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Abstract: This paper proposed a new method for modelling joints, using anisotropic plate elements
and elastic bar elements to address the issue that joints between panels are usually disregarded
in numerical modelling. For small-scale deep excavations, which are frequently performed in the
construction of various working shafts but have not been sufficiently studied, two numerical models
were developed, using the No.1 Shaft of Tongtu Road Utility Tunnel in Ningbo, China, as a research
object. One model considered the joints between the panels as proposed, while the other disregarded
the joints as conventional. In comparison to the conventional method, the proposed method was
validated due to yielding wall displacements that closely matched the results of the field monitoring,
with a notable reduction in the error observed in the calculated displacements for the short side of the
excavation. Furthermore, 34 numerical models were developed in order to investigate the influence
of excavation length, depth, and diaphragm wall thickness on the relative differences between the
calculated displacements obtained by the two models. The results of this study can provide references
for the development of finite element models for designing small-scale deep excavation.
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1. Introduction

Deep excavation is an essential phase in the development of underground space
in urban areas and diaphragm walls, which are configured by separate wall panels and
vertical joints between panels, are widely used to brace excavations owing to the high
rigidity, good integrity, and impermeability of the walls themselves [1–5]. In comparison
to the deep excavations commonly encountered in the construction of high-rise buildings
and subway stations, which have considerable plan size, the small-scale deep excavations
investigated in this paper have length and widths that are not much larger, and sometimes
even smaller, than the excavation depth. It is expected that this excavation will have
a significant spatial effect because of its small aspect ratio [6]. As is shown in Table 1,
small-scale deep excavations braced by diaphragm walls are commonly used to construct
working shafts that serve as launching platforms for tunnel-boring machines in various
traffic and municipal engineering projects, particularly in China.

Numerous studies have been carried out to investigate the performance of deep exca-
vations braced by diaphragm walls with struts in recent decades [7–11]. To ensure the safety
of deep excavations and the surrounding environment, it is crucial for practical engineers
to pay close attention to the horizontal displacement of the diaphragm walls, particularly
the maximum displacement [12,13], as well as the precise location of underground utilities
in the vicinity of the excavations [14,15]. Numerical modelling has been commonly used
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to predict the displacement of the diaphragm walls during the excavation process [16–20].
Guo et al. [21] used the finite difference method to analyse the deflections of a deep metro
station excavation braced by diaphragm walls under unsymmetrical surcharge effects.
Schwamb et al. [22] conducted numerical analyses to investigate the performance of a
circular shaft during construction. Pedro et al. [23] evaluated the impact of an elliptical
deep excavation on the surrounding buildings using 3D finite element analysis. However,
the majority of the previous studies did not concentrate on the small-scale deep excavations
mentioned above. Furthermore, the joints between panels were typically disregarded in
numerical modelling, despite the fact that these joints have a significant impact on the wall
performance [24,25].

Table 1. Cases of small-scale deep excavations braced by diaphragm walls.

Case Length (m) Width (m) Depth (m) Time

Shaft of Jintang Subsea Tunnel of Ningbo–Zhoushan Railway in Ningbo 22.6 21.1 58.13 2024
No. 3 shaft of Metro Line 16 co-constructed with pipe gallery in Shenzhen 32 15 27.58 2023

Launching shaft of metro rail project in Dhaka 20 20 17 2023
No. 1 shaft of Yinzhou Road utility tunnel in Ningbo 32.6 14.6 18.12 2021

Launching shaft of Pearl River estuary tunnel of Shenzhen–Jiangmen
railway in Guangzhou 23.4 26.8 25.35 2021

Fujian North Road shaft of Beiheng channel in Shanghai 23 22 29.35 2021
Jingfangyuan stereo garage in Hangzhou 22.4 10.8 46.2 2020

No. 2 and No. 3 shaft of Wanjiali Road power tunnel in Changsha 33.8 10.6 20.2
201818.8 10 24.8

South shaft and North shaft of Sutong GIL utility tunnel in Suzhou and
Nantong, respectively

32 22.85 20.85
201730 23.5 29.25

Rákóczi square station of the 4th metro line in Budapest 53.4 27.9 27.9 2014
Launching platform of Moorgate station in Crossrail route in London 33 33 40.7 2005

Referring to the modelling of joints between panels in numerical analysis, limited
numbers of researchers conducted relevant studies. Zdravkovic et al. [26] and Dong
et al. [25,27,28] treated the diaphragm walls as an integrated panel, which was simulated
using anisotropic solid elements or anisotropic shell elements, and then reduced its hor-
izontal stiffness due to the joints between panels. However, this was inconsistent with
the fact that the diaphragm walls were composed of several discrete wall panels, which
were homogeneous and isotropic, and the reduced ratio had to be determined on a trial-
and-error basis, which is not supported by theory. Chen et al. [29] simulated the steel
plates of the cross-plate joint and the reinforced concrete using solid elements, and the
interaction between the steel plate and the reinforced concrete was modelled using interface
elements. However, the modelling process is relatively time-consuming, and structural
forces of diaphragm walls have to be calculated from the stresses at element integration
points, which makes the whole process cumbersome in a practical design situation. For the
aforementioned reasons, the joints between panels were typically disregarded in numerical
modelling [16–23].

To address the two issues mentioned above, this study first proposed a convenient
and practical method for modelling joints, and then analysed the displacement behavior of
diaphragm walls in small-scale deep excavation by considering the joints between panels.
The investigated deep excavation of the No.1 Shaft of Tongtu Road Utility Tunnel was
built with the purpose of launching new tunnel excavation fronts for a utility tunnel in
Ningbo, China. In this paper, the joints between panels were simulated with anisotropic
plate elements and elastic bar elements, which are commonly employed in numerical
modelling, and numerical models considering and disregarding the joints were developed
respectively. Better agreement was found between the field data and the results when the
joints were considered as proposed, in contrast to the results obtained when the joints
were disregarded as conventional, and a notable reduction in the error was observed in
the calculated displacements for the short side of the excavation when the joints were
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considered as proposed, which indicated the effectiveness of the proposed method and the
necessity of considering the joints. Finally, numerical models were developed to investigate
the influence of excavation length, depth, and diaphragm wall thickness on the relative
differences between the calculated displacements obtained by the two models. The results
of this study can provide references for the development of finite element models for the
design of small-scale deep excavation.

2. Basic Information Regarding the Investigated Deep Excavation

The investigated deep excavation for Tongtu Road Utility Tunnel is located in the
Yinzhou Area of Ningbo, China, and it serves as a starting shaft for launching a tunnel-
boring machine. As shown in Figures 1 and 2, the deep excavation area has a depth of
16.8 m, with a length of 46.6 m and a width of 14.5 m. The designed supporting schemes
consist of diaphragm walls with five strut levels, placed at elevations of 1.91, −1.79, −4.79,
−7.79, and −10.79 m, respectively. The diaphragm wall has a thickness of 0.8 m and a
depth of 30.42 m. The reinforced concrete structure is employed for the first struts, with
cross-sections of 700 × 700 mm2. The other struts are steel pipes, and the cross-section of
the steel pipes has an external diameter of 609 mm and 800 mm, respectively, for the second
struts and the remaining struts, and the thickness of all steel pipes is 16 mm. The Young’s
moduli, E, of the concrete and steel used at this site are 31.5 GPa and 200 GPa, respectively.

The soil profile obtained from the geological survey is depicted in Figure 2. There
were nine soil layers from the ground surface to the toe of the diaphragm wall. The first
layer from the ground surface was miscellaneous fill (MF), with a thickness of 1.68 m. The
second to ninth layers were clay, mucky clay, silty clay, silty sand, silty clay with silty sand
(SCSS), mucky silty clay (MSC), clay, and silty clay. The remaining soil layers and their
thicknesses, from the toe of the diaphragm wall to the bottom of the model, are listed in
Table 2, and the water table is located between 1.5 m and 1.7 m below the ground surface.

Table 2. Basic HSS model parameters used in the excavation.

Soil Layer Thickness (m) γ (kN·m−3) e Es1–2 (MPa) c′ (kPa) φ′ (◦)

1⃝ 1aMF 1.50 20.0 0.950 3.40 1.0 8.0
1⃝ 2Clay 1.28 18.3 1.067 3.80 3.5 24.6
1⃝ 3bMucky clay 1.92 17.3 1.368 2.46 8.8 26.6
2⃝ 2bSilty clay 11.28 17.0 1.458 2.24 7.0 25.6
3⃝ 1b Silty sand 3.04 19.6 0.724 10.95 4.0 25.4
3⃝ 2SCSS 3.46 18.8 0.838 6.02 9.1 29.0
4⃝ 1bMSC 1.69 18.3 1.030 3.52 6.2 29.8
5⃝ 1aClay 2.91 19.3 0.824 8.06 8.0 28.7
5⃝ 2Silty clay 5.40 19.0 0.878 6.05 20.0 25.6
5⃝ 3aClayey silt 1.90 19.0 0.808 8.92 4.6 29.5
5⃝ 3tSilty clay 5.90 18.7 0.969 5.49 5.3 31.0
6⃝ 2tClayey silt 3.10 19.0 0.849 8.19 7.8 33.6
6⃝ 2Silty clay 2.20 18.5 0.992 4.51 15.7 27.7
6⃝ 3aClay 4.40 19.5 0.822 10.64 2.7 31.0
7⃝ 2silty clay 5.81 18.9 0.887 4.92 3.9 32.9

Soil cement - 20.0 - - 60.0 25.0

Note: MF = miscellaneous fill; MSC = mucky silty clay; SCSS = silty clay with silty sand; interface strength
reduction Rinter = 0.67.

As shown in Figures 1 and 2, soil cement columns of 14.5 m in length, 3.0 m or 3.8 m
in width, and 3.0 m in thickness were used to improve the ground at the bottom of the
excavation. The east ground of the excavation was reinforced by soil cement columns,
measuring 12.7 m in length, 8.5 m in width, and 12.7 m in thickness, to ensure the safety of
launching the tunnel-boring machine. In the following sections, the east and west sides are
referred to as the short side, while the north and south sides are referred to as the long side
for convenience.
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3. Numerical Modelling
3.1. Numerical Model Size and Boundary Conditions

The commercial FE software PLAXIS 3D V20 was adopted in this paper, and the
modelling dimensions were 55.79 m (depth along the z-axis), 200 m in the x-direction,
and 150 m in the y-direction, which was sufficiently large to minimize the effect of bound-
ary restraints [24,30,31]. The size of the numerical model and bracing system of the
deep excavation are shown in Figure 3. The model was composed of 272,628 nodes and
167,118 elements.

In this study, the bottom boundary of the model was fixed vertically, while the top
surface was left free. The lateral sides of the model were fixed in the horizontal direction,
while vertical movement was allowed. The wall panels are modelled using isotropic plate
elements, and the elastic properties of the concrete used to construct the wall are assumed
to be E = 31.5 GPa, where E is Young’s modulus, and G = 13.13 GPa, where G is the shear
modulus. The value of the Poisson ratio is 0.2. The top beams and RC struts are modelled
as linear elastic beam elements with a Young’s modulus of E = 31.5 GPa, and the steel struts
are modelled as linear elastic bar elements with Young’s modulus of E = 200 GPa, which
can transmit only axial force.
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3.2. Soil Constitutive Model and Input Parameters

An appropriate soil constitutive model and strength theory are important for the
economic design of geotechnical structures [32], and numerous studies have verified that
the deformation behavior of excavations can be more reasonably predicted using a harden-
ing soil with a small-strain stiffness (HSS) model, which can appropriately consider the
nonlinear and stress-dependent behavior of soils within a small range of strain, particularly
in the soft ground along the southeast coastal areas of China [33–38].

There are 16 relevant parameters that should be input into the HSS model, and
the basic parameters, namely, γ (i.e., unit weight), c′ (i.e., effective cohesion), φ′ (i.e.,
effective friction angle of soil), e (i.e., void ratio), and Es1–2 (i.e., Young’s modulus at 1-D
compression under the pressure of 100 kPa to 200 kPa), can be directly obtained via routine
laboratory testing of soil samples, which is typically conducted during geological surveys.
The remaining parameters, such as Eref

oed, Eref
50 and Eref

ur , which are time-consuming and
costly to obtain via laboratory testing, are typically estimated from Es1–2 using certain
proportionalities [18,24,37–42]. This paper mainly relies on the conclusions of Gu et al. [37]
to estimate the remaining parameters due to the similarity between the geologies of the
Ningbo and Shanghai areas. The values of the basic parameters are listed in Table 2, while
the methods used to determine the values of the remaining parameters are summarised in
Table 3.

Table 3. Values of the remaining HSS model parameters.

Parameters Values

Eref
oed Eref

oed = 0.81Es1–2
ψ Sand: ψ = φ′ − 30◦, and when φ′ ≤ 30◦, ψ = 0; Clay: ψ = 0
Rf e > 1.5, Rf = 0.50; e < 1.0, Rf = 0.95; 1.0 ≤ e ≤ 1.5, Rf = −0.9(e − 1.5) + 0.5

Eref
50 Eref

50 = 1.02Es1–2
Eref

ur Eref
ur = 4.2Es1–2 + 7.25

Gref
0 Sand: Gref

0 = 98.9e−0.45 MPa; Clay: Gref
0 = 67.5e−1.57 MPa

pref 100 kPa
m Sand: m = 0.70; Clay: m = 0.65
K0 K0 = 1 − sinφ′

υur υur = 0.2
γ0.7 γ0.7 = 0.0001

3.3. Excavation Sequence Simulation

The excavation was constructed using a cut-and-cover method, as shown in Figure 4,
and was taken down in twelve stages, as detailed in Table 4. The dashed lines in Figure 4
represent the ground level at different stages of excavation, and the arrows represent struts.
It should be noted that the field data were monitored after step 3 in practical construction
processes. Therefore, the calculated deformations before step 4 were cleared to zero in the
numerical analysis for the sake of comparison between field data and numerical results.
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Table 4. Stages of excavation in numerical analysis.

Stage Description

1 Install diaphragm walls and soil cement columns.
2 Excavate to the level 1 at 1.41 m.
3 Install—1 level struts and top beams (B1F).
4 Excavate to the level 2 at—2.29 m.
5 Install—2 level struts (B2F).
6 Excavate to the level 3 at—5.29 m.
7 Install—3 level struts (B3F).
8 Excavate to the level 4 at—8.29 m.
9 Install—4 level struts (B4F).
10 Excavate to the level 5 at—11.29 m.
11 Install—5 level struts (B5F).
12 Excavate to the level 6 at—13.89 m.

3.4. Sensitive Analysis on the Mesh Size in Modelling

It is well established that, in theory, the greater the number of meshes in a finite
element model and the finer the mesh division, the more accurate the calculated results will
be. Nevertheless, an excessive number of meshes may also result in prolonged calculation
times. In order to identify an optimal mesh size for the numerical model, five finite element
models were constructed with varying mesh sizes, as illustrated in Table 5. The maximum
calculated horizontal displacements of the diaphragm wall at the final stage of excavation
in different meshing cases are presented in Figure 5.

Table 5. Meshing cases in sensitive analysis.

Meshing Cases Average Mesh Size of
Plate Elements (m)

Total Number of Elements
and Nodes

Meshing 1 1.50 82,704 elements and 139,461 nodes
Meshing 2 1.25 126,565 elements and 211,775 nodes
Meshing 3 1.10 167,118 elements and 272,628 nodes
Meshing 4 0.95 240,874 elements and 386,024 nodes
Meshing 5 0.80 316,747 elements and 505,075 nodes
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As shown in Figure 5, the calculated displacements of the five cases exhibit a high
degree of similarity, with the largest discrepancy being only 1.07 mm. This is despite the
fact that there is a difference of almost four times between the number of meshes with the
highest and the number of meshes with the lowest number of meshes. It can be concluded
that the calculated results are not sensitive to mesh size for the five meshing cases. After a
detailed examination of the time required for model computation, it was determined that
the meshing 3 would be the most suitable for use in subsequent analyses.

3.5. Modelling Method of Panel Joints

Little attention was previously paid to the effect of joints located between panels on the
calculated displacements of diaphragm walls in small-scale deep excavation. In this study,
locking pipe joints are used in the construction of diaphragm walls, and the geometry of
diaphragm wall with a locking pipe joint is depicted in Figure 6. As shown in Figure 6, the
locking pipe is installed at one end of the primary panel, and it will be moved to the end of
the secondary panel after casting the concrete of the primary panel. The reinforcement cage
of the secondary panel is then placed, the concrete of the secondary panel is cast, and so on
until the end of the process. Compared to steel plate joints, locking pipe joints are widely
used in practical applications due to their lower project cost and convenience. Generally,
the locking pipe joint cannot sustain any significant out-of-plane bending moment about a
vertical axis [25,27,28], and its function is similar to that of a hinge, which can only transmit
axial and shear forces [43].
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As shown in Figure 7, the wall panels were modelled using isotropic plate elements,
and a zone was created between the primary and secondary panels with a width equal to
0.5 times the diaphragm wall’s thickness. The zone was modelled using cross-anisotropic
plate elements and linear elastic bar elements, which were installed at intervals of 2 m along
the vertical direction, and the interval between adjacent bar elements could be adjusted to
the meshing dimensions.
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As shown in Figure 8, bending moments and axial forces of an anisotropic plate can
be expressed via Equations (1) and (2) [44,45]:

(
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where Mx and Mz are the bending moments corresponding to rotation about the x-axis and
z-axis, respectively; Ex and Ez are Young’s modulus in the x and x directions, respectively;
χX and χZ are curvatures about the x-axis and z-axis, respectively; Nx and Nz are axial
forces along the x-axis and z-axis, respectively; εx and εz are the axial strain values along
the x-axis and z-axis, respectively; µ is the Poisson’s ratio; and d is the thickness of plate.
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This paper presents an adjustment to the Ex of anisotropic plate elements, modelling
the joints to be close to zero (typically 10−6 GPa), while Ez is consistent with Young’s mod-
ulus of isotropic plate elements for modelling the wall panels. Equation (1) suggests that as
Ex approaches zero, Mx approaches zero, but Nx also approaches zero simultaneously, as
expressed in Equation (2). This indicates that the horizontal axial force between adjacent
wall panels cannot be adequately transmitted by the joint.

To address this issue, linear elastic bar elements, which could only transmit axial
force, were installed at intervals of 2 m along the vertical direction between panels, and the
Young’s modulus of the bar elements was assumed to be Eb = E·d·h, where E is the Young’s
modulus of the concrete used to construct the wall, d is the thickness of the wall, and h
specifies the intervals of the bar elements installed between panels. In that case, the axial
stiffness of joints, characterised by Eb, and the bending stiffness of joints, characterised by
Ex, could be specified independently to address weaknesses in each respective area, rather
than being reduced equally [25,27,28]. In addition, the shear modulus of anisotropic plate
elements was kept at the same level as that of isotropic plate elements, ensuring that the
shear forces between adjacent wall panels could be adequately transmitted by the joint.
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Using the above method, the function of the locking pipe joint could be approximated in
terms of a hinge which could only transmit axial and shear forces via numerical analysis.

4. Results and Discussion
4.1. Influence of Joints between Wall Panels

As illustrated in Figure 1, eight field monitoring points (FMPs) were installed to
monitor the horizontal displacement of the diaphragm walls during the excavation process
using inclinometers. FMP1 and FMP2 were positioned at the midpoint of the short side, to
the west and east of the excavation, respectively, while FMP3 and FMP7 were positioned at
the midpoint of the long side, to the south and north of the excavation, respectively. The
remaining FMPs were positioned approximately 3/10 of the distance from the end of the
long side. Two numerical models were developed, and one consider the joints between
panels using the proposed method, while the other disregard the joints conventionally. We
compare the horizontal displacements of the walls, obtained by field monitoring, and two
numerical models at all the FMPs at the final stage of excavation, as shown in Figure 9, and
the magnitudes of the maximum wall displacements are summarised in Table 6. Due to the
three-dimensional spatial effect, the deformation of the shorter side of the pit is significantly
smaller than that of the longer side, which is consistent with the research of Ou et al. [7],
Finno et al. [46] and Li et al. [47]. It should be noted that the calculated displacements at
FMP3 and FMP8 are indistinguishable due to the symmetry on the x-axis of the numerical
model, as depicted in Figure 1; therefore, their calculated displacements are plotted on
the same graph. The same applies to points FMP4 and FMP7, as well as to points FMP5
and FMP6.

As shown in Figure 9a,b, for FMPs located on the short side, there is a significant
difference between the calculated displacements obtained by the two methods, and a
better agreement was found between the monitored and calculated displacements when
considering the joints compared to disregarding them, indicating the effectiveness of
the proposed method. Table 6 demonstrates a significant reduction in the error of the
calculated displacements when the joints are considered as proposed, and the average error
of the calculated displacements considering the joints is only 8.76%, while it reaches an
average error of 66.91% when the joints are disregarded as is conventional. This leads to
the conclusion that the joints between the wall panels have a significant influence on the
calculated displacements of the short side in the investigated excavation. The significant
difference is primarily attributed to the influence in the excavation corner effect. When
the joints are disregarded, the diaphragm wall in short side is regarded as an integrated
whole, and the bending deformation of the short side in the horizontal direction is more
constrained by the excavation corner. This results in a considerable horizontal stiffness of
the diaphragm wall in the short side, which will result in a restriction of the deformation
of the diaphragm wall. Consequently, the calculated displacement under earth pressure
is minimal, resulting in significant error. However, when the joints are considered, their
functions are similar to those of a hinge [43], and the bending deformation of the short side
in the horizontal direction is less constrained, resulting in relatively larger deformation and
small errors.

As shown in Figure 9c–e, the calculated displacements of the two numerical models
are very similar for the FMPs located on the long side, and even approximately the same
for FMP4 and FMP7. The monitored and calculated horizontal displacements show a
reasonable agreement, which also demonstrates the validity of the numerical models.
Table 6 shows that the average error of the maximum calculated displacements is 13.88%
and 16.03% for the numerical model when considering and disregarding joints, respectively.
The observations suggest that placing joints between the wall panels has a slight influence
on the calculated displacements of the long side in the investigated excavation, and the
relative error of the maximum calculated displacements of the FMPs is slightly smaller
when considering the joints compared to disregarding them. This is consistent with the
results of Dong et al. [25], who investigated a high-rise building excavation and concluded
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that the deformations at the midpoint of a stretch of wall are not sensitive to the anisotropy
factor that reflects joint weakness. The difference between the calculated displacements
obtained using the two methods is minimal, and it is primarily attributable to the fact that
the FMPs of the long side are situated at a considerable distance from the excavation corner.
As the distance from the corner increases, the bending deformation of the diaphragm wall
in the horizontal direction is less constrained by the excavation corner. Even in the absence
of the consideration of the joints, the horizontal stiffness of the diaphragm wall, which is
regarded as an integrated whole, is already modest, and the deformation of the diaphragm
wall is predominantly influenced by its vertical stiffness and by the structs stiffness. When
the excavation is sufficiently long, the plane strain ratio (PSR), which refers to the ratio of
the displacement of the wall under 3D simulation conditions to the displacement of the
wall under the 2D plane strain condition, is close to 1.00 [7,47]. It is widely acknowledged
that the horizontal stiffness of the diaphragm wall is not accounted for in the 2D numerical
model. When the plane strain ratio (PSR) is equal to 1.00, it can be understood that the
horizontal stiffness of the diaphragm wall in the 3D numerical model has no impact on the
deformation of the excavation. As illustrated in Figure 9e, the calculated displacements of
FMP4 and FMP7 derived from the 3D model are found to be in close agreement with those
obtained from the 2D model. This indicates that the plane strain ratio (PSR) is close to 1.00,
and the horizontal stiffness of the diaphragm wall on the long side, which is influenced by
the joints between wall panels, exerts a minimal influence on its deformation.

Table 6. Comparison of monitored and calculated maximum displacements at FMPs.

Site
Max. Monitored

Disp. (mm)
Max. Calculated Disp. (mm) Relative Error

Proposed Conventional Proposed Conventional

FMP1 19.72 19.98 6.37 1.34% 67.68%
FMP2 16.57 13.89 5.61 16.17% 66.14%

Short side average 8.76% 66.91%
FMP3 43.62 38.66 37.15 11.37% 14.83%
FMP4 46.04 42.87 42.77 6.89% 7.10%
FMP5 44.82 38.59 37.23 13.90% 16.93%
FMP6 51.63 38.59 37.23 25.26% 27.89%
FMP7 49.37 42.87 42.77 13.17% 13.37%
FMP8 44.27 38.66 37.15 12.67% 16.08%

Long side average 13.88% 16.03%

The maximum horizontal displacements of the walls obtained by monitoring and two
numerical methods at each excavation stage are shown in Figure 10, and a similar conclusion
can be drawn. For the short side, the joints have a significant influence on the calculated
displacements at each excavation stage, and the calculated displacements obtained by
the proposed method are much closer to the monitored displacements compared to those
obtained by the conventional method. For the long side, the calculated displacements
obtained by the two methods at every stage are similar. This confirms that the influence
of the joints on the calculated displacements at each excavation stage is relatively slight.
However, the calculated displacements that take the joints into consideration as proposed
are slightly closer to the monitored displacements at each stage.
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The horizontal displacements of the walls, obtained by monitoring, and two numerical
methods at the depth of the excavation bottom are compared, as shown in Figure 11. The
comparisons also indicate that the numerical model considering joints with the proposed
method provides a better fit to the monitored data. The calculated displacements of the
wall, determined by considering the joints at the depth of the excavation bottom, exhibit
a broken-line deformation mode, the deformation of each individual panel displays an
approximately linear pattern, and there is a significant turning point between panels. This
indicates that the bending deformation of each individual panel in the horizontal direction
is small, adjacent panels turn at the position of the joints, and this is consistent with the
phenomenon where cracking and leakage often occur at the joints between panels during
the excavation process (as shown in Figure 12) [48–52]. It should be noted, however, that
the leakage is relatively slow and small, and therefore not included in the modelling. As
shown in Figure 11c, the gradient of the broken line is higher in the initial two joints at the
head and tail ends of the long side, decreasing towards the center. As shown in Figure 11a,b,
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the broken line within the initial joint of the short side exhibits an aberrant negative value,
indicating that the walls installed at the end of the short side are deformed outwards by
the excavation. This is likely to be caused by the rotation of the L-type wall installed at
the corner of the excavation, which is induced by the overall deformation of the long side
of the diaphragm walls and the earth pressure difference between the longer and shorter
sections of the L-type wall, as shown in Figure 13.
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Figure 13. Deformation of L-type diaphragm wall at the corner.

By contrast, the calculated displacements of the wall, disregarding the joints at the
depth of excavation’s bottom, exhibit a smooth curve deformation mode, and the curve of
the long side is close to the broken line aforementioned, while there is a clear difference
between the curve and broken line of the short side, obtained by the two numerical
models, respectively.

Figure 14 shows the contours of bending moments of the z-axis of the wall panel, lo-
cated at the center of the long side of the excavation. This panel was selected for exhibition
as its deformation was typically the largest. As shown in Figure 14a, the bending moments
of the z-axis around the steel structs obtained by the proposed method are extremely large,
while they are very small in the remaining zone, which coincides with the actual reinforce-
ment of the diaphragm walls. In practical applications, horizontal reinforcement is typically
concentrated near the steel structures to sustain the strut forces, with sparse reinforcement
located elsewhere that only meets the construction demand [53]. Additionally, the bending
moments of the z-axis of the joints are close to zero, which coincides with the function of
the joints. In contrast, as shown in Figure 14b, significant bending moments of the z-axis,
obtained by the conventional method, are observed at the zone near the excavation bottom
and in the zone around the steel structures. The calculated maximum bending moments
of the z-axis of the wall panel and the joints reach almost 480 kN·m/m, indicating that
substantial reinforcement in the horizontal direction of wall panels and joints would be
required, which is not typically carried out in practice.
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In summary, the proposed method for modelling the joints with anisotropic plate
elements and elastic bar elements was validated via a comparison with the results of field
monitoring. The calculated results when considering the joints are more consistent with the
actual deformation and force behavior of diaphragm walls, and calculation disregarding
the joints may cause the calculated displacements to be underestimated and the bending
moments about a horizontal axis to be overestimated. Moreover, the joints between the wall
panels have a significant influence on the calculated displacements for the short side, while
it is relatively slight for the long side. In comparison to the method used by Zdravkovic
et al. [26] and Dong et al. [25,27,28], the method proposed in this paper does not necessitate
trial-and-error or back analysis based on actual monitored data in order to determine the
reduced ratio, which renders it more convenient for application in practical engineering.
However, the calculated displacements at the toe of diaphragm walls are typically greater
than the monitored values, which is consistent with the results of Gu et al. [37] and deserves
further investigation.

4.2. Influence of the Excavation Length

The analyses in the previous section indicate that placing joints between panels has
two distinct effects on the calculated displacements. These are specific to the long side and
short side, respectively, in an identical numerical model. To investigate the influence of the
excavation length on the relative difference between the calculated displacements obtained
by the two methods, six additional operating cases were analysed, as shown in Figure 15,
and each case also included two numerical models: one model considered the joints as
proposed, while the other considered it conventionally. The modelling procedures in the
subsequent analysis were the same as those used in the previous analysis, except for the
variation in excavation length.
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Figure 16 presents the calculated displacements that occurred at the center of the
excavation length for the six cases, while Figure 17 illustrates the differences between the
maximum calculated displacements obtained by the two methods used for the six cases.
The relative differences in Figure 17 and in the following sections are defined as shown in
Equation (3).
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where yp
max is the maximum calculated displacements obtained by the proposed method,

and yc
max is the maximum calculated displacements obtained via the conventional method.
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It was found that when the excavation length was 18.2 m (as shown in Figure 16a), the
maximum calculated displacement obtained via the conventional method was 15.36 mm,
while the value obtained by the proposed method was 29.82 mm. There was a significant
difference of almost 50% between the calculated displacements derived from the two
methods (as shown in Figure 17). The significant differences could be attributed primarily
to the reduction in the horizontal stiffness of the diaphragm wall, caused by the use of
joints in the proposed method, which had a significant influence on the deformation
of the excavation with small plan dimensions. As the excavation length increased, the
displacement curves obtained by the two methods gradually became closer (as shown in
Figure 16), and the difference between them decreased (as shown in Figure 17). At a length
of 48.2 m, the maximum calculated displacements obtained by the conventional method
was 42.77 mm, while the value obtained by the proposed method was 42.87 mm, and the
two curves almost coincided, as shown in Figure 16f. The difference between these values
was almost zero, as shown in Figure 17. This was primarily due to the excavation length
becoming longer, which in turn reduced the horizontal stiffness of the diaphragm wall.
When the excavation was sufficiently long, the deformation of the diaphragm wall was
predominantly influenced by its vertical stiffness and the structs stiffness, and the horizontal
stiffness of the diaphragm wall had a negligible effect on its deformation. Consequently,
the joints, which affected the horizontal stiffness, had a minimal influence on the calculated
displacements, and the difference between the maximum calculated displacements obtained
by two models was also small. The results indicate that the excavation length is negatively
correlated with the relative difference between the calculated displacements obtained by
the two methods. In other words, the shorter the excavation, the greater the influence of
the joints have on the calculated displacement, and the more necessary it is to take them
into account in the numerical models.
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excavation lengths.
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4.3. Influence of the Excavation Depth and Diaphragm Wall Thickness

A similar series of analyses was carried out to investigate the influence of the ex-
cavation depth and diaphragm wall thickness on the difference between the calculated
displacements obtained by the two methods. In practical applications, diaphragm walls
are commonly constructed with thicknesses of 0.6, 0.8, 1.0, and 1.2 m [41,53], and it should
be noted that each diaphragm wall thickness is suitable for a particular range of excavation
depths. For example, diaphragm walls with a thickness of 1.2 m are typically used to brace
an excavation with a depth of 30.0 to 40.0 m. In this paper, three operating cases with
different excavation depths were analysed for each diaphragm wall thickness, as illustrated
in Table 7, and each case also included two numerical models.

Table 7. Calculation cases.

Operating Cases Excavation Depth (m) Diaphragm Wall Thickness (m)

Case 1 10.8
0.6Case 2 16.8

Case 3 22.8

Case 4 16.8
0.8Case 5 22.8

Case 6 28.8

Case 7 22.8
1.0Case 8 28.8

Case 9 34.8

Case 10 28.8
1.2Case 11 34.8

Case 12 40.8

The excavation length for the twelve cases was set to be 30.0 m, and one strut level was
added or removed for every 3.0 m change in excavation depth based on previous numerical
models with excavation depths of 16.8 m. The differences between the maximum calculated
displacements obtained by the two methods are depicted in Figures 18 and 19 for different
excavation depths and different diaphragm wall thicknesses, respectively, where T and H
are diaphragm wall thickness and excavation depth, respectively.
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As shown in Figure 18, the relative error increases with the thickness of the diaphragm
wall for the same excavation depth. It can also be observed from Figure 19 that the
differences increase with the diaphragm wall thickness for cases with the same excavation
depth. To summarise, there is a positive correlation between the excavation depth and
diaphragm wall thickness with the difference in calculated displacements obtained by
the two methods. Therefore, we recommend considering the joints in diaphragm wall
modelling for small-scale deep excavations, particularly for deeper excavations or thicker
diaphragm walls.

5. Conclusions

This current paper proposed a new method for modelling joints between panels using
anisotropic plate elements and elastic bar elements and then analysed the displacements
of diaphragm walls in a small-scale deep excavation considering joints. The general
conclusions from the study are summarised below.

(1) The proposed method for modelling the joints was validated by yielding horizon-
tal displacements in diaphragm walls that more closely matched the results of the
field monitoring.

(2) For small-scale deep excavations, the calculated results, which take into account
the joints, are more accurate in predicting the deformation and force behaviour
of diaphragm walls. Disregarding the joints may result in an underestimation of
the calculated displacements and an overestimation of bending moments about a
vertical axis.

(3) The joints between the wall panels have a significant influence on the calculated
displacements for the short side of the excavation investigated, while the influence is
relatively slight for the long side of the excavation investigated.

(4) For small-scale deep excavations, the influence of the joints on the calculated displace-
ment is greater when the excavation is shorter and deeper, or when the diaphragm
wall is thicker. Therefore, it is necessary to take this factor into account in the numerical
models when dealing with the aforementioned situations.
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Abbreviations

Notation
E Young’s modulus of concrete or steel
G Shear modulus of concrete
γ Unit weight of soil
c′ Effective cohesion of soil
φ′ Effective friction angle of soil
e Void ratio of soil
Es1–2 Young’s modulus of soil at 1-D compression under the pressure of 100 kPa to 200 kPa
Rinter Interface strength reduction between structure and soil
Eref

oed Young’s modulus at 1-D compression at the reference mean pressure, pref

Eref
50 Young’s modulus at 50% shear strength at the reference mean pressure, pref

Eref
ur Unload–reload Young’s modulus at the reference mean pressure, pref

ψ Angle of dilation
Rf Failure ratio
Gref

0 Very small strain shear modulus at the reference mean pressure, pref

pref Reference mean pressure
m Power in stiffness power laws
K0 Coefficient of earth pressure at rest
υur Unload–reload Poisson’s ratio
γ0.7 Threshold strain
Mx Bending moments corresponding to rotation about the x-axis
Mz Bending moments corresponding to rotation about the z-axis
Ex Young’s modulus in the X directions
Ez Young’s modulus in the Z directions
µ Poisson’s ratio
d Thickness of plate
χX Curvatures about the x-axis
χZ Curvatures about the z-axis
Nx Axial force along the x-axis
Nz Axial force along the z-axis
εx Axial strain along the x-axis
εz Axial strain along the z-axis
Eb Young’s modulus of the bar elements
yp

max The maximum calculated displacements obtained by the proposed method
yc

max The maximum calculated displacements obtained by conventional method
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