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1. Introduction

Current excavation support systems in soft-soil areas often rely on
numerous cast-in-place concrete piles, inner supports, and anchors
as temporary structures. These piles are usually left in ground after
the construction of the basement structure is completed, resulting in
substantial solid wastein the stratum around the excavation site. This
practice causes several issues, including high energy consumption,
resource wastages, and environmental pollution. Perimeter piles are
designed as bending members, and their stiffness is generally high;
therefore, they can continue to function as members even after the
excavation is complete. If a basement wall and the retaining piles of
the excavation are combined, such that the retaining piles serve as
part of the basement wall during the permanent use phase, i.e, the
“pile-wall” technology [1], the thickness of the basement wall can
be reduced. This approach enables the excavation support structure
to achieve energy-savings and promotes sustainable development.
The technology has broad application prospects and significant
social and economic benefits, prompting extensive research by both
domestic and international scholars.

Wang et al. [2] examined the waterproofing and force transmission
behaviour of the “pile-wall” technology and performed strength and
durability calculations under multiple working conditions such as the
excavation stage, normal use stage, and seismic conditions. Nie et
al. [3] studied the elastic and elasto-plastic bending characteristics
of axially variable stiffness beams under minimal deformation
conditions and derived analytical solutions for their elastic and
elasto-plastic deformations when the height of the cross-section
and the modulus of elasticity of the material was varied according
to a special function along the length of the beam. Hu et al. [4]
studied an excavation project in Shanghai Honggiao Business
District and conducted stress measurements on the “pile-wall”
structural system from the excavation base to the construction
of a superstructure, deepening the understanding of the stress
characteristics of the “pile-wall” structural system. Wang et al. [5]
examined a deep excavation project for a rainwater storage pond
in Hefei City, focusing on the structural design and construction
methods of the “pile-wall” technology. They detailed the entire
construction process of construction stage and analysed the
monitoring data to demonstrate the applicability of the technology in
practice. Zhong et al. [6] demonstrated the application of “pile-wall”
technology in real-world engineering through a case study of Lot 8
of Honggiao Business District and proposed the overall idea of “pile-
wall” design and construction measures.

In practical engineering, excavation projects are not limited to clayey
strata; sandy, gravelly, and mixed soils (e.g. silty sand) are widely
distributed in coastal, river valley, and mountainous areas [7]. These
granular soils exhibit distinct mechanical properties compared to
clayey soail (e.g,, low cohesion, high internal friction angle, and strong
permeability). Nevertheless, the core theoretical framework of the
“pile-wall” structure employed in this study, including the Euler—
Bernoulli beam assumption, Rankine earth pressure theory, and
elastic foundation beam method, is inherently adaptable to multiple
soil types. In particular, the Rankine earth pressure theory, which
forms the basis of external pressure calculation in this paper, can be

directly applied to sandy/gravelly soil by adjusting key parameters,
such as setting cohesion (c) as O for cohesionless soil [8].

At present, the pile-wall structure can be divided into clingy and
separation “pile-wall” structures based on their structural forms.
In a clingy “pile-wall” structure, the retaining piles are connected
with the basement wall through connection nodes such as rebars,
integrating both elements into a single composite system. This
configuration enhances the cross-section bending stiffness, and it
is usually used in deep excavations [9]. In contrast, a separate "pile-
wall” structure incorporates horizontal force-transmitting members
in the basement slab to transfer the soil pressure on the retaining
piles to the basement slab, thereby reducing the load acting on the
basement wall.

The application of “pile-wall” technology in excavation projects
remains relatively remains relatively limited compared with other
supporting structures. Existing cases, such as the Tianjin Jinmen
Excavation Project and Shanghai Chest Hospital Lung Cancer Clinical
Medical Centre Ward Building Project, have primarily adopted the
technology passively, by stacking retaining piles and basement
walls within constrained structural spaces. This study focuses on
the “pile-wall” structure by developing a simplified calculation model
of the “pile-wall” structure and performing numerical simulation
using the Plaxis 3D finite element simulation software to verify the
correctness and accuracy of the simplified model.

2. Derivation of formulae in pile-wall
2.1. Equation for internal force with connection nodes

Based on the structural characteristics and force-bearing conditions
of the retaining piles and basement wall, the following simplifications
were applied for developing the model (Fig. 1):

- Given a sufficient number of retaining piles arranged along
the length direction and the adequate extension length of
the basement wall, a single retaining pile and segment of the
basement wall (with the same vertical length as the retaining pile)
were selected as research objects. To minimize boundary effects,
the vertical section along the Z-direction at the mid-span of the
structure was analysed.

- The retaining pile and basement wall were treated as two
vertical Euler-Bernoulli (EB) beams. As both members are made
of reinforced concrete, they share the same elastic modulus;
however, their cross-sectional heights differ.

- Because the widths of the two beams did not affect the
calculation results of the structural internal forces, their widths
were assumed to be equal for simplicity (both are denoted by b).

Regarding the boundary constraints, the top and bottom slabs of the
basement wall exhibit high stiffness in actual excavation projects. As
these slabs are directly connected to the basement wall, their lateral
deformation under load is minimal. The connection locations are
shown as points Aand Bin Fig. 1. Thus, the constraint at points A and
B was modelled as a hinged support. The bottom of the retaining pile
interacts with the surrounding soil, which provides elastic resistance;
hence, point C was modelled as a spring-bearing constraint.
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Figure 1. Simplified model diagram for Z-direction structural calculations

The top beam, which simulates the retaining pile, and the
bottom beam, which simulates the basement wall, were stacked
together, and the connection nodes between the retaining pile
and basement wall were simulated using the pins at points A
and B. Pin 1 at point A represents the connection node at the
top of the pile wall structure, and pin 2 at point B represents
the connection node at the bottom of the pile wall structure.
The contact surfaces of the two beams is assumed to be non-
adhesive.

2.1.1. Calculation of external pressure

The earth pressure acting on the retaining piles was calculated
according to the Rankine active earth pressure theory. The earth
pressure below the excavation surface was assumed to follow
a rectangular distribution, as shown in Fig. 1. The magnitude of
the pressure was determined based on the Rankine formulation
for active earth pressure in clay and silt soils [10].

K, =tan? (45" —gj (1)
7= @)
Ea1=<H—z0)-[yHKa2-@] G
E,, =2 7HK, ~20H K, +L;2 ()
where

¢ - theangle of internal friction of the soil

K, - the Rankine active earth pressure coefficient

Cc - the cohesion of the soil

y - the gravity of the soil

z, - the critical depth (the depth of the calculation point from
the surface of the ground)

E . - heactive earth pressure of the cohesive soil

al

E_, -theactive earth pressure of the silty soil.

Egs. (1) to (4) can be used to determine the specific value of the
external earth pressure (g,) acting on the top beam to simulate
the external earth pressure of the retaining pile, as shown in
Fig. 1.

2.1.2. Hinged support forces in the simplified structure

A simplified pile wall model is shown in Fig. 1. The geometric

and material parameters of the model are defined as follows:

- The top beam, which simulates the retaining pile, has a
cross-sectional height of h, and total length of L.,

- The bottom beam, which simulates the basement wall, has a
cross-sectional height of h,and total length of L,

- The overlapping length of the two beams is L,

- Both the top and bottom beams are made of reinforced
concrete with a consistent elastic modulus, denoted as E.

In this simplified model, segment AB exhibits the mechanical
behaviour of an overlapping beam. To analyse its structural force
characteristics, the bending stiffness formulation bimodal material
beams was introduced [9]. Based on this formula, segment AB can
be treated as a beam segment with an equivalent bending stiffness
denoted as £/, which is expressed as follows:

El3:Q{E.(h1;h2)3.2}:Eb(h1+h2)3 5)

3 12

where b denotes the width of the top and bottom beams.

i

M,
A Stacked beam segment (stifness EL) B ) :

L

2

Figure 2. Simplified modelling of stacked beam segments
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The segment BC was still a segment with a bending rigidity of £/..
Because the hinged supports were located in the overlapping
segment of the basement wall and retaining pile, from the excavation
base to the surface of the earth, the internal forces of the stacked
segment were analysed individually. Because the beam of segment
BC was embedded in the soil below the excavation base, Point B was
simplified as a fixed bearing. A simplified model is shown in Fig. 2.
The two hinged supports at points A and B are assumed to provide
only the support reaction force. Therefore, the deflection of the
simplified model (Fig. 2) at point A is caused by the soil pressure g,
and support reaction forces F, and F,, Assuming that the deflections
at point B under the independent actions of the external load g, _and
the additional unknown bending moment M, generated by the fixed
support are denoted as 6, and 6, respectively (as shown in Fig. 3),
the overall structural response can be determined. Based on the
principles of superposition, compatibility, and geometric consistency,
the following geometric relationship can be established:

05+ 0= 0 (6)

L

A Stacked beam segment (stifness EI,) B

A Stacked beam segment (stifness El,) B )

I L I

2

Figure 3. Superposition of forces in the stacked beam

The physical relationship between force and deflection can be
obtained from the mechanics of the materials as follows:

_ 9L’
59 ~ 45E], )
__MgL,
esM - 3E/3 (8)

Substituting Egs. (7) and (8) into Eq. (6), bending moment M, of
fixed support B can be solved as follows:

9L’
MB ~ 15 (9)
From this, the static equilibrium equations can be obtained:
2
Fly+ 3k L 0k g (10)

15 3 2

Therefore, we can conclude that the reaction force F, of the
hinged support at A:

7
Fa= Z“OLZ (11)

2.1.3. Internal force of the structure solution

The bending stress and shear force of the structure are
illustrated in Fig. 4. To determine the changing pattern between
the different positions in the cross section of the stacked beam
segment AB (denoted by y) and the linear strain of y, the linear
strain [11] can be solved by assuming a the plane cross section.

e=Y (12)

P
Here, y denotes the distance from any calculation point in the
cross-section of the stacked beam to the neutral layer of the
stacked beam, and p denotes the radius of curvature of the
neutral layer of the stacked beam.

Without considering the mutual extrusion in the longitudinal
direction of the stacked beams, it is assumed that all calculation
points of the stacked beam cross-section experience an
unidirectional force under ideal conditions. According to Hooke"s
law, the positive stress in the cross-section is given by

c=E¢ (13)

Zamjenom izraza (12) u (13) dobiva se izraz (14):By substituting
Eq. (12) into Eqg. (13), we obtain Eq. (14) as follows:

Ey

= (14)

In the simplified model shown in Fig. 4, the total axial force on
the cross-section AB in the stacked beam was O.

ZFszﬁququasz:o (15)

where:

c,  -thestressin the cross-section of the top beam within
the stacked AB segment

G - the stress in the cross-section of the bottom beam

2

within the stacked segment AB
- the cross-sectional area of the top beam within the
stacked segment AB, and A, is the cross-sectional area
of the bottom beam within the stacked segment AB

A &A,

By substituting Eq. (14)into Eq.(15) and defining y, as the distance
from the neutral axis of the cross-section of the stacked beam to
the laminated surface between the top and bottom beams the
stacked section of AB, Eg. (16) can be derived as follows:

[ Ey ", *(”hz)Ey " ""1*XEy ",
IO P y I—x V% y+0 Yo y—O (16)

Furthermore, y, can be derived from Eg. (16) as follows:
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h—h
Vo= 12 2 (17)

Considering the left part of the structure shown in Fig. 4 for force
analysis, the bending moment is evaluated at the position of the
laminated surface between the top and bottom beams on the
cross-section of the stacked beams. Let M, and M, denote the
bending moments in the cross-section of the top and bottom
beams, respectively, and x s the distance from any position of the
stacked beams to point A, which corresponds to the ground surface
in practical engineering (Fig. 4). Thus, based on the principles of
mechanics of materials, the equilibrium condition of the cross-
section of the structure in Fig. &4 can be expressed as follows:

'HoEby

3
9X _o (18)

M, +M +.[ i

-ydy +F,x—

G G

Top beam (simulating

the retaining piles) ?
B g
p M. -o, / l

Bottom beam (simulating

the basement wall)

Q
i
} 24

N~

L-x

N|
L i

2

Figure 4. Force diagram of a stacked beam with connected nodes

Based on a previous study [12], the relationship between the
bending moment of the laminated beam and the radius of curvature
in the cross-section shown in Fig. 4 can be expressed as follows:

1 _M+M,
T, (19)

Because the top and bottom of the model structure shown in
Fig. &4 have connection nodes, the middle layer of the stacked
beam remains unchanged when the stacked beam is bent under
force. Eq. (20) can be established as

M1 — MZ

E71 = ETZ (20)

Thus, we obtain three static equilibrium equations (Egs. (18—
20)). By combining Egs. (18—-20), we obtain

h2 q.x3 7q,.L
M. = g L9 Tk
17 2R3 +hY) [GLZ 30 XJ (21)
hy? q.x> 7q,L,
M, = 23 1) [6L2 —35-X (22)

where F, is a constant that can be solved using Eq. (11).
Therefore, the bending moment distribution in segment AB of
the perimeter pile, which represents the perimeter pile from the

surface to the excavation floor with depth x(Fig. 4), is given by Eq.
(21). Similarly, the variation in the bending moment in segment
AB of the basement wall, from the surface to the excavation floor
with depth x (Fig. 4), is given by Eq. (22).

Because the connection nodes at the top and bottom of the
stacked beam combine the retaining pile with the basement wall,
pin 1 (Fig. 4 on the left side) and pin 2 (Fig. &4 on the right side)
experience equal shear forces, which are given by

0-f, 2

_3(h, -h,Y (qx° TqlLyx (23)
p” " a4(h+hy 6L, 30

where bis the width of stacked beam including the top and bottom
beams, p is the radius of curvature of the neutral layer of the stacked
beam, and y,, is the distance from the neutral layer of the cross-
section of AB segment in the stacked beam to the laminated surface
of the two beams. yis a constant, and its value is given by Eq. (17).
The bending moment of the connection nodes Mp between the top
and bottom beams, which simulate the retaining pile and basement
wall, respectively, is obtained by superimposing the section
moments of the top and bottom beams (M, and M, respectively) at
depth x, corresponding to excavation L,

_1[(qL’ 7q,L7
Mo =5 [ 6L, 30 (24)

2.2. Equation for internal force without connection nodes

The left part of the structure is shown in Fig. 5 for force analysis.
The bending moment can be taken as the position of the laminated
surface between the top and bottom beams; M, and M, are the
cross-sectional bending moments of the top and bottom beams,
respectively; and x is the distance from any position of the stacked
beam to point A at the ground surface (Fig. 4). Therefore, based
on the theory of static equilibrium, the cross-section equilibrium
condition of the structure shown in Fig. 4 is

Fon BV oy + [ EDL. (4 Tyl +

0 0.5h
5hy /(37 5 P, (25)
+F x- 6kL2 +M,+M, =0
9 G

h T 7‘ 50—3 % < Top beam (simulating
b the retaining piles) %
-Ga‘/_‘y oo SN
hZI A 4 4 C{ B
Vo M, M By / |

-0, W -0, j
Bottom beam (simulating

the basement wall)

—— | |
L-x

N
| L ']

2

Figure 5. Force diagram of the stacked beam without connected nodes
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Based on a previous study [11], the relationship between the
bending moment and the radius of curvature in the cross-section
of the top and bottom beams shown in Fig. 5 is as follows:

1M
o, El (26)
M,
o EL (27)

Since the model structure shownin Fig. 5 has no fixed constraints
at the connection nodes on the top and bottom beams, and the
two beams are only in contact with each other, the curvature of
the laminated surface of the two beams is equal. In other words,
the longitudinal deformations of the two beams are equal,
resulting in the following relationship:

_thwEb . _Eb
N, = j_yO — ydy = R hh, (28)
_(* Eb. g __Eb
N, = j_(y0+h2) > ydy = R hh, (29)
L Ny Mg, N,  Mh
[y (ﬁ_zélf)dx‘fo (Ea, * 261 (30)

Here, V;and N, are the total axial forces of the top and bottom
beams, respectively, of segment AB of the stacked beam.
Combining Eq. (25) to (30), we get

_ hdhe2h) g8 Tq
5~ b+ hyP(hE 7 6L, 30 ¥ 5
__ h’@eh+h)  qx° TqlL,
= 3+ hEhE-R7) 6L, 30 Y (32)

where F, is a constant, and its value is shown in Eq. (11).
3. Finite element comparison
3.1. Engineering background

The projectis in Leopard Creek Greenland Park, at the intersection
of Shendun 3rd Road and Guanggu &4th Road in Guanggu
Centre City, Wuhan City, Hubei Province. The site lies within the
geomorphological unit of the Yangtze River Ill terraced stripped
Longgang zone and consists a slopped land formed by multi-
phase landfill, with the higher elevation in the northeast and
lower elevation in the southwest. Site investigations indicate that
the soil in the proposed site ranges from soil to medium hard. Due
to the relatively deeper excavation and the narrow space around
the basement perimeter from the red line of the site closer, a
combination of perimeter piles and internal support joint blocking
was used for excavation retaining. The specific tightly adhering
to the type “pile-wall” excavation engineering structure section
shown in Fig. 6. To address the waterproofing requirement of
the “pile-wall” structure in this project, two key measures are

adopted based on the site”s perched groundwater distribution
(confined to the southwestern low-lying filled area) and stratum
characteristics (silty clay, clay with low permeability):

Reinforcing bar connection nodes
(reinforcement planting)

Concrete retaining wall

Concrete pavement \

Connected between the perimeter piles
and the basement walls

T ( miscellaneous 8 ; \ Excavation roof
£ fillings P B Ty 7 T P R
Og. c=36kPa, =134 [
=19 kN/m? I:/ \\Basement wall
E=8.9 MPa ;I/:
@silty clay R A T AP IR ETAA NS
£ _ _ N ija‘ %
= c=40kPa, ¢=135 i %
o y=19.3 kN/m? ~1ZZ4 \ Reinforcing bar connection nodes
E=8.4 MPa / (reinforcement planting)
@ clay %
E C=54KPa, ¢=147° by
g o3/ N i
y=13 :3/ Excavation floor
v E=12.1 MPa /
% @ 1250 grounting of perimeter row piles
@red clay ) The total effective length is 22.0 m
I3 c=84kPa, ¢=16.4° /’/
i y=183 kN/m? ‘% ® 1000/750 triaxial soil-mixed piles
— £ 19.9 MPa A water stopping effect, 25.0 m length

Figure 6. Cross-section of clingy “pile-wall” structure

Waterproofing at pile-wall connection nodes

The rebar connection nodes (reinforcement planting shown in
Fig. 6) between the perimeter piles and basement walls were
treated with polymer cement waterproof mortar, and a 2-mm
thick polyurethane waterproof coating was applied to the joint
surface, which prevented groundwater seepage along the rebar
gaps and ensured the integrity of the waterproof layer.

Waterproofing between retaining piles:

As shown in Fig. 6, ®1000/750 triaxial soil-mixed piles (length:
25.0 m) were arranged between ®1250 grouting retaining piles to
form a continuous waterproof curtain. The soil-mixed piles with a
cement content of 15 % not only blocked the horizontal seepage
of perched groundwater but also enhanced the lateral stiffness
of the soil around the piles, consistent with the elastic foundation
assumption in the theoretical model in Section 2.1[10].

3.2. Engineering and hydrogeologic

According to the drilling data, the stratum of the proposed site
area consists of

- Quaternary Holocene Artificial Fill (Q4ml)

- Quaternary Holocene Floodplain (Q4al+pl)

- Quaternary Upper Pleistocene Floodplain (Q3al+pl)

- Quaternary Upper Pleistocene Residual Layer (Q3el).

The predominant lithology includes heterogeneous fill, silty clay,
clay, and red clay. The values of physical parameters of each layer
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are shown in Table 1. The values of physical parameters of each
soil layer were selected based on the Geotechnical Engineering
Survey Report for Construction Drawing Design of Wuhan Optics
Valley Centre City Natural Gas Distributed Energy Project, and
the values of some parameters are shown in Table 1. The
excavation base lies on a clay layer, and the characteristic value
of the ground-bearing capacity meets the design requirements,
allowing it to serve as the natural foundation for the excavation.
Within the depth range revealed by the site”s exploration
boreholes, the groundwater was identified as perched
groundwater. This perched groundwater was predominantly
distributed withinthelow-lyingfilled regionsinthe southwestern
portion of the site, and the primary recharge mechanism was
vertical infiltration of atmospheric precipitation. The site lacked
a unified free-water surface.

Because of its limited volumetric extent and restricted
spatial distribution, confined to mainly localised areas in the
southwestern part of the site, coupled with minimal seasonal
fluctuations in the water level caused by precipitation, perched
groundwater exerts only a negligible influence on excavation
construction. This negligible impact can be reasonably
disregarded in the design and construction analysis of a project,
because it is constrained in scope, insignificant in magnitude,
and readily manageable through conventional dewatering
measures, posing no substantive threat to the stability or safety
of the excavation.

Table 1. Values of parameters for each soil layer in numerical

simulation
Material [r:] s [MEPa] [k(F:’a] )
Filling 48 | 190 | 89 36 | 134
Silty clay 5.0 19.3 8.4 40 13.5
Clay 4.0 19.3 12.1 54 14.7
Red clay 11.2 18.3 19.9 84 16.4

Note: All soil parameters listed in Table 1 were selected for
drained conditions, consistent with the long-term construction
process of the project (excavation duration > six months) and
stratum permeability characteristics.

Clayey soil layers (silty clay, clay, and red clay)

For this solis with high cohesion (¢ = 40-84 kPa), the
presence of an internal friction angle (¢ = 13.5°-16.4°)
is in line with the geotechnical test results of undisturbed
soil samples. In reality, clayey soils are not purely cohesive
(undrained ¢ = 0) but exhibit weak frictional characteristics
owing to particle arrangement and minor sand content [10].
This is particularly true for the red clay used in this project
(derived from the residual weathering of granite), which
contains fine sand particles that impart a nonzero internal
friction angle [13].

The drained condition assumption

This assumption is applicable here because the project adopts
step-by-step excavation with temporary drainage measures
(e.g., dewatering wells in the excavation), which allows
sufficient time for pore water pressure dissipation in clayey
soils, consistent with the drained analysis framework of the
hardening soil model (HS model) used in the finite element
simulation [8].

3.3. Intrinsic modelling and parameters

The finite element simulation was performed using Plaxis 3D,
and a HS model was adopted to represent all strata in the
numerical model [10]. Owing to the structural characteristics and
anisotropy of the soil, its actual elastic modulus is greater than
the compression modulus. Based on engineering experience, the
actual elastic modulus of the soil in the excavation can be assumed
to be two to five times the compression modulus of the soil.

Table 2. Parameter values for the HS model

@ @ ®  ®
Materials Fillings | Siltyclay | Clay 323
Thickness [m] 4.8 5.0 4.0 11.2
Yoo [KN-M ] 19.0 19.3 19.3 18.3
Kohezija (() [kPa] 36 40 54 84
Theff‘i?gfno(;i)”[tf]ma' 134 135 147 | 164
E™? [kPa] 89 8.4 121 19.9
v 0 0 0 0
E_/fkPal 8.9 8.4 12.1 19.9
E, 7 [kPa] 8.9 8.4 12.1 19.9
E, [kPa] 356 336 484 | 796
m 0.8 0.8 0.8 0.8
Rf 0.9 0.9 0.9 0.9
- 0.65 0.65 065 | 065
v 0.2 0.2 0.2 0.2
Drainage state drainage drainage | drainage | drainage

The compression modulus of the soil, cohesion, angle of
internal friction, and other parameters were obtained from the
geotechnical test report table in the Geotechnical Engineering
Survey Report on Construction Drawing Design of Wuhan Optics
Valley Centre City Natural Gas Distributed Energy Project, and the
tensile strength of the soil was taken as zero.

GRADEVINAR 77 (2025) 12, 1201-1212
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The HS model is adopted as the intrinsic model of the soil
body, and the soil parameters were determined according
to the parameters given in Table 1. The soil shear expansion
angle y was set to O because the internal friction angle ¢
of each layer of the soil body was less than 30° [14]. The
unloading Poisson”s ratio of the soil v was set as 0.2. The
stiffness parameter of the soil was determined as follows:
The reference tangent compression modulus E /4 was
determined according to the compression modulus (£.)
range of 100—200 kPa given in the project investigation report
[15], i.e, E _/“=E 2 The reference tangent modulus £, was
taken equal to the reference tangent compression modulus
E . 116], and the unloading reloading modulus E " was set
as four times the reference tangent modulus £, [17]. The
power index m for each stiffness parameter is listed in Table 2
(0.8 for cohesive soils and 0.5 for sandy soils) [14]. All damage
ratios (R) were setas 0.9.

Since both the retaining piles and basement wall were simulated
by solid units, the solid units were given the concrete material
parameters. In the actual project, when the retaining piles are
driven into the ground, the cement slurry should be injected
between the piles to reduce excavation deformation of the
during excavating and prevent soil leakage between the piles. In
Plaxis 3D, a linear elastic model is generally used to represent
both concrete and cement slurry. Therefore, the parameters
of the concrete and cement slurry in this numerical simulation
model are determined according to Table 3. Because this study
primarily focused on the stress behaviour of the retaining piles,
the elastic modulus of the cement slurry was set significantly
lower than that of concrete to avoid overestimating stiffness,
which could otherwise distort the simulated deformation and
force response of the retaining piles

Table 3. Parameter values for each soil layer in numerical simulation

. Drainage Y unsat Elastic modulus
Materials type [kN/m?] (B [kPa] \Y
Concrete non-porous 25 31-10° 0.1

liquid cement | non-porous 12 4-103 0.1

3.4. Model building

To verify the reasonableness of the analytical solution for the
“pile-wall” structure, a finite element model was established for
this project, based on both the project data and the numerical
simulation of an excavation project in a previous study [18]. The
model included the basement wall, perimeter piles, foundation
base plate, foundation roof plate, and connection node between
the top and bottom, and the specific model is shown in Fig. 7.
The specific excavation model dimensions are shown in Fig. 8;
Fig. 8a shows the front view of the model, while Fig. 8b shows
the top view.

a) ®

110

082 165 165 165 165, 165 082
989

14,0

i 150

.
* |
o /9 ©
® Excavation roof
@ Model boundary
(3 Excavation area
@ Excavation roof

® Perimeter pile

® Connection node

@ Basement wall
Infusion thickness of

Unit of dimension [m] liquid cement

Figure 7. Dimensions of the finite element model

(D Excavation roof

(2 Restraint

(3 Excavation floor

@ Perimeter pile

(® Connection node
(board unit)

(® Basement wall

Figure 8. Integral finite element model of the “pile-wall” structural
system

Among them, the basement wall and retaining row piles are
simulated by solid units, and the excavation floor, excavation
roof, and the connection nodes are simulated by slab units. The
simulation of each component of the finite element model is
shown in Table 4.
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Table 4. Parameter information of the model components

Member Analog unit Y unsat H E
Excavation roof Plate unit 25 0.4 LEB
Excavation floor Plate unit 25 0.4 LE8

Connection Plate unit 25 02 2.1E8
node

Because the connection node simulated by a point-to-point
anchor unit in Plaxis 3D can only view the axial force, the
bending moment and shear force of the connection node cannot
be viewed Because this study primarily focused on the stress
behaviour of the retaining piles, the elastic modulus of the
cement slurry was set significantly lower than that of concrete
to avoid overestimating stiffness, which could otherwise
distort the simulated deformation and force response of the
retaining piles. This can be reflected through the plate unit of
the internal force of the bending moment and shear force of
the connection node. For the excavation bottom and top plates,
the stiffness is significantly large in the actual project; hence,
the deformation along the X-direction can be almost ignored.
Consequently, these plates can be regarded as a hinged support
[19]. Therefore, in the model, X-direction fixed constraints are
applied to the excavation top and bottom plates, to prevent
displacement in the X-direction caused by the pit bottom and
top plates. Thus, the hinged support is effectively simulated.
The model generated 56,932 cellsand 130,127 nodes in the meshing
stage. During excavation, the water head decreased to 2 m below the
excavation surface; in other words, the effect of the ground water
in the model was not considered. The step-by-step construction
simulation of the finite element model was divided into five stages:
installation of the retaining piles into the soil, excavation of the pit,
construction of the excavation floor, construction of the basement
wall and connection nodes, and construction of the excavation roof.
The structural elements corresponding to each stage were activated
sequentially in accordance with the construction process. Thus the
"pile-wall” structural system was simulated, and the result of the
finite element numerical calculation is given below together with the
derivation of the formulae.

4, Comparison of finite element and analytical
solutions

4.1. Retaining pile comparison

Figure 9 presents a comparison between the analytically derived
bending moment equations and the finite element simulation
results for the retaining piles when connection nodes (pins) are
present at the top and bottom of the pile—wall structure.
Figure 10 illustrates a similar comparison for the case without
connection nodes, highlighting the differences between the
theoretical derivation and numerical simulation results.

Bending moment of retaining pile (with connection nodes) [kNm]
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Figure 9. Bending moment diagram of perimeter piles with connection
nodes
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Figure 10. Bending moment diagram of perimeter piles without
connection nodes

Based on the curve fitting results of the perimeter piles with and
without connection nodes (pins), the finite element simulation and
formulae are in good agreement. The maximum bending moment
of the perimeter piles with connection nodes was approximately
1884 kNm in the finite element simulation and approximately 1693
kNm in the analytical model, both showing a better fit to the bending
moment peak. For the perimeter piles without connection nodes,
the corresponding maximum bending moments were approximately
1743 kNm (simulation) and 1665 kNm (formulae). These results
indicate that the bending moment of the perimeter pile with
connection nodes is larger than that without connection nodes,
suggesting that the connection nodes can increase the maximum
bending moment carried by the perimeter pile by about 141 kNm.

4.2, Basement wall comparison

Figure 11 presents a comparison between the analytical results
derived from the formulae and the finite element simulation

GRADEVINAR 77 (2025) 12, 1201-1212

1209



Gradevinar 12/2025

Bo Zhang, Jiabin Xu, Xiugin Shi, Na Chen, Yucai Dong, Huanwei Wei, Pengyue Wang

results for the bending moments of the basement wall when
connection nodes are present (pins) at the top and bottom
of the “pile-wall” structure. Figure 12 illustrates a similar
comparison for the bending moments of the basement wall
without connection nodes.

Bending moment of retaining pile (with connection nodes) [kNm]
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Figure 11. Bending moment diagram of the basement wall with
connection nodes

Bending moment of retaining pile (without connection nodes) [kNm]
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Figure 12. Bending moment diagram of the basement wall without
connection nodes

Based on the curve fitting result of the basement wall with and
without connection nodes (pins), the finite element simulation
and formulae show good agreement. The maximum bending
moment of the basement wall with connection nodes obtained
from the finite element simulation is approximately 126 kNm,
while the corresponding value obtained from the formulae is
approximately 122 kNm, both showing a better fit at the bending
moment peak. For the basement wall without connection nodes,
the maximum bending moment obtained from the finite element
simulation is approximately 137 kNm, and that from the formulae
is approximately 141 kNm. A comparative analysis these results
show that the bending moment of the basement wall with
connection nodes is larger than that without connection nodes,

suggesting that connection nodes can increase the bending
moment carried by the basement wall by about 11 kNm.

4.3. Connection node comparison

Regarding the internal force of the connection node, the bending
moment of the connection node derived from Eq. (24) can be
obtained by substituting into the dimension parameters of the
finite element model with the specific value of the connection
node”s bending moment of 2239.6 kNm. In the finite element
simulation, the internal force of the connection node was
obtained by extracting the internal force of the plate element
reflecting the internal force of the connection node. The
bending moment of the connection node in the Y-direction (i.e.,
the direction of longitudinal extension of the connection node)
is shown in Fig. 13. As shown in Fig. 13, the bending moment
peak of the connection node in the finite element simulation is
2199.64 kNm. This value does not exceed the peak connection
node moment derived analytically (2239.6 kNm). Thus, the
equation used to derive the bending moment of the connection
node is validated as feasible.

5000

____Connection node bending moment
" (numerical simulation)

25000 |

\‘ Extension direction of connection nodes [m]

(pins) [kNm]

-2500

Bending moment of connection nodes

-5000 L

Figure 13. Finite element simulation of connection node in bending
moment in direction of extension

In summary, comparison of the finite element simulation and

formula derivation results indicate that:

- The analytical formulae for the retaining pile and basement
wall closely match the numerical simulations in terms of the
distribution pattern and peak value.

- When there are no connection nodes, the retaining pile and
basement wall are not integrated, causing the external soil and
water pressure to be transferred to the basement wall through
the retaining pile. Hence, the basement wall is subjected to large
soil and water pressure, which may lead to engineering hazards.

- With connection nodes, the retaining pile and basement wall
act as an integrated system , allowing the retaining pile to
retain more soil and share and resist a larger portion of the
external soil and water pressure. Consequently, the bending
moment of the retaining pile increases compared with that
without the connection nodes, while the bending moment of
the basement wall decreases.
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- For the internal force generated by the connection nodes
between the retaining pile and basement wall, the finite
element simulation results closely match the peak values
compared with the derivation results of the formulae with
known parameters of the model. Thus, the theoretical
formulae are confirmed to be reliable.

5. Conclusion

In this paper, a simplified model of the “pile-wall” structural
system was developed through the combination of the retaining
pile and basement wall. Furthermore, internal force equations
of the pile-wall and its connection nodes were derived for
cases with and without connection nodes. Subsequently,
the internal force of the pile-wall structure system with and
without connection nodes was analysed, and finite element
numerical simulations were conducted using the Plaxis 3D
software to verify and compare the theoretical formulae. The
main conclusions are as follows:

- By modelling the retaining piles and basement wall as two
EB beams with identical material properties but different
cross-sectional dimensions, representing the connection
nodes between the piles and wall as pins connecting the
pile and wall, and treating the excavation roof and floor as
hinged bearings restraining the displacement of the pile wall
to the inner side of the excavation, the simplified calculation
model of pile-wall structure effectively captures the actual
engineering behaviour of the structure, as verified by the
finite element numerical simulations. Using the material
mechanics theory, the internal force formula of the pile
wall and connection node were derived from equilibrium
equations, physical equations, and geometrical relationships
under the assumption of flat cross-sections. The good
agreement between these formulae and the finite element
simulation results which demonstrates their reliability and
provides practical guidance for real-world projects.
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