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Abstract: In permafrost regions with warm frozen soil, the pile foundation is commonly used, but
most currently available models for the WFS foundation pile-soil system are either highly empirical
or overcomplicated, without a simplified theoretical manner in engineering. This study derives a
novel and simplified calculated model of the WES pile-soil system. The model is formulated in
terms of the shear deformation theory and load transfer method based on the rigorous deformation
mechanism of the WES foundation soil around the pile. Considering the different depth soil features
and the equilibrium state of the pile-soil system, dividing warm frozen soil foundation into three
regions (TPPR, ER, and BPPR) to calculate the D), and Ds can simply obtain the total displacement
of pile under different loads. The results demonstrate that the present theoretical model can well
predict the WFS foundation load—displacement response of the pile. The present model provides
a simple, practical, and effective approach for the estimation of the load—displacement behavior of
piles installed in the WFS foundation.

Keywords: warm frozen soil; pile foundation; shear displacement method; load transfer theory

1. Introduction

As China attaches great importance to the social and economic development of Tibet,
Northeast China, and other regions and steadily advances the strategic measures for the
development of the West, the construction of projects in permafrost regions is in full swing.
Pile foundation, as a common form of foundation structure for frozen soil foundation in
permafrost regions, is widely used for its strong adaptability, stability, and high bearing
capacity [1-4]. However, with the aggravation of the global warming trend, the degradation
of frozen soil foundations and the generation of large areas of high-temperature and
highly warm frozen soil foundations have become the premise of disturbing the healthy
development of frozen soil engineering [5,6]. At present day, in some extremely unstable
areas in the permafrost region, the corresponding “bridge instead of road” dry bridge
is adopted as the foundation of engineering structures [7-10]. However, the interaction
between the foundation pile and soil in warm frozen soil foundation and the displacement
relationship of the foundation pile under the action of upper load have always been the
focus of pile foundation research in warm frozen soil regions, so it is urgent to establish
the load-displacement theoretical relationship between pile-WFS system in warm frozen
soil foundation.

Many studies have been conducted on the theory and numerical calculation of pile
foundations in frozen soil over the years. Semenova N.P [11] proposed a calculation method
for the settlement of foundation in thawing frozen soil with a small permeability coefficient

Buildings 2024, 14, 1459. https:/ /doi.org/10.3390/buildings14051459 https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14051459
https://doi.org/10.3390/buildings14051459
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-2133-1792
https://orcid.org/0000-0002-8962-7349
https://doi.org/10.3390/buildings14051459
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14051459?type=check_update&version=1

Buildings 2024, 14, 1459

2of 16

by studying the settlement of structure foundation in thawing frozen soil. Abzhalimo [12]
analyzed the interaction mechanisms between frozen soil and an immovable foundation.
Zhao XY et al. [13] used two numerical modeling approaches: solid-fluid coupled finite
element (FE) modeling and the beam-on-nonlinear-Winkler-foundation (BNWF) method to
calculate the pile P-D curves in frozen ground crust overlying liquefiable soils. Li L and
Deng YS [14] based on the transparent soil model test technique and Coupled Eulerian—
Lagrangian (CEL) approach, single pile penetration tests were conducted. The load-vertical
displacement characteristics of composite foundation and the variation of soil around piles
are analyzed and compared with circular piles with the same cross-sectional area. Wang
HL and Zhang JM et al. [15] using a numerical model considering the interface interaction
between frozen soil and SCC was established for interpreting the bearing mechanism
of composite foundation. Tang LY et al. [16] proposed a calculation method to predict
the bearing capacity of frozen soil pile foundations based on atmospheric temperature
change, aiming at the connection between atmospheric temperature change and the bearing
capacity of frozen soil pile foundations. It can be seen that although previous studies have
analyzed the interaction mechanisms between pile and frozen soil, few studies exist on
the theory of the pile-WFS system. So it is urgent to find a load transfer model with low
calorific value materials and design parameters obtained through laboratory tests to guide
engineering practice.

Through the analysis of the overall deformation mode of foundation piles in warm
frozen soil foundation, it can be found that the total settlement displacement of foundation
piles in warm frozen soil foundation consists of two parts: the relative displacement D,
of foundation pile-frozen soil interface and the displacement D; of frozen soil around
pile outside the interface, as shown in Figure 1 [17-20], that is, the total displacement of
pile body in warm frozen soil foundation can be obtained by calculating these two parts
respectively by scientific and reasonable means. However, due to the particularity of the
warm frozen soil foundation, the interaction between the foundation pile and the frozen
soil around the pile is closely related to the temperature [21-25]. Therefore, this paper
divides the warm frozen soil foundation into different temperature regions and, firstly,
establishes the characterization of different temperature regions (—1 °C <T < 0 °C, warm
frozen soil region, T < —1 °C, Permafrost regions). The pile-soil interface load transfer
model is based on pile side friction resistance and pile-soil interface relative displacement,
and the relative displacement of the pile—soil surface is obtained based on the interface load
transfer principle. At the same time, the distribution forms of pile side friction resistance in
different regions of warm frozen soil foundation on the pile side are obtained according
to the calculation results. Then, according to the shear displacement method and the load
transfer principle of frozen soil foundation, the pile-soil relative slip of foundation in
different regions under the warm frozen soil foundation and the shear deformation of
frozen soil around the pile are comprehensively considered to obtain the pile-soil interface
displacement, which more accurately reflects the deformation mechanism of foundation
pile in warm frozen soil foundation.
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Figure 1. Cement-mixed batter piles composite foundation of the warm frozen soil (WFS) subgrade
model prototype.

2. Description of Models
2.1. Assumption

Considering the complexity of the foundation environment of warm frozen soil,
a simplified consolidation model is adopted based on the following assumptions:

(1) Vertical compression deformation of the foundation and frozen soil around the pile
is considered, and radial displacement under upper load is not considered; one-
dimensional uniform compression deformation occurs in the underlying permafrost
soil foundation.

(2) The soil settlement at the neutral plane of the composite foundation is equal to that
at the neutral plane of the pile unit body, and the soil settlement between the piles is
equal, and the other positions are different; On any plane, the stress and settlement of
piles are the same, and the distribution of stress and settlement of soil between piles
is non-uniform.

(3) The soil around the pile is composed of the soil at the pile-soil interface and the soil
outside the pile—soil interface. The soil at the pile-soil interface and the pile body have
nonlinear slip, and the thickness of this part of the soil is ignored during calculation;
Shear deformation occurs outside the interface of pile and soil.

(4) The total displacement of the foundation pile in the WFS environment is composed of
the displacement D of soil around the pile relative to D, at the pile-soil interface, and
the displacement D; outside the pile-soil interface are shown in Equation (1):

D =D, + D; (1)

where D), is calculated by the pile—soil interface load transfer principle, and Ds; is
calculated by the shear displacement method.

2.2. Establishment of Computational Model
2.2.1. Simplified Friction Resistance of Pile in WFS Foundation

The interaction between pile and soil in warm frozen soil foundation is complicated,
and there are essential differences between the interaction between pile and frozen soil in
different regions. It is particularly important to select a proper pile-soil function model to
express the relationship between pile side friction and settlement of pile and soil for the
stress-displacement analysis of piles in warm, frozen soil foundations [26-31]. According



Buildings 2024, 14, 1459

4of 16

to the position and deformation mechanism of the foundation pile in the frozen soil
foundation, the above theoretical hypothesis (3) and the location of the upper limit of
frozen soil, the position of the pile foundation in the warm frozen soil foundation can be
divided into two pile segments and three regions, as shown in Figure 2:

(1) (TPPR) Plastic deformation region of pile top (=1 °C < T <0°C,0<z < x1)

TPPR is located at the top of the pile (0 < z < x7), and the pile section is located in
the warm frozen soil section. The plastic deformation is mainly manifested in the form of
TPPR, and the regional displacement is composed of the pile top displacement Dy and the
soil displacement Ds; around the pile. When the plastic deformation in this region reaches
the maximum, its stress reaches the maximum 7,;.

(2) (ER) Elastic deformation region in pile (-1 °C < T <0°C, x1 <z < x3)

ER is located in the middle of the pile (x; <z < x3), and the pile section is located in
the warm frozen soil section. The elastic deformation is mainly manifested in the form of
ER, and the regional displacement is composed of the pile top displacement D), and the
soil displacement D;, around the pile. When the plastic deformation in this region reaches
the maximum, its stress reaches the maximum 7,5,.

(3) (BPPR) Plastic deformation region of pile bottom (T < —1 °C, x3 <z < x4)

BPPR is located at the bottom of the pile (x3 < z < x4), and the pile section is located in
the permafrost soil section. The elastic deformation is mainly manifested in the form of
BPPR, and the regional displacement is composed of the pile top displacement D)3 and the
soil displacement D3 around the pile. When the plastic deformation in this region reaches
the maximum, its stress reaches the maximum 7.
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Figure 2. Distribution of lateral frictional resistance of pile foundation for WFS.

Two states of frozen stability and melting correspond to the above division of piles in
warm frozen soil, and the stress-strain relation of the pile-soil contact surface is the key to
the establishment of this model. Therefore, for piles in the warm, frozen soil foundation
region, the ambient temperature is high, and the ice crystals in the soil are in a melting
state. Combined with the relation of the pile—soil contact surface on soft soil foundation,
The stress-strain constitutive relation model based on the soft soil model is adopted by
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referring to the test of the contact surface between frozen silty soil and concrete in frozen
Qinghai-Tibet. Specific interactions between regions are shown in Equation (2):

TuZXZS;f(; x € (x1, x3] )

Ax[1—Bexp(—Cxe)] x € (x3,x4]

{ C+Ko[yz+o(z)]tang  x € [0,x]
1(z) =

where 7(z) is the different regions shearing stress; C is the WFS Cohesive force, kPa; o(z) is
normal stress which exited in TPPR of pile, kPa; ¢ is the WFS Angle of internal friction, °; §
is the neutral axis position, m; z is the depth from the surface ground, m; 7, is the biggest
shearing stress in ER; A, B, and C are functions of temperature ¢ and water content w; Tyf is
the biggest shearing stress in BPPR.

2.2.2. WFS Calculate Model Features

The WES Calculate Model (WFSCM) Features employs shearing theory and load
transfer theory to calculate the pile displacement D), and soil displacement Ds;. Compared
to the traditional calculation model, The WFSCM has the following features:

(1) The model parameters are simplified. Compared to the traditional model, the calculated
model only requires the soil’s physical and mechanical parameters for calculations.

(2)  According to the temperature zone divided by the soil regions, let calculation results
is more accurate. (TPPR) Plastic deformation region of pile top (-1 °C < T <0 °C,
0 <z < x7) (ER) Elastic deformation region in pile (-1 °C < T < 0°C, x; <z < x3)
(BPPR) Plastic deformation region of pile bottom (T < —1 °C, x3 <z < x4)

(3) The method is based on the shearing theory and load transfer theory, modified on
the basis of a series of findings from theoretical analysis, experimental research, and
engineering practice.

2.3. Establishment of Basic Equation

At present, there are many theories for the calculation and analysis of pile-soil contact,
such as the load transfer method, elastic theory method, shear deformation method, and
so on [3,32—41]. This paper mainly analyzes the stress distribution of pile foundation in
WES foundation through the load transfer method and shear displacement method. The
load transfer method assumes that the pile itself is divided into multiple equal-length
elements, and there are elastic deformation coordination conditions among each individual
element, and the soil micro-elements in the WFS foundation are analyzed [42-47], as shown
in Figure 3.

According to the above conditions, the static equilibrium condition equation of soil
between piles in WES can be expressed as Equations (3)—(8).

(1) Force balance of pile element, the balance equation was shown in Equation (3)

0p(2)Ap + T(2)Updz — [0p(2z) +doy]Apy =0 x € [0, 1] 3)
0p(2)Ap — T(2)Updz — [0y (2z) +dop]Ap =0 x € (x2, x4]
simplify the Equation (3) was shown in Equation (4)
o, = %T(z)dz = %T(z)dz x € [0, x7] @
op = =4, T(z)dz = —%T(z)dz x € (xp,x4]
(2) Force balance of soil element, the balance equation was shown in Equation (5)
05(2) As + T(2)Usdz — [0p(2) + dos]As =0 x € [0,x7] 5)
05(2)As — T(2)Usdz — [05(z) +dos]As =0 x € (x2, x4]
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simplifying Equation (5) was shown in Equation (6)

dog = %T( z)dz  x € [0,x2]
dos = A— T(z)dz  x € (x2,x4]

(6)

By substituting Equation (3) into Equations (4) and (6), the differential equation can
be solved; the solved equation was shown in Equations (7) and (8)

o1 = A [Cz+K0[VZ +0(2)z ]tan(p} +c1 x€[0,x]

2
Op2 = ILL‘IP |:Tu2((,%‘35 1;:| + 0 X € (xl,x3] (7)

Ops = %{A X [1—exp(—Bxe¢€)|z} +c3  x € (x3,x4]

2
Oy = %—z [Cz + Ko[%F- + o(2)z] tan go] +cg x€[0,x]

22
Op2 = ,qus [TuZExS 1;:| +¢5 X e (xl, X3} (8)

O = TE{A X [1—exp(—Bxe¢)]z} +c6 x € (x3,x4]

where, 6,1, 82 and 43 are pile normal stress in different regions, kPa; 51, ds and ds3

are soil normal stress in different regions, kPa; A, is the pile area, mZ; U, is the pile

perimeter, m; A; is the soil ring area, mZ; Uy, is the oil ring perimeter, m; ¢y ~cg is the

constant for equation.
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Figure 3. Vertical force diagram for pile and soil elements (a) above the neutral axis; (b) down the
neutral axis.
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2.4. Load Transfer Analysis of Pile—Soil System of Pile Foundation in WFS

According to the division principle of pile-soil system in Section 2.2.1 description, the
WES pile foundation is divided into the plastic zone at the top of the pile, the elastic zone in
the middle of the pile, and the plastic zone at the bottom of the pile. The total displacement
of the pile is obtained by solving the displacement of the pile body in each region and the
displacement of the soil outside the pile—soil interface.

2.4.1. Pile Displacement Calculation

Taking the pile element as the research object, combined with load transfer theory,
vertical compression of the pile element was shown in Equation (9).

dp, =-£Gl g,
(,{ 9)

where Eyq is the modulus of elasticity for pile materials, MPa.
(1) Pile displacement calculation for TPPR

By substituting Equation (7) 0p1 equation into Equation (9), TPPR displacement Dy
can be solved, as shown in Equation (10).

D Ip1

9{ ! (10)
f {APEP [CZ+K0[ +0(z)z] tan(p} +cl}dz

rl

(2) Pile displacement calculation for ER

By substituting Equation (7) op2 equation into Equation (9), ER displacement Dy, can
be solved, as shown in Equation (11).

X2 T
DpZ = f —ELdZ
? (11)

_f {EPAP|:1¢ZEX3 i;:|+C}d

(3) Pile displacement calculation for BPPR

By substituting Equation (7) op3 equation into Equation (9), ER displacement Dj3 can
be solved, as shown in Equation (12).

X2 U'p3
ng = f*gdz

X3

(12)
fE S{A X [1—exp(— BXS)]Z}+C3}d2
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2.4.2. Soil Displacement Calculation Outside the Pile-Soil Interface

Taking the soil element as the research object, combined with the shear displacement
principle, shear stress at depth z from pile center r can be shown in Equation (13).

T(z,7) = Gs% (13)

According to the principle of pile-soil deformation coordination, the pile-soil interface
shear force is equal, shear stress in the soil can be shown in Equation (14).

r

T(z,7) = 7.',0(2)7l (14)

Combining Equations (13) and (14), the soil displacement can be expressed in Equation (15).

T(z,7) , Tp(2)rdr
. dr = c. 1 (15)

dD, =

According to Equation (15) can calculate the soil displacement outside of the pile-soil
interface, which was shown in Equation (16).

7
_uln fir_mn,n,
o Gs r o GS r1

"

D (16)

where rq is the pile radius, m; r; is the disturbance radius, m (The reference radius is usually
considered to be 20-fold r1); G; is the shear modulus of soil, Pa.

(1) Soil displacement calculation for TPPR

By substituting Equation (2) 7,1 equation into Equation (16), TPPR displacement Dy
can be solved, as shown in Equation (17).

X1
Dy = / C + Ko[yz + o(z)] tan ¢rq In(r—z)dz 17)
5 Gs 1

(2) Soil displacement calculation for ER

By substituting Equation (2) 7, equation into Equation (16), TPPR displacement Ds)
can be solved, as shown in Equation (18).

7 Tu2 2755 1 T
Dy= | —2=° _n(2)d 1
o= [ (e (18)
X1

(38) Soil displacement calculation for ER
By substituting Equation (2) 7,3 equation into Equation (16), ER displacement Ds3 can

be solved, as shown in Equation (19).

X4

Ax [1—exp(—B
Dsgz/ x| e"gs( Xs)]rlln(:j)dz (19)

X3

Figure 4 presents a simplified flowchart that depicts the comprehensive methodology
utilized in this study.
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Figure 4. Flowchart of the methodology.

3. Model Application

In order to check the reliability of the calculates mode, based on the references [48]
and the detailed properties of the soil strata for different loads are presented in Table 1. The
specifications for the cast-in-situ bored pile, the concrete strength level of the foundation
pile is C30, the elastic modulus of the pile body E = 3.0 x 10* MPa, and the weighted
average shear modulus of the soil on the side of the pile is G; = 3.18 MPa, model prototype
shown in Figure 5.

P
7=0°C T
B )
& & pile Silty Clay
X1
= ] 5
EI
e N —\
(Sl el il R - - - - -———JE‘-Neuralaxis
T=-1°C| ar-- S 1 e B = = mm e e e Permafrost upper limi Gravel-bearing Clay
Z X3
&
~
r
o
A
=
é _____ R s T X4 Weathered Mudstone
z (x)

Figure 5. Vertical force diagram for pile and soil elements.
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Table 1. Geotechnical characteristics of pile load.

Pile Length Pile Stratum Stratum Soil Tvoe Shear Parameters 0%
(m) Diameter (m)  Depth (m) Description P C (kPa) ) (KN/m3)
20 1.0 0-2, [0—x1] WFS Silty Clay 2 17 18.1

2-6, [x1-1,] PR(NU) o 2 28 18.6

6-10, [xp-x3] PR(ND) Gravel-bearing Clay 24 30 18.6

10-20, [x3—x4] UL Weathered Mudstone 20 40 22.0

18 0.8 0-1.5, [0-x1] WFS Silty Clay 2 17 18.1
1.5-5, [x1-x5] PR(NU) o 22 28 18.6

5-10, [xp—x3] PR(ND) Gravel-bearing Clay 24 30 18.6

10-18, [x3—x4] UL Weathered Mudstone 20 40 22.0

16 0.6 0-1, [0-x1] WFS Silty Clay 2 17 18.1
1-4, [x1—x7] PR(NU) : . 22 28 18.6

5-8, [xy—x3] PR(ND) Gravel-bearing Clay 24 30 18.6

8-16, [x3—x4] UL Weathered Mudstone 20 40 22.0

C—effective cohesion, p—effective friction angle, y—unit weight of the soil.

3.1. Case Study 1

The different load-displacement for Case Study 1 is shown in Figure 6. The calculated
results of this model are consistent with the P-D curve trend of Zhao's test results. With the
increase of load, the pile displacement increases slowly in the range of 0~200 kN, and then
the pile displacement increases quickly. According to the calculation of this model, when
the pile length is 20 m, the diameter is 1.0 m, and the pile top bears the load of 0-1000 kN,
the pile displacement range from 0 to 13.6 mm, while Zhao’s test results show that the pile
length is 20 m, diameter is 1.0 m, and the pile displacement range from 0 to 12.9 mm, which
can conclude the calculate model results are more conservative than the test results.

Load(kN)
0 200 400 600 800 1000
0 - T - T - T - T -
Case studyl
2 -
4 - i

—_ — — - Real Test data(Zhao)
g 6 Calculate data
=
& 84
=
S
s _
= 10
Z L=20(m), r=1.2(m)
= 4

124 E30x10(MPa)

G =3.18(MP
144 GO
16 T I T I T I T I T

Figure 6. Comparison of measured and predicted load-displacement curves for Case study 1.

The Different load and displacement, along with pile depth curves for Case Study
1, are shown in Figure 7. With the increase of depth and temperature decreased, pile
displacement firstly increases and then decreases, and the maximum value appears in
PR(NU) and ER regions. When the pile length is 20 m, the diameter is 1.0 m, and the



Buildings 2024, 14, 1459

11 of 16

maximum displacement pile body displacement is 13.6 mm. It can be seen that when the
load is less than 400 kN, maximum displacement increases slowly with the increase in load,
and its increase rate is relatively slow. When the load is greater than 400 kN, the maximum
displacement of the pile increases rapidly. The displacement of piles increases rapidly in
the WEFS regions (—1 °C < T < 0 °C) under the action of the upper load, and gradually
increases to the maximum displacement after entering the lying frozen soil area, and the
maximum displacement occurs in the region above the upper limit of permafrost.

I=-1°C T=0°C
16 T T T T T T T T T T T T

14 4 Case studyl
——200(kN) D-D curve

124 400(kN) DD curve
1 ——600(kN) D-D curve

EIO— ——800(kN) DD curve
¥ 4 —1000(kN) D-D curve
S g
=
@ |
=
= O
a |

4

2

0 L EL A IR N

Depth(m)

Figure 7. Different load and displacement along with pile depth curves for Case Study 1.

3.2. Case Study 2

Figure 8 presents a similar analysis, results, and comparison of measured and predicted
P-D curves for same Zhao's test data. The length and diameter of the pile installed are
18 m and 0.8 m, respectively. According to the calculation model, when the pile top bears
the load of 0-1000 kN, the pile displacement ranges from 0 to 20.43 mm, while Zhao's test
results show that the pile length is 20 m, diameter is 1.0 m, and the pile displacement range
from 0 to 12.9 mm. It can be concluded that when the pile diameter is larger, the pile length
is longer, and the pile displacement is smaller. The predicted P-D curve trend using the
calculated model closely matches what can be expected of the observed P-D curve.

The Different load and displacement, along with pile depth curves for Case Study 2,
are shown in Figure 9. With the increase of depth, pile displacement first increases and
then decreases, and the maximum value appears in PR(NU) in PR(NU) and ER regions.
When the pile length is 18 m, the diameter is 0.8 m, and the maximum displacement pile
body displacement is 20.43 mm. It can be seen that when the load is less than 400 kN,
maximum displacement increases slowly with the increase in load, and its increase rate
is relatively slow. When the load is greater than 400 kN, the maximum displacement of
the pile increases rapidly. It can be proved that the displacement of piles increases rapidly
in the WEFS regions (—1 °C < T < 0 °C) under the action of the upper load, and gradually
increases to the maximum displacement after entering the lying frozen soil area, and the
maximum displacement occurs in the region above the upper limit of permafrost.
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Load(kN)
0 200 400 600 800 1000
0 T | T I T I T | T I
— Case study2 |
5 4
- — — -Real Test data(Zhao)
= 10 4 Calculate data |
£
=
=
=]
=
bt
k- 15 1 —
&
A L=18(m). 7=0.8(m)
204 E/3.0<10°(MPa) i
G =3.18(MPa)
25 T | T I T I T T I

Figure 8. Comparison of measured and predicted load-displacement curves for Case Study 2.
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Figure 9. Different load and displacement along with pile depth curves for Case Study 2.

3.3. Case Study 3

Comparing observed and estimated P-D curves for a cyclic pile in different lengths
and radii, Figure 10 shows findings similar to the above two case studies. The pile is 16 m
long and has a diameter of 0.6 m. Based on the calculation model, when the pile top bears
the load of 0-1000 kN, the pile displacement ranges from 0 to 27.26 mm, while Zhao’s test
results show that the pile length is 20 m, diameter is 1.0 m, and the pile displacement range
from 0 to 12.9 mm. It can be concluded that when the pile diameter is larger and the pile
length is longer, the pile displacement is smaller. The predicted P-D curve trend using the
calculated model closely matches what can be expected for the observed P-D curve.
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Figure 10. Comparison of measured and predicted load-displacement curves for Case Study 3.

Figure 11 presents a similar analysis, results, and comparison of measured and pre-
dicted curves for the same two case studies. With the increase of depth, pile displacement
first increases and then decreases, and the maximum value appears in PR(NU) and ER re-
gions. When the pile length is 16 m, the diameter is 0.6 m, and the maximum displacement
pile body displacement is 27.26 mm. It can be seen that when the load is less than 400 kNN,
maximum displacement increases slowly with the increase in load, and its increase rate is
relatively slow. When the load is greater than 400 kN, the maximum displacement of the
pile increases rapidly.
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Figure 11. Different load and displacement along with pile depth curves for Case Study 3.
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4. Discussions

External load imposed on pile foundations is transmitted to the surrounding warm
frozen soil through different mechanisms, including contact surface friction. Figure 12
illustrates the different pile diameter-pile length-maximum displacement results for the
calculated model in the same loading conditions, respectively. When the value of pile
diameter and pile length is larger, the pile behaves as a friction end-bearing pile, and
interaction coefficients for large diameter and long piles are bigger than the others. When
the value of pile diameter and pile length is small because the interaction area decreases,
the interaction coefficient becomes small. The stress and deformation of the soil on the pile
side are big, so the shear deformation and interaction with adjacent soil are big.

307 Pile length 30
1 27.26 Maximum displacement | 1
_ 254 - 25
E
g 20.43
= 20 — 2%t o
g 18 g
s 16 =
i L )
= =
g 10 - 10 A~
=
£
2 51 -5
=
0 . - . - . . - . 0
0.5 0.6 0.7 0.8 0.9 1.0 1.1

Pile diameter(m)

Figure 12. Comparison of different Pile diameters for Pile length and Maximum displacement.

5. Conclusions

Based on the shear displacement theory and load transfer method, WFS foundation
pile-soil equilibrium equations for driving open-ended piles under different soil depth
regions were developed, and the different regions’ displacement of the WES pile—soil system
was derived. The equilibrium differential equations of soil elements inside the pile were
established as well. The results of the proposed analytical solution were compared with
existing research results to verify the reasonability. The main conclusions were summarized
as follows:

(1) A simple and novel calculated pile displacement model for WFS foundation in differ-
ent regions was established; subsequently, the pile-soil equilibrium equations under
WES foundation conditions were developed.

(2) Based on the calculation equation of the WEFS pile-soil system, the displacement
calculation equation of WFS soil during driving under a static load was derived. With
the increase of depth, pile displacement first increases and then decreases, and the
maximum value appears in PR(NU) in PR(NU) and ER regions.

(3) The maximum displacement occurs regions for calculate models were investigated,
and the reasonability of analytical solution was verified through comparing with
existed research results.

Therefore, the proposed method was effective for the analysis of the WEFS pile—soil
system for piling projects. However, the results were relatively coarse because the pa-
rameters were assigned average values; if more accurate parameter values were used, the
applicability of the results would be improved.
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