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 e construction of deep foundation pits adjacent to existing subway tunnels faces enormous challenges, and once a safety
accident occurs, there are often mass injuries that cause substantial economic losses. However, there are many shortcomings and
defects in the traditional methods of assessing the safety of the pit itself and the existing tunnel in the construction of the deep
foundation pit adjacent to existing tunnels.  is study establishes an optimized complex network-based dynamic risk assessment
model to dynamically assess the overall risk of deep foundation pits in adjacent existing tunnels systematically, solving the
challenges of inaccurate risk assessment and inaccurate description of correlations between nonstationary time series data. In this
study, we �rst divide the monitoring data into time windows and describe the correlation between nonstationary time-series
monitoring data within each window based on the MF-DCCA method and the threshold method, and establish the adjacency
matrix to prepare for the establishment of an optimized complex network model. Secondly, based on the adjacency matrix, a
complex network model under di�erent time windows is constructed, and risk assessment indexes are established through the
topological parameters of the complex network model to explore the evolution of risk in time and space, so as to realize the risk
distribution and quantitative evolution assessment of the system which is deep foundation pit adjacent to existing subway tunnels.
Finally, the proposed method is tested by taking the Nanning underground comprehensive utilization project as an example.  e
results show that this method can quantify the risk of the construction of deep foundation pits adjacent to existing tunnels more
e�ectively than the traditional method to describe the evolution law better. It has important guiding signi�cance for strengthening
the safety risk monitoring and safety management of the construction system of deep foundation pits adjacent to existing tunnels.

1. Introduction

To facilitate people to travel, many buildings are often built
near existing subway tunnels [1]. Deep foundation exca-
vation will not only cause deformation or di�erential set-
tlement of the surrounding existing buildings (structures).
However, it will also interact with the geotechnical body
around existing subway tunnel, causing longitudinal set-
tlement and lateral deformation of the tunnel structure,
ultimately a�ecting the force conditions and service func-
tions of the tunnel [2, 3].  erefore, the complex conditions

of the adjacent existing tunnel caused considerable con-
struction di�culties for the deep foundation excavation [4].
More and more outstanding scholars have studied the safety
of geotechnical bodies around existing underground
structures. Li et al. [5] analyzed themicroseismic b-value and
its variation with time by establishing two microseismic
monitoring systems, which provided a reference for early
warning of large deformation of underground plant cavities.
Lai et al. [6] illustrate the value of multi-parameter mea-
surement campaigns in assessing the impact of disturbances
caused by new excavations on pre-existing underground
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structures, based on a practical case of gold mining. )ese
examples indicate that the safety assessment of the sur-
rounding geotechnical body of existing underground
structures has become a hot topic of research today, and the
deep foundation pit excavation adjacent to existing tunnels
is a typical one.

)e construction system of deep foundation pits ad-
jacent to existing tunnels has the following typical
characteristics: First, the complexity of the interaction
between the pit and the existing tunnel; second, the high
demand for deformation control of pits and existing
tunnels; third, the high-risk nature of construction. In
order to evaluate the safety of deep foundation con-
struction in such complex working conditions, many
scholars have conducted a lot of research using many
methods. Zheng et al. [7] used the finite element method
to parametrically analyze the deformation influence law of
existing underpass tunnels outside the pit, and divided the
existing tunnel deformation zone under different enclo-
sure structure deformation modes and maximum hori-
zontal displacement conditions; Jiang and Zhang [8]
summarized a method to calculate the displacement of
existing subway tunnels adjacent to the foundation ex-
cavation based on existing research results; Xu et al. [9]
used ABAQUS numerical simulation analysis and sim-
plified canonical corner point method, respectively, to
compare and analyze the impact of foundation excavation
on existing underlying road tunnels. Existing research
methods that demonstrate the effect of excavation on
existing metro deformation through mechanical theory
and numerical analysis do not provide a basis for dynamic
decision-making in construction projects. In traditional
dynamic construction risk assessment methods, fuzzy
theory-based assessment methods such as the fuzzy in-
tegrated judgment method are too subjective in assess-
ment [10–12]. )e threshold method based on the
comparison of monitoring data and design criteria (or
design requirements) has the same unavoidable limita-
tions [13, 14]: First, the monitoring point in different
times and spaces under the risk threshold is not the same,
only set a unified risk domain value is prone to cause
misjudgment in risk control [15]. Second, a simple
threshold comparison can only provide the level of risk at
a single point, but cannot provide the overall risk and
quantify the process of risk evolution at the construction
site. In addition, scholars have tried to use complex
network theory for foundation pit construction risk as-
sessment. For example, Zhou et al. [16] established a
complex network model of the deep foundation pit sur-
face system based on the complex network theory, based
on the monitoring data of the deep foundation pit surface
system, and quantitatively assessed the risk of the deep
foundation pit system and its time and space evolution,
but its use of Pearson correlation coefficient could not
effectively express the nonlinear correlation between
nonstationary time series.

In summary, the shortcoming of the abovementioned
study is that the current approach cannot dynamically assess
the overall risk of deep foundation pits in adjacent existing

tunnels from a systematic perspective [17]. In addition, the
construction of deep foundation pits adjacent to existing
tunnels is very complex and contains many elements with
strong nonlinear coupling between them, and the dynamic
time and space evolution law of the system is also nonlinear,
which cannot be described by general numerical simulation
methods and analytical methods. )erefore, it is of great
practical significance to explore an effective method to
dynamically assess the risk of the construction system of
deep foundation pits adjacent to existing tunnels from the
system perspective.

In this study, the MF-DCCA method was introduced
into the risk assessment of the deep foundation pit system
adjacent to the existing tunnel for the first time. At present,
the MF-DCCA method has been widely used in foreign
exchange, stocks, crude oil, and other fields [18–20]. )e
MF-DCCA method can effectively and quantitatively de-
scribe the nonlinear correlation between unstable se-
quences [21], and it can be used to capture the nonlinear
correlation of elements in the construction system of deep
foundation pits adjacent to existing tunnels, which is of
great significance for optimizing complex networks.
)erefore, based on the complex network theory, this study
takes the displacement system of the deep foundation pit
adjacent to the existing tunnel as the object and establishes
an optimized spatiotemporal complex network model of
the construction system of deep foundation pits adjacent to
existing tunnels. And quantitatively and dynamically assess
the risk and evolution of the construction system of deep
foundation pits adjacent to existing tunnels from the
perspective of time and space, providing a new method for
the risk assessment and construction guidance of the
construction system of deep foundation pits adjacent to
existing tunnels. Taking the underground space utilization
project of Nanning Rail Transit Line 5 from Guangxi
University Station to Guangxi Institute of Finance and
Economics as an example, the effectiveness and feasibility
of the method are verified.

)is study is organized as follows: Section 2 briefly in-
troduces the theoretical basis of the newmethod proposed in
this study. Section 3 outlines the framework of the risk
assessment process using the method proposed in this study.
Section 4 uses the method proposed in this study to study an
underground space utilization project in Nanning to verify
its feasibility. Section 5 comprehensively discusses the val-
idity and accuracy of the method proposed in this study in
risk assessment of deep foundation pits adjacent to existing
tunnels. Finally, Section 6 summarizes the research work of
this study.

2. Methodology

2.1. Correlation Coefficient of Different Monitoring Points

2.1.1. DCCA Method. )e cross-correlation coefficient
DCCA is used to qualitatively test the degree of cross-
correlation between two nonstationary time series [22–24].
Suppose there are two time series x(t) and y(t),
t � 1, 2, . . . , N, the coefficient is defined as:
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F
2
DFA,X(t)(s) �


T−S+1
j�1 (s − 1)

− 1


j+s−1
k�j (X(k) − X(k, j))

2
 

T − s
.

(3)

F
2
DFA,Y,t(s) �


T−S+1
j�1 (s − 1)

− 1


j+s−1
k�j (Y(k) − Y(k, j))

2
 

T − s
,

(4)

where X, k, j can be obtained by establishing a linear fit of
the time trend over the range j to j + s − 1 for each interval.
F2
DCCA(s) is a detrended covariance between partial sums
Xi  and Yi  for a window size s:
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)e study by Podobnik et al. [27] shows that the value
range of ρDCCA is −1≤ ρDCCA ≤ 1, when ρDCCA � 1, it rep-
resents a perfectly correlated series, when ρDCCA � 0 , it
means an uncorrelated process, and when ρDCCA � −1 , it
means )ey are completely anticorrelated series.

2.1.2. Cross-Correlation Test. )e cross-correlation statistic
proposed by Podobnik [26] can be used to qualitatively
analyze whether two time series have cross-correlation.
Assume there are two time series x(t) and y(t),
t � 1, 2, . . . , N, )e cross-correlation test statistic Qcc(m) is
defined as:

Qcc(m) � N
2
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2
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where the cross-correlation function X(i) is defined as:
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)enull hypothesis for theQcc(m) statistic test is that if the
cross-correlation statisticQcc(m) of two columns of time series
with m degrees of freedom follows the χ2 distribution (critical
value), then the two time series do not have cross-correlation.

2.2. MF-DCCA Method. )e MF-DCCA [21] method can
effectively eliminate the influence of local trends on the time
series scale and can observe the multifractality of the time
series at different time scales. It also needs to construct two
new time series X(t) and Y(t). Divide the newly constructed
single time series intoNS � int(N/s) time windows of length
s.

X(t) � 
i

k�1
[x(k) − x], (9)

Y(t) � 
i

k�1
[y(k) − y], (10)

Xλ(i) � aki
m

+ · · · + a1i + a0, (11)

Yλ(i) � bki
m

+ · · · + b1i + b0. (12)

)e local covariance function F2(s, λ) is obtained by
subtracting the local trend function Xλ(i) and Yλ(i) from
the original time series to eliminate the trend for each time
window.
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where Fq(s) is the q order fluctuation function, which can be
obtained by averaging the local covariance over 2NS win-
dows. If there is a power-law relationship between Fq(s) and
the scalar scale s, the scalar relationship between them is
given by formula (15):

Fq(s) ∼ s
Hxy(q)

, (15)

where Hxy(q) is the generalized Hurst index, and when
q� 2, the MF-DCCA method degenerates to the DCCA
method, which is sufficient for assessing the cross-correla-
tion between two nonstationary time series.

2.3.Determination of theOptimal5reshold andConstruction
of Complex Networks. )e first principle of threshold se-
lection is to ensure the assumed nature of the constructed
complex network, i.e., the scale-free and small-world nature
that a general complex network would have. )e scale-free
nature requires that the threshold must be set so that the
edge (degree) distribution of the complex network model
obeys a power-law distribution [28, 29], that is, the following
relationship:

P(k) ∼ k
− a

, (16)
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where P(k) represents the ratio of the number of nodes with
k connected edges to the number of all nodes in the network
and α represents the power-law exponent.

In order to avoid the influence of the number of nodes
on the threshold value of the network model, construct
(Cran)− 1C and (Lran)− 1L, respectively. Take the ratio S of the
two indicators to construct the small-world indicator, and
the formula is as follows:
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C
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where C is the feature clustering coefficient in the complex
network model, L is the length of the feature path, N is the
number of nodes in the network, and K is the average of all
edges in the network.When the threshold-optimized network
model satisfies the small-world index S>> 1, it is used as the
lower limit of the threshold value [30], and the degree dis-
tribution of the network model also needs to conform to the
power-law distribution, that is, there is a power exponent α.

)e second principle of threshold selection is to ensure
the connectivity of the network. )ere are no isolated nodes
in the network. Otherwise, the quantification of the im-
portance of isolated nodes will be invalid during model risk
assessment [31]. At the same time, random small-world
networks are connected in such a way that any node is
randomly connected to other nodes in the network with a
probability p. When the minimum connectivity probability
is 0.1, the total number of edges in the existing network is
K∗ ≈ 0.1 K, where K is the total number of edges in the
original fully connected network.

To sum up, the selection range of the threshold should first
ensure that there are no isolated nodes in the network, and the
upper and lower limits of the threshold should be selected to
ensure that S>> 1 andK∗ ≥ 0.1K, and to ensure that the power
exponent α exists. Finally, the optimal threshold can be selected
as the threshold with the largest small-world index.

2.4. Risk Assessment of Complex Networks. Topological pa-
rameters that describe network structure and node char-
acteristics are the main means to quantitatively assess
complex networkmodels. In the process of complex network
research, many classical topology parameters are con-
structed to describe the structural characteristics of different
complex network models and establish system model risk
assessment indicators. From the perspectives of time and
space of the construction system of deep foundation pits
adjacent to existing tunnels, the assessment of the spatial
distribution of risks and evolution of construction risks of
the construction system of deep foundation pits adjacent to
existing tunnels are carried out.

2.4.1. Time Risk Evolution Based on Network Entropy.
From the time perspective of the construction system of
deep foundation pits adjacent to existing tunnels, it is
necessary to construct the overall risk evolution assess-
ment index of the system model. )e network structure
entropy is generated based on the degree of nodes. As a
measure of the disorder degree of a complex system, it is
an important indicator to reflect the risk characteristics
and evolution of the network model. [32–34], )is re-
search is mainly based on the quantification of the
structural entropy of the network model to establish the
overall risk index of the construction system of deep
foundation pits adjacent to existing tunnels and to observe
the dynamic characteristics of the risk by calculating the
entropy.
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where E is the network entropy and ki is the total number of
edges of the node i. In order to exclude the influence of the
number of different nodes N on the entropy value E, the
normalized value of the entropy of the network structure is
used as the absolute risk value of the system network model,
and also as the absolute risk value R of the construction
system of deep foundation pits adjacent to existing tunnels
represented by this network model:

R � E �
E − Emin

Emax − Emin
, (21)

where E is the normalized network entropy of the network,
obviously, 0≤R � E≤ 1.

2.4.2. Spatial Risk Distribution Based on Network Structure.
Identifying the nodes that have the most significant im-
pact on system security is crucial to exploring the spatial
distribution of risks. )e importance of a single node is
directly related to the degree of damage to the system
security caused by removing the node. For a certain safety
factor Xi of the safety system, the ability to complete the
specified contribution to the safety function of the system
as a whole can be represented by its safety degree P(xi).
)e topology parameters of complex networks are often
used to assess the importance of nodes in complex net-
works, such as betweenness centrality. )e node with the
largest betweenness centrality has the greatest impact on
the security of the topology [35]. )erefore, this study uses
the betweenness centrality index to quantify the impor-
tance of nodes in the model. )e greater the betweenness
of the node Xi, the greater its security P(xi), and the
greater the contribution to the system risk. )e location of
high-safety nodes can reflect the risk distribution of the
construction system of deep foundation pits adjacent to
existing tunnels.

P xi(  � CB �
2

(N − 1)(N − 2)


s≠i≠t

gst(i)

gst

, (22)
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where gst is the number of all shortest paths from node s to
node t, gst(i) is the number of paths through node i among
the shortest paths from node s to node t. 2/(N − 1)(N − 2) is
the normalization factor. )e Max-Min deviation of each
node’s betweenness P(xi) is normalized to the risk value of a
node.

R xi(  �
P xi(  − min1≤j≤nP xj 

max1≤j≤nP xj  − min1≤j≤nP xj 
, (23)

where min1≤j≤nP(xj) and max1≤j≤nP(xj), respectively,
represent the minimum and maximum values of node se-
curity in a network model with n nodes.)e value of R(xi) is
between [0, 1].

3. Assessment Framework for Construction
Risk Evolution

)e framework of this assessment includes four key com-
ponents, the specific steps are as follows (Figure 1):

(1) Data collection and correlation analysis: Collect and
process displacement monitoring data at different
points in foundation pits and existing tunnels, which
are typical nonstationary time series. In this study, a
moving time observation window is set up on the
time axis, and the unstable time series data are di-
vided by the time observation window. Based on the
nonstationary time series data in each time obser-
vation window, the complex network model of the
deep foundation pit settlement system in the current
time window is generated, and the network models
under different time windows are formed. However,
the correlation analysis of nonstationary time series
data is a prerequisite for constructing a correlation
matrix and establishing a complex network. )ere-
fore, it is necessary to use the MF-DCCA method to
analyze the nonstationary time series data of mon-
itoring points around the foundation pit and existing
tunnels, and then convert the time series data into a
correlation matrix.

(2) Construction and optimization of complex net-
works: )e monitoring points in the construction
system of deep foundation pits adjacent to existing
tunnels are uniformly regarded as network nodes.
Since there is a tendency for monitoring points in the
system to respond to each other and change together,
the interrelationship between monitoring points is
quantitatively described to form the correlation
between the nodes in a complex network system with
connected edges. )ese correlation characteristics
need to be obtained from the nonstationary time
series data monitored by each measuring point and
are represented by the weighted and undirected
edges between the nodes. Firstly, the original cor-
relation matrix is constructed based on the nonlinear
cross-correlation between the displacement settle-
ment data of different monitoring points in each
window. )en, the optimal threshold value for each

window is solved, the complex network is con-
structed using the edge correlation coefficient
threshold method, and finally, a series of network
models with unique topological characteristics are
obtained.

(3) Risk Evolution Assessment: By studying the complex
network model with different time windows, ana-
lyzing the Wu structure entropy value and relative
risk value, then simulating and quantifying the
evolution of the risk of the deep foundation pit
displacement system with the construction process,
and finding out the time windows of high risk. )en,
the risk value of eachmonitoring point is obtained by
comparing and studying the betweenness centrality
of each monitoring point in a certain high-risk
window, and then the spatial variation of the risk of
the complex network model under this time window
is obtained.

(4) Comparative analysis: Based on the “Weekly Security
Inspection Report” of accidents occurring in actual
construction, the assessment results are compared
and analyzed with the events and locations of actual
accidents to verify the effectiveness of the risk as-
sessment method proposed in this study.

4. Case Study

4.1. Project Overview. )is study takes the underground
space utilization project from Guangxi University Station to
Guangxi Finance and Economics College of Nanning Metro
Line 5 as the case object of the study.)e project is laid along
the east-west direction of Ming XiuWest Road, starting near
the intersection of Ming Xiu West Road and HuoJu Branch
Road, and finally near the entrance of the School of Finance
and Economics. It will be built as an underground com-
mercial street with an underground multi-span single-story
rectangular structure. )e total length of the main structure
is 811.2m, the standard width of the main foundation pit is
28.8m, the depth of the foundation pit is 8.6–10.5m, and the
total construction area is 36000m2. )e main foundation pit
of the project adopts the support form of bored cast-in-place
piles and internal supports. )e foundation pit support
system uses two supports, as shown in Figure 2 for the deep
foundation pit support structure. Set up multiple entrances
and exits and ancillary facilities such as wind pavilions. )e
project is surrounded by extremely complex facilities and is
located above the interval of Guangxi Daxi Station-Xiuling
Road Station of Metro Line 5. )e vertical clear distance is
5m–8.7m, and the soil at the bottom of the pit needs to be
reinforced before excavation to reduce pit uplift and tunnel
uplift, and to strengthen monitoring in the pit and tunnel. In
addition, there are buildings such as Nanning Vocational
and Technical College, Guangxi Finance and Economics
College Teaching Building, and Construction Bank Ming
XiuWest Road Branch Office adjacent to the projected pit, as
shown in Figure 3. Quaternary soil layers are overlaid on the
site, from top to bottom: plain fill, hard plastic silty clay,
plastic silty clay, soft plastic silty clay, fine sand, pebbles, and
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Paleogene mudstone. )e base plate of the project is located
in the powder clay, plastic powder clay, soft plastic powder
clay, and fine sand layer, and the groundwater is mainly pore
diving, endowed with a compressive round gravel layer, the
geological and enclosure structure profile is shown in Fig-
ure 4. )e excavation of the foundation pit strictly imple-
ments the principles of longitudinal segmentation,
transverse segmentation, and vertical stratification, the
longitudinal direction is no more than 16m, and the
transverse direction is divided into two blocks of A and B
areas according to the left and right lines, the vertical single
layer are no more than 2m, and the excavation depth of
adjacent sections is no more than 2m. )e excavation is
longitudinally segmented from the middle of the foundation
pit to the east and west ends, and the segment length is not
more than 16m. Strict displacement monitoring is carried
out for the subway tunnel passing through it. )e possible
risks in the project are shown in Table 1.

4.2. Existing Line 5 Guangxi University Station-Xiuling Road
Station Tunnel Section. )e tunnel line between Guangxi
University Station and Xiuling Road Station of Nanning City
Line 5 is laid along Ming Xiu Road and crosses the pe-
destrian bridge of Guangxi Finance and Economics College
into Xiuling Road Station, the length of the left line of the
interval is 1263.597m, the length of the right line is
1261.266m, the total length is 2524.863m. )e tunnels in

this section are buried at a depth of about 9.71–18.72m and
mainly pass through round gravel layers, pebble layers, and
silty sand layers. )e inner diameter of the shield tunnel in
this project is 5400mm, the thickness of the lining segment
is 300mm, the strength grade is C50, and the impermeability
grade is P12. )e section is located directly below the un-
derground space engineering project. During the con-
struction of the foundation pit of the project, the shield
section is in the state of completion of track laying (not
officially in operation).

4.3. Data Collection and Time Window Settings

4.3.1. Data Collection. )e initial data of the underground
space utilization deep foundation pit project of Nanning
Rail Transit Line 5 from Guangxi University Station to
Guangxi University of Finance and Economics comes from
the monitoring data of the surface settlement and defor-
mation monitoring points and the monitoring data of the
tunnel monitoring deformation. Due to a large number of
monitoring points, this study only selects some of the
monitoring points and monitoring items for analysis. A
total of 547 settlement and deformation monitoring points
are arranged in and around the deep foundation pit, in-
cluding surface settlement (408), building settlement (62),
and column settlement (85). )e type, quantity, and ar-
rangement of monitoring points are shown in Figure 5.

Guangxi University Station 800*800 Concrete support Le� lane tunnel

center column

Le� lane tunnel

1 11 21 31 41

9181716151

Figure 2: Supporting structure of deep foundation pit adjacent to existing tunnel Guangxi University of Finance and Economics.

Non-stationary series Complex networks Time perspective (1) Plane space
perspective

Comparison and analysis

All time series are divided into
several time windows

Calculate network
topology parameters

Calculate entropy of each
time window to evaluate

high-risk window

(II) Section space
perspective

Compare the prediction with
the real accident to
draw a conclusion

Figure 1: Flow chart for quantifying the risk evolution of deep foundation pits adjacent to existing tunnels.
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During the whole construction process, the structural
deformation of the track and subway section is monitored,
and automatic detection methods are used for the defor-
mation. )e monitoring items include (i) Vertical and
lateral deformation monitoring of the tunnel structure and
track, (ii) Tunnel structure convergence monitoring, and
(iii) For existing Vertical and Lateral Deformation Mon-
itoring of Main and Auxiliary Structures of Subway Sta-
tions. In this study, three types of displacement data were
selected for analysis: tunnel vertical displacement (102),
track vertical displacement (102), and vault settlement
(102).)e distribution of existing tunnel monitoring points
is shown in Figure 6.

4.3.2. Time Window Division. For time series, how to
transform the time series data at different times into a
complex network system model reflecting the current con-
struction process, and how to realize the dynamic evolution of
the model with the construction process are the focus of the
research. In this study, a moving time observation window is
set up on the time axis, and the time series data are divided by
the time observation window. )e time series in each time
observation window generates the complex network model of
the deep foundation pit settlement system of the current time
window, so as to realize the deep foundation pit. )e surface
settlement system is constantly changing with the con-
struction process. A fixed-length time observation window

Guangxi University Line 5
Metro station

Guangxi University of
Finance and EconomicsChina Construction Bank Guangxi Coastal Railway Co, Ltd.

Metro Line 5
Guangxi Daxi Station

reserved port

�is case
Metro Line 5 Xiuling

Road Station

Zhengheng International Business District Municipal Construction Company
Community

South Railway North �ird District

a b c d

e

e

f

f

g

g

Figure 3: )e surrounding buildings and environment of the underground project of Guangxi University of Finance and Economics.
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T1 − T0 is set up, and the equidistant translation is performed
on the time axis. )ere are overlapping parts between dif-
ferent windows to ensure the continuity of information in the
window. )e risk quantification of the complex network
model in each window can realize the dynamic evolution
research of the construction system of deep foundation pits
adjacent to existing tunnels.

Figure 7 shows the time window division of a series of
time series data measured at the monitoring points of the
deep foundation pit adjacent to the existing subway during
the whole construction process. According to its length, time
window, and network modeling data volume requirements,
it can be divided into several time windows. Figure 7 shows
that each monitoring point measured 161-time series data in
the 161-daymonitoring days.)e descriptive statistics of this
time series for some monitoring sites are shown in Table 2.
)e construction process is divided into 20-time windows
according to the panning of the windows. )e length of the
data time window is 30 data, and the length of the time
window is an equidistant translation of 7, that is, a time
length of 30 days. )e amount of shared data in the two
windows before and after is 23, that is, the length of time is

23 days. In each time window, a static model of the soil
displacement system of the deep foundation pits adjacent to
existing tunnels is constructed.

)e starting date of the monitoring time series data of this
site is September 22, 2021, and the corresponding con-
struction stage is the start of pouring of the crown beam and
the production of axes 79–81 concrete supports. )e moni-
toring end date is March 4, 2022, and the corresponding
construction stage is grading on the north side of axes 58–59;
the second layer of earthwork is excavated on axes 59–61; the
roof slab of axes 61–97 has been poured and is being back-
filled; axes 97–99 is set up with roof scaffolding; axes 99–100 is
used to bind steel bars on the bottom plate; axes 100–102 is
used to excavate the second layer of earthwork.

4.4. Construction of the Displacement System Model of the
Deep Foundation Pit Adjacent to the Existing Tunnel

4.4.1. Complex Networks under the Time Window. Some
related studies [23] have shown that the Pearson coefficient
cannot effectively represent the correlation between
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Figure 4: Geological section of envelop enclosure.

Table 1: )e possible risks and their levels in the project.

Risk classification Location range Risk description Risk
level

Project’s own risk Open-cut foundation pit Water gushing and quicksand may occur III
Environmental
risk Subway tunnel May cause the tunnel structure to float up and deform, crack and

leak water II

Environmental
risk High voltage line towers and poles May cause the line tower to settle, tilt III

Environmental
risk

Construction around the foundation
pit May cause house settlement, cracking III

Environmental
risk Excavation side pipeline May cause pipeline settlement or leakage III
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nonstationary series. )erefore, this study attempts to use
the cross-correlation statistic Qcc(m) to qualitatively ana-
lyze whether two-time series have cross-correlation, and cal-
culate the DCCA coefficient to further verify the nonlinear
cross-correlation between the data. However, the DCCA co-
efficient will be affected by the time scale s to varying degrees.
)e MF-DCCA method for long-range cross-correlation can
effectively eliminate the influence of local trends on the time
series scale. )e Hurst index Hxy(2) can be used to further
determine the correlation between time series data.)e specific
solution steps are shown in Figure 8.

Since the construction of the network model is repetitive
work, only time window 12 is taken as an example.)is time
window recorded subsidence data from 861 monitoring
points from December 8, 2021, to January 7, 2022, for a total
duration of 30 days. According to Section 2.2, the Hurst
coefficient describes the correlation between any two non-
stationary displacement time series Hxy(2).

Using the time-series monitoring data of some monitoring
points, calculate the cross-correlation statistics between them
according to formula (7). Figure 9 shows the cross-correlation
statistics Qcc(m) between D62-2, D63-2, D64-2, J9-1, J9-2,
Zlzc-63, Z63, Y63, L63, R63, and D61-2. Where a solid red line
represents the chi-square distribution at the 5% significance
level, and the degree of freedom m is between 0 and 29. )e
value of the cross-correlation statistic Qcc(m) between these
ten sets of time series data and monitoring point D61-2 time
series data exceeds the critical value (chi-square distribution at
the 5% significance level), indicating that the null hypothesis
that there is no cross-correlation between monitoring point
D61-2 and the 10monitoring points’ time series data is rejected
at the 5% significance level. )is indicates that there is a sig-
nificant cross-correlation between D61-2 and the ten sets of
time series data. To further verify the existence of nonlinear
cross-correlation betweenmonitoring point D61-2 and ten sets
of time series data, we also calculated DCCA coefficients.

Measuring scale: 1:2000

Nanning Vocational and Technical
School Industrial Development Center Nanning Vocational and

Technical College Shop �e teaching building of Guangxi
University of Finance and Economics

Guangxi Coastal
Railway Co.,Ltd.

NChina Construction Bank branch
in Mingxiu West Road

Kindergarten Affiliated School
of Finance and Economics

Ground settlement

Track settlement

Building settlement Column settlement

Tunnel vault settlement Tunnel settlement

Municipal Construction
Company Community

Zizhuyuan
Community.

Figure 5: Layout of monitoring points.

Track static geometric
displacement monitoring point

Automatic tunnel structure
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Segment opening and
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Horizontal displacement
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Vault settlement
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Figure 6: Layout of monitoring points of existing tunnel.
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According to different scale sizes (s� 2, 4, and 8), different
cross-correlation coefficients were calculated (see Table 3). It
can be seen from Table 3 that all DCCA coefficients are not
equal to 0, indicating that there is a correlation between D61-2
and ten sets of time series data, which is consistent with the
previous analysis results of cross statistics.

)e cross-correlation statistics Qcc(m) and cross-cor-
relation coefficients only qualitatively detect the nonlinear
cross-correlation between D61-2 and ten sets of time series
data. Next, we observed nonlinear cross-correlation based
on MF-DCCA quantitative research.

)e generalized Hurst exponent is calculated according
to formulas (9)–(15), and the results are shown in Table 4,
and plotted as in Figure 9. It can be seen from Figure 9 that in
the short term, the generalized Hurst exponent between
D61-2 and ten sets of time series data are not constant, and
decreases nonlinearly with the increase of q. When q� 2, the
Hurst index between D61-2 and D63-2 is 0.4815, and the
Hurst index between D61–2 and J9-1 is 0.4312, which has a
weaker negative long-range correlation. )e Hurst expo-
nents of D61-2 and the other eight monitoring time series
data are all greater than 0.5, indicating a positive long-range
correlation between them. )e Hurst index Hxy(2) can be
used to assess the correlation between time series data. To

this end, the coefficient H � 2Hxy(2) − 1 can be constructed
as the correlation coefficient of any two series X and Y to
form the original correlation matrix (−1≤H≤ 1) between
the time series. When H is greater than 0, it means that the
two columns of time series data have long-range correlation,
when H is less than 0, it means that the two columns of time
series data have negative long-range correlation, and when
H is equal to 0, it means that the two columns of time series
data do not have any correlation.

A complex network can be constructed based on the
correlation coefficient matrix. However, if the original
correlation coefficient matrix is used as the complex network
model, there will be edge connections between any two
monitoring points, which leads to an overly complex net-
work model, which is not conducive to extracting the to-
pology parameters of the complex network model.
)erefore, the threshold method is needed to streamline and
optimize the network, reduce the redundant information in
the network, and form amodel of the displacement system of
the deep foundation pits adjacent to existing tunnels that
conforms to the assumption of the nature of the complex
network model. To find the optimal threshold, it is necessary
to determine the upper and lower limits of the optimal
threshold. )e specific steps are shown in Figure 8. )e
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threshold values are taken from 1 to 0 in the order of 0.1, and
the correlation coefficients are filtered and formed into a new
network model based on these thresholds. If when the upper
limit of the threshold is b, K∗ ≥ 0.1K is satisfied, where K is
the total number of edges in the existing network and K∗ is
the total number of edges in the original fully connected
network, And the power exponent α exists at this time
(according to formula (16)), then b is the upper limit of the
threshold. )e threshold value is taken from the upper limit
b to 0. It takes 0.1 as a unit to calculate the newly formed
model parameters, and calculate the small-world index
according to formulas (17)–(18). If there is S> 1 when the
threshold is a, and the power exponent α exists at this time,
then determine a as the lower limit of the threshold. Finally,
from the upper limit b to the lower limit a, the threshold
value takes 0.1 as a unit to calculate the small-world index S
of the newly formed model parameters, and the threshold
value q when S is the largest is determined as the optimal
threshold value, where q satisfies 0≤ a≤ q≤ b≤ 1, and the
optimal threshold for each time window is shown in Table 5.

)e total number of edges in the network is 391755, the
average degree k� 910, and the threshold method is used to
optimize the correlation matrix between time series. For the
correlation coefficientH in the original correlationmatrix, if it
satisfies |H|< q, then let |H| � 0, if it satisfies |H|≥ q, let
|H| � 1, construct a complex network 0–1 correlation matrix.

According to the abovementioned method, the opti-
mized adjacency matrix graph and the optimized complex
network model graph of each time window can be ob-
tained. )e complex network model formed by each time
window visualizes the relationship and mutual influence
of the measurement points of the deep foundation pits
adjacent to existing tunnel pits under the time window
and the corresponding construction process. Only some
window-optimized adjacency matrix graphs and complex
network model graphs are shown here. Different colors
represent different clusters. Some nodes are distributed on
the edge of the complex network graph due to their small
degrees, but they are not isolated nodes, as shown in
Figure 10.

Table 2: Descriptive statistics of time series of some monitoring points.

D62−2 D63−2 D64−2 J9−1 J9−2 Zlzc−63 Z63 Y63 L63 R63 D61−2
Average value −2.446 −2.556 −2.540 −1.931 −1.926 4.292 3.096 2.709 3.404 2.455 −2.359
Minimum −2.98 −3.16 −3.84 −2.91 −2.75 3.21 2.54 1.85 2.61 1.79 −3.05
Maximum −1.95 −2.01 −1.84 −1.43 −1.07 6.28 3.84 3.23 3.87 3.18 −1.77
Standard deviation 0.325 0.383 0.656 0.526 0.597 0.983 0.462 0.447 0.368 0.438 0.390
Skewness −1.067 −1.337 −0.586 −0.867 −1.465 −0.670 −1.314 −0.949 −0.957 −1.226 −1.137
Peakedness −0.107 −0.265 −0.924 −0.843 −0.029 0.787 0.504 −0.518 −0.419 0.022 −0.310
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Figure 8: Flowchart of Hurst coefficient and optimal threshold determination.
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However, it is impossible to quantitatively assess the
overall risk of the deep foundation pit system in adjacent
existing tunnels only from the perspective of model visu-
alization. It is also necessary to quantitatively assess the risk
distribution and evolution of the deep foundation pit system
from the perspective of time and space.

4.4.2. Network Entropy and Structure Evolution. For the
system model of the deep foundation pit adjacent to the
tunnels, relevant methods and indicators are needed to
quantify the size and spatial distribution of the risk level of
the foundation pit settlement system reflected by the model.
Based on the topological parameters of the complex network
model in Section 2.4, from the perspectives of space and time
of the deep foundation pit adjacent to the existing tunnel

system, the risk’s spatiotemporal distribution assessment
and evolution are studied.

From the macroscopic perspective of time, the adjacent
system risk value is constructed as an assessment index to
measure the risk evolution of the deep foundation pit system
network model at different times. )e network model of the
deep foundation pit network adjacent to the existing tunnel
is optimized by the same standard threshold method in all
time windows, and the Wu structure entropy and relative
risk value R are calculated according to formulas (20)–(21),
respectively.

)e risk threshold of each construction stage is set
according to the experience of experts, and the results show
that there are four high-risk time periods in the whole
process of the foundation pit construction, as shown in
Table 5. )e evolution and high-risk period of its complex
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network system model in the divided 20-time windows are
shown in Figure 11.

From the perspective of the space microcosm, the risk of
each monitoring point in the deep foundation pit adjacent
system is quantified with betweenness centrality according
to formulas (22)–(23).)e risk quantification results R(xi) of
each monitoring point are obtained. Based on the magni-
tude, the monitoring points and calculation results of the
high risk in the plane (window 12) and profile (73 axes) of
the adjacent existing tunnel deep foundation pit system are
shown in Tables 6 and 7. )e risk distribution assessment
map of the deep foundation pit construction system is
formed, and the high-risk parts in the foundation pit
construction are warned.

5. Verification and Discussion

5.1. Effectiveness Analysis of High-Risk Period Warnings.
)e assessment method in this study is to quantify the
overall risk through the interaction between monitoring

points in deep foundation pit construction and the impact
on the overall system because different construction stages
will be affected by different environmental conditions, so
dynamic risk thresholds are set based on expert experience,
and there are four high-risk windows. )ey are window 6
(2021.10.12–11.26), window 12 (2021.12.8–2022.1.7), win-
dow 13 (2021.12.15–2022.1.14), and window 18
(2022.1.19–2.18). )rough the “Weekly Security Inspection
Report,” it was found that there were three dangerous on-site
incidents recorded in the project from the start of con-
struction to the present. It is just divided into corresponding
window 12, window 13, and window 18, indicating that the
method in this study can achieve effective early warning in
time, as shown in Table 8.

However, the traditional method of using the threshold
method is based on the data of a single monitoring point for
early warning.)e number of times effective early warning is
only one time (accident 2). )e traditional method has
appeared in judging experience and data observation of a
single monitoring point. Missing and misjudging risks,

Table 3: DCCA coefficients corresponding to different scales (s).

Time scale (s) 2 4 8
D61-2 and D62-2 0.6914 0.6851 0.6791
D61-2 and D63-2 −0.2145 −0.2098 −0.1899
D61-2 and D64-2 0.7017 0.7329 0.6973
D61–2 and J9-1 −0.3541 −0.3566 −0.3582
D61–2 and J9-2 0.5851 0.5294 0.5327
D61-2 and Zlzc-63 0.7422 0.7216 0.7102
D61-2 and Z63 0.5874 0.5746 0.5784
D61-2 and Y63 0.7234 0.7212 0.7124
D61-2 and L63 0.6912 0.6901 0.6824
D61–2 and R63 0.7147 0.7034 0.7198

Table 4: Generalized Hurst index.

q D62-2 D63-2 D64-2 J9-1 J9-2 Zlzc-63 Z-63 Y63 L63 R63
−10 1.1221 1.0866 1.1634 1.1871 1.1930 1.1156 1.1428 1.1601 1.1886 1.2220
−9 1.0924 1.0717 1.1515 1.1663 1.1840 1.1182 1.1293 1.1553 1.1664 1.2221
−8 1.0331 1.0597 1.1336 1.1455 1.1780 1.1159 1.1159 1.1554 1.1455 1.2172
−7 1.0004 1.0418 1.1098 1.1039 1.1778 1.1185 1.0987 1.1457 1.1185 1.2100
−6 0.9263 1.0121 1.0771 1.0505 1.1569 1.1099 1.0815 1.1359 1.0914 1.2052
−5 0.8522 0.9734 1.0296 1.0030 1.1213 1.1064 1.0656 1.1150 1.0643 1.1979
−4 0.7693 0.9083 0.9851 0.9319 1.0886 1.0954 1.0447 1.0879 1.0385 1.1819
−3 0.7277 0.8549 0.9318 0.8549 1.0382 1.0806 1.0213 1.0571 1.0102 1.1598
−2 0.6684 0.7838 0.8695 0.7364 0.9671 1.0573 0.9917 1.0177 0.9757 1.1339
−1 0.6298 0.6949 0.8072 0.6417 0.8930 1.0277 0.9573 0.9783 0.9461 1.0883
0 0.6031 0.6238 0.7450 0.5439 0.8100 0.9932 0.9277 0.9388 0.9153 1.0402
1 0.5704 0.5378 0.6827 0.4758 0.7360 0.9526 0.8994 0.9006 0.8858 0.9798
2 0.5525 0.4815 0.6412 0.4312 0.6885 0.9218 0.8736 0.8711 0.8624 0.9243
3 0.5287 0.4429 0.5937 0.3986 0.6322 0.8774 0.8502 0.8452 0.8403 0.8638
4 0.5108 0.3925 0.5581 0.3659 0.5906 0.8367 0.8330 0.8194 0.8231 0.8095
5 0.4899 0.3746 0.5431 0.3480 0.5756 0.8022 0.8233 0.8035 0.8121 0.7787
6 0.4838 0.3596 0.5311 0.3389 0.5370 0.7789 0.8185 0.7851 0.7974 0.7467
7 0.4748 0.3506 0.5221 0.3240 0.5280 0.7617 0.8161 0.7765 0.7914 0.7308
8 0.4599 0.3446 0.5219 0.3209 0.5101 0.7433 0.8162 0.7705 0.7853 0.7186
9 0.4538 0.3444 0.5218 0.3148 0.5041 0.7373 0.8176 0.7607 0.7805 0.7063
10 0.4538 0.3444 0.5218 0.3148 0.5041 0.7373 0.8176 0.7607 0.7805 0.7063
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Table 5: Optimal thresholds and complex network features for each time window.

Date Lower threshold Upper threshold Optimal threshold

Features of the complex
under the optimal

threshold E Risk value

K∗ k s R

2021.09.22–10.22 0.2 0.7 0.7 130553 303.26 1.478 5.06810061 0.465
09.29–10.29 0.1 0.5 0.4 277031 643.51 1.157 5.080694814 0.591
10.06–11.05 0.2 0.4 0.4 285288 662.69 1.105 5.073498126 0.519
10.13–11.12 0.3 0.5 0.5 196803 457.15 1.234 5.07709647 0.555
10.20–11.19 0.3 0.5 0.5 319104 741.24 1.184 5.089390812 0.678
10.27–11.26 0.2 0.5 0.5 235143 546.21 1.224 5.09458842 0.73
11.03–12.03 0.3 0.6 0.6 181421 421.42 1.319 5.081894262 0.603
11.10–12.10 0.2 0.7 0.5 220907 513.14 1.286 5.021622 0
11.17–12.17 0.1 0.3 0.3 335855 780.15 1.131 5.073198264 0.516
11.24–12.24 0.2 0.5 0.4 319061 741.14 1.129 5.056405992 0.348
12.01–12.31 0.1 0.5 0.4 267431 621.21 1.183 5.079795228 0.582
12.08–2022.1.7 0.2 0.5 0.5 190341 442.14 1.209 5.121576 1
12.15–01.14 0.3 0.7 0.6 194862 452.64 1.313 5.07859578 0.57
12.22–01.21 0.2 0.6 0.5 194646 452.14 1.264 5.073797988 0.522
12.29–01.28 0.1 0.6 0.6 189222 439.54 1.373 5.069000196 0.474
2022.1.5–2.04 0.1 0.5 0.5 204277 474.51 1.198 5.071698954 0.501
1.12–2.11 0.2 0.6 0.5 244313 567.51 1.171 5.078895642 0.573
1.19–2.18 0.1 0.4 0.4 298832 694.15 1.137 5.08559256 0.64
1.26–2.25 0.1 0.6 0.4 293661 682.14 1.119 5.081294538 0.597
2.02–3.04 0.2 0.5 0.5 215181 499.84 1.229 5.079795228 0.582
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Figure 10: Complex network model of the partial time window during construction of deep foundation pit adjacent to tunnels.
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leading to unforeseen first and third accidents. Taking the
first accident as an example, when the danger of leakage
occurred, the constructor immediately shot the anchor.
However, a small amount of stagnant water in the upper
layer still seeped out from the surface of the shotcrete. From
the data of a single monitoring point, D73-2 (−5.35mm),
D73-1 (−3.05mm), Z73 (3.47mm), z73 (4.08mm), L73
(3.98mm) are far from the risk domain value both in terms
of cumulative settlement and single day increase, which is
also an important reason for the warning failure. However,
the new method of this study has an early warning (window
6) and no risk event was found. It is speculated that the
reason is that the bottom sealing speed of the bottom plate
during the construction of the axes 79–81 is faster, which
avoids soil disturbance and avoids the occurrence of dan-
gerous situations to a certain extent. From the perspective of
time, the new assessment method can more effectively warn
the high-risk period than the traditional method, and en-
hance the safety management ability of deep foundation pit
construction in terms of early warning. )e reasons for the
defects of the traditional method are: (1) It is difficult to

judge the overall risk of the system from a single monitoring
point and engineering experience, and there is a lack of in-
depth research on the mechanism of dangerous situations.
(2) )e system is nonlinear, and the evolution law of risk is
not linear. Levels increase significantly beyond a threshold at
a certain point in time, causing a sudden onset of a near-miss
event.

5.2. Analysis of the Accuracy of Prediction of High-Risk Parts.
It is not enough to predict dangerous situations only in time.
)e ability to accurately predict the specific location of the
risk from space is essential for accurate early warning of
dangerous situations. )is study quantifies the risk of each
monitoring point in the deep foundation pit system and
describes the distribution of the risk of the project in both
plan and profile based on the values of each monitoring
point.

)e first dangerous event in deep foundation pit
construction occurred on January 2, 2022, in the axes
73–76 construction interval in the foundation pit. )e
plan view and cross-sectional view of the risk distribution
assessment corresponding to window 12 are shown in
Figures 12 (a) and 12 (b). )e axes 73–76 axis in the risk
assessment plan show that the risk value is higher, and the
risk maximum value is reached at the axes 73 (R(D73-2)
= 1). In the sectional view, the predicted location of the
accident is the surface of the monitoring point D73-2 on
the north side of the axes 73, which is very close to the
location of the accident. Figure 12(c) shows a schematic
diagram of the construction situation and the sur-
rounding environment when the danger occurs.
According to the “Special Report on Safety Accidents,” the
scope of the dangerous situation is the north side of the
perimeter pile of axis 73–76, there are signs of water
seepage between the retaining piles, and the pit pumping
machine immediately pumped water and sprayed anchor
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Figure 11: Risk evolution diagram of settlement system during the whole construction process of deep foundation pit adjacent to existing
subway.

Table 6: Betweenness centrality of eachmonitoring point in the 73-
axis profile.

Order Monitoring Settlement value Betweenness R(xi)

1 D73-2 −5.35 0.0140 1
2 D73-1 −3.05 0.0108 0.768
3 Z73 3.67 0.0034 0.243
4 L73 3.24 0.0033 0.238
5 Z73 2.84 0.0030 0.216
6 Zlzc-62 6.28 0.0026 0.184
7 D73-3 −2.12 0.0024 0.172
8 R73 2.14 0.0023 0.165
9 Y73 2.31 0.0020 0.143
10 D73-4 −3.84 0.0020 0.140
11 Y73 1.98 0.0019 0.134
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Table 7: Top 59 high-risk monitoring points based on betweenness centrality.

Order Monitoring points Settlement value Betweenness R(xi)

1 D73-2 −5.35 0.0140 1
2 D72-2 −5.21 0.0132 0.942
3 D74-2 −2.86 0.0120 0.854
4 D76-2 −5.14 0.0117 0.834
5 D66-2 −2.21 0.0109 0.774
6 D73-1 −3.05 0.0108 0.768
7 D74-1 −1.84 0.0105 0.751
8 D75-2 −2.51 0.0104 0.744
9 D75-1 −1.74 0.0102 0.731
10 D66-1 −0.26 0.0100 0.712
11 D65-2 −1.08 0.0098 0.698
12 D67-2 −0.43 0.0097 0.694
13 D76-1 −2.34 0.0097 0.691
14 D72-1 −1.15 0.0096 0.686
15 D67-1 −3.14 0.0096 0.684
16 D65-1 −1.95 0.0096 0.683
17 D64-2 −4.54 0.0095 0.674
18 D76-2 −3.36 0.0093 0.661
19 D76-1 −3.87 0.0091 0.651
20 D71-2 −2.73 0.0091 0.651
21 D61-2 −4.19 0.0090 0.644
22 D64-2 −3.84 0.0090 0.642
23 D63-2 −3.16 0.0090 0.641
24 D62-2 −2.98 0.0088 0.631
25 D63-1 −4.95 0.0088 0.629
26 D62-1 −5.17 0.0088 0.628
27 D81-2 −3.18 0.0088 0.625
28 D81-1 −2.84 0.0087 0.624
29 D77-2 −2.16 0.0087 0.622
30 D61-1 −2.47 0.0087 0.620
31 D77-1 −2.42 0.0087 0.619
32 D77-2 −3.21 0.0087 0.617
33 D70-2 −2.81 0.0086 0.615
34 J9-3 −1.63 0.0086 0.615
35 Z67 6.51 0.0086 0.614
36 J9-2 −2.75 0.0086 0.613
37 J9-1 −2.91 0.0086 0.612
38 D80-2 −2.25 0.0086 0.611
39 J9-4 −1.60 0.0086 0.610
40 D68-2 −2.49 0.0085 0.609
41 D69-2 −2.31 0.0085 0.608
42 D68-1 −3.71 0.0085 0.607
43 D69-1 −3.16 0.0085 0.606
44 D60-2 −2.51 0.0085 0.606
45 D60-1 −2.94 0.0085 0.606
46 Z69 4.48 0.0085 0.605
47 Z65 4.34 0.0085 0.604
48 Z63 3.87 0.0084 0.599
49 Z61 2.21 0.0084 0.597
50 D79-1 −3.15 0.0083 0.595
51 D82-1 −2.62 0.0083 0.594
52 D82-2 −2.18 0.0083 0.591
53 D83-1 −2.59 0.0080 0.574
54 D78-1 −3.04 0.0080 0.574
55 D78-2 −3.16 0.0080 0.569
56 D79-1 −3.01 0.0079 0.566
57 D59-2 −2.57 0.0079 0.564
58 D79-2 −3.29 0.0079 0.563
59 D58-2 −2.82 0.0079 0.562
. . . . . . . . . . . . . . .
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when the accident occurred. Figure 12(d) shows the site
situation when the danger occurs. )ere are still many
water seepage marks on the concrete of the shotcrete.
Obviously, the shotcrete is lagging.

)e second accident occurred on January 13, 2022, in
the 84-axis catchment well. )e plan view and cross-sec-
tional view of the risk distribution assessment of the deep

foundation pit corresponding to window 13 are shown in
Figures 13 (a) and 13 (b). Risk Plane (Figures 13 (a)) shows
a high-risk range on axes 83 to axes 88 with a risk maxi-
mum on axes 85 (R(Y85-2) = 1). In the 84-axis profile
(Figure 13(b)), the places with high-risk values are the vault
settlement of the right-line tunnel (R(y84-2) = 0.86), the
vertical displacement of the right-line tunnel (R(Y84-2)

Table 8: Dangerous events and warnings in the whole process of deep foundation pit construction adjacent to existing tunnels.

Accidents Time Accident location Construction procedures and causes

Whether there is an
effective warning

Traditional
method

)is
research
method

1 2022.1.2
)ere are signs of water seepage between
the piles of axes 73–76, and there are large

areas of wet stains

)e roof of axes 70–73 is being poured, and
the cause of the accident is that the shotcrete

anchor of axes 73–76 is backward
No Yes

2 2022.1.13

)ere is water gushing in the water
collecting well of axes 84, and there is a
large amount of ponding at the bottom of

the foundation pit

)e cushion of axes 83–85 has been poured
and is being constructed as a concrete base
plate. )e second layer of earthwork is

excavated on the south side of axes 83–85.
)e cause of the accident was the increase in
rainfall in January and the burst of the

sewage pipeline, resulting in a large amount
of sewage gushing out

Yes Yes

3 2022.2.12
)ere are slight signs of water seepage

between the piles of axes 91–95, and there
are large areas of wet stains

)e bottom plate of zone A of axes 94–95
has been poured; the floor of zone B is being

constructed. )e cause of leakage is
unknown

No Yes
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Figure 12: Comparative analysis of the first risk assessment and the actual situation: (a) risk distribution assessment plan; (b) risk
distribution assessment sectional view; (c) construction status and actual location of the accident at the time of the first accident ; (d) the
scene of the first accident.
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= 0.81), and the vertical displacement of the right-line track
(R(R84-2) = 0.80). It is not the part where the accident
occurred, but it is very close to the part where the accident
occurred, and can effectively warn the accident part be-
forehand. )is situation is similar to that of accident 1. It is
speculated that the reason is that there is no displacement
monitoring point arranged at the location where the danger
occurs, so the risk information can only be transmitted
through its adjacent monitoring points. Figure 13(c) shows
the construction situation and the location where the
dangerous situation occurs. According to the “Weekly
Security Inspection Report,” there is water gushing in the
axes 84 water collecting well, and there is a large amount of
water at the bottom of the foundation pit. )e builder had
filled in small diameter stones at the time of the hazard and
filled in dry concrete and micro-expansion concrete.
Figure 13(d) shows the scene when the danger occurred. It
can be seen that there is a large amount of undischarged
sewage at the bottom of the pit. It is speculated that the
cause of the accident may be the increase of rainwater at
that time, and the rupture of the sewage pipeline near the
foundation pit, resulting in drainage.)e well is overloaded
and fails.

)e third accident of the foundation pit occurred on
February 12, 2022, in the axes 91–95 construction section.
)e risk assessment plan of window 18 in Figure 14(a) shows
that the high-risk range is in the axes 91–95, and the risk
maximum value (R(D93-2) = 1) appears in the axes 93,
which is consistent with the actual accident site
(Figure 14(c)). In the risk evaluation profile (in
Figure 14(b)), the monitoring point with the highest risk is
also D93-2 and shows that the pile on the north side of axis
93 is a high risk, which is consistent with the actual situation
and illustrates the accuracy of the risk evaluation. Figure 14
(c) shows the construction situation and the location where
the dangerous situation occurs. According to the “Special
Report on Safety Accidents,” there is a large area of water
seepage between the piles in the construction area of axes 91
to 95 construction area. Vein-like structure formed by high-
pressure grouting to seal gaps in cement-reinforced soil and
soil. Figure 14 (d) shows the on-site situation at the time of
the accident. )ere are signs of water seepage among the
piles. )e plugging effect is good after the event. It is pre-
sumed that it is a natural leakage with little impact on
construction safety.

)e results of the three accident analyses show that the
new assessment method is of great significance for
strengthening the safety risk monitoring of the displacement
system of deep foundation pits in deep adjacent subways and
enhancing the safety management ability of deep foundation
pit construction under such complex backgrounds.

6. Conclusion

Based on the complex network theory, this research es-
tablishes a complex network model of the displacement
system of the deep foundation pit adjacent to the existing
tunnel and constructs the risk index to assess the risk of the
foundation pit system and the spatial distribution of risk.

Finally, based on the analysis of engineering experience and
case studies, the following conclusions are drawn:

)is study introduces the MF-DCCA method for the
first time to explore the correlation between nonstationary
time series data, and uses the threshold method to convert
the original correlation matrix into an adjacency matrix.
Make an optimized static model of the system of deep
foundation pits adjacent to existing tunnels in each time
window. Compared with the actual construction situa-
tion, the results show that the visual evolution of the
complex network model under different windows can
reflect the impact of the foundation pit construction
process on the system risk of the deep foundation pit
adjacent to the existing tunnel. )e feasibility of con-
structing a static risk model of a deep foundation pit
adjacent to an existing tunnel is illustrated based on the
MF-DCCA method and the threshold method. )e
transformation from a large amount of unstable time
series data to a visible and measurable model is realized,
and then the interrelation and overall characteristics of
each element in the adjacent existing subway foundation
pit system are described.

)e overall risk evolution and distribution of the deep
foundation pit adjacent to existing tunnels are quantified
from the time angle and space. )e time and location of
the actual risk occurrence are compared and analyzed.
)e results show that: this method can effectively predict
the time and location of the three safety accidents, which
is of great engineering significance for strengthening the
safety risk monitoring of the adjacent existing subway
deep foundation pit displacement system and providing
an effective basis for prewarning and risk control.

)is research compares the effectiveness and accu-
racy of this method with the traditional method in terms
of the effectiveness and accuracy of warning from the risk
period based on the three dangerous events recorded in
the actual construction of the case project. )e results
show that the new assessment method can effectively
warn three times. In contrast, the traditional method is
only one time, indicating that the new assessment
method can more effectively warn the high-risk period
than the traditional method from a macro perspective. It
can strengthen the safety monitoring and construction
safety management of complex engineering displace-
ment systems such as deep foundation pits adjacent to
existing subway tunnels.
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