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Constructing a shield tunnel that crosses under a river poses considerable safety risks, and risk assessment is essential for
guaranteeing the safety of tunnel construction. ,is paper studies a risk assessment system for a shield tunnel crossing under a
river. Risk identification is performed for the shield tunnel, and the risk factors and indicators are determined. ,e relationship
between the two is determined preliminarily by numerical simulation, the numerical simulation results are verified by field
measurements, and a sample set is established based on the numerical simulation results. Fuzzy comprehensive evaluation and a
backpropagation neural network are then used to evaluate and analyze the risk level. Finally, the risk assessment system is used to
evaluate the risk for Line 5 of the Hangzhou Metro in China. Based on the evaluation results, adjustments to the slurry strength,
grouting pressure, and soil chamber pressure are proposed, and the risk is mitigated effectively.

1. Introduction

Tunnel construction is affected by environment, technology,
and management and is prone to safety accidents. For ex-
ample, the world-famous Seikan Tunnel in Japan had four
major flooding accidents during its 16-year construction
period, with the maximum volume of water ingress being
121.000m3 [1]. In Norway, the Vardø Tunnel had two
collapses during construction; the Ellingsøy Tunnel col-
lapsed during construction because the working face was in a
fault and fragmentation zone, and the top of the tunnel
collapsed by 8–9m; construction of the Oslofjord Tunnel
was halted because of flooding problems, and the tunnel was
only completed with difficulty by using the freezing method
[2]. In Denmark, the Great Channel Tunnel experienced a
flooding incident [3]. In China, the Dapu Road Tunnel
under the Huangpu River in Shanghai had serious problems
with water, flooding, and mud leaks, all of which affected
tunnel safety [4]. ,e Xiang’an section of the Xiamen Un-
dersea Tunnel also suffered water-surge collapse during

construction, with the rate of water ingress reaching 120m3/
h; a major safety accident was prevented by the timely
adoption of measures such as blocking drainage, support
reinforcement, and reinforcement by high-pressure rotary
spraying [5]. ,e above engineering examples show the
necessity of conducting risk assessments to ensure tunnel
construction safety.

Sinfield and Einstein [6] noted the need for risk as-
sessment before implementing new tunnel technologies, and
they proposed the DAT (Decision Aids for Tunneling)
method to simulate tunnel construction and study its effects.
Social and economic risks and the optimization of economic
risks are studied and applied to tunnels under construction
in the Netherlands. Hong et al. [7] used event tree analysis to
study the risks of tunnel construction; they considered the
probability of accidents during construction with practical
problems and proposed countermeasures. Beard [8] re-
ported on the safe construction of tunnels. Much work has
been done in risk assessment and decision-making, and a
more rational decision-making system for tunnel safety has
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been proposed. Hyun et al. [9] used fault tree analysis and
hierarchical analysis to assess the level of mechanically re-
lated risks in shield tunnels. Chen and Huang [10] proposed
some concepts for defining the risks in tunnels and un-
derground works, developed risk analysis and evaluation
models, and introduced the concept of risk value and risk
indicators; a risk study of shield tunnels in soft soil areas was
carried out, and seven major types of possible losses were
proposed. Wang et al. [3] identified the primary risk factors
in the construction of submarine tunnels based on the basic
theory of risk management and tunnel construction, and
they gave corresponding control measures for important risk
factors. Ying et al. [11] conducted (i) a risk analysis of an
underpass tunnel using fuzzy comprehensive evaluation and
(ii) a risk assessment of Line 1 of the Hefei Metro in China in
combination with the risk characteristics of the associated
underpass roadbed construction environment. Zhang et al.
[12] used hierarchical analysis and fuzzy decision-making to
determine the likelihood of collapse risk events, determine
qualitative indicators by expert judgment, establish a col-
lapse risk evaluation system, and assess the collapse risk of
the Mountain Ridge Tunnel. Zhang et al. [13] studied the
tunnel risk factors of adjacent bridges to determine a tunnel
risk model, and they verified it by engineering examples.

Previous studies have classified the risks of tunnel engi-
neering, defined the concepts of risk indicators and risk factors,
and proposed a corresponding risk assessment system.
However, the existing risk assessment system contains many
qualitative indicators, and the weights of qualitative indicators
are determined mainly by expert experience, which has high
uncertainty. Moreover, most previous studies assessed the
collapse deformation of tunnels constructed by mining, and
few studies have assessed the construction risks of shield
tunnels under rivers. ,erefore, considering the actual risk
situation of a tunnel crossing under a river as part of Line 5 of
the Hangzhou Metro in China, the present paper (i) identifies
the risk, (ii) determines the risk factors and indicators, (iii)
carries out quantitative research through numerical simulation,
(iv) uses various mathematical methods for risk evaluation and
comparison, and (v) combines with the project site data val-
idation analysis and establishes a risk evaluation system for the
tunnel crossing under the river.

2. Engineering Background

,e right and left lines of Line 5 of the Hangzhou Metro
between Tonghui Road Station and South Train Station are
1652.695 and 1655.575m, respectively, in length. ,e tunnel
is constructed by the shield and mining methods. ,e shield
tunnel starts at South Train Station and goes down through
South Train Station and its West Square, whereupon the
mining method is adopted when crossing Mountain
Hushan. ,en, the tunnel goes in turn through the Langjia
road bridge, after the North Trunk Police Station, finally
reaching Tonghui Road Station.

Herein, the studied section is where the shield tunnel
crosses the North Hushan River after the second start (i.e.,
40–185 rings on the left line and 35–160 rings on the right
line), as shown in Figure 1. ,e North Hushan River is an

inland river, and the relevant hydrological data are given in
Table 1.

,e buried depth of the tunnel is 17m, and the water
cover depth of the upper part is 5m. ,e internal and outer
diameters of the tunnel are 5500 and 6200mm, respectively.
,e tunnel goes mainly through strata of gravelly silt clay
and rounded gravel, which are treated as class-V perimeter
rock. ,e initial design is synchronous excavation. ,e
synchronous slurry is an inert slurry with an injection
pressure of 0.2–0.3MPa and no secondary injection.,e soil
bin pressure is 0.3–0.4MPa. ,e tunnel comprises 350 mm
thick prefabricated reinforced-concrete segments: the con-
crete strength grade of each segment is C50, the imper-
meability grades are P10 and P12, the longitudinal and
circumferential directions of the segments are connected by
bent bolts, and staggered seams are assembled.

3. Risk Identification and Numerical Model

Risk identification involves identifying the factors that cause
risk in construction and evaluating the risk indicators. ,e
specific steps are as follows: (i) determine the risk factors and
risk indicators by combining the relevant research [14, 15]
and on-site construction details; (ii) use a numerical model
to simulate the risk factors, obtain the corresponding de-
formation value for each risk indicator, and verify the
correctness of the numerical simulation through on-site
measurements and comparison verification; (iii) use the
formula to calculate the deformation values for the risk
indicators to obtain the risk value; and (iv) establish a sample
data set on which to perform quantitative analysis.

3.1. Risk Identification. Tunnel construction risks include
environmental and technical ones [16]. ,e environmental
factors refer mainly to the geological conditions affecting the
tunnel, including the grade of the surrounding rock and
depth of burial. ,e technical factors refer mainly to the
design parameters and technical measures that affect tunnel
safety. Combined with the analysis of shield-tunnel con-
struction, the risk factors are as follows: grade of sur-
rounding rock; burial depth; depth of water cover;
excavation method; strength of synchronous grouting;
strength of secondary grouting; grouting pressure; soil bin
pressure.

,e main risk events when the shield tunnel crosses
under the river include the risk of landslide and water surge,

Figure 1: Diagram of a section of the tunnel under river.
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so landslide and water surge are used as composite risk
indicators. Each risk that triggers the combined risk is taken
as a single risk indicator, and a corresponding two-level
evaluation index system is established, as given in Table 2.

3.2. Numerical Model. Based on the actual situation of the
studied interval, a numerical model was established using
FLAC 3D with a total of 335.617 zone units, 167.900 shell
units, 167.900 liner units, and 201 336 gridpoints. ,emodel
has five main parts: (i) ground surface, (ii) river bed, (iii)
stratum 1, (iv) stratum 2, and (v) building. ,e size of
the whole model is X×Y×Z� length×width× height�

200m× 200m× 60m, as shown in Figure 2. Horizontal
displacement constraints are set in the X and Y directions of
the model, while horizontal and vertical displacement
constraints are set in the Z direction on the ground. ,e
tunnel radius is 3.1m, and the between-tunnel spacing is
10.8m.,e strata through which the tunnel passes are a silty
clay layer containing gravel (stratum 1) and a layer of cir-
cular gravel (stratum 2).

,e specific parameter values are given in Table 3.
During the modeling process, the following basic assump-
tions were made: (1) the surrounding rocks are isotropic and
continuous elastoplastic materials that obey the
Mohr–Coulomb yield criterion and are simulated by zone
elements. (2) ,e shield-tunnel segments are made of elastic
material that is simulated by liner units, while the grouting-
layer material is simulated by shell units. (3) Considering the
fluid-solid coupling, the seepage model is isotropic.

3.2.1. Modeling of Risk Factors. Having established the
model, it is necessary to simulate the impact of various risk
factors. ,e “kill unit” was used to simulate the shield ex-
cavation, and surface forces were applied around the tunnel
to simulate different grouting pressures. A thrust force was
applied along the excavated face of the tunnel to simulate the
soil chamber pressure. ,e simulation methods are detailed
in Table 4.

3.2.2. Deformation of Risk Indicators. Numerical calcula-
tions were performed to obtain maps of the vault settlement,
surface and riverbed settlement, and plastic-zone range, as
shown in Figure 3. Regarding the vault settlement, extracting
the displacement cloud map of the cross section at the
corresponding location gives the settlement values, as shown
in Figure 3(a). Regarding the surface and riverbed settle-
ment, extracting the displacement cloud map for the

corresponding locations on the surface gives the settlement
values, as in Figure 3(b). Regarding the plastic zone, the
stratigraphic-state cloud map is extracted for the corre-
sponding location, as shown in Figure 3(a), and the plastic-
zone length is obtained after measurement.

To verify the numerical simulation results, they are
compared with monitoring data and the results are given in
Table 5. ,e simulation values for the vault and riverbed
settlements differ only slightly from the measured values, the
error being less than 1mm in each case. For the surface
settlement and plastic-zone range, the errors are 2.49mm
and 0.20m, respectively. Overall, the errors are relatively
small, and the data from the numerical simulation reflect the
actual deformation values more accurately.

3.3. Calculation of Risk-Indicator Deformation: Risk Value.
,e probability of disease occurrence is determined by
calculating the risk value based on the deformed value of the
risk indicator. By comparing the deformation value with the
normative limit [17], the risk value Rj (j� 1 – 4) for a single
risk indicator is obtained:

Rj � Cj ×
deformation of risk indicator

allowable value for structural deformation in codes
× 100%, (1)

Table 1: Hydrological data for river.

Name Width (m) Depth (m) Elevation of water level (m) Elevation of river bottom (m)
North Hushan River 3 1910 57.15 0.32

Table 2: Risk assessment indicators for tunnel crossing under a
river.

Category Construction risk level for
tunnel under river

Combined risk
indicators Water surges; landslides

Single risk
indicator

Plastic-zone extent; vault settlement; surface
settlement; riverbed settlement

Risk factor

Level of surrounding rock; depth of tunnel;
depth of water coverage; excavation method;
strength of synchronized slurries; strength
of secondary grouting; grouting pressure;

soil bin pressure

Zone
Surface
River bed
Stratum 1
Stratum 2
Building

200m 200m

Figure 2: Schematic of numerical model.
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Table 3: Material parameters for model.

Item ,ickness
(m)

Density
(kg/m3)

Compression modulus
(MPa)

Elasticity modulus
(MPa)

Poisson’s
ratio

Cohesion
(kPa)

Friction angle
(°)

Surface 5 1910 4.5 — 0.35 15 11
River bed 5 1750 3.0 — 0.43 12.5 12
Stratum 1 25 2010 7.0 — 0.35 15 18
Stratum 2 15 2150 40 — 0.17 3.5 40
Segment 0.35 2500 — 34500 0.20 — —

Table 4: Numerical simulation approach to risk factors.

Risk factor(s) Simulation method
Level of the surrounding rock Adjust physical parameters of soil
Depth of tunnel; depth of water coverage Adjust overburden thickness and water pressure above the tunnel
Excavation method Adjust excavation sequence and pacing
Strength of synchronized slurries Adjust physical parameters of shell units
Strength of secondary grouting Adjust physical parameters of line units
Grouting pressure Apply surface forces along the tunnel perimeter
Soil bin pressure Apply thrust force on excavation face

Displacement (mm)
18.84
15.00
10.00
5.00
0.00
–5.00
–10.00
–12.60

(a)

0.12
0.00
–3.00
–6.00
–9.00
–12.00
–15.00
–16.13

Displacement (mm)

(b)

Zone state

None

Shear-n shear-p

Shear-p

Tension-p

(c)

Figure 3: Cloud maps from numerical simulation. (a) Settlement of vaults. (b) Sedimentation of ground surface and river bed. (c) Range of
plastic zone.

Table 5: Comparison of numerical simulation results with monitoring data.

Item Measured value Simulated value Error
Settlement of vault (mm) 11.89 12.60 − 0.71
Surface settlement (mm) 13.22 10.73 2.49
Settlement of riverbed (mm) 14.24 13.73 0.51
Extent of plastic zone (m) 2.30 2.50 − 0.20
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where Cj is the adjustment factor corresponding to each
single risk indicator and takes the value of 1 using site
monitoring data.,e collapse risk RA is then calculated from
the single risk indicator as

RA � Ka × Rmax × 100%, (2)

where Ka is the collapse coefficient and Rmax � max(Rj).
Accordingly, the surge risk RB is derived from the on-site
surge risk Rb1 and water-pressure risk Rb2:

Rb1 � Kb1 ×
water surge

maximumallowable water surge in design documents
× 100%,

Rb2 � Kb2 ×
water pressure

maximumallowable water surge in design documents
× 100%,

RB � max Rb1, Rb2( ,

(3)

where Kb1 is the surge coefficient and Kb2 is the water
pressure coefficient, generally taken as 1.

3.4. Creation of Sample Data Set. ,e unit scale of each risk
factor is different, and the range of value distribution varies
greatly, so it is impossible to calculate the value directly.
,erefore, for quantitative analysis, we quantify and nor-
malize the risk factors and indicators as given in Table 6.
Quantification involves expressing some nonspecific and
ambiguous factors with specific data to achieve analysis and
comparison; normalization involves nonquantitative pro-
cessing so that the absolute value of each factor in the system
becomes some relative value relationship.

A sample set was created based on the quantitative table
to provide data support for risk evaluation. Twenty-five
different combinations of risk factors were designed to
simulate different tunnel construction conditions, and the
deformation values of the risk indicators under the corre-
sponding conditions were obtained through numerical
calculations (see Table 7).

4. Risk Assessment

During the risk evaluation process, the indicator weights are
calculated by fuzzy integrated assessment and a back-
propagation neural network (BPNN) to determine the
correspondence between risk-indicator deformation values
and risk factors.

4.1. Fuzzy Composite Evaluation. Fuzzy integrated regres-
sion models combine regression methods with fuzzy

mathematics to accommodate both the fuzzy nature of the
model parameters and the quantitative analytical assess-
ment. ,e fuzzy regression model is determined by the
relationship between risk factors and indicators [14, 15]. ,e
data of the sample set is used to plot the relationship curves
between risk factors and indicator deformation values, as
shown in Figure 4, from which the following can be seen: (1)
the influence curve of surrounding rock level can be ap-
proximated using a quadratic function, while those of the
other factors can be approximated as straight lines. (2) ,e
main technical factors affecting the tunnel and surface
settlements are the slurry strength, grouting pressure, and
soil bin pressure. (3) Improving slurry strength is effective
for controlling the tunnel and riverbed settlements, and
grouting pressure and soil bin pressure are the main tech-
nical factors affecting the tunnel and surface settlements. (4)
,e soil bin pressure is better for controlling the surface
settlement.

According to the curve form of the factor-indicator
deformation values in Figure 4, the fuzzy regression model
corresponding to each risk indicator is established as

Yi � A1X
2
1 + A2X2 + A3X3 + . . . + A8X8 + B0, (4)

where Yi (i� 1 – 4) is the deformation value of the risk in-
dicator, A1–A8 are the fuzzy coefficients corresponding to
the risk factors, and B0 is a constant.

Solving the fuzzy coefficients in the above equation is
equivalent to solving a linear planning problem under
certain constraints (see equation (5)). After solving the
problem, the risk-indicator-risk-factor relationship is ob-
tained as follows:

min � 
25

1
w0 + w1X

2
i1 + w2 Xi2


 + w3 Xi3


 + · · · + w8 Xi8


 ,

Y1 ≤ c0 + c1X
2
i1 + c2Xi2 + c3Xi3 + · · · c8Xi8  +(1 − h) w0 + w1X

2
i1 + w2 Xi2


 + w3 Xi3


 + · · · + w8 Xi8


 ,

(5)
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Table 6: Quantification of risk factors.

Quantified value x1 x2 (m) x3 (m) x4 (m) x5 (MPa) x6 (MPa) x7 (MPa) x8 (MPa)
0.2 VI 20 5 0 0 0 0.2 0.2
0.6 V 30 10 10 2 5 0.4 0.4
0.8 IV 40 20 20 4 10 0.6 0.6
1.0 III 50 30 30 6 15 0.8 0.8
Note. x1–x8 are the grade of surrounding rock, depth of burial, depth of cover, excavation interval, synchronous slurry strength, secondary slurry strength,
grouting pressure, and soil bin pressure, respectively.

Table 7: Evaluation sample set.

Working conditions X1 X2 X3 X4 X5 X6 X7 X8 Y1 (mm) Y2 (mm) Y3 (mm) Y4 (m)
1 0.6 0.4 0.2 0.2 0 0 0.2 0.2 32.5 17.4 28.2 3.0
2 0.6 0.4 0.2 0.8 1 0.2 0.2 0.2 16.1 10.9 14.1 0
3 0.6 0.4 0.2 0.8 1 0.6 0.6 0.6 12.6 10.7 13.7 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
25 0.4 0.4 0.4 0.2 0 0 0.2 0.2 70.9 45.9 60.6 6.0
Notes. X1–X8 are the quantified values of x1–x8, respectively; Y1–Y4 are the deformation values of vault settlement, surface settlement, riverbed settlement, and
plastic-zone range, respectively.
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Y1 ≥ c0 + c1X
2
i1 + c2Xi2 + c3Xi3 + . . . c8Xi8  − (1 − h) w0 + w1X

2
i1 + w2 Xi2


 + w3 Xi3


 + . . . + w8 Xi8


 ,

Y1 � 63.09 − 46.15X
2
1 + 13.07X2 + 18.21X3 − 4.15X4 − 23.17X5 + 4.19X6 − 28.36X7 − 17.61X8,

(6)

Y2 � 49.64 − 24.64X
2
1 − 24.58X2 + 22.06X3 − 5.97X4 − 7.10X5 + 3.14X6 − 16.72X7 − 11.13X8, (7)

Y3 � 47.66 − 35.64X
2
1 − 27.43X2 + 31.19X3 − 9.89X4 − 13.29X5 + 6.36X6 − 21.49X7 − 12.37X8, (8)

Y4 � 7.59 − 4.63X
2
1 − 0.16X2 + 1.69X3 − 1.59X4 − 2.99X5 + 1.53X6 − 3.15X7 − 2.11X8. (9)

Based on equations (6)–(9), the deformation values of
each risk indicator can be calculated. To judge the fitting
between the initial calculated values and the actual values of

the sample (i.e., the target values), we draw scatter plots as
shown in Figure 5. ,ese show that almost all of the dif-
ferences between the calculated and target values of the vault
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Figure 4: Risk-factor-indicator deformation value relationship diagram. (a) Perimeter rock grade. (b) Burial depth. (c) Depth of cover. (d)
Excavation interval. (e) Synchronous slurry strength. (f ) Secondary slurry strength. (g) Injection pressure. (h) Soil bin pressure.
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settlement are within 3mm, with only one error of more
than 3mm; the values are close to and slightly smaller than
the target values. Almost all the calculated values of the
surface settlement deformation are the same as the target
values; only two errors are more than 3 mm. Although there
are two errors greater than 3mm, the accuracy can still meet
the required accuracy of the engineering. ,e fitting for the
riverbed-settlement deformation is good, with all errors
controlled to within 3mm: the calculated values are slightly

smaller than the target values, but the accuracy meets the
basic requirements; however, when the deformation value is
larger, so is the calculation error.

4.2. Risk Evaluation by Backpropagation Neural Network.
A BPNN learns on a set of samples containing input and
output values, reflecting the mapping relationships in the
samples. ,e learning process comprises forward and
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Figure 5: Diagrams of relationships between calculated and target values. Deformation values of (a) vault settlement, (b) surface settlement,
(c) riverbed settlement, and (d) plastic-zone range.
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backward propagation. ,e forward propagation passes the
input values from the samples to the implicit layer for
processing according to a specific training method and then
passes them to the output layer to obtain the output values
and calculate the errors with respect to the actual values. ,e
backward propagation then corrects the weights according
to the errors and learns iteratively to reduce the global error
of the network [18].

To establish the corresponding BPNN for the present
case, the risk-factor quantification values X1–X8 are selected
as the input values and the risk-indicator deformation values
Y1 –Y4 are selected as the output values. It contains one
implicit layer and one output layer. ,e Bayesian regula-
rization algorithm is selected as the training method to
correct the data of the implicit and output layers by adjusting
the weights and intercepts. ,e network structure is shown
in Figure 6.

Among the 25 data sets, 21 were used to train the BPNN
on the samples, and the remaining four were used for testing
to evaluate the learning effect. After the learning test of the
sample sets corresponding to the four evaluation indicators
through MATLAB 2016a, the results are shown in Figure 7,
where R is the coefficient of determination; the range of R is
[0, 1], and the closer to 1, the better the fitting effect of the
model. It can be seen that the training set has a good training
effect and a high degree of fit. ,e learning effect of vault
settlement is the best (degree of fit� 1), and that of plastic-
zone range is the worst (degree of fit� 0.95), which overall
meets the requirements; the prediction effect of the test set of
each indicator is basically the same, all at 0.98. On the whole,
the learning and prediction performance of the BPNNmeets
the requirements of risk evaluation.

4.3. Comparison. After calculating using fuzzy compre-
hensive evaluation and the BPNN, the results of the two
methods are compared. To analyze the results more intui-
tively, the errors of the calculated values of the two methods
and their distribution ranges are calculated statistically, and
the error distribution maps are shown in Figure 8. Overall,
the values calculated using fuzzy comprehensive evaluation
are smaller than the target values, whereas those calculated
using the BPNN are larger than the target values. Regarding
the ground settlement, the values calculated using fuzzy
comprehensive evaluation have two groups of errors of more
than 3mm, whereas those calculated using the BPNN have
only one group of errors on more than 3mm. Regarding
riverbed settlement, the values calculated using the fuzzy
evaluation method are small and those calculated using the
BPNN are large, but the values calculated using each method
are controlled to within 2mm, which is the best fit. Re-
garding the plasticity range, the error values with fuzzy
comprehensive evaluation are concentrated between − 0.1
and 0.1m (a total of 19 groups) and those with the BPNN are
concentrated between − 0.1 and 0.3m (a total of 22 groups);
overall, the errors are small and have a concentrated dis-
tribution, and the fit is better.

Most of the values calculated using fuzzy integrated
evaluation are smaller than the target values, which may

underestimate the potential risk. ,ere are a few large nu-
merical errors, and although there are some errors when the
deformation is large, overall the errors of settlement de-
formation can be controlled to within 3mm, and the dis-
tribution error of plastic area is also tiny, which meets the
accuracy requirements. Most of the values calculated with
the BPNN are larger than the target values, and construction
design following that method may be conservative. ,e
ranges of error distribution are more concentrated, and
there are fewer cases of large errors, so the overall perfor-
mance is better. If the calculated values are larger than the
target values, then construction design according to this
method may be conservative. In summary, both methods
meet the evaluation requirements, but there are certain
shortcomings. ,e site construction design should be de-
termined according to the specific circumstances of the
specific method.

5. Risk Response and Control Management

5.1. Criteria forRiskLevels. In the risk assessment, combined
with the risk index system and concerning the tunnel
monitoring measurement, design, and construction-related
specifications [14], the risks of surface settlement, vault
settlement, support stress, collapse, and surge are classified
into four levels according to the risk index calculation re-
sults, as given in Table 8.

5.2.CalculationofEngineeringExamples. ,e environmental
and technical parameters of the Hangzhou Metro Line 5
tunnel under the river are introduced into the fuzzy com-
prehensive evaluation system and the BPNN evaluation
system to calculate the risk value and rating and to propose
countermeasures (see Table 9). It can be seen that the fuzzy
comprehensive evaluation score is slightly lower than the
BPNN score, but the risk level of judgment is consistent; that
is, according to the original design construction, the surface
settlement and vault settlement deformation is large, and the
risk of landslides and water seepage is high.

,e evaluation results suggest that the design parameters
should be adjusted as follows:

(1) Adjust the excavation spacing during the double-line
tunnel excavation. After the left-line tunnel is ex-
cavated by 30m, the excavation of the right-line
tunnel begins. Always ensure that the excavation
interval of the double-line tunnel is more than 30m
to reduce the disturbance caused by the simulta-
neous construction of the double-line tunnel.

(2) Replace the grouting material for synchronous
grouting. Synchronous grouting can fill the gaps
between the tunnel and the soil, reduce the settle-
ment amount, and enhance the waterproof perfor-
mance of the tunnel. ,e grouting material was
changed from the original inert slurry to cement
active slurry, the grouting amount was controlled at
5.5m3/ring, the slurry consistency was 11± 0.5 cm,
and the bulk density was 1.70± 0.1 g/cm3. ,e initial
setting time of the slurry was 6 h, the early strength
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Figure 6: Structure of neural network.
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Figure 7: Diagrams of training effect: deformation values of (a) vault settlement, (b) surface settlement, (c) riverbed settlement, and (d)
plastic-zone range.
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Figure 8: Diagrams of error comparison.

Table 8: Criteria for risk levels.

Risk
values 0–40% 40–70% 70–85% 85% or more

Risk level Low Medium High Very high

Treatment No risk treatment measures
or monitoring required

Enhanced monitoring, but no
need for risk treatment measures

Risk management measures
and enhanced monitoring

Highly focused and
avoidant, mitigating risk at

all costs
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was basically reached after 24 h, and the daily
compressive strength was greater than 0.3MPa.

(3) Adjust the excavation-related parameters of the
shield tunneling machine, such as the grouting
pressure and soil bunker pressure. Based on the
study of influencing factors in Figure 4, it is deter-
mined that the settlement can be controlled effec-
tively by increasing the grouting pressure and soil
bunker pressure. ,is is consistent with the con-
clusions obtained by relevant experts and scholars
through data from numerical simulations, laboratory
experiments, and field measurements. ,erefore, on
the basis of research and combined with engineering
experience, the grouting pressure was adjusted to
0.6MPa and the soil chamber pressure to 0.5MPa.

(4) Conduct secondary grouting after synchronous
grouting and inject double-liquid slurry for rein-
forcement. In the process of shield tunneling, the
slurry of synchronous grouting will still have a
certain gap after filling the building gap, and the
existence of shrinkage deformation is also a hidden
danger of ground deformation. ,erefore, secondary
grouting shall be carried out on the tunnel between
the tail of the shield for every 10 rounds of pro-
pulsion. ,e construction process of the secondary
grouting is as follows: (A) Select the hole position
and dredge it. Reserved hole positions are selected
for each ring segment, and the hole-position

selection and arrangement of adjacent ring num-
bers are shown in Figure 9. (B) Install the long pipe
for grouting. (C) Double slurry mixing. ,e 1 m3

slurry consisted of 325 kg of cement and 550 kg of
water, and the volume ratio of sodium silicate to
cement slurry was 1 : 1. ,e cement strength grade
was P.O. 42.5, and the water-to-cement ratio was
0.5–0.6. ,e initial setting time of the slurry was
controlled to be 30min, and the volume shrinkage
rate was less than 5%. (D) Grouting construction:
double-liquid slurry was injected at the positions
of the reserved holes in the tunnel segments. ,e
grouting pressure was 0.3–0.6MPa, and the
amount of grouting for each ring was controlled at
2m3. ,e injection was carried out sequentially
from the bottom up.

(5) Strengthen the monitoring in the construction
process. In the process of grouting, it is necessary to
monitor in a timely manner, paying especially close
attention to the formation deformation after
changing the grouting parameters and adjusting the
grouting parameters in time according to the
deformation.

As shown by the monitoring data in Figure 10, the
settlement deformation was controlled effectively
after taking the above measures. As shown in Figure 11,
there was no water leakage in the tunnel segments during
excavation.

Table 9: Assessment results.

Item Fuzzy composite evaluation Risk evaluation by BPNN
Single risk item Vault settlement, ground settlement, and leakage Vault settlement, ground settlement, and leakage
Combined risk items Landslides and water seepage Landslides and water seepage
Risk-indicator value RA � 78%; RB � 73% RA � 81%; RB � 73%
Risk level High risk High risk

Countermeasures

Adjust the spacing of tunnel excavation for double lines to reduce disturbance; improve the intensity level of
synchronous slurry; carry out double-liquid grouting after synchronous grouting; increase grouting pressure
and soil bin pressure appropriately to control sedimentation; reduce digging speed; carry out stratum

reinforcement; monitor in real time and adjust grouting parameters in time
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Figure 9: Schematic of reserved hole positions.
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6. Conclusions

Based on the actual situation of a shield-tunnel project
constructed to cross under a river, the risk factors and in-
dicators affecting construction safety were determined, and a
risk evaluation system was established. ,e relationship
between risk factors and risk indexes was determined by
numerical simulation results, showing that improving slurry
strength, grouting pressure, and soil bin pressure can control
settlement deformation effectively.

Fuzzy regression theory and an artificial neural network
were used to analyze the sample set, establish an evaluation
model, and calculate the risk values. ,e results showed that
the risk values with the fuzzy comprehensive assessment
were slightly smaller than those with the neural network
assessment, but the risk levels were the same. ,e risk-level
criteria and corresponding countermeasures were proposed,
forming a complete risk evaluation system for the shield
tunnel under the river.

Based on the risk assessment research, the corresponding
risk-level criteria were proposed. After the risk assessment of
the research area, it was concluded that when the

construction is to be carried out in accordance with the
original scheme, the risk level in the area would be high, and
there may be collapse and seepage. ,erefore, measures
should be taken to mitigate the risk. Specific measures were
proposed to do so effectively, such as (i) adjusting the ex-
cavation spacing, grouting pressure, and soil bunker pres-
sure; (ii) improving the grouting materials; and (iii) carrying
out secondary grouting.

However, the present study has certain deficiencies: the
resolution of the numerical model is not fine enough, the
selection of risk factors can be refined, and the treatment
measures such as grouting materials should be optimized
through experiments. All these steps should be implemented
in any future work on this topic.
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