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Analysis of laterally-loaded piles embedded in multi-layered soils using efficient
finite-element method
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Abstract: Mechanical analysis of laterally-loaded piles embedded in multi-layered soils is a critical step in design. Traditional
finite-element method may have deficiency in accuracy and efficiency when applied to analyze this problem. An efficient
finite-element method is proposed in this paper. A “pile element” that adopts the distributed “soil springs” along the element length to
reflect the nonlinear behaviors of the pile-soil interactions is developed in this method. The dominant feature of the pile element is the
direct integration of soil properties into the element formulation, namely, a pile element comprises both the pile and soil properties.
The pile element formulation in multi-layered soils is derived, and the Gauss-Legendre method is introduced to simplify the total
potential energy summation process. The element stiffness matrix is derived and applied to Newton-Raphson incremental iterative
numerical process, and the secant relations are used to minimize the cumulative errors during the numerical iteration process. Besides,
the updated Lagrangian method is employed to account for the large deformation issue. Results show that: 1) the proposed method
can provide predictions that match well with both the theoretical solutions and field test data; 2) using the pile element model can
substantially reduce the number of elements and calculation time compared with those of the discrete element model, and thus
significantly improve the calculation efficiency.

Keywords: laterally-loaded piles; finite element method; pile-soil interaction; pile element; multi-layered soils

lots of attention in geotechnical engineering!?.

To date, scholars have carried out a series of experi-
mental and theoretical studies on the nonlinear pile-soil
interaction in multi-layered soils. The calculation methods

1 Introduction

At present, laterally-loaded piles are commonly
used in infrastructure construction such as highways,
bridges and offshore platforms, and they often pass
through multi-layered soils. Mechanical analysis of
laterally-loaded piles embedded in multi-layered soils

can be summarized into the following four categories.
(1) Elastic continuum method: In 1973, Poulos?®! assumed

is a key step in pile foundation design. The current
"Specifications for design of foundation of highway
bridges and culverts " (JTG 3363-2019)!! uses the m
method based on the elastic subgrade reaction method
to convert the multi-layered soil scale factor m into a
uniform soil layer scale factor. However, the physical
and mechanical properties of each soil layer are different,
and the pile-soil interaction often exhibits highly nonlinear
characteristics. Therefore, when the nonlinearity of the
local soil is high and the physical and mechanical properties
of the soil varies with soil layers, some analysis methods
which based on linear elastic theory often produce large
errors when analyzing laterally-loaded piles embedded
in multi-layered soils. Thus improving the accuracy and
calculation efficiency mechanical analysis of laterally-
loaded piles embedded in multi-layered soils attract

Received: 26 November 2020 Revised: 07 April 2021

that the soil is a continuous linear elastic medium, and
proposed an elastic analysis method for analyzing a
single pile. Considering that the natural foundation is
often a layered structure, Pise!*! derived the theoretical
solution of single pile in a two-layer soil system based
on the Mindlin solution; Chen et al.l’! improved the
Poulos elastic theory by introducing the Mindlin solution
of a horizontal concentrated force in the multi-layered
soils and improved the accuracy of calculation. However,
assumptions based on linear elastic theory limit the
scope of application of this method. (2) Elastic subgrade
reaction method: This method is mainly divided into m
method, K method, C method and constant method!®.
For multi-layered soils, the "Specifications for design
of foundation of highway bridges and culverts"
converts the multi-layered soil scale factor to that of a
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uniform soil layer based on the m method, and then
mechanical analysis of laterally-loaded piles is carried
out. However, this method has some problems. Firstly,
it ignores the errors caused by the excessive differences
in the physical and mechanical properties of different
soil layers. Literatures[7—8] pointed out that the difference
in mechanical analysis of the surface soil will significantly
affect the loading response of the pile. Secondly, the m
method is an elastic subgrade reaction method, assuming
that the surrounding soil is a linear elastic medium,
and the lateral resistance of the soil around pile has a
linear relationship with the pile deflection. However,
the pile-soil interaction shows a linear relationship
only when the pile displacement is extremely small.
Pile-soil interaction under a larger displacement will
show a strong nonlinearity’® '], and a larger error will
occur if the calculation is still based on the linear
relationship. (3) Composite foundation reaction method
(p-y method): This method was first proposed by
Mcclelland et al.l'?l] and then Matlock!"*! established
the p-y curve of a single pile in saturated soft clay
based on field tests. Reese et al.'¥l established the p-y
curve of a single pile based on the field test of laterally
loaded steel pipe piles in sand and this finding was
included in the specification by the American Petroleum
Institute (APT)!'3]. According to the actual situation in
China, many studies have been done on the localization
and unification of the p-y curve through field experi-
16-18] “model experiments!'®2°
Compared with the m method, the p-y curve method

ments! ! and other methods.
comprehensively considers the linearity, nonlinearity,
delamination, and plastic deformation characteristics
of the soil, and can better reflect the pile-soil interaction
in the layered soils. Therefore, it is widely used in the
mechanical analysis of laterally-loaded piles embedded
in multi-layered soils!*! 2], (4) Finite element method:
With the development of computer technology, the finite
element method is widely used because of its computational
efficiency. Among them, the discrete spring element

1247251 i the most commonly used design method

modell
in engineering. As shown in Fig. 1(a), this method
uses beam elements and spring elements to simulate
piles and the surrounding soil. Since the soil within the
length of the beam element is simulated by two discrete
springs located at the beam element node (that is, two
concentrated forces are used to approximate the continuous
distribution of soil resistance within the length of the
element). The length of the beam element cannot be
too large, otherwise it will cause large errors, especially
in the case of different the physical and mechanical

https://rocksoilmech.researchcommons.org/journal/vol42/iss7/9
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properties in the multi-layered soils. To ensure the
accuracy of the calculation, a large number of spring
elements and beam elements are often required to
simulate the surrounding soil and the pile, resulting in
difficulty in modelling and inefficient calculation 2!,

Therefore, based on the traditional finite element
method, this paper proposes a pile element model that
can conduct mechanical analysis of laterally-loaded
piles embedded in multi-layered soils by considering
nonlinear behaviors of the pile-soil interaction. As shown
in Fig. 1(b), this method develops a pile element that is
different from the traditional beam element and integrates
the "soil spring" into the pile element formulations, that
is, the pile element comprises both pile and soil properties.
Therefore, there is no need to use additional elements
to simulate the surrounding soil during modeling, which
effectively simplifies the pile—soil system model. In
addition, since the surrounding soil within the pile
element length is simulated by the distributed springs
embedded in the pile element, even if the physical and
mechanical properties of the multi-layered soils are very
different or the pile-soil interaction is highly nonlinear,
the element length will not be subject to excessive
restrictions, which can greatly reduce the number of
elements and improve calculation efficiency. This article
will introduce the derivation and numerical analysis
methods of pile elements, and finally verify the accuracy
and efficiency of pile elements for analyzing laterally-
loaded piles embedded in multi-layered soils through
illustrative examples.

W S —— 2
AW :Q Beam elemeni_ ________ i ™~

WIWWW Element node =~ Element node

- WWWW-
Boundary node
Element node
MWW
Distributed
- MWWWWw9  spring elements

Pile element

Boundary
without nodes

Distributed soil

springs in the
- MWWW\4
«CWMWWWe
S MWWW\g
MWWWA

(a) Discrete spring element model (b) Pile element model

Fig.1 Finite element method

2 Efficient finite element method

2.1 Basic assumptions

In order to simplify the derivation process of the
pile element, the following assumptions are adopted:
(1) The pile is a flexible pile based on Euler Bernoulli
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beam theory; (2) Nodal forces are conservative forces;
(3) The material of pile body is homogeneous, elastic
and isotropic.
2.2 Pile—soil interaction

The p—y method considers the influence of factors
such as pile size, soil parameters, and initial modulus
of foundation reaction on the elastoplastic properties
of the soil. At the same time, it is suitable for flexible
piles with pile diameters less than 2 m!!*'4l In this
paper, the p—y curve is used to simulate the lateral
pile-soil interaction. Take the p-y curve in China’s
"Code for Pile Foundation of Port Engineering" (JTS
167-4-2012) 1261 and API Code!"! as an example.

(1) p-y curve for sand

xy} (D

{ kH
p =ap, tanh

ap,
where p is the lateral soil resistance; ¢ is the factor to
account for static or cyclic loading conditions, a =
[3.0-0.8H/D]= 0.9 for static loading, D is the pile
diameter; £ is the initial modulus of subgrade reaction
and it is determined by the angle of internal friction; H
is the depth of the soil; p, is the ultimate bearing
capacity at depth H, which can be determined using
parameters such as soil gravity, internal friction angle
and depth; y is the lateral deflection_of the pile at

depth H.
(2) p-y curve for clay
1
_buf > )
P= 2 [ySO] s 2

P=Du V/ysy =8

where ys0=2.5 &,D , it is the corresponding lateral
deflection of the pile when the surrounding soil reaches
half of the ultimate lateral soil resistance; &5, is the
strain which occurs at one-half the maximum principal
stress difference on the triaxial test.

27 proposed
to use the compressibility coefficient ay to express the
value:

Because ¢, is difficult to obtain, Zhang

y5, =0.015 8al° D7 3

2.3 Development of pile element

As shown in Fig. 2, a pile with a length of L, a
cross-sectional area of 4, and a Young’s modulus of £
is located in the O-th layer of soil. The thickness of each
soil layer is Li,...Lg,...Lo, and the element length is /.
The pile head is subjected to a lateral load of Hy and a
bending moment of My. A rectangular axes system X-Y
is established with the center O of the pile head as the

Published by Rock and Soil Mechanics, 2021

origin, where the X axis coincides with the center axis
of the pile body, the Y axis is parallel to the direction
of the lateral load Hy, and the bending moment M, acts
on the X-Y plane. To simplify the analysis, take one of
the pile elements and establish an element local axes
system x-y with the center o of the upper part of the
pile element as the origin.

My

.\
Hy—» 0 _
¥ o o N il >
| U

1
Soil layerl v

‘ Y
L, Vi

Soil layer g y

'4‘ 1 12
| —1),

L M y

il 1
v soil layer Q v
l x

X

Fig.2 Model of laterally-loaded pile in multi-layered soils

2.3.1 Element shape function

A one-dimensional shape function is introduced to
represent the deformation of the pile element, and the
translations and rotations of the nodes are considered,
as shown in Fig. 3. The deformation of the element at
axial and lateral directions can be described by linear
and Hermite interpolation functions, respectively, which
can be expressed as

u(x)| N, O ON, 0 01]6 ()
v(x)| | 0 NyN, 0 N, N,

where u(x) and v(x) are the displacement functions
along the x-axis and y-axis at x position; u; and u>
are the translations along the x-axis at both ends; v
and v, are the translations along the y-axis at both
ends; 6, 6, are the rotations at both ends; N, Na,
N3, Na, Ns, and N are the shape function parameters,
namely

N, =1-¢ (5)

N, =¢ (6
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N, =1-3& +2& (7
N, =E1-28%+ & (8)
N, =38 =28 (9)
N, =-E1+&E1 (10D

where & is the normalized coordinate, which is given
by

(1D

Before deformation

Fig.3 Forces and deformations of pile element

2.3.2 Total potential energy of the element
The total potential energy J of the pile element can
be written as

J=J.+J-W (12
where JE is the potential energy of element strain; Js is
the potential energy of the distributed soil springs, this
term is used to integrate the nonlinear pile-soil interaction
into the pile element formula; and W is the work done
by external loads. After simplification, the potential
energy of element strain is expressed as

Jy = %IOL EA (a”a—(x)f +EI (%T

g y (13)
ij(%@?jd;:%ij[%@T@

where [ is the moment of inertia; P is element internal
force along the element length; ¥ is the shear force.

https://rocksoilmech.researchcommons.org/journal/vol42/iss7/9
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In the case of multi-layered soils, the p-y curve is
generally determined according to the parameters of
the pile and each soil layer, and is generally highly
nonlinear, so it is difficult to be accurately described
with a specific function. Therefore, the Gauss-Legendre
method is introduced to compute the potential energy
produced by distributed soil springs, which is given by

Jg= j;jovpdydx =%jéﬂv2dx ~ %;Hiﬂivf 14
where H; is the weight factor of the i-th Gaussian point;
v;is the lateral translation of the i-th Gaussian point;
B, is the tangent value of the i-th Caussian point along
the p-y curve; n is the number of Gaussian points, which
is equal to 11 in this paper.

The work done by the external loads is expressed
by

W =P, —u,)+ M6 +M,0, + Vv, +V,v, (15
2.3.3 Element secant stiffness matrix

Nodal force is composed of internal force generated
by pile deflection and surrounding soil force. In order
to minimize the accumulative error in the incremental
iteration process and make the calculation result converge,
the secant relationship is introduced to examining the
element node force. According to the principle of minimum
potential energy, the element balance equation is obtained
by the first derivative of Eq. (12).

A VR

= 4+ (16>
Ou; OF, ou,

oJ

where u; represents the i-th degree of freedom; F; is the
corresponding nodal force.
2.3.4 Element tangent stiffness matrix

In FEA, the element tangent stiffness matrix is
established to predict the displacements on the elements
nodes. And the element tangent stiffness matrix is obtained
by the second derivative of Eq. (12)

2

5%J = oY, Su,du,

u,0u,

(17>

Since the soil properties are directly considered in
the pile element, the element tangent stiffness matrix
is composed of 3 parts, namely

(kg =[k]. +[k]s + ks (18)

where [k]; is the linear stiffness matrix; [k];is the
geometric stiffness matrix; [k]; is the soil stiffness
matrix. Each stiffness matrix is expressed as follows:
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[ EA EA ] according to the parameters of each soil layer, as shown
— 0 0o —— 0 0 R
in Fig. 4.
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/ / / / i
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L I L, ‘ \_/
QL)) Y pl
POMEM, o P MMy “ y
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6P P M +M, 6P P
51 0 P 510 AL
2[P P P
—_— 0 - - Fig.4 p—y curves of each soil layer along the pile length
[ k] _ 15 10 30
G
il _M, J;M 2 0 From this, the stiffness matrix of each soil layer is
! l derived, namely
Symmetry 6P P 4 .
S 10| (K] =301 [k, + k], + (K, )[BT )
2P 7
2 T
: 15 ) [&], =2 (8] ([K], +[K], + [k )[8))
Q0 =
00 0 0 0 0 ] 3 ; (22)
, . ) \ K] = ( Bl ([k] +[k1. +[x]. )[B )
2Bl Yol 0 Tayfl Yo, Bl =2 (%) (149, [KLo +1 ]S‘”)[ !
i=1 i=1 i=1 i=1 .
na..l30na.,12 na.,l3 i T
il - 2Bl 0 2l Zen Bl k], = (8, (14], +[K], + K] (2]
s 0 0 0 -
n n , where [K], is the stiffness matrix of the g-th soil layer;
Symmetry lea&‘ﬂil ;%:ﬂil [B]; is the transposed matrix of the #-th element!*”; ¢,
; " , is the number of elements of the g-th soil layer; [k]sy
Zl:amiﬁil is the stiffness matrix of the #-th element of the g-th
- . O 1_) soil layer that reflects the soil properties.

where the integration coefficients ¢, to «,, are from
literature [21].
2.4 Numerical method

The non-linear finite element numerical analysis
process based on pile elements has been implemented
by self-programming in Python language. Considering
that laterally-loaded piles often exhibit large deformations
in soft soils®®!, the updated Lagrangian method®!! is
employed to account for the large deformation issue,
and the equilibrium conditions are established to iterate
based on the known element states in the previous step.

In the case of multi-layered soils, the internal friction
angle, cohesion, gravity and other parameters of each
soil layer are apparently different significantly affect
the interaction between the soil layers and the pile-soil
system. That is, the p—y curve has obvious stratification

Published by Rock and Soil Mechanics, 2021

After assembling the stiffness matrix of each soil
layer in order, the global stiffness matrix [K] is obtained

[K]= 3], (23)

The Newton-Raphson incremental iterative procedure
is employed. First, the external load is divided into
specified load steps for incremental application (the
same incremental load is applied for each load step), and
then the equilibrium condition is established according
to the secant relationship and the unbalanced force is
solved. Finally, the convergence criterion is used to
determine whether the requirements are met, and judge
whether it is necessary to continue incremental iterations.
If the current step is the m-th iteration of the n-th load
step, the incremental iteration process is as follows:

Based on the global stiffness matrix, the incremental
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nodal displacement vector in the global axis system is
calculated, namely

(AFYK] m=

(AU} = (24)

m

(AFY K] om =2

where {AUj}, is the incremental nodal displacement

vector in the m-th step; {AF} is the incremental force

vector applied in the n-th load step; {AF'}, is the

unbalanced force vector generated in the m-th step.
The total incremental nodal displacement is calculated

by the following formula, namely
NEM1

{U}, = 2 {avy,

m=1

(25)

where {U}, is the total incremental nodal displacement
in the m-th step; and NEM1 is the current step.

The incremental nodal displacement vector {Au},
in the element local axis system can be calculated by
the following formula, namely
{Au}, =[B] {AU],
where {Au}; is the incremental nodal displacement of
the #-th element in the local axis system; and {AU}, is
the incremental nodal displacement of the #-th element

(26)

in the global axis system.

After obtaining the incremental nodal displacement,
it is substituted into the secant relationship to calculate
the incremental element resistance vector{AR}; and
assembled into the global incremental resistance vector,
the total resistance vector at the m-th step is given by

(R), = (R}, ,+ 3 [8] (AR},

where {R}, is the total incremental resistance vector

27

at the m-th step; {AR}, is the soil incremental resistance
vector of the #th element; NELE represents the number
of the elements.

The total load applied by the corresponding load
step can be calculated according to the following formula,

namely
NEM2

{F}, = 2 {aF}

n=1

(28)

where {F7}, is the total load vector applied at the n-th
load step; NEM2 is the current load step.

After obtaining the total resistance vector at the
m-th step and the total applied load, the unbalanced
force vector can be calculated as follows:

{AF", ={F), ~{R},

Finally, the following convergence criterion is used

29

to determine whether the iteration has converged, that
is

(80, (8V),, _, 0
CIRU

https://rocksoilmech.researchcommons.org/journal/vol42/iss7/9
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(AF"}, {AF')
———"<T (3D

(R}, AR},
where T is the convergence value.

After m times iterations, judge whether the iteration
meets the requirements according to the convergence
criterion. If it is satisfied, the incremental iterative
process of load step n+1 is carried out; otherwise the
unbalanced force is used as an applied external loads
to act on the system until the convergence criterion is
satisfied.

3 Ilustrative example

3.1 Linear pile—soil interaction

The pile—soil interface satisfies the linear elastic
assumption under the condition of small deformation,
and the problem of laterally-loaded piles embedded in
multi-layered soils has an theoretical solution. The
following example is used to verify the accuracy and
efficiency of the pile element model under the linear
elastic condition. As shown in Fig. 5, consider a circular
cross-section cast-in-place pile*’], the pile diameter D=
1 m, the Young’s modulus of the pile £=32.35 GPa. A
lateral load of 150 kN is applied on the pile head, the
pile head is free and the pile toe is fixed. The surrounding
soil has two layers, the upper layer is a flow-plastic
backfill with a thickness of 2 m, the scale factor m;=
3 000 kN/m*, and the lower layer is a hard plastic
cohesive soil with a thickness of 10 m, the scale factor
my=20 000 kN/m*,

150 kN
—

yy ST Y

g =3 000 kN/m*

Ny

A

12m

m>=20 000 kN/m*

10 m

Im

<
<

\/

!

X
Fig.5 Diagram of the pile—soil system

Lateral displacement of the pile head and the maximum
bending moment at 3 m below the pile head are simulated
by the m method, pile element model, and discrete spring
element model. The comparative results between the
predicted results and the theoretical solution are shown
in Table 1. The results of the discrete spring element
model are calculated by the finite element analysis
software NIDA P!l and the calculation time is obtained
by a computer with an Intel(R) Core(TM) 15-7200
processor and 8 GB memory. Table 1 illustrates that
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the m method based on the conversion of multi-layered
soils area is very different from the theoretical solution
in predicting the displacement and bending moment of
the pile. The improved m method based on the weighted
conversion of the multi-layered soils deflection curve
still has a big error. The error of the discrete spring
element model decreases as the number of elements
increases. When the total number of elements is 89 (45
beam elements and 44 spring elements), the results match
well with the theoretical solution. While the pile element
model can accurately predict the displacement and bending
moment of the pile with only 15 elements. From the
prospect of calculation time, in order to achieve the
same calculation accuracy as the theoretical solution,
the discrete spring element model took 10.2 s, while
the pile element model only took 0.4 s, which greatly
reduced the calculation time. This is because the number
of elements directly determines the size of the stiffhess
matrix, which affects the computational complexity of
the finite element (see Eq. (24)). Compared with the
discrete spring element model, the pile element model
greatly reduces the number of elements (about 6 times)
with the same accuracy, thereby reducing the dimension
of the stiffness matrix and improving the overall calculation
efficiency. Considering that actual projects often involve
dozens or even hundreds of piles, when the integrated
analysis of these piles is required, the computational
efficiency advantage brought by the small number of
element used in the pile element model will be more
prominent.

Table 1 Predicted results and relative errors

. Pile head  Relative Max1mum Relatively Calculation
Calculation  Element di bending .
isplacement  error Error time
method number Jmm % moment 1y s
® /(KN * m) °
Analytical
solution 5% - 43735 - 336.81 - -
m Method-18% — 30156  —31.05 23895 —29.05 -
m Method-20 — 42093 -375 34383 2.08 -
29 5.053 6 15.55 381.45 13.25 6.2
Discrete spring
element model 59 44503 1.76 348.21 3.38 7.4
89 43717 —0.04 343.35 1.94 10.2
Pile element
15 43724 —0.03 343.62 2.02 0.4

model

Note: m method-1 is the m method based on the conversion of multi-layered
soil area; m method-2 is the m method based on weighted conversion of the
multi-layered soils deflection curve.

3.2 Nonlinear pile—soil interaction

In actual engineering, the soil layer is often complex
and highly nonlinear. In this example, a test pile*?! in
the suburbs of Shanghai is selected for analysis. As
shown in Fig. 6, the test pile is a steel pipe pile with a
pile diameter of 0.5 m, a pile depth of 13.28 m, and a
free height of 0.72 m. The bending rigidity of the pile
is 97 939.67 kN-m?. The geotechnical parameters of
the test site are shown in Table 2. The test is divided into

Published by Rock and Soil Mechanics, 2021

two groups: the pile head of group a is subjected to
lateral load Hy=60.055 5 kN; the pile head of group b
is subjected to lateral load Hy=80.078 4 kN. This calculation
example uses the empirical formula for calculating the
p-y curve of clay proposed in the literature [27], which
uses field test parameters to calculate the p-y curve of
each soil layer, as shown in Fig. 7. The pile element model
and the discrete spring element model are respectively
used for calculating the lateral displacement and bending
moment of the pile along the depth distribution, as
shown in Figs. 8 and 9.

0.72m
>l
[ ]

N

Plastic yellow clay

Soft plastic yellow clay

Plastic silty loam with silt sand

13.28 m

Flowing silty loam with silt sand

Plastic silt loam

N |
Flowing silty clay
0.50 m

Fig. 6 Geological profile of the test site

Table 2 Soil properties of the test sitel?”]

E(;nbedded Soil layer C 50 7' . ay L
epth /m /kPa  /(° ) /(kN+m?) /MPa
0-1.5 Plastic yellow clay 34 40 8.9 0.51
1.5-4.4 Soft plastic yellow clay 13 1.0 7.1 0.86
Plastic silty loam with
44-55 silt sand 51 3.5 9.0 0.10
5.5-11.0 Flowmgsislitltsyaﬁam Wit s 7.1 0.51
11.0-13.0 Plastic silt loam 24 25 7.9 0.66
13.0-15.4 Flowing silty clay 10 1.5 7.1 1.14
300 F— H=05m - - H=0.75m ---  H=14m--- H=43m
270 == H=45m----- H=10m - H=12m ==~ H=15.3m
240 |
210 17

Pile shaft resistance /(kN * m™!)

Lateral deflection /mm

Fig.7 p-y curves of each soil layer
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Lateral displacement /mm Figures 8 and 9 illustrate that the pile element model
-10 10 20 30 40 50 60 70 . . .
— — 2 , with 10 pile elements match well with the field test data
Sl P in simulating the lateral displacement and bending moment
’ which validates the accuracy of the pile element model
s 4t .. . .
= K under the condition of complex soil layer and the nonlinear
g ¢ | ® Ficldtestdata _ soil properties. The discrete spring element model requires
= —— Efficient pile element method, 10 pile elements .
: 5t - - - Discrete spring element method, 10 beam at least 79 elements (40 beam elements and 39 spring
2 clements, 9 spring units elements) to achieve the same accuracy, which is about 8
g —10F o e Discrete spring element method, 20 beam . .
& elements, 19 spring units times the number of elements in the proposed method.
-2 Discrete spring element method, 40 beam For reaching the same accuracy with the field test data,
lements, 39 spring unit . . .
—14 L CTCMENES, 27 SPTing Uiis the discrete spring element model took 9.5 s, while the
(@) Ho=65.055 S kN pile element model took only 0.45 s. It is thus clear
Lateral displ t/ . .
et cispracement fmm that the pile element model can substantially reduce
-10 0 10 20 30 40 50 60 70 e ;
T T ——— the number of elements and calculation time than in the
Hl ‘ Pt case of linear elasticity, when considering the nonlinear
_— pile-soil interaction.
;_. q . 1
@ —6 L + e Field test data 4 Conclusion
k=1 b — Efficient pile element method, 10 pile elements . . .
2 g o _ Discrete spring clement method, 10 beam ) Thlls paper develops a pll? element mode? sultabl.e
2 ' elements, 9 spring units for analyzing laterally-loaded piles embedded in multi-
10+ | _._ p - . .. . .
5 | Discrete spring element method, 20 beam layered soils. The element is incorporated with a distributed
] elements, 19 spring units "o - i . i
-12 ¢ ~ - Discrete spring element method, 40 beam soil spring" to consider the properties of the soil and
4 L elements, 39 spring units combined with the p—y method to consider the nonlinear

Embedment depth /m

Embedment depth /m

(b) Hy=80.078 4 kN

Fig.8 Depth—lateral displacement curves of pile

0

Bending moment /(kN * m)
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L = Field test data

— Efficient pile element method, 10 pile elements

- - - Discrete spring element method, 10 beam
elements, 9 spring elements

"""" Discrete spring element method, 40 beam
elements, 39 spring elements

----- Discrete spring element method, 20 beam
elements, 19 spring elements

(a) Hy=65.055 5 kN
Bending moment /(kN ¢ m)

0 30 60 90 120 150 180 210 240 270

.

‘,"3‘ Field test data
* — Efficient pile element method, 10 pile elements

-+~ Discrete spring element method, 10 beam
elements, 9 spring elements

- - Discrete spring element method, 20 beam
elements, 19 spring elements

- - Discrete spring element method, 40 beam
elements, 39 spring elements

(b) Ho=80.0784 kN

Fig.9 Depth—bending moment curves of pile
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pile-soil interaction. The tangent stiffness matrix of each
soil layer is derived in this paper and it is assembled to
form the global stiffness matrix, which is used to calculate
the displacement in the Newton-Raphson incremental
iteration, and the convergence of the iteration is achieved
through the secant relationship.

(2) The calculation example shows that the pile
element model is accurate and efficient when analyzing
laterally-loaded piles embedded in multi-layered soils.
Under the conditions of linear and nonlinear behaviors
of pile—soil interaction, fewer elements and shorter
calculation time are used in the pile element model
than those in the discrete spring element model to
accurately predict the pile displacement and bending
moment of the laterally loaded pile. It is more accurate
than the m method recommended in "Specifications
for design of foundation of highway bridges and culverts "
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