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Abstract: The p-y curve method can be used to describe the stress—strain relationship of soil under
elastic, elastoplastic, and plastic states, and is more accurate than other methods in dealing with
the nonlinearity of pile-soil interaction. However, the p-y curve method also has several limitations.
First, when constructing the p-y curve, undrained shear strength C, is taken to be constant, and
the diversity of soil layers around the pile side are also not considered. Second, in the analysis of
the internal forces and deformation of the pile, the influence of the vertical load from the top of
the pile and the self-weight of the pile, are both ignored. Third, in the analysis of internal forces
and deformation, the pile side soil is set equivalent to a homogeneous soil layer, and the layering
of the soil is not considered at all. In order to study the nonlinear problem of internal forces and
deformation of a single pile in layered soil in greater detail, this paper analyzes a calculation model
based on Wang's calculation model, and compares several commonly used p-y curve calculation
models. An internal force and deformation analysis model for a laterally loaded single pile, that
explicitly considers the second-order effect is then established, by considering the differences between
p-y curves of different soil types, as well as the change in C,, with depth. The differential equation of
pile deflection for a single pile in layered soil is also presented, together with the corresponding finite
differential solution algorithm program. This model was validated using a horizontal load test of
a pile, and comparison of the calculated results with the measured results shows that the method
outperforms existing p-y curve methods for deformation and internal force analysis of horizontally
loaded piles.

Keywords: p-y curve; layered soil; laterally loaded piles; internal force; deformation; second-order
effect; undrained shear strength

1. Introduction

A p-y curve depicts the relationship between soil horizontal resistance p, at a certain
depth under the ground and pile deflection y, at the corresponding position under the lateral
load (horizontal force and bending moment) of the pile. This curve can help engineers
understand the nonlinear state of pile-soil interaction, which is why it is the most used
method globally for calculating the large deformation of a horizontally loaded pile. In 1970,
Matlock [1] established the formula for a p-y curve for soft clay under a horizontal load,
in the form of a subsection function, based on field tests. Then, Reese et al. [2] established
the p-y curve for hard clay. Both of these papers laid the foundations for the p-y curve
method, but the method still had limitations. In order to make the p-y curve method more
broadly applicable, Sullivan et al. [3] proposed a unified method suitable for arbitrary clay,
and Wang et al. [4] proposed a unified method suitable for clay, based on the constitutive
relationship of the soil. Along the same lines, Zhang et al. [5] proposed a calculation method
for a p-y curve suitable for soft clay in the middle and lower reaches of the Yangtze River in
China, through field pile testing, and Zhang et al. [6] expanded upon this, by considering
the weakening effect of soil. These authors constructed p-y curves of saturated sand under
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different weakening states. Additionally, based on field tests and a theoretical analysis,
Luo et al. [7] and others combined the “m method” with the s hyperbolic p-y curve, to
modify the calculation of p-y curves in layered soil.

Zou et al. [8] dealt with pile side soil resistance by using the stress distribution law of
the pile side soil, and considered the influence of the longitudinal stress of the soil, in order
to establish a p-y curve model based on the stress state of the pile side soil. Lei et al. [9]
went further, and used the finite difference method to solve the deflection differential
equation, based on the combination of load transfer and p-y curve methods for layered soil
foundations, and validated the model’s feasibility with real-world engineering examples.
Similarly, Xing et al. [10] adopted a hyperbolic horizontal load transfer model, based on a
consideration of the layering of the surrounding soil, and obtained the nonlinear solution
of the deformation and internal forces of the pile body under a composite load. Their
results show that the large deformation of horizontally loaded piles cannot be ignored.
Luetal. [11] studied the mechanism of composite loads on piles in sandy soil, and indicated
that they are caused by the superposition of the soil compaction and second-order effect.
Thieken et al. [12] also studied a p-y curve method of piles in layered sandy soil, based on
numerical analysis, and compared it to the iso-depth method proposed by Georgiadis [13],
and the results showed little difference. Finally, Cao et al. [14] used a model test that
considered the influence of pile top constraints, and constructed the hyperbolic p-y curve of
an inclined pile in sand, using the two parameters of initial foundation reaction modulus
and ultimate soil reaction at the pile side.

At present, there are still some problems that are generally ignored by the p-y curve
method. First, C, is taken as fixed, ignoring the influence of its change with depth on the
p-y curve. Second, when the p-y curve is used to calculate the forces on a laterally loaded
pile, the influence of the vertical load on the pile top is not considered. Third, the soil mass
is divided into soft clay (C, < 96 kPa) and hard clay (C,, > 96 kPa) only, according to the
undrained shear strength C;, value, and then analyzed assuming a uniform soil layer, which
ignores the possible coexistence of soft and hard clay, as well as other cohesionless soil that
is often observed in practice. Based on field tests and Wang’s method, this paper corrects
for the above three problems, in order to study the nonlinear problem of internal forces
and deformation of a single pile in layered soil in greater detail. A calculation method for
the internal forces and displacement of the pile body in layered soil is proposed, based on
the improved p-y curve method, and an engineering application analysis is also conducted.

2. Calculation Model and Solution Method
2.1. Calculation Model and Basic Equation

For a single pile set in layered soil, the pile top is assumed to be flush with the ground,
and the horizontal load Hy, bending moment My, and vertical load Ny are assumed to be
applied to the pile top. The other basic assumptions are enumerated below.

(1) The pile is regarded as a vertical foundation beam, and the deformation and
internal forces of the pile body under the elastic state can be determined according to beam
bending theory.

(2) The pile, and the soil around the pile, are always in contact, and the displacement
of the soil around the pile is the same as that of the pile body.

(3) The soil is an elastic—plastic body, and the relationship between the pile side soil
resistance and deformation is described by a p-y curve.

(4) The pile side friction is uniformly distributed along the pile body.

Since the dead weight of the pile varies linearly with its depth, the axial force, N, of
the pile at any depth, z, from the ground is [15]:

N =Ny +¢z 1)

where ( is the axial force growth coefficient. For cast-in-place piles, the pile side friction
is assumed to be rectangular, ¢ = Ay, — Ug,. Here, g, is the side friction per unit area at
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depth z; 7. is the weight of the pile; A is the cross-sectional area of the pile, and U is the
circumference of the pile.

The stress of the micro-element, with a length of dz at the depth of z, is shown
in Figure 1. Based on the above assumptions and the static equilibrium conditions of
this element, the horizontal displacement y of the pile body follows the fourth-order
differential equation:

4
EIZZ+Ndy+C + boczy =0 2)
where by is the calculated width of the pile; and c; is the horizontal resistance coefficient
of the foundation. When the p-y curve is used to describe the pile side resistance, c; is the
secant modulus of the p-y curve, c; = p/y, kN/ m3.

Y 1dy|
N y

M

q
dz L ey

H+dH
M+dM\\
N+ dN

Figure 1. Force analysis of a single pile micro-element.

2.2. Establishment and Solution of the Difference Equation

In order to facilitate the analysis of a single pile in layered soil, Equation (2) must be
converted into differential form.

2.2.1. The Difference Equation

To establish the difference equation, the pile length is first divided into n equal parts,
of length A. For layered soil, attention should be paid to the disposal of sections at the
soil layer interface, as shown in Figure 2, and this allows for the following system to
be established:

dy\ _ Yip1—Yia

i - 2\
_ Yir1—2yityia
= .

" €)

d3y) — Y2242y —Yio

2A3

— Yirr—Hin1 +6y4i —4Yi11Yio
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Figure 2. Schematic diagram of single pile stress calculation in layered soil.

Equation (3) is substituted into Equation (2) to obtain the deflection difference equation
for the pile shaft, with section i:

fivigo + biyiz1 +ciyi +diyiq + &ivi2 =0 4)

where f; = EI, b; = —4EI + N;A? + ZA3/2, ¢; = 6EI — 2N;A? + A*bocy;, d; = —4EI +
NiA2 —&A3/2,and ¢; = EI = f;.
2.2.2. Boundary Conditions

As shown in Figure 2, in order to facilitate programming and avoid zeros and negative
signs, 1,2, n + 4, and n + 5 virtual units are set at both ends of the pile, so that the pile top
number is 3 and the pile bottom number is n + 3.

(1) Pile top boundary conditions

At the pile top, there is a horizontal force Hy, bending moment M, and axial force
No = (N)3.

From (M), = EI(‘;%)3 = M), there is

)\2
— = 5
Ya = 2y3ty2 = ;Mo ©)
— i %y dy) _ ;
and from (H), = El(ﬁ + NE)3 = Hy, there is
Elys + (—2E1+NsA?)ya + (=21 + N3A?) > — Elyy = 2A%Hy ©)

(2) Pile bottom boundary conditions

Free bearing at the pile bottom:

When the lower end of the pile is supported in the general soil layer and the conversion
depth is al > 2.5, or when the pile end is supported on the rock surface and al > 3.5, the
bending moment and shear force are both zero.
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dzy
From (M), 3 = EI(E)WFS =0,

Yntd — 2Yn43 +Yny2 =0 ()

is obtained, and from (H),_ 3 = EI [(%A>n+3 + ((N + éz)‘g)nH} =0,

Elyuys + (—2B1+ NaA? + 820 )yuq + (—2E1 + NsA? 4+ 8242 )y — Elysn =0 (8)

is likewise obtained.
Fixed support at the pile bottom:
For this case the pile bottom displacement and rotation angle are both zero.

_(dy _
(¢>n+3 - <dz>n+3 =0

Yn+a —Ynt2 =0 )
Yny3 =10 (10)

so that

2.2.3. Solution Ideas
Taking the free pile bottom as the boundary condition in (7) and (8) gives

Ynta = 2Yni3 = Yni2 (11)

N3+ Ez)A? N3+ Ez)A?
Ynis5 = [2 - (W)EI’:)]%H - [2 - (W)Elg)]ynn + Ynt1 (12)

When i = n + 3, Equations (11) and (12) can be substituted into the pile deflection
difference equation (Equation (4)) to obtain

—EI42(Nyy3 + E2z)A2 — A3 EI
[ Ny +62)0° = ¢ ]yn+z+( )ynﬂ 13)
Kn+3 Kn+3

Yny3 =

where, Ky 13 = 2EI — 2(Nyy3 + §2)A% + A3 + boc, 3y A™.

By analogy with the above method, the intermediate node displacements y;,4» to y3,
can be obtained, and then the expressions for node displacements y3, y4, and ys obtained
by the above method can be substituted into the boundary condition, Equations (5) and (6),
for the pile top, to obtain the expressions of node displacements y; and v, so that all node
displacements, y;, can be inversely deduced.

2.2.4. Solving Steps

The first step for solving the system is to divide the pile into n segments, according
to the geometric dimensions of the pile foundation and the distribution conditions of
each of the soil layers. The second step, is to preset the initial value of the foundation
resistance coefficient, c,o, of the soil at the node of the pile element. In the third step, the
finite difference method is used to solve the displacement of each node, y;, and the fourth
step is to determine the pile side soil resistance, p;, from y;, according to the p-y curve of
the different soil layers. Next, step 5 is to obtain a new c,; from c,; = p;/y;. Finally, the
sixth step is to use the finite difference method to calculate the new node displacements
according to the new c,;. If the displacement difference of each node obtained by two
iterations is within the error limit ¢, then the process is stopped, otherwise steps 4 to 6 are
repeated until the error limit is reached.
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2.2.5. Programming

The flow chart for the calculation procedure according to the above calculation meth-
ods and steps, is shown in Figure 3.

According to the geometric size of pile foundation and the
distribution of soil layer, the pile is divided into n sections

v

Assume the initial value of foundation resistance
coefficient of soil at the element node c.

¥ ' )

Free bearing at the Fixed support at the
pile bottom pile bottom
[ |
v

Using the finite difference method to calculate the
displacement of each node y;

f —
\ 4

Obtain p; from y;, and determine the new foundation
resistance coefficient c,; from c,;=p; / y;

v

According to the new foundation resistance
coefficient c;;, the new displacement y ’; of each
node is calculated by the finite difference method

Stop iteration,output
calculation results

Figure 3. The flow chart of the p-y curve programming method.

2.3. p-y Curve Characteristics and Selection

The relationship between pile side resistance, p, and displacement, y, directly affects
the working characteristics of the pile. The current Chinese pile foundation design code
assumes elastic resistance that is divided into the “m method”, “k method”, and “C
method”, according to different assumptions about how the proportional coefficient of the
foundation, c;, varies with depth. When the soil displacement at the pile side is large, the
nonlinear relationship between resistance, p, and displacement, y, is often best described
by a p-y curve.

2.3.1. Characteristics and Application of Common p-y Curves

Existing p-y curves mostly apply to soft and hard clay soils. The following four specific
types of p-y curves are among the most widely used [16], and their characteristics and
applications are listed in Table 1.

In the table, p, is the standard value of the ultimate horizontal soil resistance per unit
area at a depth below the surface, and ys is the lateral horizontal displacement of the pile
when the soil around the pile reaches half of the ultimate horizontal soil resistance.

2.3.2. Comparison of Applications of p-y Curves for Homogeneous Soil

The above calculation method and program can also be applied to homogeneous
soil layers. In this paper, site horizontal load test conditions are used for the calculation
conditions (see Section 3 for details), and the soil around the pile is regarded as a uniform
soil layer. Four p-y curve models, the Matlock, Sullivan, Wang, and Zhang methods, are
used to analyze the internal forces and deformation of the pile body. Table 5 shows that
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the undrained shear strength of the test site was less than 96 kPa and consisted of soft clay.
The soil mass weight was 18.1 kN/ m?3, and the undrained shear strength, C,;, was 17 kPa.
Comparisons of the theoretical pile top displacement and the maximum pile shaft bending
moment with the measured results are shown in Tables 2 and 3.

Table 1. Typical p-y curves.

Literature . o 1e1s
Source p-y Curve Expression Features and Applicability
1/3 The curve is in the form of a subsection function and is
Matlock [1] _ ) 05py <l> (y < 8ys0) applicable to soft clay. ysg is the horizontal displacement
p= Y50 . . .
pu(y > 8ys0) of the pile when the ultimate resistance reaches half [16].

Sullivan et al. [3]

1/3 The curve is in the form of a piecewise function and is
0.5p4 (ﬁ) (y < 8yso) applicable to any clay. F is a parameter such that, when
the curve describes soft clay, F = 1, and when the curve

p =1 puly >8ys0)(z > 12bp) ¥ ’ ¥

Ly describes hard clay, F < 1
Pu <F + (12170)2) (v > 30ys0)(z < 12bo)

The curve is hyperbolic and suitable for soft clay and hard
clay. Here,a= /(8 — 1),b=(B — 2)/(B — 1), where the

/
Wang Method [4] p= Hybyy /5(;50 pu(y < Byso) value of B is obtained from a geotechnical triaxial
puly > Byso) undrained test. In the absence of test data, the value used
for soft clay is 9 and is 12 for hard clay.
The curve is in the form of a piecewise function and is
[Fs+ (1= F)z/z)pu(z < zrs) suitable for soft clay, such as that in the middle and lower
Zhang Method [5] - reaches of the Yangtze River. Fs is the reduction factor,
p= pu(z > zps) which is related to the nature and load of the soil, and Zrs
0.5p.(y/ y50)1/ 3 is the influence depth, taken as 1/4 of the pile length
Table 2. Comparisons of theoretical pile top displacement and actual measurements.
. p-y Curve Model Field Measurement
Load Level Project :
Sullivan  Wang Method  Matlock  Zhang Method Results
Pile top displacement/mm 11.76 17.11 20.72 13.43
200 kN Error percentage (%) —41.06 —1425 3.88 3268 19.95
Pile top displacement/mm 24.90 37.16 4431 25.70
300 kN Error percentage (%) —41.19 —12.24 4.65 —39.30 42.34
Pile top displacement/mm 33.11 52.31 59.19 32.92
350 kN Error percentage (%) —56.14 ~3071 —21.59 5639 7549
Table 3. Comparison of theoretical maximum pile bending moment and actual measurements.
. p-y Curve Model Field Measurement
Load Level Project
Sullivan Wang Method  Matlock  Zhang Method Results
Maximum bending
moment of pile 517.7 517.6 623.7 685.1
200 kN <haft/KN.1m? 628.2
Error percentage (%) —17.6 —17.6 —-0.7 9.1
Maximum bending
moment of pile 876.1 924.3 1045.1 1111.3
300 kN PN 8735
Error percentage (%) 0.3 5.8 19.6 27.2
Maximum bending
t of pil 1068.3 1172.1 1269.5 1333.9
350 kN H;Ezf?m(\)} 11;’1129 1234.5

Error percentage (%) —135 -5.1 2.8 8.0
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Tables 2 and 3 show that the pile top displacements and pile shaft bending mo-
ments calculated by different methods can differ greatly. Under different horizontal loads
(H =200, 300, 350 kN), the pile top displacement obtained by the Matlock method is close
to the measured value, as is the maximum pile shaft bending moment obtained by the
Wang method. Further analysis shows that both Wang’s method and Matlock’s method
are more suitable than other methods in calculating relevant parameters for horizontally
loaded piles in soft clay areas. However, Wang’s method was selected as the basis for
improvement and application. In Wang’s p-y curve, y5y = AesoD, A = 0.05(1/D + 4), and

g50 is the strain value when the maximum principal stress difference is half: p, = KAC,D,
K= 100D ., _42/D
— 3+83D ' 1+04z/D"

3. Improvement of Wang's p-y Curve
3.1. The Change in Undrained Shear Strength, C,,, with Depth

For cohesive soil, because the p,, in Table 1 is often described by C,, the undrained
shear strength C,;, has a great influence on the results, when a p-y curve is used to calculate
the internal forces and lateral displacement of piles. The Code for Pile Foundations of Port
Engineering [16] gives the p-y curve for C, < 96 kPa and C, > 96 kPa, respectively. &5
and C, is taken as a fixed value during calculation. According to the basic principle of
soil mechanics [17], even for the same soil, undrained shear strength C, increases with
depth, and so is not a fixed value. At present, there are three main ways to obtain the
undrained shear strength, C,: (1) direct measurement by field or indoor test; (2) the
effective consolidation stress method [18], which considers the failure of a soil mass to be a
sudden undrained shear process, where the water content and strength of soil elements
remain unchanged; here, the undrained shear strength can be measured by the effective
consolidation stress on the potential fracture surface before failure; and (3) the empirical
fitting method, which is based on the main factors that affect the undrained shear strength,
Cy, of the soil mass, and can give the C, according to several parameters that are easy to
measure, hence this method’s name.

Guo [19] compared the undrained shear strength measured by in situ field tests and
indoor tests, with the undrained shear strength obtained by an empirical formula. The
results obtained from the empirical fitting method and the tests were consistent, but the
calculated results from the effective stress method were roughly twice the measured ones.
The main reason for this was that the undrained cohesion, c, had a large impact. Duan [20],
Chen [21], and others found that the undrained shear strength of cohesive soil increases
linearly with depth.

In this paper, the authors adopt the empirical fitting method due to a lack of measured
data. That is, the undrained shear strength is assumed to follow a linear growth rule along
the depth, and the reference value of €5 is obtained from Table 4:

C, =ar'z (14)

where, 1’ is the effective weight of the soil, and 4 is the effective coefficient, which is
0.244 [19].

Table 4. e5( value [22].

Cy (kPa) 12-24 24-48 48-107 107-215 215-430
50 0.02 0.01 0.007 0.005 0.004

3.2. The Case of Layered Soil

The Code for Pile Foundations of Port Engineering divides all soil types into soft clay, hard
clay, and sandy soil, according to the size of the soil’s C;, and puts forward the construction
method of p-y curve clusters for dealing with different types of soils. However, most current
studies do not consider the coexistence of the three types of soil. Thus, a p-y curve cluster
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in layered soil can be established by considering the differences in p-y curves between
different soil layers, as follows.

(1) Soft and hard clay

For p-y curves in soft clay, hard clay, and other soil layers, this paper adopts the Wang
method, that is applicable to clay.

(2) Sand

In the absence of field test data, the p-y curve of sand can be determined by the
following formula [18]:

, . KZ
pP= wPllth[mY] (15)

z
p=(30-085)>09 (16)

where, k is the initial modulus of soil resistance (kN/m?); i is the calculation coefficient;
and d is the pile diameter or pile width.

4. Application of the Improved p-y Curve Method in Layered Soil
4.1. Overview of the Site Horizontal Load Test

The horizontal load test was a 1:1 field prototype test, using a loading mode of double
piles pushing against each other. The bored pile of the test foundation pile was 1 m in
diameter and 45 m in length. The cap of the pile was 1.8 m in length, 1.4 m in width, and 1
m in height. C40 concrete was used, and the weight of the foundation pile was 25 kN/m?.
The test device is shown in Figure 4, which shows that the horizontal displacement of
piles on the ground was measured with a dial indicator. Two dial indicators were installed
symmetrically on the horizontal force action surface, at heights of 10 cm, 60 cm, and 95 cm
above the bottom of the pile cap, with a spacing of 1.0 m. Pile A was a test pile, where a
reinforcement meter was symmetrically arranged on the reinforcement cage, to measure
the strain on the pile body. A total of 10 test sections were set up at a depth of 34 m below
the ground, with 20 elements in total, according to the principle of “upper dense” and
“lower sparse”. The strain gauge on the top layer was 50 cm from the ground, and the
spacing below was 200 cm, 250 cm, 300 cm, and 400 cm.

- X 180 o
R Datum beam . o -
® |~ Diagonal v N P 80 !
- bracing 1 b
S - o pile b Lifting pile a
I \ . z b jack
S ( Pile b | | Pile a Ground 14 [_,,:‘ }
N N ' o B 60 100 20 _c_‘>1
= Pile cap Pile cap b
o Diagonal -~ ~ N ”'____\
3 bracing ey S N S
Datum beam B )
= Foundation Large range l*ound.altlon
il X M piie
- : pile > dial indicator
Datum pile
(a) vertical view (b) Front view

Figure 4. Pile horizontal load test.

The test was carried out using the slow sustained load method. According to the
relevant specifications [23,24], 100 kN was taken as the initial load and, according to the
change in pile top displacement and pile foundation conditions, 25 kN or 50 kN were taken
as the incremental load, step-by-step, until the pile foundation was damaged. The soil layer
in the test site was distributed from top to bottom as follows: 0 to 4.80 m was miscellaneous
fill with loose structure and poor uniformity; 4.80 to 13.10 m was flow-plastic sludge with
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high void ratio and high compressibility; 13.10 to 17.90 m was soft plastic silty clay, with
high mass fraction of local silt particles and medium-high compressibility; 17.90 to 30.50 m
was flow-soft plastic silty clay with high compressibility; and below 30.50 m was soft
plastic silty clay with medium compressibility. The soil layer distribution and physical and
mechanical property parameters of the test site are shown in Table 5.

Table 5. Soil physical and mechanical property parameters.

Mass Compression Poisson’s Friction
Type of Soil Layer = Thickness/m . 3 Modulus . o

Density/(kg/m?) Es/MPa Ratio Angle/(°)
Miscellaneous fill 4.8 1845 - 0.38 12.8
Silt 8.3 1676 2.09 0.40 10.2
Silty clay with silt 4.8 1915 4.31 0.35 12.8
Silty clay 12.6 1769 3.24 0.35 11.2
Silty clay 12.7 1777 4.63 0.30 12.3
Silty clay 1.8 1810 3.77 0.30 11.3

4.2. Validation

The improved p-y curve method was applied to the above tests, and the displacement
and bending moment of the pile were compared with the measured results.

(1) Pile displacement

The comparison between the calculated and measured value of pile displacement
along with depth is shown in Figure 5a, and the comparison between the calculated and
measured value of pile top displacement is shown in Figure 5b.

Pile displacement y/mm 250 7

60 80 100

10

30

Depth/im

40

T i 1

Measured value
Calculated valug|

200

150

Pile top displacement/mm

100 4

—=— 200kN, Measured value //""
—&— 300kN, Measured value 50 pZ
—e— 350kN, Measured value 7777/77',:,:_?:7:’“1

—0— 200kN, Calculated value| P e
42— 300kN, Calculated value
—o— 350kN, Calculated value

T T T T T T T T T T T
150 200 250 300 350 400
Horizontal load/kN

(a) Along the depth direction (b) Pile top

Figure 5. Comparison between the calculated and measured value of the pile body displacement
with depth.

Figure 5a shows that the calculated value of pile displacement was consistent with
the measured value. When the load was below 300 kN, the pile displacement mainly
occurred within 10 m underground. When the load increased to 350 kN, however, the
displacement value and the depth of displacement influence, increased rapidly. Similarly,
Figure 5b shows that when the load increased from 150 kN to 350 kN, the error between
the calculated value of pile top displacement and the measured value was between —9.8%
and 10.3%. When the load reached 400 kN, however, the calculated and measured values
of pile top displacement increased sharply, to 161.2 mm and 220.4 mm, respectively, and
the error increased to 26.9%. This may have been because the pile foundation had been
damaged and the measured value of the pile top displacement was thus too large. Thus,
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within a certain allowable range, the improved p-y curve method has good applicability in
calculating the internal forces and deformation of piles loaded at large displacement levels,
before a pile foundation is likely to be damaged.

(2) The bending moment of the pile shaft

The comparison between the calculated and measured value of the pile shaft bending
moment with depth is shown in Figure 6a, and the comparison between the calculated and
measured value of the pile shaft maximum bending moment is shown in Figure 6b.

Bending moment of pile shaft (kN.m) 2 3000 = Measured value
2(|)0 4(|)0 6(|)0 S(I)O 10|00 11:00 14|00 16|00 18|00 é e— Calculated value| ™
: = < 2500
i
2
S 5000
52000 o
— /
5 .
§ S 1500 2l
204 —=— 200kN.Measured value ,_%D /"/
—A— 300kN.Measured value 3 1000 4 P .
—e— 350kN.Measured value = P
% —o— 200kN.Calculated value 2 A "
e —4— 300kN. Calculated value % 5001 -
;: —o— 350kN.Calculated value = . ; , . i :
& 150 200 250 300 350 400
A

40

(a) Along the depth direction

Horizontal load (kN)
(b) Maximum bending moment of the pile shaft

Figure 6. Comparison between the calculated and measured value of the pile bending moment
with depth.

According to Figure 6a, the calculated and measured bending moment values were
mainly distributed within 12 m below the ground. With an increase in load, the calculated
depth of the maximum pile bending moment appeared about 5 m below the ground, which
was consistent with the measured value. Figure 6b shows that when the load increased
from 150 kN to 350 kN, the error between the calculated value of the maximum pile
shaft bending moment and the measured value was —17.4% to 9.8%. When the load was
increased to 400 kN, however, the calculated and measured values of the maximum pile
bending moment increased to 1995 kN and 2789 kN, respectively, with an error of 28.5%.
Combined with the comparative analysis of the pile top displacement, the improved p-y
curve method also has good applicability in calculating the internal forces and deformation
of a pile loaded at a displacement level, within a certain allowable error range, in addition
to when the pile foundation is not damaged.

5. Conclusions

Through theoretical analysis and field tests, this paper analyzed the internal forces
and deformation of laterally loaded piles, based on an improved p-y curve framework. The
highlights are enumerated below.

(1) Taking into account the simultaneous presence of soft clay, hard clay, and sand, as
well as the change in undrained shear strength, C,, in the clay layer with depth, the p-y
curve of the Wang method was the most applicable to our model and was therefore used
for subsequent analysis.

(2) A new calculation method for pile internal forces and deformation in layered
soil, that also considered vertical load, was established, and the corresponding difference
solution program was put forth.

(3) The calculation method in this paper was then applied to an analysis of the results
of field horizontal load tests. These results showed that the trends in the change in the
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pile top displacement and the maximum bending moment of the pile body calculated by
our improved p-y curve method in layered soil, were consistent with the measured values.
When the horizontal load was between 150 kN and 350 kN, the absolute values of the
relative error of the maximum displacement and the maximum bending moment of the
pile body were less than 10.3% and 17.4%, respectively. This demonstrated that our method
has good applicability for the analysis of deformation and internal forces of horizontally
loaded piles with large displacements.
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