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Abstract

Circular deep excavations, characterized by their symmetrical geometry, are commonly
employed in constructing foundations for large-span suspension bridges and as launch-
ing shafts for shield tunneling. However, the mechanical behavior of such excavations
under asymmetric surface surcharge remains inadequately understood due to a paucity of
relevant investigations. This study addresses this knowledge gap by establishing a three-
dimensional finite element model (3D-FEA) based on the anchor deep excavation project of
a specific bridge. The model is utilized to investigate the influence of asymmetric surcharge
on the forces and deformations within the supporting structure. The results show that
both the internal force and displacement cloud diagrams of the support structure exhibit
asymmetric characteristics. The distribution of displacement and internal forces has spatial
effects, and the maximum values all occur in the areas where asymmetric loads are applied.
The maximum values of the displacement, axial force, and shear force of underground
continuous walls increase with the increase in the excavation depth. The total displacement
curves all show the feature of a “bulging belly”. The maximum displacement is 13.3 mm.
The axial force is mainly compression, with a maximum value of —9514 kN/m. The
maximum positive and negative values of the shear force are 333 kN/m and —705 kN/m,
respectively. The bending moment diagram of different monitoring points shows the
characteristics of “bow knot”. The maximum values of the positive bending moment and
negative bending moment are 1509.4 kN-m/m and —2394.3 kN-m/m, respectively. The
axial force of the ring beam is mainly compression, with a maximum value of —5360 kN,
which occurs in ring beams 3, 4, and 5. The displacement cloud diagram of the support
structure under symmetrical loads shows symmetrical characteristics. Under different
load conditions, the displacement curve of the diaphragm wall shows the characteristics of
“bulge belly”. The forms of loads with displacements from largest to smallest at the same
position are as follows: asymmetric loads, symmetrical loads, and no loads. These findings
provide valuable insights for optimizing the structural design of similar deep excavation
projects and contribute to promoting sustainable urban underground development.

Keywords: asymmetric load; circular deep excavation; numerical simulation; mechanical
behavior; surface surcharge
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1. Introduction

In recent decades, deep excavation engineering has developed in the direction of a
larger scale, deeper depth, and more unique shape [1-3]. The safety challenges of deep exca-
vation engineering during the construction process are gradually increasing [4-6], and the
management of the surrounding environment has also become more complex [7-9]. This
not only increases the construction difficulty, but also puts forward higher requirements for
deformation control [10,11]. The square deep excavation commonly adopted in conven-
tional excavation is prone to tilting and structural deformation in soft soil layers [12-14].
This will have an adverse impact on construction safety [15-20]. On the contrary, circular
deep excavations can convert external loads into stresses in the four directions [21,22]. This
characteristic makes full use of the compressive strength of concrete, thereby effectively
reducing the risks of structural deformation and uneven settlement [23]. Therefore, circular
deep excavations are widely used in anchoring projects in soft soil areas [24,25]. The
circular deep excavation construction project belongs to the issue of the development and
utilization of underground space. Many scholars have conducted research on issues related
to the development and utilization of underground space. The existing research methods
mainly include numerical simulation [26-31], field monitoring [32-39], model tests [40-42],
and theoretical analysis [43-49].

In terms of numerical simulation, Shi et al. [26] and Gao et al. [27] have studied the
deformation characteristics of a circular underground diaphragm wall caused by exca-
vation. Ge et al. [28] conducted a study on the impact of excavation on the surrounding
environment using the PLAXIS 3D software. Meanwhile, Wu et al. [29] applied a numerical
model considering ventilation shafts to the design of circular continuous walls. Kuang
et al. [30] conducted a study on the influence of precipitation on the deformation of foun-
dation pits. Huang et al. [31] analyzed the stability of the dismantling of steel supports
for variable cross-section foundation pits. In terms of on-site monitoring, Shi et al. [32]
verified the newly proposed construction method by using the on-site monitoring method.
Liu et al. [33], Gao et al. [34], and Ren et al. [35] studied the deformation characteristics of
the retaining structure during the construction of circular deep excavations. Ren et al. [36]
conducted a comparative study on the monitoring results of two adjacent deep excavations.
Xia et al. [37] studied the deformation characteristics of adjacent buildings during the exca-
vation process. Additionally, Zhao et al. [38] proposed an automatic monitoring system
for controlling construction disturbances in deep excavation. Tang et al. [39] studied the
impact of excavation on an existing subway.

In terms of model experiments, Chen et al. [40] and Wei et al. [41] conducted full-scale
tests to, respectively, study the influence of the deep excavation radius on excavation and the
influence of excavation on metro shield tunnels. Similarly, Guo et al. [42] adopted physical
model tests and revealed the response law of the stress field caused by excavation. In
terms of theoretical analysis, Li et al. [43] proposed a calculation method for earth pressure
that considers the comprehensive influence of the excavation process and deformation
mode of the diaphragm wall. Moreover, Yan et al. [44] proposed a two-stage method to
quantify the influence of deep excavation on adjacent arch bridges. Xu et al. [45] conducted
deformation and internal force analyses on the supporting structure of the deep excavation
by using three calculation methods. In addition, Meng et al. [46] proposed an analytical
method considering the combined effect of excavation and precipitation on existing tunnels.
Meanwhile, Sun et al. [47] established a deformation analytical model for circular excavation
tunnels based on the Mindlin bit transfer solution. Xu et al. [48] and Suraparb et al. [49]
analyzed the stability of the diaphragm wall in deep circular deep excavations.

To sum up, the problems related to the development and utilization of under-
ground space have been paid more and more attention by scholars, and a wealth of
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results have been achieved. On the one hand, the research objects are square deep
excavations [28-32,34,36-39] and circular deep excavations [26,27,33,35,48]. On the other
hand, the research contents mainly include the deformation of deep excavations and the
internal force analysis of supporting structures [26,27,29,33-38], and the impact of deep
excavation construction on the nearby environment [28,30,31,41,44—49]. By comparison, it
can also be found that many deep excavations are symmetrical structures [26-30], and the
construction is mostly carried out under symmetrical conditions [31-35]. These research re-
sults have certain positive significance for the development and utilization of underground
space. However, in previous studies on circular deep excavations, the calculation of internal
forces and deformations of the diaphragm wall usually adopted the elastic foundation
beam method and the plane continuous medium finite element method [25,26,29]. These
two methods are applicable to solving plane problems and do not take into account the
three-dimensional force and deformation characteristics caused by the spatial effect of
circular retaining walls, thus having significant limitations [25]. It is worth noting that
the circular diaphragm wall is a three-dimensional spatial structure, and its analysis and
calculation is a complex three-dimensional spatial problem [33,35,48]. The current research
still provides insufficient explanations for the behavior of the circular deep excavation
support system, and there are also few experiences available for reference [44,45].

It is inevitable that there will be material stacking loads and construction machinery
loads at the construction site. The occurrence of these loads usually leads to the deep exca-
vation being subjected to asymmetric loads. Compared with the action of symmetrical load
conditions, the mechanical response of the supporting structure will be different [14,50-52].
If the working environment at the construction site is merely simplified to symmetrical con-
ditions, it may cause the research results to be inconsistent with the actual situation [50-52].

Generally, the anchor is the main load-bearing structure of a suspension bridge [53,54].
With the continuous increase in the current bridge span, the volume of the anchor foun-
dation is also getting larger and larger [55-59]. Whether during the construction or the
operation period, the deformation requirements for bridge foundations have always been
very strict [53—-60]. The research on the excavation deformation of large-diameter circular
deep excavation under asymmetric loads not only helps to improve the accuracy of deep
excavation construction deformation prediction during the construction period of bridge
foundations, but also has certain guiding significance for the deformation analysis of the
foundation during the operation period of bridges.

In view of this, on the basis of the above research, this paper carried out related research
on the construction mechanical behavior of super-large-diameter circular deep excavation
under asymmetric load in the background of the anchor deep excavation engineering of a
bridge. The research content mainly includes the following four parts: Firstly, a numerical
model was established. Secondly, we verified the reliability of the numerical model. Thirdly,
studies were conducted on the displacement and internal forces of the diaphragm wall
and the axial force of the ring beam. Fourthly, the influence of different load forms on the
displacement of the diaphragm wall was discussed. The research conclusion has certain
reference significance for the design and construction of similar projects.

2. Project Overview

The research object of this paper is the deep excavation of the anchor foundation of
a certain bridge. This project is located in Guangzhou City. The main span of the bridge
adopts a double-layer steel truss suspension structure with a length of 2180 m. The bridge
has two anchorages, located on the east and west sides of the bridge, respectively, and
the circular gravity anchoring scheme is adopted. The object selected for this study is the
deep anchor deep excavation on the east side (referred to as the deep excavation), and
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the cross-sectional view is illustrated in Figure 1. The depth and diameter of the deep
excavation are 32 m and 120 m, respectively. The open excavation method was used for
construction, and each excavation was 2 m, which was divided into 16 excavations.
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Figure 1. Cross-section view of deep excavation.

Take into account the material stacking that may occur during the construction process.
According to the calculation of the construction unit, during the construction period, a
surface load of 30 kPa will be generated within a radius of 30 m around the deep excavation
(the form of the load is vertical and a downward uniformly distributed load). The load
distribution diagram is shown in Figure 2. This belongs to a typical problem of symmetrical
structures under asymmetric loads [14,25,51,52]. The supporting structure mainly consists
of diaphragm wall, cap beam (referred to as ring beam 1), ring beams, and bottom plate.
Among them, there are a total of 8 ring beams, with a longitudinal spacing of 4 m. The
materials of the supporting structure are all reinforced concrete. The thickness, total height,
and embedding depth of the diaphragm wall are 1.5 m, 40 m, and 8 m, respectively. In
addition, the simplified soil layer consists of a total of 8 layers. From top to bottom,
respectively, they are artificial fill, silty sand, muddy clay; silty clay, medium-coarse sand,
strongly weathered argillaceous sandstone, moderately weathered argillaceous sandstone,
and micronized argillaceous sandstone. The specific contents of soil layer parameters
are listed in Table 1. The relevant parameters of the supporting structure are illustrated
in Table 2. It should be noted that the soil material parameters shown in Table 1 are
derived from the engineering geological investigation report and the triaxial compression
test. Among them, the thickness of the soil layer was determined through field drilling
exploration. The unit weight of soil is determined through density tests conducted in the
laboratory. The cohesion, friction angle, elastic modulus, and Poisson’s ratio are determined
through indoor triaxial compression tests. In addition, the material parameters involved
in Table 2 are provided by the manufacturer. Furthermore, each excavation was carried
out after the water had fallen 3 m below the excavation face. Therefore, the influence of
groundwater on excavation is not considered in this study.



Symmetry 2025, 17,1194 5o0f 34
PN
\Modeli/ng Area
/
I
Area of load
£
y \
- N
Surrounding soil
ES
Figure 2. Schematic diagram of load distribution.
Table 1. Soil layer parameters.
. E50ref Eoedref Eurref 3 o (0] Thickness

Soil Layer (KN-m-2) (kN-m~-2) (&N-m~2) v v (kN-m~3) ¢ (kN-m~2) ©) (m)

Artificial fill 3000 3000 22,000 0.3 17.6 4.5 6.7 2

Silty sand 5000 5000 18,000 0.3 18 3 15 4

Muddy clay 3500 3500 19,000 0.3 17 5.5 8 6

Silty clay 3200 3200 25,600 0.3 18.6 11 7.6 10

Medium-coarse sand 18,000 18,000 54,000 0.3 20 0 25 4

Strongly weathered 55,000 55,000 165,000 0.3 24 50 20 6

argillaceous sandstone
Moderately weathered 460,000 460,000 1,380,000 03 26 500 32 28
argillaceous sandstone

Micronized argillaceous 1,000,000 1,000,000 3,000,000 03 26.6 800 38 40

sandstone

Table 2. Parameters of support structure.

Support Elements

Cross Section (mm) Unit Weight (kN-m—3)  Elasticity Modulus, E (GPa) Poisson’s Ratio

Diaphragm wall
Cap beam
Ring beam

Bottom plate

T =1500, Hp = 40,000 24 30 0.3
2000 x 2000 24 30 0.3

B = 2500, H = 1000 24 30 0.3
Tp =500 24 30 0.3

Note: T is the thickness of the diaphragm wall, HD is the height of the diaphragm wall, B is the width of the ring
beam, H is the height of the ring beam, TB is the thickness of the bottom plate.

3. Model Building and Numerical Calculation
3.1. Basic Assumptions

(1) The influence of groundwater is not taken into account. (2) The soil layer is
continuously and evenly distributed. (3) Each excavation is carried out in layers and as a
whole. (4) The surface load is uniformly distributed. (5) Other assumptions are consistent
with those in reference [15].

3.2. Calculation Model

The three-dimensional finite element model was established by using MIDAS GTS NX
software (version 2022). It should be noted that symmetry refers to the phenomenon where
the same parts of an object or figure repeat regularly under certain changing conditions
(such as rotation around a straight line, reflection of a plane, and so on.) [52]. As observed
in Figure 2, the subject of this study is symmetrical. For the convenience of calculation,
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the research object was halved in this modeling [15,31]. In order to reduce the influence
of model boundary conditions on the simulation process, the model size was selected as
480 m x 240 m x 100 m, as shown in Figure 3. The number of units and nodes of the model
are 97,763 and 82,498, respectively. The model coordinate system is consistent with those in
reference [15]. The upper boundary of the model is free, the bottom is fully constrained, and
the side limits the horizontal displacement. The element type of the base plate is the plate
element, and the constitutive relations and element types of other structural components
are consistent with those in reference [15].

Total number of units: 97,763
Total number of nodes: 82,498
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Figure 3. Numerical model.

3.3. Arrangement of Monitoring Points

It is important to note that the diaphragm wall is one of the most crucial structural
components in deep excavation engineering [50-52]. The deformation and force on the
diaphragm wall can not only indirectly reflect the surface settlement situation [11-14],
but also determine the safety situation of the deep excavation during the construction
process [18-20]. Obviously, deep excavation construction and the action of asymmetric
loads may have certain influences on the deformation and force of the diaphragm wall. In
view of this, the deformation and force-bearing issues of the diaphragm wall are of crucial
importance. Therefore, during the actual construction process, multiple monitoring points
were set up for the diaphragm wall. Representative locations were selected as monitoring
points in this study. The specific locations of the monitoring points are shown in Figure 4.
As depicted in Figure 4, there are a total of five monitoring points for the diaphragm wall in
this study. They are, respectively, O, A1, B1, A2, and B2. Among them, both Al and A2 are
located in the middle of the asymmetric load layout area. Both Bl and B2 are located in the
middle of the no-load layout area, and O is located in the middle of the deep excavation.
The included angle of each monitoring point is 30°.
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Figure 4. Schematic diagram of displacement monitoring points.
3.4. Simulated Construction
The construction process of this research consists of a total of 19 parts. The specific
content is summarized in Table 3. It should be noted that “Stage 16” is referred to when the
excavation is completed.
Table 3. Main construction procedure.
Step Simulation Steps
1 Balance the stresses in the earth, and add the self-weight.
’ Construction of diaphragm wall; the asymmetric load of 30 kPa is added (the loading range is shown in
Figure 2).
3 All displacements are cleared to 0.
4 Stage 1. Excavate the soil with a thickness of 2 m. Set the cap beam.
5 Stage 2. Excavate the soil with a thickness of 2 m.
6 Stage 3. Excavate the soil with a thickness of 2 m. Set ring beam 2.
7 Stage 4. Excavate the soil with a thickness of 2 m.
8 Stage 5. Excavate the soil with a thickness of 2 m. Set ring beam 3.
9 Stage 6. Excavate the soil with a thickness of 2 m.
10 Stage 7. Excavate the soil with a thickness of 2 m. Set ring beam 4.
11 Stage 8. Excavate the soil with a thickness of 2 m.
12 Stage 9. Excavate the soil with a thickness of 2 m. Set ring beam 5.
13 Stage 10. Excavate the soil with a thickness of 2 m.
14 Stage 11. Excavate the soil with a thickness of 2 m. Set ring beam 6.
15 Stage 12. Excavate the soil with a thickness of 2 m.
16 Stage 13. Excavate the soil with a thickness of 2 m. Set ring beam 7.
17 Stage 14. Excavate the soil with a thickness of 2 m.
18 Stage 15. Excavate the soil with a thickness of 2 m. Set ring beam 8.
19 Stage 16. Excavate the soil with a thickness of 2 m. Set the bottom plate.

4. Comparative of Simulation and Field Measurements

Figure 5 presents the comparison between the simulated values and the monitored
values. Figure 5a is a comparison chart of the total displacement of monitoring point
Al when the excavation is completed. Obviously, the results of both methods exhibit
a “bulging belly” feature. This research conclusion is consistent with reference [25]. In
terms of the maximum value, the monitored value and the simulated value are 14.2 mm
and 13.1 mm, respectively. The maximum values all occur at a position of —16 m below
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the surface. It is not difficult to find that the on-site monitoring results are larger, with a
difference of 8.4% between the two. Figure 5b indicates the comparison of the maximum
axial forces of the cap beam at different excavation stages. By comparison, it can be seen
that the results of both methods also exhibit a “funnel” feature. The maximum values of
the monitored value and the simulated value are —3863 kN and —3648 kN, respectively.
The maximum values all occur in step 5. The on-site monitoring results are even greater,
with a difference of 5.9% between the two. To sum up, the numerical simulation results are
in good agreement with the monitoring results. The reliability of the model established
in this research was verified. Furthermore, the displacement values are all less than the
requirements of the specifications, and the deep excavation is in a safe state [34,35].

5 0
0 o o —@— Simulation result -500 |
™~ ‘\0\ @ Monitoring result
-5 i -1000
~,
-10 - 0\ N 13.1 -1500 -
Y —~
9, =
g1 Diaphragm wall / o X -2000
Nrt @
7 =
20 # 0 12 :—.é -2500 |
[0 —
Q-25} i T -3000 -
e z
-30 - i A1 -3500
=351 |Bo [ -4000 |-
-0 e X —4500 |- 3863 e Simulation result
—@— Monitoring result
_45 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _5000 | | | | | | L | | | | | | | | | L |
-10 1 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 0123 456 7 8 9 10111213 14 15 16 17
Displacement (mm) Excavation stage

(a) (b)

Figure 5. Comparison of simulated and monitored values: (a) Comparison of total displacement;
(b) Axial force comparison diagram.

Meanwhile, it can be found that the monitoring results are larger. The possible reason
is that numerical simulation cannot fully consider the complexity of actual construction
conditions, resulting in certain differences between the simulation results and the actual
deformation. For example, construction machinery loads that may occur near deep exca-
vation. The load of construction machinery is often greater than the load set in this study,
and the displacement of the diaphragm wall usually increases with the increase in adjacent
loads [51]. However, during the calculation, it is impossible to conduct a comprehensive
and accurate simulation of the load of construction machinery, which in turn leads to
an overestimation of the on-site monitoring data. To sum up, this model has a certain
degree of reliability. Based on this model, relevant research on the construction mechanical
behavior of super-large-diameter circular deep excavation under asymmetric loads can be
carried out.

5. Numerical Calculation Results
5.1. Total Displacement of Diaphragm Wall

Figure 6 presents the cloud map of the total displacement of the diaphragm wall.
Obviously, the total displacement varies at different construction stages. The displacement
cloud map presents asymmetric characteristics. This phenomenon is different from the
result under symmetrical conditions [22,23]. It can be observed that the maximum displace-
ments of stages 1, 3, and 16 are 3.7 mm, 4.7 mm, and 13.3 mm, respectively. The maximum
values all occur in the areas subjected to asymmetric loads, and show a continuous down-
ward trend with the increase in the excavation depth. This might be because the deep
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excavation and supporting structure in this study are in a symmetrical form, while the
load is in an asymmetrical form. Under the action of asymmetric loads, the soil body will
be compressed. Due to the transmissible nature of force, the soil will exert a force on the
adjacent diaphragm wall. Therefore, it shows that the displacement of the diaphragm wall
in the area where the load acts is greater. On the contrary, in other areas, the extrusion effect
resulting from the appearance of the load is relatively weak [51,52]. Therefore, it shows the
phenomenon that the displacement of the diaphragm wall in the non-load-action area is
relatively small. The maximum horizontal displacement of the diaphragm wall meets the
minimum requirements of the current relevant specifications [34,35]. This indicates that the
design of the supporting structure and the excavation method in this study have a certain
degree of reliability.
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Figure 6. Total displacement cloud map: (a) Stage 1; (b) Stage 3; (c) Stage 5; (d) Stage 8; (e) Stage 9;
(f) Stage 11; (g) Stage 13; (h) Stage 16.

In order to present the displacement changes in more detail, we extracted the calcula-
tion results and drew the curve graph related to the total displacement. It should be noted
that representative monitoring points were selected for this study. The specific distribution
of the monitoring points is shown in Figure 4. Figure 7 illustrates the displacement compar-
ison chart of monitoring point Al. Figure 7a is the displacement curve graph. Obviously,
at different stages, the displacement curves present different characteristics. But, overall,
it shows the characteristic of a “bulging belly”. This research conclusion is consistent
with reference [25]. Specifically, in stage 1, the maximum value occurs at the top of the
diaphragm wall. This might be because, at this stage, the excavation depth is only 2 m and
there is an asymmetric load acting on the soil near Al. Under the action of the load, the top
of the diaphragm wall produced the maximum displacement. In addition, it can be found
that the position where the maximum value occurs shows a continuous downward trend
with excavation. When the excavation is completed, the maximum displacement occurs at
—16 m below the surface. By comparison, it can also be found that the displacement at the
same horizontal position keeps increasing with the increase in the excavation depth. It is
worth noting that, at different construction stages, there was displacement at the top of the
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diaphragm wall, and it was all close to 4 mm. This also indicates that asymmetric loads
have a significant impact on the top displacement of the diaphragm wall.
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Figure 7. Displacement comparison diagram of monitoring point Al: (a) Curve of displacement;
(b) Maximum value.

Figure 7b is a bar chart comparing the maximum displacement. Obviously, the maxi-
mum value shows a pattern of “increasing rapidly first and then slowly”. By comparison,
it can be found that the maximum increase is the largest at stage 1, which is 3.6 mm. This
also indicates that asymmetric loads and excavation had the greatest impact on stage 1.
In addition, the maximum displacement occurs at the completion of excavation, which is
13.1 mm. This also indicates that asymmetric loads have a greater impact on the initial
excavation of the deep excavation in the load action area, while having a relatively smaller
impact on the later excavation of the deep excavation. In addition, excavation is the main
factor causing the deformation of the diaphragm wall.

Figure 8 illustrates the displacement comparison chart of monitoring point Bl.
Figure 8a is the displacement curve graph. Obviously, at different stages, the displacement
curves present different characteristics. But overall, it presents an “S” shape. This is some-
what different from the shape presented in Figure 7a. Specifically, during the first three
stages, the maximum value occurs at the top of the diaphragm wall. This might be because,
during these stages, the excavation depth is relatively small and there is no asymmetric
load acting on the soil near B1. This is the result of the combined action of excavation
and asymmetric loads. In addition, it can be found that the position where the maximum
value occurs shows a continuous downward trend with excavation. When the excavation
was completed, the maximum displacement also occurred at a position of —16 m below
the surface. The position where the maximum value occurs is close to Al (see Figure 7
for details). This indicates that asymmetric loads have a relatively small influence on the
location where the maximum displacement of the diaphragm wall occurs. Furthermore, the
displacement at the same position keeps increasing with the increase in the construction
depth of the deep excavation. It is worth noting that, at different construction steps, there
is displacement at the top of the diaphragm wall, and the displacement is close to 3 mm.
Obviously, the top displacement of Bl is less than that of Al. This also indicates that
asymmetric loads have a greater impact on the top displacement of the diaphragm wall in
the load action zone.
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Figure 8. Displacement comparison diagram of monitoring point Bl: (a) Curve of displacement;
(b) Maximum value.

Figure 8b is a bar chart comparing the maximum displacement. Obviously, the
maximum value shows a pattern of “increasing rapidly at first, then decreasing slowly,
and then increasing continuously”. By comparison, it can be found that the increase is
the largest at stage 1, which is 2.7 mm. This also indicates that asymmetric loads and
excavation have had the greatest impact on stage 1. Furthermore, the maximum value
occurs when the excavation is completed, with a value of 9.8 mm. By comparison, it can
be found that the maximum displacement of Al is greater, and the difference between the
two is 33.7%. This might be because B1 is far from the area where the asymmetric load acts,
and thus is relatively less affected. This also indicates that asymmetric loads have a greater
impact on the displacement of the diaphragm wall in the load action zone.

Figure 9 illustrates the displacement comparison diagram of monitoring point A2.
Figure 9a is the displacement curve graph. Obviously, at different stages, the displacement
curves present different characteristics. But overall, it presents a “bulging belly” shape. The
position where the maximum value occurs keeps decreasing as the excavation progresses.
When the excavation is completed, the maximum displacement occurs at a position of
—16 m below the ground surface. The position where the maximum displacement occurs
is close to Al and B1 (see Figure 7a for details). This once again indicates that asymmetric
loads have a relatively small influence on the location where the maximum displacement
of the diaphragm wall occurs upon the completion of excavation. Furthermore, the dis-
placement at the same position keeps increasing with the increase in the construction depth
of the deep excavation. It is worth noting that, at different construction steps, there is
displacement at the top of the diaphragm wall, and the top displacement is the greatest
at step 1. This also indicates that asymmetric loads have the greatest impact on the top
displacement of the diaphragm wall at the initial stage of excavation. It is worth noting
that the top displacement gradually decreases during the excavation process. This might
be because, as can be found from Figure 9a, as the excavation depth increases, the dis-
placement of the diaphragm wall gradually increases. In order to maintain deformation
coordination, the top displacement of the supporting structure gradually decreases during
the excavation process. This also verifies the reliability of the model established in this
study from another aspect.
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Figure 9. Displacement comparison diagram of monitoring point A2: (a) Curve of displacement;
(b) Maximum value.

Figure 9b is a bar chart comparing the maximum displacement. Obviously, the
maximum value shows a pattern of “increasing rapidly first and then slowly”. The increase
was the largest in stage 1, which was 2.5 mm. This also indicates that asymmetric loads and
excavation have the greatest influence on stage 1. By comparison, it can be found that, at
stage 1, the maximum displacement of Al is 44% greater than that of A2. Furthermore, the
maximum displacement occurred when the excavation was completed, which was 11.7 mm.
When the excavation is completed, the maximum displacement of Al is 12% greater than
that of A2. This might be because Al and A2 are in different positions. Therefore, the
influence of asymmetric loads on them is also different.

Figure 10 presents the displacement comparison diagram of monitoring point B2.
Figure 10a is the displacement curve graph. Obviously, at different stages, the charac-
teristics presented by the displacement curve are also different. But overall, it presents
a “bulging belly” shape. It can be found that the position where the maximum value
occurs continuously decreases with the excavation. When the excavation is completed,
the maximum displacement occurs at a position of —16 m below the ground surface. The
location where the maximum displacement occurs is close to the area where the asymmetric
load acts (see Figure 7a for details). This once again indicates that asymmetric loads have
a relatively small influence on the location where the maximum displacement of the di-
aphragm wall occurs. Furthermore, the displacement at the same position keeps increasing
with the increase in the construction depth of the deep excavation. It is worth noting that,
at different construction steps, there is displacement at the top of the diaphragm wall, and
the top displacement is the greatest at step 1. This also indicates that asymmetric loads
have the greatest impact on the top displacement of diaphragm wall at the initial stage
of excavation. It is worth noting that the top displacement gradually decreases during
the excavation process. The reason is the same as that in Figure 9a. Obviously, the top
displacement of B2 is less than that of B1. This might be because B2 is farther away from
the asymmetric load. Therefore, the influence of asymmetric loads is smaller. This also
indicates that the influence of asymmetric loads on the displacement of the diaphragm wall
weakens with the increase in distance.
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Figure 10. Displacement comparison diagram of monitoring point B2: (a) Curve of displacement;
(b) Maximum value.

Figure 10b is a bar chart comparing the maximum displacement. Obviously, the
maximum value shows a pattern of “increasing rapidly first and then continuously”. By
comparison, it can be found that the maximum increase is the largest at stage 1, which is
1.7 mm. This also indicates that asymmetric loads and excavation have had the greatest
impact on stage 1. Furthermore, the maximum displacement occurred when the excavation
was completed, which was 10.8 mm. By comparison, it can be found that, at stage 1, the
maximum displacement of Bl is 59% greater than that of B2. This might be because B2 is
farther from the area where the asymmetric load acts, and thus is relatively less affected. It is
worth noting that the maximum displacement of B2 at the completion of excavation is 10.2%
greater than that of B1. This also reflects the complexity of the mechanical performance of
circular deep excavation support structures under asymmetric loads.

Figure 11 is a comparison chart of the displacement of monitoring point O. Figure 11a
is the displacement curve graph. Obviously, at different stages, the displacement curves
present different characteristics. But overall, it presents a “bulging belly” shape. It can be
found that the position where the maximum value occurs continuously decreases with
the excavation. When the excavation is completed, the maximum displacement occurs
at a position of —16 m below the ground surface. The location where the maximum
displacement occurs is close to the area where the asymmetric load acts (see Figure 7a
for details). Furthermore, the displacement at the same position keeps increasing with
the increase in the construction depth of the deep excavation. It is worth noting that, at
different construction steps, there is displacement at the top of the diaphragm wall, and
the top displacement is the greatest at step 1. This also indicates that asymmetric loads
have the greatest impact on the top displacement of diaphragm wall at the initial stage of
excavation. It is worth noting that the top displacement gradually decreases during the
excavation process. The reason is the same as that in Figure 9a.

Figure 11b is a bar chart comparing the maximum displacement. Obviously, the maxi-
mum value shows a pattern of “increasing rapidly first and then slowly”. By comparison, it
can be found that the maximum increase is the largest at stage 1, which is 2.1 mm. This also
indicates that asymmetric loads and excavation have had the greatest impact on stage 1.
Furthermore, the maximum displacement occurs when the excavation is completed, which
is 11.2 mm. This also indicates that asymmetric loads have a greater impact on the initial
construction of the deep excavation in the load action area, while having a relatively smaller
impact on the later construction of the deep excavation.
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Figure 11. Displacement comparison diagram of monitoring point O: (a) Curve of displacement;
(b) Maximum value.

Figure 12 illustrates the comparison of the diaphragm wall displacement. Figure 12a
presents the comparison curve of the total displacement. Obviously, when the excavation is
completed, the displacements of different monitoring points of the diaphragm wall are not
the same. The displacement curve of monitoring point Al shows an “S” feature, while the
other monitoring points all show a “belly bulge” feature. This also indicates the complexity
of the influence of an asymmetric load on the excavation of circular deep excavations. It
can also be found that, at the same position, the order of displacement from largest to
smallest is Al, A2, O, B2, and B1. Obviously, the maximum displacements at different
monitoring points are different. This once again verifies that the circular diaphragm wall is
a three-dimensional spatial structure, and its analysis and calculation is a complex three-
dimensional spatial problem [25]. This might be because Al and A2 are located in the
asymmetric load action zone, the O displacement is located in the transition zone, while B1
and B2 are located in the non-load-action zone. The reason why the displacement A2 < A1l
might be that, as can be seen from Figure 4, although both A2 and A1 are located in the area
directly affected by asymmetric loads, their positions are not the same. Observation reveals
that the area of action of asymmetric loads on Al is larger, while that on A2 is relatively
smaller. From the relevant knowledge of structural mechanics, it can be known that the
action effect of uniformly distributed loads is positively correlated with the action area of
uniformly distributed loads. Therefore, the larger the area where the uniformly distributed
load acts, the greater the load effect it generates, which in turn leads to a greater impact
on Al, and thus shows the phenomenon that the displacement A2 < Al. Furthermore, the
reason why the displacement Bl < B2 might be that, as can be seen from Figure 4, although
neither B2 nor B1 is in the direct action area of the asymmetric load, their positions are not
the same. Under the action of asymmetric load, the diaphragm wall in the load area has a
tendency to deform towards the inside of the deep excavation, and the diaphragm wall
is connected with the ring beam, so the ring beam will also move towards the inside of
the deep excavation. This kind of movement deformation will cause the displacement far
from the area affected by asymmetric loads to be suppressed, and this suppression effect
decreases as the distance from the asymmetric action area increases. Obviously, Bl is closer
to the area where the asymmetric load acts, so the phenomenon of displacement B1 < B2
occurs. This once again indicates that the influence of asymmetric loads on the diaphragm
wall has a spatial effect, and the impact of asymmetric loads is greater. Figure 12b is
a comparison chart of the maximum displacement when the excavation is completed.
Obviously, the maximum displacements of different monitoring points vary, presenting a
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characteristic of “fluctuating changes”. The maximum value appears in A1, with a value
of 13.1 mm. The minimum value appears in B1, with a value of 9.8 mm. The reason is the
same as that in Figure 12a.
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Figure 12. Comparison of diaphragm wall displacement: (a) Total displacement comparison curve;
(b) Maximum displacement comparison diagram.

To sum up, the circular diaphragm wall is a three-dimensional spatial structure, and
its analysis and calculation is a complex three-dimensional spatial problem. Asymmetric
loads have a significant impact on the initial construction of the deep excavation in the
load action area, while having a relatively small impact on the later construction of the
deep excavation. Excavation is the main factor for the deformation of the diaphragm
wall. The maximum displacement occurs when the excavation is completed. Under the
action of asymmetric loads, both the internal force and displacement cloud diagrams of the
supporting structure present asymmetric characteristics. The displacement distribution has
a spatial effect, and the maximum values all occur in the areas where asymmetric loads act.
The total displacement of the diaphragm wall increases with the increase in the excavation
depth. The total displacement curves all exhibit the feature of “belly bulge”. Therefore,
during the design and construction, it is not only necessary to pay attention to the influence
of asymmetric loads on excavation, but also to optimize the excavation conditions and
support structure to minimize the adverse effects of asymmetric loads and excavation on
the deep excavation as much as possible.

5.2. Axial Force of Diaphragm Wall

Figure 13 illustrates the axial force cloud diagram of the diaphragm wall in the XX
direction. In this study, the vibrating chord-type axial force (model: BGK-4900, manufac-
turer: Jikang Instrument (Beijing) Co., Ltd, Beijing, China.) meter was used to measure
the axial force of the diaphragm wall. Obviously, the axial force varies at different con-
struction stages. The axial force cloud pattern presents an asymmetric characteristic. This
phenomenon is somewhat different from the result under symmetrical conditions [22,23].
Observation reveals that the maximum axial forces in stages 1, 3, and 16 are —1675 kN/m,
—2621 kN/m, and —9514 kN/m, respectively. The maximum value occurs in the area
subjected to asymmetric loads and shows a continuous downward trend as the construction
stage increases. This might be because the deep excavation and supporting structure in
this study are symmetrically designed, while the load is in an asymmetrical form. Under
the action of load, the soil body will be compressed. Due to the force transfer, the soil will
exert force on the adjacent diaphragm wall, thus showing that the axial force generated
by the load area is larger. On the contrary, in other non-load-affected areas, the extrusion
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Figure 13. Axial force cloud map: (a) Stage 1; (b) Stage 3; (c) Stage 5; (d) Stage 8; (e) Stage 9; (f) Stage
11; (g) Stage 13; (h) Stage 16.

Figure 14 presents the bar chart of axial force comparison. Figure 14a is the comparison
chart of the maximum values. Obviously, at different excavation stages, the axial force
values also vary, showing the characteristic of “increasing rapidly at first and then slowly”.
The maximum axial forces are all negative, which indicates that, during the excavation
process, the axial forces generated by the diaphragm wall are mainly pressure. This is
mainly because the excavation causes the loss of soil inside the deep excavation. Therefore,
under the action of surface loads and earth pressure, the diaphragm wall has a tendency to
deform towards the interior of the deep excavation. Due to the supporting effect of the cap
beam on the top of the diaphragm wall, the deformation of the top is suppressed. Therefore,
it is manifested that the axial force generated by the diaphragm wall is mainly pressure.
The conclusion of this study is consistent with the references [22,23]. By comparison, it can
be found that the maximum increase is the largest in stage 1, which is 1675 kN/m. This
also indicates that the asymmetric load and excavation have the greatest impact on the
axial force in stage 1. Furthermore, the maximum axial force occurs when the excavation
is completed, which is —9514 kN/m. This also indicates that asymmetric loads have a
greater impact on the initial construction of the deep excavation in the load action area,
while having a relatively smaller impact on the later construction of the deep excavation.

Figure 14b is a comparison chart of the minimum axial force. Obviously, at different
excavation stages, the axial force values also vary, showing the characteristic of “first
increasing, then decreasing, and then increasing again”. The minimum axial force values
from stages 2 to 8 are negative, indicating that the diaphragm walls are all compressed
in these stages. It is worth noting that the minimum axial force values in other stages are
positive, indicating that there are tensile parts in the diaphragm wall at this stage. This
might be due to the influence caused by the emergence of asymmetric loads.
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Figure 14. Comparison of diaphragm wall axial force: (a) Maximum value; (b) Minimum value.

In summary, the axial force cloud diagram of the diaphragm wall shows asymmetric
characteristics. The axial force is mainly compression. The maximum value increases with
the increase in the excavation depth. The maximum value occurs in the area subjected
to asymmetric loads and shows a continuous downward trend as the construction stage
increases. Conversely, pulling forces may also occur in other areas, but the values are rela-
tively small. Therefore, in the design and construction, it is not only necessary to consider
the state of the diaphragm wall under compression, but also to grasp the tension area in
time through simulation and monitoring. When necessary, measures should be taken to re-
duce the adverse effects of tensile force on deep excavation; for example, more longitudinal
force-bearing reinforcing bars configured on the tensile side to enhance the tensile capacity;
increase the thickness of the diaphragm wall or deepen the embedded section.

5.3. Bending Moment of Diaphragm Wall

Figure 15 presents the bending moment cloud diagram of the diaphragm wall in the
YY direction. Obviously, the bending moment varies at different construction stages. The
bending moment cloud diagram presents an asymmetric characteristic. This phenomenon
is somewhat different from the result under symmetrical conditions [25]. The bending
moment values can be positive or negative, which indicates that some parts of the di-
aphragm wall are under tension while others are under compression. It can be observed
that the maximum normal bending moments of stages 1, 3, and 16 are 189.5 kN-m/m,
286.7 kN-m/m, and 1509.4 kN-m/m, respectively. The maximum negative bending mo-
ments are —192.2 kN-m/m, —278 kN-m/m, and —2394.3 kN-m/m, respectively. The
maximum values all occur in the areas where asymmetric loads act, and show a continuous
downward trend with the increase in construction stages. This might be because the deep
excavation and supporting structure in this study are symmetrically designed, while the
load is in an asymmetrical form. Under the action of load, the soil body will be compressed.
Due to the transitability of force, the soil will exert a force on the adjacent diaphragm wall,
thus showing that the bending moment generated in the load-acting area is greater. On the
contrary, in other non-load-affected areas, the extrusion effect caused by the appearance of
the load is relatively weak. Therefore, it shows the phenomenon that the bending moment
in the non-load-action area is relatively small.

Figure 16 illustrates the bar chart of bending moment comparison. Figure 16a is
a comparison chart of the maximum normal bending moment. Obviously, at different
excavation stages, the bending moment values also vary, showing the feature of “increasing
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Figure 15. Bending moment cloud map: (a) Stage 1; (b) Stage 3; (c) Stage 5; (d) Stage 8; (e) Stage 9;
(f) Stage 11; (g) Stage 13; (h) Stage 16.

In order to present the variation in the bending moment of the diaphragm wall in
more detail, we extracted the calculation results and drew the curve graph related to the
bending moment. It should be noted that representative monitoring points were selected
for this study. The specific distribution of the monitoring points is shown in Figure 4.
Figure 17 presents the comparison curve of bending moments of the diaphragm wall.
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Figure 17a—e illustrate the bending moment curves at different monitoring points. It can be
seen that, although the bending moment values at different monitoring points may vary,
they generally present a “bow knot” feature. The normal bending moment mainly occurs
within the range of 0 to —22 m, with the maximum value at the position of —20 m. The
negative bending moment is mainly concentrated within the range of —22 m to —35 m.
The maximum value occurs at the position of —30 m. It is worth noting that the bending
moment values at the top of the diaphragm wall and within the range of —35 m to —40 m
are 0. This indicates that the design of the supporting structure in this study is reasonable.
Figure 17f illustrates the comparison curve of bending moments at different monitoring
points when the excavation is completed. It can be seen that the maximum normal bending
moments, from largest to smallest are A1, A2, B1, B2, and O. The difference is that the
absolute values of the maximum negative bending moment, from largest to smallest, are
O, A1, A2, B2, and B1. It can be observed that the sequence of the maximum positive and
negative bending moment from largest to smallest is not the same.
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Figure 16. Comparison of diaphragm wall bending moment: (a) Maximum positive value; (b) Maxi-
mum negative value.
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Figure 17. Comparison of diaphragm wall bending moment: (a) Monitoring point Al; (b) Monitoring
point B1; (c) Monitoring point A2; (d) Monitoring point B2; (e) Monitoring point O; (f) Bending
moment comparison diagram.

Figure 18 illustrates the bending moment comparison bar chart of the diaphragm wall.
Figure 18a shows the comparison of the maximum normal bending moments at different
monitoring points when the excavation is completed. It can be seen that different moni-
toring points result in different bending moment values. The maximum positive values
of A1, B1, A2, B2, and O are, respectively, 1500 kN-m/m, 1409 kN-m/m, 1481 kN-m/m,
1418 kN-m/m, and 1195 kN-m/m. Obviously, the value of Al is the largest and that of O
is the smallest, with a difference of 26% between the two. This indicates that excavation
under asymmetric loading has the greatest impact on monitoring point Al. Figure 18b
presents the comparison of the maximum negative bending moments at different moni-
toring points when the excavation is completed. It can be seen that different monitoring
points result in different bending moment values. The maximum negative values of Al,
B1, A2, B2, and O are, respectively, —1349 kN-m/m, —1096 kN-m/m, —1247 kN-m/m,
—1162 kN-m/m, and —1502 kN-m/m. Obviously, the value of O is the largest and that of
B1 is the smallest, with a difference of 37% between the two. This indicates that excavation
under asymmetric loading has the greatest impact on monitoring point O. In conclusion,
excavation under asymmetric loads has the greatest impact on monitoring points Al and
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O, which requires attention during design and construction. This once again verifies that
the circular diaphragm wall is a three-dimensional spatial structure, and its analysis and
calculation is a complex three-dimensional spatial problem [25]. If solved as a planar
problem without considering the three-dimensional force and deformation characteristics
brought by the spatial effect of the circular retaining wall, the research results may have
significant limitations [33,35,48].
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Figure 18. Comparison bar graph of bending moment: (a) Maximum positive value; (b) Maximum
negative value.

To sum up, the bending moment varies at different construction stages. The bending
moment cloud diagram presents an asymmetric characteristic. The bending moment values
can be positive or negative, which indicates that some parts of the diaphragm wall are
under tension while others are under compression. The maximum values all occur in
the areas where asymmetric loads act, and show a continuous downward trend with the
increase in construction stages. The order of the maximum positive bending moment and
negative bending moment from largest to smallest is not the same. The bending moment
graphs of different monitoring points all present the feature of a “bow knot”. The circular
diaphragm wall is a three-dimensional spatial structure, and its analysis and calculation
is a complex three-dimensional spatial problem. Therefore, it is necessary to consider the
three-dimensional force and deformation characteristics brought by the spatial effect of the
circular diaphragm wall, thereby enhancing the reliability of the research results.

5.4. Shear Force of Diaphragm Wall

Figure 19 presents the shear cloud diagram of the diaphragm wall in the YZ direction.
Obviously, the shear force varies at different construction stages. The shear cloud map
presents asymmetric characteristics. Observation reveals that the maximum positive shear
forces in stages 1, 3, and 16 are 32.3 kN/m, 51.3 kN/m, and 333 kN/m, respectively.
The maximum negative shear forces are —58.8 kN/m, —93.7 kN/m, and —705 kN/m,
respectively. The maximum values all occur in the areas where asymmetric loads act.
The reason might be that the deep excavation and supporting structure in this study are
symmetrically designed, while the load is in an asymmetrical form. Under the action of
load, the soil body will be compressed. Due to the transmissible nature of force, the soil will
exert a force on the adjacent diaphragm wall, thus showing that the shear force generated
in the load-acting area is greater. On the contrary, in other non-load-affected areas, the
extrusion effect caused by the appearance of the load is relatively weak. Therefore, it shows
the phenomenon that the shear force in the non-load-action area is relatively small.
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Figure 19. Shear force cloud map: (a) Stage 1; (b) Stage 3; (c) Stage 5; (d) Stage 8; (e) Stage 9; (f) Stage
11; (g) Stage 13; (h) Stage 16.

Figure 20 is a bar chart of shear force comparison. Figure 20a is a comparison chart
of the maximum positive shear force. Obviously, at different excavation stages, the shear
force values are also different, presenting the feature of “first increasing, then decreasing,
and then increasing again”. The maximum positive shear force occurs when the excavation
is completed. By comparison, it can be found that the maximum increase is the greatest at
stage 16, which is 98 kN/m. This also indicates that the asymmetric load and excavation
have the greatest impact on the maximum positive shear force in stage 16. Figure 20b is a
comparison chart of the maximum negative shear force. Obviously, at different excavation
stages, the shear force values are also different, presenting the feature of “first increasing,
then decreasing, and then increasing again”. The maximum value also occurred when the
excavation was completed, which is —705 kN/m. It can also be found that the maximum
increase occurs in stage 16, which is 213 kN/m. This indicates that the construction in
the final stage has the greatest impact on the shear force. Furthermore, it can also be
found that the maximum positive and negative values of the shear force are 333 kN/m
and —705 kN/m, respectively. The absolute value of the maximum negative shear force
is larger. The difference between the two is 111%. This indicates that the maximum shear
force generated during the excavation process is negative. At stage 16, the increase in shear
force is the greatest, which requires attention in the design and construction.

To sum up, the shear force varies at different construction stages. The shear cloud
map presents asymmetric characteristics. The maximum values all occur in the areas
where asymmetric loads act. The maximum shear forces all occur when the excavation is
completed. The construction in the final stage has the greatest impact on shear force. The
absolute value of the maximum negative shear force is larger. The maximum shear force
generated during the excavation process is negative. It is necessary to pay attention to the
adverse effect of maximum negative shear force in design and construction.
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Figure 20. Comparison bar graph of shear force: (a) Maximum positive value; (b) Maximum
negative value.

5.5. Supporting Structure Axial Force

Figure 21 shows the axial force cloud diagram of the ring beam. Obviously, the axial
force varies at different construction stages. The axial force cloud pattern presents an
asymmetric characteristic. Observation reveals that the maximum axial forces in stages 1,
3, and 16 are —2140 kN, —3096 kN, and —5360 kN, respectively. The maximum values of
stages 1 and 3 both occur in ring beam 1, and the maximum value of stage 16 occurs in ring
beam 4. The minimum axial forces are 197 kN, —610 kN, and 1179 kN, respectively. The
minimum values all occur in the areas where there is no load on ring beam 1. Furthermore,
the maximum values of the first five stages all occur in the areas where asymmetric loads
act, while the maximum values of the other stages occur in other areas. This indicates that
the influence of asymmetric loads on the axial force of ring beams weakens with the increase
in the excavation depth. It is worth noting that, when the excavation is completed, the
axial forces of ring beams 3, 4, and 5 are relatively the greatest, all approaching —5360 kN.
Therefore, ring beams 3, 4, and 5 are the objects that need to be focused on during the
construction process. It can also be seen that the internal forces of the ring beam are
not all compression in the non-load-action zone; in some stages, they are tension. This
phenomenon also requires the attention of design and construction. As can be seen from
Figure 21, the part where tensile force occurs is mainly the area of ring beam 1, far from the
asymmetric load action zone. The reason for the occurrence of tensile force might be that,
under the action of asymmetric load, the ring beam in the load action zone is compressed,
and there is a tendency for it to deform towards the interior of the foundation pit, which in
turn causes pressure on the ring beam in this area. Due to the distance between the acting
force and the reaction force, the ring beam in the asymmetric load action zone will exert
a force on the ring beam far from the load action zone. Under the action of this force, it
may cause tension in the ring beam. In addition, it can be seen that the excavation has a
relatively significant impact on the axial force of ring beams 1 to 6. The following text will
conduct a detailed analysis and study.

Figure 22 presents the axial force comparison bar graph of the ring beam. Figure 22a
is a comparison chart of the maximum axial force. Obviously, at different stages, the
axial force values are different, presenting the characteristics of “first increasing rapidly,
then decreasing, and finally increasing slowly”. The maximum value occurs when the
excavation is completed. The maximum axial forces are all negative, which indicates that
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the axial force of the ring beam is mainly compression. By comparison, it can be found
that the increase is the largest in stage 1, which is 2140 kN. This also indicates that the
asymmetric load and excavation have the greatest impact on the axial force in stage 1.
Figure 22b is a comparison chart of the minimum axial force. At different excavation stages,
the axial force values are also different, showing the characteristics of “first increasing,
then decreasing, and then increasing again”. The maximum value also occurs when the
excavation is completed. The minimum values can be both positive and negative, which
indicates that, in addition to being compressed, some areas of the ring beam are also under
tension. It can also be found that the maximum increase occurs in stage 4, which is 540 kN.
This indicates that the construction in stage 4 has the greatest impact on the axial force.
Furthermore, it can be found that the maximum and minimum values of the axial force
are —5360 kN and 1179 kN/m, respectively. This indicates that the axial force generated
during the excavation process is mainly compression. To sum up, the axial force of the ring
beam during the excavation process is mainly compression. The increase in axial force is
the greatest in stages 1 and 4, which requires attention in design and construction.
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Figure 21. Axial force cloud map of the ring beam: (a) Stage 1; (b) Stage 3; (c) Stage 5; (d) Stage 8;
(e) Stage 9; (f) Stage 11; (g) Stage 13; (h) Stage 16.

Figure 23 illustrates the comparison of axial forces between ring beam 1 and 2.
Figure 23a shows the comparison of the maximum axial force of the ring beam 1. Obviously,
the axial force value varies at different stages, showing the characteristic of “increasing
rapidly first and then decreasing”. The maximum axial force occurs in stage 5, with a value
of —3648 kN. The maximum axial forces are all negative, which indicates that the axial force
of ring beam 1 is mainly compression. By comparison, it can be found that the increase is
the largest in stage 1, which is 2140 kN. This also indicates that the asymmetric load and
excavation have the greatest impact on the axial force in stage 1. Figure 23b presents the
comparison of the maximum axial forces of ring beam 2. Obviously, the axial force values
vary at different construction stages, showing the characteristic of “first increasing and then
tending to stabilize”. The maximum value also occurs in stage 9, with a value of —2949 kN.
The maximum values are all negative, which indicates that ring beam 2 is mainly under
compression. It can also be found that the maximum increase occurs in stage 4, which is
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791 kN. This indicates that the construction in stage 4 has the greatest impact on the axial
force. To sum up, the axial force of ring beams 1 and 2 during the excavation process is
mainly compression. The increase in axial force is the greatest in stages 1 and 4, which
requires attention in design and construction.
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Figure 22. Axial force comparison diagram: (a) Maximum axial force; (b) Minimum axial force.
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Figure 23. Axial force comparison diagram of the ring beam: (a) Ring beam 1; (b) Ring beam 2.

Figure 24 presents the axial force comparison diagram of ring beam 3 and 4. Figure 24a
illustrates the comparison diagram of the maximum axial force of ring beam 3. Obviously,
the axial force value varies at different stages, showing the characteristic of “increasing
rapidly at first and then tending to stabilize”. The maximum axial force occurs at stage
14, with a value of —4537 kN. The maximum axial forces are all negative, which indicates
that the axial force of ring beam 3 is mainly compression. By comparison, it can be found
that the increase is the largest at stage 5, with a value of 1102 kN. This also indicates
that the asymmetric load and excavation have the greatest impact on the axial force in
stage 5. Figure 24b shows the comparison of the maximum axial forces of ring beam 4.
Obviously, at different stages, the axial force values also vary, showing the characteristic of
“increasing rapidly at first and then slowly”. The maximum value also occurs when the
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excavation is completed, with a value of —5360 kN. The maximum values are all negative,
which indicates that ring beam 4 is mainly under compression. It can also be found that
the maximum increase occurs in stage 7, with a value of 1530 kIN. This indicates that the
construction in stage 7 has the greatest impact on the axial force. To sum up, the axial
force of ring beams 3 and 4 during the excavation process is mainly compression. The
increase in axial force is the greatest at stages 5 and 7, which requires attention in design
and construction.
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Figure 24. Axial force comparison diagram of the ring beam: (a) Ring beam 3; (b) Ring beam 4.

Figure 25 illustrates the comparison of the axial forces of ring beams 5 and 6. Figure 25a
shows the comparison diagram of the maximum axial force of ring beam 5. Obviously, the
axial force value varies at different stages, showing the characteristic of “increasing rapidly
at first and then slowly”. The maximum axial force occurred when the excavation was
completed, with a value of —4679 kN. The maximum axial forces are all negative, which
indicates that the axial force of ring beam 5 is mainly compression. By comparison, it can be
found that the increase is the largest at stage 9, with a value of 1500 kN. This also indicates
that the asymmetric load and excavation have the greatest impact on the maximum axial
force in stage 9. Figure 25b presents the comparison diagram of the maximum axial force
of ring beam 6. Obviously, the axial force value varies at different stages, showing the
characteristic of “increasing rapidly at first and then slowly”. The maximum value also
occurred when the excavation was completed, with a value of —3752 kN. The maximum
values are all negative, which indicates that ring beam 6 is mainly under compression. It
can also be found that the maximum increase occurs in stage 11, which is 1530 kN. This
indicates that the construction in stage 11 has the greatest impact on the axial force. To
sum up, the axial force of ring beams 5 and 6 during the excavation process is mainly
compression. The increase in axial force is the greatest at stages 9 and 11, which requires
attention in design and construction.

To sum up, the axial force varies at different construction stages. The axial force of
the ring beam is mainly compression, and the maximum compression generally shows the
characteristic of “constantly increasing” with the increase in the excavation depth. The
axial force cloud pattern presents an asymmetric characteristic. The maximum values of
the first five stages all occur in the area where the asymmetric load acts, and the maximum
values of the other stages occur in other areas. When the excavation is completed, the axial
forces of ring beams 3, 4, and 5 are relatively maximum. Ring beams 3, 4, and 5 are the
objects that need to be given special attention during the construction process. The internal
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forces of the ring beam are not all compression in the non-load-action zone; tensile forces
may also occur in some stages. This phenomenon also requires the attention of design

and construction.
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Figure 25. Axial force comparison diagram of the ring beam: (a) Ring beam 5; (b) Ring beam 6.

6. Discussion

In this paper, the mechanical behavior of large-diameter circular deep excavation
under asymmetric load is studied. The results show that the deformation and internal
forces of the supporting structure under asymmetric loads present asymmetric character-
istics. Asymmetric loads have a more obvious influence on the deformation and internal
forces of adjacent supporting structures. The research results play a positive role in the
design optimization and construction guidance of similar engineering structures. However,
this study only focuses on the action of asymmetric loads, and the load form is relatively
simple. Previous studies related to the influence of different load forms on the construction
mechanical behavior of super-large diameter circular deep excavation have been relatively
few [21-23]. Furthermore, the environment for the construction of deep excavation re-
lated to the anchor foundation of bridges is usually rather complex [24,25]. Therefore, it
is necessary to discuss the relevant contents of construction mechanics behavior under
different load forms. This discussion selects the total displacement of the diaphragm wall
as the research object. The load forms are as follows: (1) no load, (2) symmetrical load,
and (3) asymmetric load. It should be noted that the size of the surface load involved in
this study is 30 kPa, and other conditions are consistent with the previous text except for
changing the form of the load action.

Figure 26 presents the cloud diagram of the total displacement of the diaphragm
wall under symmetric loading. Obviously, the displacement varies at different stages.
The displacement cloud map shows symmetrical features. This is mainly because, under
this load form, both the supporting structure and the load are symmetrical. Therefore,
the displacement cloud map presents symmetrical features. The conclusion of this study
is consistent with the references [22,23]. This also verifies the rationality of the model
established in this study from another aspect. At stages 1, 5, 11, and 16, the maximum
displacements were 2.7 mm, 5.6 mm, 11.8 mm, and 12.9 mm, respectively. Obviously,
the maximum displacement occurs when excavation is completed and the minimum
displacement occurs at stage 1.
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Figure 26. Cloud diagram of total displacement under symmetric load: (a) Stage 1; (b) Stage 5;
(c) Stage 11; (d) Stage 16.

Figure 27 illustrates the cloud diagram of the total displacement of the diaphragm wall
under no load. Obviously, the displacement varies at different stages. The displacement
cloud map shows symmetrical features. The conclusion of this study is consistent with the
references [22,23]. This also verifies the rationality of the model established in this study
from another aspect. It should be noted that, under the condition of no load, both the
supporting structure and the soil are symmetrical. Therefore, the displacement cloud map
presents symmetrical features. At stages 1,5, 11, and 16, the maximum displacements are
1.8 mm, 4.5 mm, 10.8 mm, and 12 mm, respectively. Obviously, the maximum displacement
occurs when excavation is completed and the minimum displacement occurs at stage 1.
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Figure 27. Cloud diagram of total displacement without load: (a) Stage 1; (b) Stage 5; (c) Stage 11;
(d) Stage 16.

Figure 28 illustrates the displacement comparison curve. By comparison, it can be
found that, whether under symmetrical load or no load, the total displacement deformation
curve of the diaphragm wall presents a “belly bulge” feature. This indicates that excavation
is the main factor for the deformation of the diaphragm wall. Therefore, it is necessary
to attach importance to the simulation and optimal design of excavation conditions. It is
worth noting that there are also some differences in Figure 28a,b. For instance, under the
action of symmetrical loads, the displacement at the top of the diaphragm wall is greater
when the excavation is completed. Furthermore, it can also be seen that the displacement
of the diaphragm wall is greater under symmetrical loads. This also indicates that the
load has had a certain impact on the construction of the deep excavation. Therefore, it is
necessary to pay attention to the influence of load in similar projects.
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Figure 28. Displacement comparison curve: (a) Symmetrical load; (b) No load.
Figure 29 presents the comparison of displacements under different load forms.
Figure 29a shows the displacement comparison curve of monitoring point A1 when the
excavation is completed. Obviously, the displacement varies under different load forms.
However, the displacement curves all exhibit a “belly bulge” feature. The load forms of
displacement at the same position from large to small are asymmetric load, symmetrical
load, and no load, in sequence. Obviously, the displacement is the smallest when there is
no load and the maximum when there is an asymmetric load. Figure 29b illustrates the
displacement comparison diagram. By comparison, it can be found that the load forms of
displacement from large to small in the same construction stage are, respectively, asym-
metric load, symmetrical load, and no load. Obviously, the displacement is the smallest
when there is no load and the maximum when there is an asymmetric load. This might
be because, when there is a load near the deep excavation, the load will compress the soil.
Due to the interaction of forces, the soil will compress the diaphragm wall, thus resulting
in the phenomenon of minimum displacement when there is no load.
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Figure 29. Displacement comparison curve: (a) Displacement comparison curve graph; (b) Displace-
ment comparison bar chart.
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In addition, when the load is in an asymmetric form, the soil in the load-acting area
will compress the diaphragm wall, resulting in a greater displacement of the supporting
structure in the load-acting area, while the deformation of the supporting structure in the
non-load-acting area is suppressed, thus resulting in a smaller displacement. When the
load is symmetrically arranged, the squeezing effect produced by this load has a certain
cancelation, thus resulting in the phenomenon that the displacement is the greatest when
the asymmetric load acts. In addition, it can be found that, with the increase in the depth,
under different forms of loads, the displacement differences in the supporting structure
during the excavation process gradually decrease. In the anchoring area of the supporting
structure, this deformation difference is close to zero. That is to say, the influence of the
load on the displacement of the supporting structure weakens with the increase in depth.
Therefore, the influence of asymmetric loads on deep excavation needs to be emphasized.
On the one hand, when constructing the deep excavation, efforts should be made to
minimize the possible loads nearby. On the other hand, efforts should be made to try to
avoid the load appearing in an asymmetric form. If necessary, measures can be taken to
reduce the adverse effects caused by asymmetric loads.

The main shortcomings of this study are as follows: (1) The influence of pipelines,
vehicles, and rainy weather that may appear around the excavation is not considered.
(2) There was no comparative analysis of the influence of the load magnitude, range, and
position changes. (3) The impact of groundwater was not carried out. (4) The influence of
asymmetric loads on the soil at the bottom of the pit and the soil around the deep excavation
was not investigated. (5) Although this study compared and analyzed the influence of
different load forms on excavation in the discussion section, it only compared the total
displacement of the diaphragm wall, and the research content was not rich enough.

Future research directions are as follows: (1) Consider the surrounding environment
of deep excavation engineering more comprehensively. Factors such as pipelines, rainy
weather, and vehicle loads that may occur around the deep excavation project will be
included in the research. (2) Based on this research, a comparative analysis will be con-
ducted on the magnitude, range of the load, as well as the influence of position changes.
(3) Conduct an analysis of the impact of groundwater on excavation. (4) Conduct research
on the influence of asymmetric loads on the soil at the bottom of the pit and the soil around
the deep excavation. (5) Further enrich the content of research on the influence of different
load forms on excavation, including the internal force and deformation characteristics of
the supporting structure and the surrounding soil. (6) Determine the active force acting on
the wall in the section below the surface force and in other sections.

7. Conclusions

In this paper, the mechanical behavior of large-diameter circular deep excavation
construction under asymmetric load was studied by means of numerical simulation and
field monitoring. The main findings are summarized as follows:

(1) Based on the modified Moorish Coulomb constitutive model, MIDAS/GTS NX
was used to numerically simulate the ultra-large-diameter circular deep excavation project
under asymmetric loads. The simulation results are in good agreement with the measured
data. During the construction process, the displacement of the supporting structure is rela-
tively small, and the deep excavation tends to be safe. The support structure of “diaphragm
wall + ring beam” is feasible for the construction of super-large-diameter circular deep
excavation projects. In addition, both the internal force and displacement cloud maps of
the supporting structure present asymmetric characteristics. Displacement and internal
force distribution have spatial effects, and the maximum values all occur in the areas where
asymmetric loads act.
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(2) The total displacement, axial force, and maximum shear force of the diaphragm
wall increase with the increase in the excavation depth. The total displacement curves all
exhibit the feature of a “bulging belly”. The maximum displacement is 13.3 mm, which
occurs at a position —16 m below the surface. The axial force is mainly compression, with a
maximum value of —9514 kN/m. Pulling forces may also occur at other positions, but the
values are relatively small. The maximum positive and negative values of the shear force
are 333 kN/m and —705 kN/m, respectively.

(8) The bending moment diagrams of different monitoring points all show the charac-
teristics of a “bow knot”. The maximum positive bending moment shows the feature of
“increasing first and then decreasing” with the increase in the excavation depth, and the
maximum negative bending moment shows the feature of “constantly increasing”. The
maximum values are 1509.4 kN-m/m and —2394.3 kIN-m/m, respectively.

(4) The axial force of the ring beam is mainly compression, and the maximum com-
pression generally shows the characteristic of “constantly increasing” with the increase in
the excavation depth. The maximum value is —5360 kN, which occurs in ring beams 3, 4,
and 5. Axial force also has tensile force, and its value is relatively small. The maximum
value is 1179 kN, which occurs in ring beam 1.

(5) The displacement cloud map of the supporting structure under symmetrical load-
ing shows symmetrical characteristics. The form of load has a certain influence on the
displacement of diaphragm wall, but the influence weakens with the increase in the depth.
Excavation is the main factor for the deformation of diaphragm wall. Under different load
conditions, the total displacement-based deformation curves of diaphragm walls all exhibit
the “belly bulge” feature. The load forms of the displacement at the same position from
large to small are asymmetric load, symmetric load, and no load.
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