles with infeasible design parame-
ters (which are smaller than those of feasible designs).
These variations have little influence on the optimal
designs since they employ larger design parameters,
which are selected based on safety requirements, and
are thus insensitive to such variations.

Although the proposed method is time-efficient
and well-suited for reliability analysis in the case of
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this study, its effectiveness and accuracy for more com-
plicated geological conditions warrant further investi-
gation. The interaction between the soil and pile would
be more complicated in such conditions, so a series of
nonlinear springs (p-y curve) may not accurately cap-
ture the nonlinear behavior of the soil and the pile in
the 3D space. Therefore, a high efficiency method with
accurate reliability-based design in complex environ-
ments would need to be developed in future research.
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