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As a new type of composite pile, the synchronously and concentrically
constructed steel pipe—cemented soil composite pile has been increasingly
adopted as an inclined support system in foundation pit engineering. However,
theoretical research on the mechanical behavior and calculation methods of
this composite pile has lagged behind its practical engineering applications.
In this study, a series of laboratory tests were conducted to investigate the
interaction between the steel pipe and the surrounding cemented soil. A novel
calculation method is proposed for the bearing capacity and deformation
behavior of the new composite inclined pile. In this new model, the steel pipe
and the inner cemented soil are assumed to have no relative displacement
and are treated as a single pile body using an equivalent modulus approach.
The surrounding cemented soil primarily undergoes shear deformation, and
its interaction with the natural soil is also modeled as ideal elastoplastic.
The end resistance-displacement behavior of the cemented soil is described
using a hyperbolic relationship. The influence of key parameters on the pile
performance was also analyzed. Practical methods for determining the main
parameters were provided. The results show that the proposed calculation
method agrees well with the engineering measurements, demonstrating its
applicability for evaluating the bearing characteristics of this new composite
pile type and offering valuable guidance for practical engineering design and
implementation.

steel pipe pile, cemented soil, load transfer, calculation model, deformation, inclined
composite pile

1 Introduction

As a temporary structure in engineering construction, the stability and
safety of the foundation pit enclosure system are important to the successful
completion of the entire project. As traditional pit support methods, reinforced
concrete internal bracing systems and row pile-anchor cable systems have
gradually been proven with significant limitations. The above traditional methods
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required lengthy construction periods, also had many difficulties
in dismantling and adverse impacts on the surrounding
environment. Consequently, the development of efficient, easily
removable, and environmentally friendly pit support technologies
has become a pressing challenge in the field of geotechnical
engineering.

In recent years, composite piles have been extensively studied
world widely. These piles typically consist of high-strength core
pile and cemented soil. Its construction commonly involves the
formation of cement-soil piles via deep mixing or jet grouting,
following by the insertion of typical prefabricated tubular core piles
or steel pipe core piles (Fleming, 1993; Wang et al., 1998; Guo et al.,
2006; Yu et al., 2020). The composite pile fully utilizes the high
axial bearing capacity of the core pile while making full use of
the large shaft resistance provided by the surrounding cemented
soil, which has a large surface area (Dong et al., 2002; Dong et al.,
2004). By combining the advantages of both types of piles, the
bearing capacity is significantly enhanced and overall settlement is
effectively reduced. Experimental tests and finite element analyses
have shown that the load-settlement behavior of strong hydraulic
composite piles exhibits slow-changing nonlinearity (Li et al., 2009;
Lietal., 2014; Zhang et al., 2015; Rui et al., 2018). In this system, the
high-strength core pile and the surrounding cemented soil primarily
bear the axial load, while the contribution of the end-bearing is
relatively minor. Numerical simulations have been conducted to
investigate the influence of core pile and the core-to-total pile length
ratio on the vertical bearing capacity of strong composite piles
(Voottipruex et al., 2011; Wang et al., 2013). The results indicate that
increasing the core length ratio leads to a significant improvement in
vertical bearing capacity. However, increasing the core content only
results in a limited increase in bearing capacity. Similar conclusions
have been drawn from both laboratory model tests and numerical
simulations (Wonglert and Jongpradist, 2015; Zhou et al., 2022). As
for the load transfer mechanism of the above mentioned composite
piles, a load-settlement analytical solution for concrete core piles in
homogeneous soil layers was developed based on the load transfer
method, and a corresponding approach was proposed to predict the
settlement behavior of composite piles in layered soils (Wu, 2008;
Liuetal.,2010; Zhao et al., 2010). Based on the load transfer method,
a simplified method was introduced for jet grouting cemented soil
piles under various configurations. The above method can consider
both the frictional interaction between the cemented-soil and the
core pile, as well as between the cemented-soil and the surrounding
soils (Ren et al., 2010). Furthermore, aload transfer model for strong
mixed piles was established based on the principles of composite
mechanics and elastic displacement solution. This model derived
expressions for the axial stress of the core pile and the shear stress
distribution at the interface between the core pile and the cemented
soil, using equilibrium equations for a differential element and the
shear-lag theory (Gu et al,, 2011; Zhang and Ma, 2022). In addition,
a model for strong composite piles with rigid end bearing was
developed to analyze the load transfer behavior in layered soils.
The model identified the interface interaction between the inner
and outer piles during the loading process, with three stages of
elastic, softening, and shear slip respectively (Jamsawang et al., 2008;
Zhu et al., 2022).

Based on the theoretical load transfer analyze, the load
transfer behavior of equal-core strong composite piles under
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flexible foundation conditions has been systematically investigated
(Chen et al,, 2023; Jiu et al., 2024). Through theoretical analysis
and iterative algorithms, a calculation model was developed to
express the nonlinear interaction between pile and soil, providing
theoretical support for understanding the bearing behavior of
this type pile. A simplified calculation model for strong mixing
piles was also proposed under the assumption that no slip occurs
at the interface between the core pile and the surrounding
cemented soil (Wang et al, 2018; Du et al, 2018). Another
simplified model was established for core piles, which considered
the shear behavior at the interface between the inner and outer
piles (Tang et al, 2020; Zhang et al, 2024). In addition, a
series of laboratory tests were conducted on cemented soils with
different curing durations to investigate the effects of curing
time, mix proportion, and confining pressure on the compressive
and shear strength of the cemented soil. To further explore the
mechanical performance of cemented soil wrapped piles used
for foundation pit support, horizontal displacement monitoring
tests were carried out. The results indicated that increasing
the strength of the cemented soil significantly improves the
deformation resistance of the support structure (Bao et al., 2023;
Zhang et al., 2024).

Inclined pile support is a relatively novel foundation system
that eliminates the need for internal reinforced concrete bracing.
In recent years, it has been increasingly adopted in soft soil areas.
The piles used in such systems are generally categorized into
prefabricated piles and strong steel pipe piles. As an innovative
form of pit support, the composite inclined pile consists of a
steel pipe and high-pressure grouted cemented soil piles. This new
type of pile integrates a high-strength steel pipe with a high-
pressure jet grouted cement-soil column through a concentric and
synchronous construction process. Due to its structural advantages
and adaptability to soft soil conditions, this technique has attracted
increasing attention in geotechnical engineering, as illustrated
in Figure 1.

This support structure effectively controls the deformation
of the foundation pit, provides a spacious working environment
for excavation and underground construction, which significantly
improves construction efficiency. It also reduces project costs
and minimizes adverse impacts on the surrounding environment.
Although the composite inclined pile has been successfully applied
in many foundation pit projects (Hu and Pu, 2001; Zhu et al.,
2020), the theoretical research on its mechanical behavior and
calculation methods remains unsystematic and insufficient. The
study of this new type composite piles composed of steel pipe
and cemented soil has considerable theoretical and practical
significance for their wider application in large-scale foundation
pit projects. Based on laboratory experimental research and
actual construction and excavation data, this study proposes
a simplified analytical method for the inclined composite pile
under reasonable assumptions. Additionally, the influence of key
parameters on the bearing capacity and deformation behavior of
the composite inclined pile was investigated, and the analytical
results were compared with actual project measurements. The
comparison demonstrates that the proposed method is applicable
and reliable for the design and analysis of foundation pits utilizing
this new pile type.
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FIGURE 1
Actual engineering application case.

TABLE 1 The parameters of the laboratory tests with 7 days curing.

Soil name Moisture Cement content Cube strength Diameters of Diameter of
content w (%) (VA (MPa) steel pipe (mm) cemented soil
pile (mm)
Mucky soil 50 35 2.31 120 (Outer) 285
111 (inner)
FIGURE 2
Interface contact test between the steel pipe and cemented soil pile. (a) Axial loading test (b) Samples made in the laboratory.

2 Experimental research and
assumptions for the computational
methods

2.1 The relationship between steel pipe and
surrounding cemented soils

In order to explore the contact characteristics between the steel
pipe pile and surrounding cemented soils, a batch of samples were
made, which use for interface contact strength tests. The detailed
parameters of the laboratory tests were shown in Table 1.

The interface frictional resistance between the steel pipe and
outer cemented soil was studied through axial loading tests,
as shown in Figure 2.

After 7 days of sample curing, axial loading tests were conducted
to analyze the contact mechanical behavior between the steel
pipe and the surrounding cemented soil. As shown in Figure 3,
the experimental results show that as the relative displacement
between the steel pipe and the surrounding cemented soil
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increases, the interface contact resistance also increases, eventually
reaching a peak value. Upon completion of the initial loading
test, the sample was left to stand for 10 min before repeating
the loading process. The results indicated that the peak contact
resistance in the repeated loading was approximately 80% of the
maximum value obtained during the initial test. One day later,
the axial loading test was repeated The results were generally
consistent with those of the first loading test. When the test
was repeated after another 10-min resting period, the maximum
contact resistance was again found to be approximately 80% of the
initial peak value.

In addition, this study analyzes the results from the on-site
excavation of composite piles composed of steel pipe and cemented
soil, as shown in Figure 4. Based on these field results, combined
with previous experimental findings on pile-soil interaction (Lee
and Xiao, 2001; Wang and Liu, 2008; Yu et al., 2022), it is assumed
that the steel pipe and the inner core of cemented soil act as a
unified member with no relative slip. Their mechanical behavior
is modeled using an equivalent elastic modulus based on equal
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FIGURE 3

Results of interface contact loading tests. The (a—c) represent three different test samples.

cross-section transformation. The load transfer method is used
to describe the interaction between the steel pipe pile and the
outer cemented soil. To compute the deformation of the cemented
soil surrounding the steel pipe, the shear displacement method is
adopted. The interaction between the outer cemented soil pile and
the surrounding natural soil is modeled as an ideal elastic—plastic
system. Based on these assumptions, a mechanical calculation model
is developed to characterize the interaction between the steel pipe
and the surrounding cemented soil.

The relationship between frictional resistance and relative
displacement has been extensively studied by previous studies, and
various load transfer models have been widely applied (Lee, 1993;
Zhang et al., 2010; Wang et al.,, 2012). In this study, a series of
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systematic tests were carried out to investigate the interface behavior
between the steel pipe and cemented soil with different curing
ages. The results revealed that the frictional resistance-displacement
relationship exhibits a linear trend in the initial loading stage, as
shown in Figure 5a. Additionally, the load-settlement behavior at
the cemented soil near the pile end follows a bilinear pattern, as
illustrated in Figure 5b.

The expression for the relationships between the frictional
resistance and the relative displacement can be written as the
following Equation 1:

kAu, u,<Au,

Tosz = (1)
ch u, > Aul
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FIGURE 4
On site excavation test after load test.

o

\ 4

Au, Au

(a)
FIGURE 5

(b) Calculation model of steel pipe end and cement soils.

Calculation model of interaction between steel pipe and surrounding cement soils. (a) Interaction between steel pipe and surrounding cemented soil

Py

b2

(b)

Where, 7, is the frictional resistance between the steel pipe and
the surrounding cemented soils along the z-axis direction, and Au, is
the relative displacement between the steel pipe and the surrounding
cemented soils; k, is the stiffness of the steel pile and cemented soil,
and the value is determined through indoor tests or back analysis of
on-site test results.

The relationship between steel pile end resistance and

displacement at the cemented soil is simplified to the
following Equation 2:
k »1Sp Sp <s b
P, = (e u (2)
kaSp  Sup <p

Where, p,, is the resistance at the end of steel pipe pile, and s,
is the displacement of cemented soil at the end of the steel pipe
pile. When the displacement of the soil at the pile end is within
s,p> the stiffness of the cemented soil at the pile end is k. As the
displacement of the steel pile end increases, the resistance force at
the steel pile end increases linearly. When the displacement of the
steel pipe pile end exceeds s, the stiffness of the cemented soil
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becomes k,. As the displacement of the steel pile end increases, the
pile end resistance increases slows down. The specific basis for this
assumption is detailed in the following text.

As shown in Figure 6, assuming that the coordinates at the end
of the steel pipe is (x;,y; ), the coordinates at the top of the steel pile
is (0,0), the axis coordinates of the steel pipe pile at the top of the
cemented soil pile is (xL] VL, ), the stiffness of the interface between
the steel pipe pile and the surrounding cemented soil is k, (N/m>),
the load at the top of the pile is p,, the axial force of the steel pile body
at any section is p_, the deformation stiffness of the steel pipe end
relative to the settlement of the cemented soil is k., (N/m), the cross-
sectional area of the composite pile is A, = nrg, and the equivalent
elastic modulus E, can be calculated by the following Equation 3.

E = (ré_TOlZ)Esteel"'rO,ZEcs (3)
'y =
e

The outer radius of the steel pipe pile is r,, the inner radius is r,/,
the elastic modulus of the steel pipe pile is E,,;, the elastic modulus

of the cemented soil is E,

¢ the cross-sectional area of the pile is A, =

nré, and the equivalent elastic modulus is E,,.
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FIGURE 6

cement soil.

Simplified calculation diagram for steel pipe and cemented soil composite pile. (a) The calculation diagram (b) Relationship of steel pipe end and

(®)

Assuming a slight displacement A, occurs at the end of the
composite pile of steel pipe and the inner cemented soil along the
z-axis, the displacement at any cross-section of the pile body along
the z-axis can be expressed as the following Equation 4 (Coyle and
Reese, 1966; Randolph and Wroth, 1978):

P
U, =- dz+A 4
‘ ‘[ZLEPAP b ( )

The frictional resistance between the steel pipe and cemented
soil at the corresponding position can be expressed by the
following Equation 5 :

Fooy = —k$<r R Ab> )
2L EPAP

The total frictional resistance of the steel pipe from the steel pile
end to the pile body z can be expressed as the following Equation 6:

) <z P,
F,= 2nr0kSLL( LLEPAszmh)dz ©)

The axial force of the steel pile body p,, at any cross-section z can
be expressed as the following Equation 7:

z S
P, =k, - 2nr0kSJ —j dz+ A, |dz (7)
2L ZL=pttp

The following differential equation can be obtained by second-
order derivation, Equation 8.

2nrgk
S =P (8)
P
The general solution of the second-order ordinary

differential equation mentioned above can be expressed by the
following Equation 9:

p.=Cie+ G ©)
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Where ¢= 4 ZEL/‘;k‘, A = y2mrok E, A, substituting  boundary
PP

conditions p, =kyA, and p,'= -2mrkA,, the following
Equations 10, 11 can be obtained:

CleCZL + CzechL = kchh (10)

Cie”1 - Cye ™ = -AA, (11)

The values of parameters C,; and C, are obtained respectively by
the following Equation 12:

k-1
C, =22,

ZECZL

ko4 (12)
C, =t
27 et

The expressions for the axial force and displacement can
be obtained:

kch -2 - kch +A _
Po= S e o A (13)
= ﬁ kg, —A . kcb+’\e—ch_ kg,—A - ke, +/\e_cz LA
20\ 2e7n 2¢ 2e% 2¢ b
(14)
Letz= sii}'—e,y =zsin 0, so Equations 12-14 can be expressed as
in Equations 15-17:
kg —A
Cl N L b
e sin6
(15)
C kch +A A
2 oL b
2e “sing
k b —A Y k b +A 2
p,= ;c—nAhec““” + 2; —Aye (16)
e sin6 e sing
u, = ﬂ( kcb _”A Ecﬁ _ kcb +”A e—c:ﬁ _ kcb _y’/l ecﬁ kcb +”A _"-s..te + Ab
AN et 2e “and 2e 0 2e o
17)
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When the relative displacement between the steel pipe and
the surrounding cemented soil is greater than Au, at the pile

body z= jﬁ)“;, the axial force at the z-axis of the pile is calculated
according to Equation 18, that is:
’ o ZAul _YAul ( yAul )’ )
=C e sino + Cye sin0 + 2711 T, - 18
Pz ! ’ O°/\sin6 sin6 (18)

The friction and displacement and at section z can be calculated
by the following Equation 19.

Ty, = kot (19)

s7z

Existing studies and experimental test results have shown the
ultimate relative displacement between the steel pipe pile and
cemented soil is around 0.5 mm, as shown in Figure 4.

2.2 Calculations for cemented soil
deformation surrounding steel pipe

For the cemented soil surrounding the steel pipe, assuming
that it mainly undergoes shear deformation under the shaft
resistance of the steel pile, this new composite type pile is
constructed in a concentric synchronous manner, and the
shear stress is transmitted from the outer cemented soil to the
surrounding soil. Here, it is assumed that there is no relative
displacement between the cemented soil and its surrounding
soil, this assumption originates from the shear displacement
method proposed by Poulos (1988) and Randolph and Guo
(1999). Under the shaft frictional resistance of the steel pile,
the shear strain of the cemented soil at a distance r from the
pile axis is:

_ ds

Y= (20)
The shear stress is 7, which can be expressed as:
ds
T, = Gy = G“d_r (21)
By the equilibrium conditions, it can be obtained that:
o
Tre = To (22)

Substituting Equation 22 into Equation 21, and the following
expression can be obtained:

T, Toszt
ds = 2 g, - TosT0 dr (23)
GCS GCS r
Substituting  Equation 23 into  Equation 20, and the
following Equation 24 can be obtained:
o Tem
s =—ln<—>ku (24)
scz GCS TO s7z

2.3 Calculations of cemented soil pile and
surrounding soil

Assuming that the shaft resistance at the outer cemented
soil and the surrounding soils performs to an ideal elastoplastic
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relationship, as shown in Figure 7a. The load and displacement
relationship developed at the cemented soil pile base and
the the
in Figure 7b.
The shaft
soil and surrounding soil can be expressed by the following

soils  follows hyperbolic  relationship, as shown

shear resistance between the outer cemented
Equation 25:

kcsAucs Auz < AMcsl

(25)
Tesf Au, > Aug

Among them, the resistance between the cemented soil pile and

the surrounding soils at depth z is

sz the relative displacement

The interface resistance between
which
is determined through indoor tests or back analysis of on-site

along the axial depth z is Au

sz

the cemented soil pile and the surrounding soil is k,
test results.

Based on the research results by [43], the relationship between
the end resistance and settlement of the soil below the cemented
soil pile end along the z-axis is simplified as a hyperbolic model,
as shown in Figure 7b, and can be written as the following
Equation 26:

S
P,=—2
’ f+gscb

In the above formula, P, is the pile end resistance, S, is the

(26)

displacement of the cemented soil pile at the end, f and g are
parameters. When there is a small displacement at the end of the
cemented soil pile, assuming that the pile end resistance is linearly
proportional to the pile end load, and the initial stiffness is kg,
Similarly, the interaction between the cemented soil pile and the
surrounding soil, the axial force of the cemented soil pile also
satisfies the following Equation 27:

cms = Clcsefgz + Cche%“Z (27)
27Ryk _ _
Where Cs =\ A Aes = 2Rk E (A s A=

csesp
(Ry* = 7y?), substituting boundary conditions F, =kgyA, and
F

Zest

= =2mrok, Ay, the following Equations 28, 29 can be obtained.

ClcxecmZ“L + Ccheic“Z“L = kshAcsb (28)
Clcsecﬁszm' - C2c567C£SZCSL = _AcsAcsb (29)
The values of C;, and C,, can be obtained
separately by the Equation 30:
kg —A
Clcs = ; c“zcsfs csb

¢ (30)

ksb + /\cs

2cs Zeicffzf"L csb

The expressions for the axial force and displacement of
the cemented soil pile can be obtained separately by the
Equations 31, 32:

ksb - Acs

2 eCesest

gt 4 Koo+ e
e CesPosL

zcs csb csheic(sz (3 1 )
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FIGURE 7

The Calculation model for cement pile and soil. (a) Model of cement soil pile and soils (b) Hyperbolic model of pile end load and settlement.

ch

—_

ub

\/

(b)

k

sb _/\cs c

kg +A

z, S —c.Z,
elesest — 3G pCeZest
A b CesZL, ~CesZL,
Upes = = zete 2e ° +Ap (32)
A kg, —A kg, +A “
cs sb €S 0oz sb (e
2 eCesesL e CesesL

When the relative displacement between the cemented soil pile

and the surrounding soil is greater than Au,, the calculation

csl>

of axial force on the upper part of the pile body can be
obtained by the Equation 33:

YAucsl

o +C Y aucs1 _ Y

!
=C
sinf sinf

csl

F

csz

_¢ Yhucst
s ing
€ sind +271R0'rcsf

) 69

The compression deformation of the cemented soil pile above
this position can be simplified as the following Equation 34:

_L)
sin 0

In order to obtain the settlement at the end of the cemented soil

! !
r Pesz +pcsu“1

° 2EcspAcsp

(yAucsl (34)

sin 0

pile accurately, the following calculation steps can be taken:

1. The total number of calculations is m, assuming a small
displacement A, at the cemented soil pile end in each
calculation.

The change of soil stiffness at the cemented soil pile
end caused by the settlement at the pile end can be
obtained from Equation 26. The expressions for each
parameter in Equation 35 are:

k A

csb,n—1 "~ “Yes,n—1
Clcs,n—l = 2 Ces 12, ACSb
eCesn-1csl, (35)
kcsb,n—l + Acs,n—l
C —
2cs,n—1 — csb

2e Cesn-1%csL

3. For the (n-1)th calculation, the cemented soil pile top load and
displacement for the (n-1)th calculation can be obtained by the
following Equations 36, 37:

P %o

— CesZ —C..
n-17-" Clcxn—le 70+ Cch,n—le : (36)

Frontiers in Earth Science

08

_ Acsb
/\cs,n

+A

CosZL —CesZL CesZ —CesZ
SA (Clcs,nfle CS CZCs,nfle & Clcs,nfle 0+ Cch,nfle « O)

cs,n—1

(37)

csb

4. The changes in the relative displacement between the cemented
pile and surrounding soils and the stiffness of the soil at
the pile side are obtained from steps (2) and (3), and
used in the next calculation process. The axial force and
settlement of the cemented soil pile body obtained from each
calculation are accumulated to obtain the total axial force and
corresponding displacement distribution of the pile at different
load levels.

According to the on-site excavation test results, there is
no sliding failure between the steel pipe pile and the outer
cemented soil. Therefore, the deformation of the steel pipe pile
along the z-axis direction at any cross-section is expressed by
the Equation 38:

SSZ = uZ + SCZS + UZCS (38)

3 Analysis of the values and
influencing factors of relevant
parameters

3.1 Determination of the values of
parameters in the calculation method

Asillustrated in Figure 4, experimental tests on the shaft stiffness
between the steel pipe and the surrounding cemented soil piles have
shown that the interface friction increases with curing age. Extensive
test results on the shaft friction behavior between cemented soil
and steel piles with varying diameters and curing durations further
confirm this conclusion. According to the experimental results
reported by Yu et al. (2022), the displacement parameter Au, was
approximately 0.5 mm. In their tests, the steel pipe had a diameter
of 59 mm and the cemented soil had a diameter of 150 mm, resulting
in a diameter ratio of approximately 0.393. In the composite pile
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FIGURE 9
The calculation model for layered soils.
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Example of axial force distribution of steel pipe pile body.
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FIGURE 11
Example of displacement distribution of steel pipe pile body.
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studied in this paper, the typical diameter of the steel pipe is
325 mm, and the diameter of the surrounding cemented soil is
800 mm, yielding a diameter ratio of 0.406, which is similar to that

Frontiers in Earth Science
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in Yu et al.'s study. Based on this similarity, the stiffness parameter
k, for the composite pile in this research is estimated to range

between 120 kPa/mm and 200 kPa/mm.
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FIGURE 12
Example of load settlement relationship for cemented soil pile.

the on-site  excavation test results

as shown in Figure 2, the new type of composite pile constructed

According  to
synchronously and concentrically exhibits no relative displacement
between the steel pipe and the internal cemented soil, even under
ultimate loading conditions. Relative displacement is observed only
in the upper portion of the pile, between the outer cemented soil
and the steel pipe. In contrast, in the lower section of the composite
pile, the outer cemented soil and the steel pipe remain well bonded.
The stiffness of the cemented soil at the tip of the steel pipe pile is
consistently maintained at a value of k.

In this new type of composite inclined pile, a high-pressure
grouted cemented soil segment approximately 1m in length is
formed below the tip of the steel pipe pile along the axial direction.
The end resistance of the steel pipe pile is closely related to the
deformation behavior of this cemented soil segment, and their
relationship is nonlinear and relatively complex. To investigate this
interaction, finite element analysis was employed to simulate the
relationship between the pile end resistance and the deformation
of the cemented soil. The simulation results indicate that when the
cemented soil deformation is within 10 mm, the pile end resistance
increases approximately linearly with the deformation. Beyond this
point, the rate of increase slows down due to the onset of plastic
deformation in the cemented soil, as illustrated in Figure 8. Field
excavation and measurement results further confirm that, under
working load conditions, the relative displacement between the steel
pipe pile end and the surrounding cemented soil remains within
the linear response range. The value of k,.is about 18.059 kN/mm
to 42.866 kN/mm, obtained by the back analysis based on finite
element calculations.
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The deformation stiffness of the soil at the end of the cemented
soil pile can be calculated using the following formula suggested by
Randolph and Wroth (1978) in the Equation 39:

f— 1 _ 1- vy

k, — 4G,R,

(39)

The parameter f is the reciprocal of the initial stiffness kg, of the
soil at the pile end. As the displacement of the pile end increases, the
stiffness of the soil at the cemented soil pile end gradually decreases;
The parameter g is the reciprocal of the ultimate end resistance Py,
of the soil at the end of the cement soil pile.

Py, the calculation formula for the ultimate end resistance of the
pile is provided by Janbu (1976) in the Equation 40:

Ph = (Csth +qu)Ab, (40)

u

The parameters g can be represented as the Equation 41:

(41)

(CShNC + qu)Ah,

Where, ¢, is the cohesion of the soil supporting the
composite pile, g = (1 +2k,)yL/3, k, is the coefficient of horizontal
geotechnical pressure on the composite pile for the soil layer, y is
average unit weight of soils. N, and N, are the bearing capacity
factors, given by Janbu (1976) in the Equation 42:

N = (tan 8+ V1 +tan? 6)2e2‘” tan 8

q

N, = (Nq— 1)cot6

(42)

Where, § is the internal friction angle of the soil at the pile end,
¢ is the failure angle of the soil at the cemented soil pile end, and its
value varies from 60° for soft clay to 105° for dense sandy soils.

frontiersin.org


https://doi.org/10.3389/feart.2025.1660606
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Jun-neng et al.

TABLE 2 Soil parameters of the site.

10.3389/feart.2025.1660606

Lays | Soil name Soil Moisture Liquidity Void ratioe  Permeability Cohesionc Friction
density content index I, coefficient (kPa) angle ¢(°)
y(kN/m?) w(%) (cm/s)
1-1 Miscellaneous 18.0 10.0 15.0
fil
12 Clay 18.4 32.6 0.65 0.932 7.0E-06 247 15.1
1-3 Muddy clay 17.1 44.4 1.29 1.259 4.2E-07 10.9 8.5
2-1 Clay 18.0 36.8 0.86 1.033 2.9E-07 17.9 11.8
2-la Silty clay 17.6 39.7 1.38 0.983 5.3E-07 132 9.6
22 Muddy clay 17.4 415 1.30 1.171 5.7E-07 12.6 9.4
2-3 | Muddy and silty 17.7 38.4 1.23 1.093 1.2E-05 133 10.0
clay
32 Silty clay 185 30.7 0.97 0.886 2.4E-05 15.9 13.0
41 Muddy and 17.7 38.4 1.25 1.072 4.8E-08 14.0 10.1
powdery clay

3.2 Calculation method of composite pile
stress in layered soil foundation

In practical engineering, pile foundation construction sites are
usually on uneven strata as shown in Figure 9. In layered soil
sites, the average stiffness of the shaft resistance for the steel pipe
and cemented soil composite pile foundations is calculated as the

n
P
L

following Equation 43:

k. = (43)

Because the construction of this new type of composite pile
forms a certain angle 6 with the distribution of soil layers, the
interaction between cemented soil piles and the surrounding soil is
significantly different from the load characteristics of vertical piles.
This simplified analysis is more suitable for engineering design and
calculation.

3.3 Analysis of bearing characteristics of
the steel pipe pile

As shown in Figures 10, 11, both the axial force and the
displacement of the steel pipe pile decrease progressively along the pile’s
axial direction. Typically, the axial force and displacement are relatively
large in the upper section of the composite pile and gradually diminish
toward the lower section. As show in Figure 10, it can be observed that
astheload applied at the pile top increases, the interaction between the
steel pipe and the surrounding cemented soil in the upper portion of
the pile becomes more significant. However, this interaction remains
relatively weak in the lower section of the composite pile. Figure 11
further illustrates that the relative displacement between the steel pipe
and the surrounding cemented soil increases with increasingload at the
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pile top. Along the axial direction, this relative displacement becomes
more pronounced with higher applied loads, while remaining relatively
small in the lower segment of the composite pile shaft. From the above
analysis, it can be concluded that under axial loading, the interaction
between the steel pipe and the surrounding cemented soil is primarily
concentrated along the shaft of this new type of composite inclined
pile. The end resistance interaction at the pile tip is relatively weak.

The relationship between load and settlement of the cemented
soil is presented in Figure 12. It can be observed that the pile
top load and corresponding settlement exhibit an approximately
linear relationship within a certain loading range. As the applied
load continues to increase, the rate of settlement also increases,
indicating a nonlinear response at higher load levels. The numerical
simulation results are consistent with the trend observed in the
engineering field measurements.

4 Comparative analysis of engineering
applications

This project is located in Ningbo City and features a basement
structure comprising one underground level and a two-level
basement in different sections. For the first basement level, a
combination of row piles, inclined piles, and horizontal concrete
corner braces was used for support. The designed excavation depth
ranges from 6.0 to 8.7 m. The supporting piles include SMW
(Soil Mixing Wall) method piles and bored cast-in-place concrete
piles. In this project, the newly developed inclined composite
piles were adopted as part of the slant support system. The
typical length of these inclined composite piles is approximately
32 m, and the standard value of their designed ultimate bearing
capacity is 2200 kN. The detailed soil parameters of the site
were shown in Table 2.
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FIGURE 13
Comparison between the measured and computed results for a single pile in multilayered soils.

Comparisons between the load-settlement curves obtained
using the proposed method and the measured results are
presented in Figure 13. As shown in Figure 13, the load-settlement
relationship at the pile head calculated by the proposed approach
aligns well with the experimental data, demonstrating good overall
agreement with the measured behavior. These calculated results are
in good agreement with the excavation test data obtained from the
construction site, as shown in Figure 13.

5 Conclusion

This paper presents a simplified analytical method to analyze
the bearing characteristics of the new type inclined pile, which
was composed of steel pipe pile and cemented soil constructed by
synchronous and concentrically technique. The primary conclusion
s are as follows:

1. The transfer functions to analyze the interactions between
the steel pipe pile and the surrounding cemented soil, the
interactions between the outer cemented soil pile and the
surrounding natural soil are presented in this paper. The
assumptions based on the excavation test results are reasonable
applicable for the analysis of the new composite inclined pile.

2. The linear relationship can be used to simulate the contact
behavior between the outer cemented soil pile and the
surrounding soils, and the hyperbolic relationship can be used
to describe the end resistance and displacement at the end
of the cemented soil. The axial force and displacement of the
steel pipe pile decrease substantially along the axial direction.
The relative displacements between the steel pipe pile and
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surrounding cemented soils are mainly concentrated in the
upper part of the composite pile section.
3. The total head (top) displacement of the new composite
inclined pile consists of multiple components: axial
compression of the steel pipe pile, shear deformation of
the cemented soil along the pile shaft, relative displacement
between the cemented soil and the surrounding soil, and end
displacement of the cemented soil pile.
. The proposed calculation method demonstrates good
agreement with the results of engineering tests, validating
its feasibility for analyzing and designing this new type of

composite inclined pile.
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