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Abstract: Pile foundation has been widely applied in
modern civil engineering due to its excellent performance
under complex foundation conditions. However, when sub-
jected to dynamic loads such as waves, tides, and earth-
quakes, the long-term stability of pile foundations becomes
a significant concern. Traditional stability analysis methods
are predominantly based on static loading assumptions,
which neglect the nonlinear behavior of soils and the
time-varying characteristics of dynamic loads. This leads
to reduced prediction accuracy and limited applicability
under real-world, complex working conditions. To address
these challenges, this study proposes an innovative numer-
ical calculation method based on a two-parameter model,
which integrates dynamic load effects — such as wave and
tidal actions — into the pile-soil interaction framework.
Compared with the conventional Winkler model, the two-
parameter model incorporates both the stiffness of the sub-
grade and the shear interaction between adjacent soil
springs, thereby capturing the nonlinear and spatially cor-
related behavior of foundation soils more accurately. The
core innovations of this study lie in two aspects. First, it
introduces a more refined numerical model by incorpor-
ating key parameters such as pile water entry depth, lateral
soil resistance coefficient, and pile stiffness, offering a more
realistic simulation of complex marine foundation condi-
tions. Second, it performs a comprehensive stability analysis
under dynamic loading environments, systematically inves-
tigating the influence of various factors including soil prop-
erties, pile length, and pile diameter on the critical
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frequency and overall structural stability. The research find-
ings show that the proposed two-parameter model significantly
improves the precision of stability analysis and effectively
reveals the nonlinear dynamic responses of pile foundations.
This contributes to both the theoretical development of pile-soil
interaction modeling and practical engineering applications in
marine and offshore structures.
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1 Introduction

As a key form of deep foundation, pile foundation has
been widely used in the engineering fields of buildings,
bridges, wharves, and marine structures [1]. With the
expansion of the project scale and the increasing com-
plexity of the construction environment, the design and
stability analysis of pile foundations are facing many
challenges, especially in the marine and water environ-
ment, pile foundations need to withstand complex loads
such as waves, tides, and earthquakes for a long period of
time, so its stability has become one of the hotspots in civil
engineering research [2,3].

The stability of pile foundation is mainly affected by
soil-pile interaction, and this factor is crucial in the design
process. The traditional static analysis method has some
applicability under simple foundation conditions, but its
prediction accuracy and safety are limited when facing
complex geological environment and dynamic loading
[4]. The non-uniformity and anisotropy of foundation soil
and the dynamic interaction between pile and soil will
affect the stability of pile foundation, so how to accurately
assess the stability of pile foundation under complex foun-
dation conditions has become the core issue of current
research [5,6].

As computer technology and numerical calculation
techniques advance, more and more studies are using
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numerical simulation tools to analyze the stability of pile
foundations. The mechanical analysis of pile foundations
has made extensive use of the finite element method
(FEM), boundary element method, and discrete element
method, which can simulate the pile force and take into
account the pile—soil interaction to some degree [7,8]. How-
ever, when dealing with large-scale complex foundation
problems, these methods still face challenges in computa-
tional accuracy and efficiency, which become the key diffi-
culties in research.

At present, pile foundation stability analysis mostly
focuses on static loading conditions, such as static analysis
methods [9]. Although there are studies to explore the
influence of dynamic loads such as wave load and earth-
quake load, most of them adopt simplified soil model,
failing to fully consider the nonlinear and time-varying
characteristics of the soil and the complex interactions
between the pile and soil, which is difficult to comprehen-
sively reflect the behavioral characteristics of the pile
foundation under the actual working conditions, thus
affecting its reliability and value of engineering applica-
tions [10].

This study addresses these limitations by proposing a
numerical computation method based on a two-parameter
model to thoroughly examine the effects of dynamic
stresses — such as wave loads — on pile foundation stability
[11]. Compared to the conventional Winkler model, the
two-parameter model more effectively captures the non-
linear behavior of soil-pile interaction, thus enhancing the
accuracy of the stability analysis [12]. The influence of
key parameters, including pile water depth, lateral soil
resistance coefficient, and pile stiffness, is systematically
analyzed. An optimized analysis scheme that aligns more
closely with actual engineering conditions is presented.

The main contributions of this study are twofold: first,
it introduces an innovative methodology by replacing the
traditional Winkler model with a two-parameter model,
thereby improving the accuracy of stability prediction;
second, it conducts an in-depth analysis of pile foundation
stability under dynamic environmental conditions such as
wave and tidal loads, offering valuable theoretical support
for the design of offshore and deep-water pile foundations.
The proposed method is validated through numerical
and experimental comparisons, demonstrating promising
application potential for enhancing the safety and relia-
bility of pile foundation designs.

The structure of this study is organized as follows:
Chapter 2 reviews relevant literature on pile foundation
stability analysis. Chapter 3 introduces the theoretical
background and modeling approach of the two-parameter
method. Chapter 4 presents the numerical modeling and
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parameter sensitivity studies. Chapter 5 discusses the
results and compares them with experimental data.
Finally, Chapter 6 summarizes the main findings and sug-
gests future research directions.

2 Analysis of pile skidding effect
based on bending damage

Pile foundations not only bear vertical loads but also
need to resist horizontal loads in complex geological
environments, especially in the context of geologic
hazards such as landslides and slope instability, and
their anti-slip effect is crucial [13]. When subjected to hor-
izontal loads, the pile body may undergo bending damage,
and this damage mode has a direct impact on the slip resis-
tance of the pile foundation. Therefore, it is of great signifi-
cance to study the anti-slip effect of pile body based on
bending damage to improve the stability and safety of pile
foundation design.

2.1 Formation mechanism of pile bending
damage

When the pile is subjected to horizontal loading, the soil-
pile interaction leads to bending moments in the pile body
and bending damage at specific parts of the pile. The
damage is mainly affected by the following factors.

Different types of soil layers (e.g., soft soil, sandy soil,
clay, etc.) have different lateral restraining effects on the
pile body, which affects the bending pattern and damage
mode of the pile body; static horizontal load, ground vibra-
tion load, wave load, etc., will induce different degrees of
pile bending damage; Pile material and cross-section stiff-
ness determine its bending resistance. Piles with lower
stiffness are more likely to be bent when subjected to
larger horizontal loads; the shear strength and compact-
ness of the soil around the pile affect the deformation and
bending damage of the pile.

2.2 Analysis of pile skid resistance effect

The anti-slip capacity of pile foundation mainly depends on
the restraining effect of pile body in the direction of slip,
and its anti-slip effect can be analyzed by the following
aspects.
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Stress distribution of pile body: In the process of slip
resistance, the distribution of bending moment and shear
force at different depths of pile body determines its slip
resistance. Usually, the stress is concentrated at the top of
the pile and the bending of the pile body, which is prone to
plastic deformation or even damage; The soil body pro-
vides lateral support force to the pile body, which affects
the slip resistance of the pile body. When the landslide
force increases, the change in pile-soil interaction force
determines whether the pile body can effectively prevent
the landslide from occurring. In group pile structure, the
interaction between adjacent piles enhances the overall
skid resistance, but it may also lead to increased bending
of the pile body due to the local damage of the soil between
the piles; by adjusting the parameters of pile length, pile
diameter, stiffness, and burial depth, the anti-slip perfor-
mance of the pile body can be optimized to improve its
bearing capacity and durability.
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2.3 Numerical simulation and experimental
validation

This study uses the FEM to create a model of the pile—soil
interaction and simulate the deformation, stress distribu-
tion, and skidding resistance of the pile body under various
operating conditions in order to thoroughly examine the
skidding effect of the pile body under bending damage [14].
In order to examine the real skid resistance performance
of the pile body and investigate the impact of various soil
conditions, pile diameters, and load variations on the skid
resistance effect, the numerical calculation results are
simultaneously validated through physical model testing.
Figure 1 displays the pile skid resistance analytical model.

The pile sliding moment Mgp; within the potential slip
surface can be expressed as:

Meri = [p(2) (z - z0)dz,

Z1

)

Punctual incomming load

b

High loadable soil,
or rock basement

Pile base

or toe

Figure 1: Analytical model of pile skid resistance effect.
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where p(z) is the lateral earth pressure distribution of the
pile along the depth direction (kN/m?; z is the coordinates
of the pile depth (m); z, is the depth of slip surface location
(m); and z and z, are the starting depth and ending depth of
the pile in the range of potential slip surface (m), respectively.
The formula indicates that the slip-resisting moment of
the pile body in the range of slip surface is determined by
the integral of lateral earth pressure and force arm, which
can be further modeled by specific earth pressure [15].
The mechanical equilibrium relationship for the skid-
ding section of a pile subjected to horizontal net thrust
(thrust minus resistance), vertical axial force, and bedding
tension binding force can be expressed as follows:

YE =Py—Ry+ T, =0, V)]

where Py, is the horizontal thrust acting on the pile body
(kN); Ry, is the horizontal resistance force generated by the
pile body (kN); and T is the horizontal restraining force of
the mat reinforcement (kN).

Vertical force balance equation:

YE=N-W+T,=0, 3)

where N is the vertical axial force on the pile body (kN); W
is the self-weight of pile body and additional load (kN); and
T, is the vertical restraining force of the bedding reinforce-
ment (KN).

Moment balance equation (around a reference
point 0):

YMo=Mpp+Py-hy-Ry-he+T-h=0, (4

where Mpgp is the pile sliding moment (KN-m); and hy, hy,
and h; are the force arms of the horizontal thrust, resis-
tance, and tension points relative to the reference point,
respectively (m).

2.4 Pile bearing moment and ultimate net
horizontal thrust

In cement fly-ash gravel (CFG) pile or concrete pile compo-
site foundation, the pile body will produce bending
moment when subjected to horizontal load, and the
resulting tensile stress in the cross-section is often pre-
ceded by the compressive stress or shear strength to reach
the limit, so that the bending damage is the dominant
damage mode [16]. Bending damage not only affects the
stability of single pile but also reduces the bearing capacity
of the whole composite foundation system.

The bending damage of CFG piles is affected by several
factors, including
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CFG piles have a somewhat lower bending strength
than conventional concrete piles and are often composed
of a mixture of cement, fly ash, sand, and gravel. The pile
body is vulnerable to bending damage when the tensile
stress is above the limit when the bending moment is
very great; piles with a smaller cross-section have a lower
bending capacity and are more vulnerable to bending
damage. The bending stiffness of the pile body is compara-
tively improved when the vertical load is large; however, if
the load is too large, it may result in pile-soil contact sur-
face slippage, which in turn affects the overall stability.
This can be achieved by increasing the pile diameter or
by optimizing the pile design. In the design of composite
foundation, it is necessary to reasonably allocate the
bearing proportion of pile and soil, in order to avoid local
stress concentration leading to bending damage.

The stiffness and resistance of different soil layers
affect the pile stress state. Weak soil layer may lead to
insufficient pile lateral support, which increases the
bending moment value and raises the risk of bending
damage. In the composite foundation under embankment,
the bending damage of CFG piles is mainly caused by the
combined effect of the horizontal net thrust generated by
the lateral slip of the foundation, the vertical axial force
shared by the embankment load, and the binding force of
the bedding reinforcement. Since the compressive strength
of CFG piles is much larger than the tensile strength, its
damage mode usually manifests itself as bending-tension
damage, ie., the bending and tensile stresses of the pile
cross-section reach the limit [17].

In the force analysis, the maximum bending and ten-
sile stresses o, and the maximum bending and compressive
stresses g, in the pile cross-section under the joint action
of the pile bearing moment M; and the axial force N; can be
expressed as follows:

M, N

%Wt
®)

oM N

CTw o A

When o, exceeds the tensile strength of the CFG pile,
the pile body undergoes bending and tensile damage, a
phenomenon that is particularly significant under soft
ground or foundation conditions where lateral slip exists.
Therefore, in the engineering design, it is necessary to
optimize the cross-section size of the pile, reasonably dis-
tribute the load, and take measures to reduce the influence
of the horizontal thrust on the pile in order to reduce the
risk of bending damage.

When the pile slip section force is treated as a canti-
lever beam, the side-slip deformation of the composite
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foundation caused by the embankment filling causes the
pile slip section to be subjected to the joint action of the
horizontal net thrust of the soil between the piles, P, and
the binding force of the bedding reinforcement on the top
of the pile, T. In this case, the bending moment of the pile
section at the potential slip surface, M, can be expressed as

Ms=Py-hs—T-hy. (6)

The formula shows that the horizontal thrust of soil
between piles Py, is mainly generated by the combination of
lateral pressure of fill and lateral slip force of foundation, and
its moment increases with the increase in the slip surface depth
hs. The binding force of bedding reinforcement T at the top of
pile produces negative bending moment on pile body.

The binding force of the top bedding reinforcement T
produces a negative bending moment on the pile body, and
its effect depends on the height of the action point h, and the
strength of the reinforcement. The magnitude of bending
moment determines whether the pile body undergoes
bending damage or not. If M; is too large, it may lead to
bending cracking or overall instability of the pile body near
the slip surface.

When the bending moment M; and axial force N; are
combined, the bending and tensile stresses in the pile
cross-section reach the tensile strength f; of the pile mate-
rial, then the pile body undergoes bending and tensile
damage. According to the aforementioned stress calcula-
tion formula,

SIS
+
> =

g = = ts (7)

N;
M=f;W—W. (8)

Since the ultimate bending moment M; of the pile body
at the potential slip surface is generated by the net hori-
zontal thrust Py action, ie.,

]wizph,ult'hs_ T- hy. 9

Combining the above equations gives the ultimate net
horizontal thrust that the CFG pile can withstand

fiw -2+ TR,
hs ‘

P = (10)

2.5 Pile-soil load sharing and pile bearing
vertical axial force

In engineering practice, the pile body is not only subjected
to horizontal thrust, but also to vertical load at the same
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time. Through the force analysis of the anti-slip section of
the pile body, it can be seen that the compressive stress
caused by the vertical load can partially offset the bending
and tensile stress generated by the horizontal net thrust at
the potential slip surface, thus improving the bending
capacity and horizontal bearing capacity of the pile body,
and enhancing the restraining effect of the pile body on the
side-slip of the foundation.

Under the premise of ensuring the vertical bearing
capacity of single pile, Hewlett’s method [18] is usually
adopted to calculate the load N; transferred to the top of
the pile by the soil arch effect. According to the limit equi-
librium condition of the soil unit between the top of the
pile and the top of the arch, the corresponding state of the
pile load-sharing ratios of v; and v, can be obtained.

e—kl-S/D
= 1 -l
e [1 + k- S/D
_ 1
“1+ks (S/D)

1

Va

where vy, v, are the pile bearing load sharing ratio (dimen-
sionless); S is the pile spacing (m); D is the pile diameter
(m); k, ky, k3 are the Hewlett’s empirical coefficients,
related to the soil arch effect and pile-soil interaction
characteristics.

The load sharing ratio v; and v, characterize the pro-
portion of the load borne by the pile body. Usually as the
pile spacing increases, the pile-bearing load sharing ratio
decreases and more of the load is borne by the soil body.
The increase in vertical load helps to reduce the effect of
horizontal thrust and improve the stability of pile body.
The soil arch effect is the key mechanism of load transfer.
It is necessary to reasonably control the pile spacing S and
pile diameter D to optimize the pile-soil sharing character-
istics during design.

In actual engineering application, the parameters
should be adjusted according to specific foundation condi-
tions and load distribution to ensure the safety and stabi-
lity of the pile foundation system.

2.6 Horizontal binding force on pile top by
bedding reinforcement

In a composite foundation system, bedding reinforcement
(e.g., geogrids or reinforcing mesh) is able to provide addi-
tional horizontal restraining force by interacting with the
fill, thereby enhancing the stability of the pile tops and
limiting the lateral deformation of the foundation. The



6 =—— Huimin Wang et al.

role of bedding reinforcement is mainly reflected in the
following aspects.

Through its own tension action, the bedding tension
bar shares the horizontal load with the embankment fill to
reduce the horizontal deformation at the top of individual
piles. The presence of tension bars spreads the horizontal
thrust over a wider area and reduces the local stress
concentration.
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Figure 2: Distribution of bedding tendon strip tension extension.
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The bedding reinforcement is equivalent to applying
a certain horizontal binding force T on the top of the
pile, which is mainly affected by the tensile rigidity of
the reinforcement EA; and its laying method. The fol-
lowing formula can be used to calculate the restraint
contribution of the tension bar to the top of the pile,
which increases to a smooth value T at the slip surface
(Figure 2):
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T
L

- Au, (12)
where T is the horizontal restraining force provided by the
bedding reinforcement to the top of the pile (kN); E; is the
modulus of elasticity of the tension bar material (MPa); A;
is the effective force area of the tension bar (m?); L, is the
effective acting length of the tension bar (m); Au is the
horizontal displacement of pile top (m).

Under the action of horizontal thrust, the binding force
of the pile top reinforcement can effectively reduce the
bending moment response of the pile body and improve
the bending bearing capacity of the pile foundation system.
When the role of the reinforcement is stronger, it can
reduce the risk of bending and tension damage of the
pile body and prolong the service life of the structure.

3 Stabilization factor for composite
foundations

Under the action of flexible embankment fill load, the
stress situation of CFG pile composite foundation is more
complicated, and there is a significant asynchrony in the
pile destruction process. At the outer edge of the founda-
tion reinforcement area, the CFG piles in this area are the
first to break due to ultimate bending damage because of
the large lateral slip of the soil around the piles. The load of
the damaged pile is then transferred to the neighboring
piles, which triggers chain damage and may eventually
lead to the overall instability of the whole foundation.

The circular arc strip division approach is used to do
the overall stability study based on the approximate cir-
cular slip pattern of the composite foundation beneath the
embankment. Because the slip surface’s undercut depth is
greatest close to the circle’s center, the pile body there
experiences a higher side-slide force. Damage from
bending and tensile cracking will happen when the pile
body’s cross-sectional bending and tensile stresses at the
point tangent to the slip surface reach their maximum
strength. Based on this, the pile body with the longest
slip-resistant section of the composite foundation can be
defined as the critical pile, i.e., the pile body with the first
bending damage near the foot of the embankment slope,
and accordingly, the determination criteria of two limit
states can be established.

The bending and tensile stress of the key pile reaches
the ultimate bending strength. The embankment as a
whole is destabilized. Due to the asynchronous nature of
pile failure, even if the critical piles reach the ultimate
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tensile strength, the piles at other locations may not be
fully subjected to the ultimate bending moment.

In the foot of the slope area, the critical piles are sub-
jected to a more special situation. Due to the small fill load
in this area, the horizontal net pressure on the soil in the
slip-resistant section of the pile is distributed in a trian-
gular shape. The net horizontal pressure of the soil on the
key pile at the slip surface is p,, and the combined force is
the ultimate net horizontal thrust Fyx on the key pile.

The simulation analysis results show that the hori-
zontal displacement of the composite foundation near
the toe of the slope significantly increases compared to
the symmetric location of the center of the roadbed and
gradually increases from the center of the roadbed to the
toe of the slope area. Therefore, it can be approximated to
assume that the horizontal displacement of the foundation
is zero at the center of the roadbed and grows along a
linear trend to reach a maximum at the foot of the slope.
Similarly, based on the numerical simulation analysis [19],
the distribution characteristics of pile body shear force
along the depth can be obtained, and the deduced hori-
zontal net pressure p; of the pile body can be obtained by
shear force differentiation, and its lateral distribution also
shows a linear trend after normalization (Figure 3).

When the CFG pile composite foundation under the
embankment is in a critical state, the key pile near the
foot of the slope undergoes bending and tensile damage
near the potential slip surface. Based on Eq. (13), the ulti-
mate horizontal net thrust Frx of the critical pile can be
calculated.

Poteniy sliding

Surface

Figure 3: Horizontal thrust calculation model for the pile anti-slip
portion.
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In order to characterize the asynchrony of the bending
and pulling damage process of the pile in the composite
foundation, the ratio of the pile-bearing horizontal net
thrust Fp; of each pile’s anti-slip section to the ultimate
horizontal net thrust Fyx of the key pile is defined as the
coefficient of the pile-bearing horizontal net thrust f,,
which is calculated by the following formula:

Fyi

= —. 13
Fu (13)

B;

This coefficient is used to characterize the relative dif-
ferences in the slip resistance of different piles during the
stressing process, reflecting their asynchrony in the
bending and tension damage process.

This coefficient is used to characterize the relative dif-
ferences in the slip resistance of different piles during the
stressing process, reflecting their asynchrony in the
bending and tension damage process.

4 Experiments

4.1 Calculation of unsteady loads

When analyzing the unsteady load of the pile under har-
monic loading, the corresponding formula can be derived
by adjusting the amplitude. Therefore, in this paper, under
the ideal assumption of Case 3, the unsteady load formula
is converted by splitting the formula, and the weld is split
based on the same constraints in the other three cases to
ensure the accuracy of the corresponding unsteady load
calculation.

Accurately capturing the dynamic reaction of the pile
body under various weights is crucial for modifying the
equations under various working situations. We can guar-
antee that the calculation of the unstable load has a high
degree of accuracy and practicability by equitably allo-
cating the effects and transformations of the loads.
Additionally, the load fluctuations under various situations
must be assessed through appropriate modeling and ana-
lysis, taking into account the material attributes and struc-
tural complexity.

In this context, the calculation of unsteady loads
involves the variation in amplitude with the conversion
of loads under different operating conditions. In order to
simplify the expression, a sample equation is given below
to show the basic framework of unstable load calculation.
It is assumed that the unstable load Fiysiapie is related to the
amplitude A4, the effect of the weld, and the load conversion
factor for different operating conditions
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Fipstaple = C1 - A - (14)

1+ % .e—kl-t]’
where Figaple 1S the instability load; A is the amplitude;
G, G, C; are the constant coefficients, depending on mate-
rial properties, structure type, etc.; k is the time-dependent
decay factor; and t is the time or number of loadings.
Adjustment formula for weld impact:
Fyela = Cy * Finstable '[l - % .e—k2~t]’ (15)
6
where Fyg is the weld-adjusted instability load;
Cy, Cs, Cg are the constants related to the welded joint;
and k; is the time-dependent weld attenuation factor.
With the above equations, the amplitude variation,
weld influence, and other factors can be combined for
the calculation of unstable loads.

4.2 Analysis of destabilizing loads in relation
to key parameters

Figure 4 shows the relationship between the instability
load Ni; and the vertical static load p,. It can be observed
that the instability load N, decreases slightly with the
increase in p;,. When p, increases to a certain critical value,
the curve changes abruptly, resulting in an instantaneous
decrease in the instability load to close to 0. Further ana-
lysis shows that the abrupt change mainly originates from
the parameter resonance, ie., the pile enters into the
unstable region when the loading frequency is equal to

T T T T

Double-parameters
12} b - - = - Winkler

(N)

ter

2F 4
0.5 1 1.5 2
P”(N) x107

Figure 4: The effect of static load Pq at the top of the pile on the
destabilizing load.
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the critical frequency, showing the abrupt change phenom-
enon region, which exhibits the sudden change phenom-
enon. In this state, even if a very small external force is
applied, the pile may be destabilized, which constitutes a
serious impact on the structural safety. In addition, it is
found that the critical frequency tends to decrease with the
increase in p,, which is different from the conventional
resonance phenomenon. The change in critical frequency
is not only affected by pile parameters, but also con-
strained by other environmental factors. In order to
further clarify the influence mechanism, the parametric
analysis will be developed in the subsequent sections.

Furthermore, the instability loads determined by the
Winkler model and the two-parameter model are con-
trasted in Figure 5. The findings demonstrate that the
instability load determined by the two-parameter model
is comparatively lower. This suggests that the shear impact
weakens the soil constraint surrounding the pile and
decreases soil stiffness, which in turn affects the instability
load calculation. This fact suggests that in real-world engi-
neering applications, the two-parameter model is safer and
more dependable.

4.3 Connection between destabilizing load
and pile depth

The impact of pile depth h on the destabilizing load is seen
in Figure 6. The destabilizing load exhibits a sharp declining
trend as h increases, followed by a steady slowdown and
eventual stabilization of the lowering rate. Actually, the

8- : . .

‘ = = = Winkler
Double parameters

0 5 10 15 20
h (m)

Figure 5: Impact of pile stiffness capacity load Ny, on pile water entry
depth h.
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4

k (N/m’) x10

Figure 6: Lateral coefficient k of foundation soil on unstable situation
urban load.

impact of wave scour on the foundation is reflected in the
variation in pile depth. Continuous wave action causes the
soil on the pile side to gradually disappear under conditions
of constant water depth. This weakens the lateral constraint
force and increases the pile body’s free length, which in turn
causes the instability load to diminish. The two-parameter
model’s rationality and practical relevance are further con-
firmed by the fact that, when comparing the two models’
findings, the instability loads it produced were lower than
those of the Winkler model.

Figure 6 illustrates the relationship between pile depth
h and the corresponding destabilizing load under dynamic
conditions. As shown in the figure, the destabilizing load
decreases significantly with increasing pile depth at the
initial stage, indicating a high sensitivity of pile stability
to wave-induced scour effects. This rapid reduction reflects
the substantial weakening of lateral soil support as scour
increases the effective free length of the pile.

As the depth h continues to increase, the declining trend
in destabilizing load slows and eventually tends toward sta-
bilization. This implies that beyond a certain point, further
scour has a diminishing effect on the reduction in pile stabi-
lity, likely because the soil-pile interaction reaches a critical
lower bound where lateral resistance becomes minimal.

The comparison between the two-parameter model
and the traditional Winkler model in this figure highlights
a key finding: the instability loads predicted by the two-
parameter model are consistently lower. This suggests that
the two-parameter model more accurately captures the
degradation of lateral resistance and pile-soil interaction
under scour conditions, thereby offering a more
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conservative and realistic estimate of pile performance
under dynamic marine environments.

4.4 Impact of the pile-side horizontal
resistance coefficient kk on destabilizing
loads

Figure 7 shows the trend of destabilizing loads with dif-
ferent horizontal resistance coefficients k on the pile side.
When k is small, N, is about 0, which indicates that the
pile is weakly restrained, and although the vertical har-
monic load has not been applied yet, the pile is already
in an unstable state under the combined effect of wave
load and static load. With the increase in k, the destabi-
lizing load curve shows a sudden change, and then N
rises gradually and shows a linear growth trend. This phe-
nomenon indicates that the parameter resonance fre-
quency increases when the pile side constraint increases.
When the resonance frequency is equal to the load fre-
quency, the pile body enters into the unstable region,
resulting in a sharp decrease in the destabilizing load;
when the resonance frequency exceeds the load frequency,
the destabilizing load increases linearly with the increase
in k, and the stability of the pile body gradually improves.

4.5 Relationship between pile displacement
u and instability load N;

From the figure, it can be seen that the displacement curve
has a sudden change in some areas, and the corresponding

Displacement « (m)

40 -8

time 7 (s

<10°

N (N)

Figure 7: 3-D image of displacement vs N; and time ¢.
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N; value is the destabilizing load. In other cases, the change
in N; is relatively smooth, which indicates that the pile is in
normal working condition. This result shows that the dis-
placement analysis can effectively identify the destabiliza-
tion points and provide a basis for the stability assessment
of engineering structures.

The critical load frequency of the system is Q,
according to the analysis of frequency impacting factors.
First, we examine how the Winkler model and the two-
parameter model affect the crucial frequency computation.
The graph showing how the load frequency change affects
the amplitude in Case 3 is shown in Figure 8. It is evident
from the graph that when the load frequency rises, the
amplitude changes significantly. The parametric resonant
frequency of the system is the equivalent load frequency
when the amplitude reaches its maximum value.

The damping effect causes the amplitude to fluctuate
sharply in the range near the parametric resonance fre-
quency rather than tending to infinity when the load fre-
quency is near that frequency. The amplitude’s sharp rise
and fall trend in the parametric resonance frequency
range close to |§|, the unstable zone of pile vibration, is
shown in Figure 8. The critical frequency derived from the
two-parameter model is less than the Winkler model’s
computed value, according to a comparison of the two
curves’ computation results.

In addition, Figure 9 demonstrates the characteristics
of the system’s displacement with time and frequency in
three dimensions, allowing for a more intuitive distribu-
tion of the unstable region. This figure further validates the
difference in critical frequency under different models and
provides a deeper understanding of the dynamic response
characteristics of the system.
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Figure 8: Critical frequency comparison between two-parameter.
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Figure 9: Displacement v as a function of time t and load frequency.

Figure 9 shows the displacement response of the
system under different loading frequencies and times in
a three-dimensional way, which visually depicts the
dynamic response characteristics of the pile foundation
under cyclic dynamic loading. In the figure, it is obvious
that the displacement response amplitude of certain fre-
quency regions increases significantly, forming “peak
zone” or “high response zone,” which are the frequency
ranges where the system may be destabilized.

4.6 Impact of shear stiffness and soil
coefficient k on the pile’s side

The impact of shear stiffness G and coefficient k on the pile
lateral soil and its mechanism on the critical frequency are
the main topics of this section. We discovered in the pre-
vious load instability analysis that the critical frequency is
significantly impacted by the pile lateral soil’s resistance
coefficient, k. In order to identify its action mechanism, we
further examine its influence pattern in this part.

The curve in Figure 10 illustrates that the impact of mass
mm on the critical frequency is opposite to that of k. In
particular, the crucial frequency progressively rises as k
increases, although the increase tends to diminish. Further-
more, Figure 10 shows a curve interval close to zero.
According to the research, this is because the soil constraint
is weak when k is small, which causes the pile to become
unstable under wave and vertical loads and causes the curve
to exhibit an interval of zero close to horizontal. The soil
constraint on the pile side rises as kk increases further,
raising the critical frequency. It is important to note that
the figure’s comparison of the two curves confirms the two-
parameter method’s superiority in this particular case.

Numerical calculation methods in stability analysis of pile foundation
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Figure 10: Effect of soil parameter k on the critical frequency.

Figure 11 shows how shear stiffness G affects the cri-
tical frequency. According to the chart, the crucial fre-
quency decreases as G increases. It is clear from comparing
Figures 10 and 11 that, in the same conditions, the soil
resistance coefficient k has a greater effect on the critical
frequency than does shear stiffness G. This suggests that
dirt on the pile’s side is necessary to increase its stability
since it may effectively boost the critical frequency and
lessen the instability caused by the loading in addition to
helping the pile’s lateral restraining ability. Practical engi-
neering applications must consider the effect of sur-
rounding soil on pile stability and put effective measures
in place to prevent erosion and soil loosening on the pile’s

Critical frequency
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o
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Figure 11: The relationship between critical frequency and soil stiff-
ness G.
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side due to wave loading in order to ensure the long-term
stability of the pile foundation structure.

In the previous part of the study, we have demon-
strated the effect of pile-side soil on pile stability. Since
the pile foundation in the marine environment is subjected
to wave loading for a long time, part of the soil around it is
susceptible to erosion and scouring, leading to the gradual
loss of soil on the pile side. With the loss of soil, the free
length of the pile increases, which makes the restraining
effect of the soil on the pile side weaken, thus affecting its
critical frequency.

Specifically, the trend of critical frequency is shown in
Figure 12. The figure shows that the critical frequency
decreases nonlinearly with the increase in the h/l ratio
(the ratio of the free length of the pile to the total length)
and falls below 0.5 when the h/l exceeds a certain
threshold. In this state, the critical frequency is close to
the frequency of wave loading, which increases the possi-
bility of parametric resonance. This resonance effect may
cause fatigue damage to the pile body and even lead to
structural instability, thus significantly reducing the long-
term service performance of the pile foundation.

In order to slow down soil loss and improve the
restraining ability of the soil on the pile’s side, practical
engineering applications must implement effective protec-
tive measures. These measures include optimizing the soil
protection structure around the pile, increasing the scour
prevention device, or adopting high-strength composite
materials. This will improve the resonance resistance of
the pile foundation structure, reduce the decrease in the
critical frequency, and improve the structure’s long-term
stability and safety in the marine environment.

Critical frequency

0 L L L L L :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

h/l

Figure 12: The impact of the ratio of pile length h to pile body length h in
water length of critical frequency pile /.
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4.7 How pile diameter (d) and length (/)
affect critical frequency

The impact of increasing pile length on critical frequency is
the main topic of this section. While the free length of the
pile exposed to the earth stays the same, the increase in
pile length in this instance relates to the depth of the pile
foundation submerged in the seabed. An intriguing phe-
nomenon is revealed by Figure 14, which shows how pile
length [ affects the critical frequency. Unlike what was
initially thought, the critical frequency does not decrease
steadily as pile length increases; rather, it begins to
increase as pile length increases beyond a certain point.

0.02

g
o
=
®

Amplitude 4 (m)
e
>

0.014)

0.012

0 1 2 3 4 5 6 7 8 9
Pile-soil stiffness ratio

Figure 14: Effect of pile-soil stiffness ratio on amplitude.
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The study demonstrates that the alteration of the soil
constraint effect is directly linked to the phenomenon’s
cause. The crucial frequency gradually drops when the
pile length is minimal because the buried soil layer is
shallow and the soil’s restraining impact on the pile is
weak. At this point, though, it is easier to see how
increasing pile length reduces the critical frequency. The
constraint of the soil on the pile side increases as the pile
moves deeper into the soil layer. When the pile length
reaches a certain equilibrium point, the restriction of the
soil to the pile tends to stabilize and the critical frequency
no longer drops significantly. The crucial frequency rises
as the pile length increases because the soil’s restraining
impact keeps growing.

Moreover, Figure 15 illustrates how pile dimension dd
affects the critical frequency. In the first half of the curve, a
larger pile diameter is linked to a higher critical frequency,
whereas in the second half, a smaller pile diameter is
linked to a lower critical frequency. As demonstrated by
the earlier study, an increase in mass significantly reduces
the critical frequency for the same pile length, which is
why a greater pile diameter denotes a larger mass. There-
fore, pile length and pile diameter must be carefully deter-
mined in the pile foundation design in order to control the
critical frequency away from the loading frequency and
avoid the instability risk caused by parametric resonance.

The critical frequency may decrease to zero as the pile
length increases when the pile diameter d is small, indi-
cating that the pile has entered the unstable state. This
phenomenon suggests that if the pile’s length to diameter
ratio is too high, the pile may become unstable from its
own weight. In order to guarantee structural stability, the
length-to-diameter ratio of the pile should be suitably

Amplitude A
o
e

0 L L L L L
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Pile diameter d (m)

Figure 15: Amplitude as a function of pile diameter d.
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optimized in the actual project based on the particular
working conditions. Appropriate steps should also be taken
to increase the pile foundation’s resonance resistance in
order to improve overall durability and safety.

Figure 12 shows the influence of the ratio of the depth
of pile entry to the total length of the pile on the critical
frequency.

The figure demonstrates that under the condition of
constant free length of pile body, the critical frequency
decreases and then increases with the increase in total
length of pile body. It shows that the effect of pile length
on the critical frequency is closely related to the soil con-
straint, when the pile is buried at a shallow depth, the
constraint is weak and the critical frequency decreases,
while when the pile is deepened to a certain depth, the
soil constraint is strengthened and the critical frequency
rises instead.

Figure 13 shows the joint effect of pile diameter d and
pile length [ on critical frequency. The figure shows that the
critical frequency may drop to zero with the increase in pile
length when the pile diameter is small, suggesting that the
pile may be destabilized due to self-weight, and a reasonable
length-to-diameter ratio needs to be controlled; whereas,
when the pile diameter is large, the critical frequency rises
and then decreases in spite of the increase in the mass, and
the mass needs to be balanced with the stability.

Figure 14 shows the effect of pile-soil stiffness ratio on
amplitude, which illustrates that an increase in the pile-soil
stiffness ratio decreases the vibration response amplitude,
implying that an increase in the soil confinement capacity
or pile stiffness helps to improve the vibration resistance of
the structure and enhances the resistance of the system to
dynamic loading.

Figure 15 demonstrates that the amplitude varies nonli-
nearly with the pile diameter. In the initial stage, as the pile
diameter increases, the amplitude decreases, indicating
improved vibration resistance. However, beyond a certain
point, further increases in pile diameter lead to a rise in
amplitude. This suggests that the self-weight of the pile has
a significant impact on its vibration characteristics. There-
fore, in structural design, it is essential to balance the benefits
of increased stiffness with the adverse effects of added self-
weight.

5 Conclusion

This work proposes a numerical calculation method based
on a two-parameter model for analyzing the stability of
pile foundations under complex foundation conditions.
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By considering dynamic loads and soil nonlinearity, the
model accurately reflects the influence of key parameters
such as pile water entry depth, soil resistance, and pile
stiffness. Compared with the traditional Winkler model,
the two-parameter model demonstrates higher precision
in predicting critical and destabilizing loads, especially
under dynamic loading.

However, further validation is needed to assess its
effectiveness in real engineering applications, particularly
under extreme conditions. Future studies may incorporate
more complex soil behaviors and loading types to enhance
the model’s generality and engineering applicability.
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