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Currently, challenges such as water gushing, rock bursts, and large deformations
persist during diversion tunnel excavation, necessitating the study of
surrounding rock stability post-excavation. This paper focuses on the No.1
tunnel of the Xiaolangdi North Bank Irrigation Area project. The settlement of
the surface and vault was monitored on site, and a three-dimensional tunnel
model was established by FLAC 3D to analyze the displacement evolution law of
the key monitoring sections of the surface and vault. Finally, the formula of time
effect between surface and vault settlement of tunnel 1# is deduced and verified.
Results show: (1) Settlements increase sharply early on, slow later, and stabilize,
with arch roof settlement exceeding surface settlement; (2) The arch settlement
is generally 2-3 times greater than the surface settlement, both following similar
trends in FLAC 3D simulations; (3) The monitoring data were slightly smaller
than the simulation data, with the arch roof settlement error ranging from
0.09 mm to 0.72 mm, and surface settlement errors from 0.5 to 3.71 mm; (4)
The error rate between the results obtained from the deduced formula and
the actual monitoring is between 0.62% and 9.39%, with a surface settlement
warning threshold of 10 mm to ensure safe excavation. Discrepancies between
simulations and field data likely stem from idealized model assumptions versus
real-world geological heterogeneity. The spatio-temporal correlation model
can provide quantitative reference for monitoring scheme optimization and
disaster warning of similar projects.
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1 Introduction

In recent years, China has made major breakthroughs and progress in tunnel
engineering, but the tunnel excavation process faces complex engineering geological
conditions. The instability of tunnel surrounding rock may lead to surface subsidence,
collapse and other problems, which has a significant impact on the safety and durability
of the tunnel. Therefore, it is very important to study the stability of surrounding rock after
tunnel excavation (Song et al., 2023; Yu et al., 2023).

In the process of tunnel excavation, in order to ensure the stability of the tunnel
structure after excavation, the surface settlement and vault settlement of the tunnel are
usually monitored on site. (Lai et al., 2023; Lai et al., 2015; Zhang, 2022; Xie et al., 2020).
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Wang et al. (2020) established the safety grade and judgment
basis of steel arch stability on the basis of monitoring the stress of
inner and outer flanges of steel arch. Chen et al. (2017) conducted a
comprehensive study and analysis of on-site monitoring results and
surrounding rock stability; MacPherson et al. (2006) evaluated the
stress-strain law through on-site monitoring; Chen et al. (2022a)
analyzed and compared the field monitoring data, and simulated
and monitored the whole process of foundation pit excavation.
However, due to the influence of geological conditions and complex
terrain in the cave, in areas where monitoring tests are difficult
to carry out, numerical simulation methods are often used to
analyze (Liu et al., 2023; Huang et al., 2020; Zhu et al., 2024;
Lin et al., 2012). Chen et al. (2022b) conducted a model test
on the surrounding rock and lining structure of the tunnel to
simulate the whole process of tunnel construction. Ren et al.
(2019) simulated and reproduced the whole process of tunnel
construction by conducting model experiments on surrounding
rock and lining structure based on the typical deep buried section
of Xianglushan Tunnel. Gao and Jing (2023) comprehensively
obtained the temporal and spatial evolution law of TBM tunnel
deformation by analyzing the influence of composite stratum and
its supporting form on the stability of tunnel surrounding rock.
Zhang et al. (2020) used the Peck formula to determine the width
coefficient of the sedimentation tank and the loss rate of the sand
mixed stratum, and analyzed the settlement law of the vertical and
horizontal surface and vault by establishing a three-dimensional
numerical model of the tunnel. Li et al. (2012) introduced a new
analysismethod-stochastic technique (SMT) combinedwith genetic
programming (GP) in the prediction of ground subsidence due
to tunneling in mountainous areas. The methodology involves the
use of stochastic medium theory to generate theory models and
to predict ground subsidence due to tunneling in mountainous
areas. Zhou et al. (2022) used numerical simulation method to
simulate the construction process by three methods: “double-hole

interval column method”, “fan-shaped reaming method” and “gate
climbing method”. The stress and displacement of the surrounding
rock-supporting system and the distribution of the plastic zone of
the surrounding rock caused by the three methods are analyzed,
and the construction scheme of the transfer section is determined.
Wang et al. (2023) analyzed themechanism of the surface settlement
in double-track tunnels in shallow buried loess area. Then establish
a surface settlement prediction formula suitable for symmetric
and asymmetric double-track tunnels in shallow buried loess
area, determine the parameters of increment and position of the
maximum on surface settlement offset the net distance ratio.
Hu et al. (2023) proposed an improved IPSO-BP algorithm with
adaptive inertia weight and particle mutation factor, and combined
with the traditional BP neural network, the horizontal and vertical
surface settlement data of the correspondingmonitoring points were
compared and predicted. Based on the mirror image theory and
Mindlin solution, Deng et al. (2022) derived the surface subsidence
prediction formula, and established a finite difference model based
on the example of Changsha power tunnel project.The lawof ground
surface settlement caused by shield tunneling along the curve section
is analyzed. Feng et al. (2022) used analytical method, numerical
simulation and field measurement method to compare the law of
land subsidence caused by shield excavation of small radius curved
tunnel. However, the existing research mainly focuses on spatial
deformation modes, such as the distribution and law of surface
subsidence, while the time evolution law of the correlation between
vault and surface subsidence has not been systematically quantified.

In this paper, the 1 # tunnel of the main canal of the north
bank irrigation area of Xiaolangdi is taken as the engineering
background. Through on-site monitoring research and numerical
simulation analysis, the surface settlement monitoring value and
the vault settlement monitoring value are fitted and analyzed.
The time effect formula between the two is verified by regression
analysis, and the evolution law of surface settlement value with

FIGURE 1
Tunnel site geological conditions; (A) Tunnel exit illustration; (B) Strata distribution diagram.
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FIGURE 2
Schematic diagram of tunnel body support for the main canal 1 # of the Xiaolangdi North Bank Irrigation Area Project.

FIGURE 3
Site ground collapse diagram.

vault settlement value in time factor is obtained. The established
spatio-temporal correlation model can provide a quantitative
reference for the optimization of monitoring schemes and disaster
warning of similar projects. It can detect potential risks in
time, reduce the probability of sudden landslides and other
disasters, and ensure the safe operation of the project. It has
broad application prospects for monitoring and risk assessment of
similar underground engineering, tunnel construction and water
conservancy infrastructure.

2 Engineering situation

The 1 # tunnel pile number ZG22 + 445-ZG22 + 500 section of
the main canal 1 # tunnel of the irrigation area project on the north
bank of the wave bottom is located in Jiyuan City, Henan Province.
The length of the line is about 100 m. The inlet elevation of the
study section is 228.12 m, the outlet elevation is 229.75 m, and the
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FIGURE 4
Location of Target.

FIGURE 5
Surface subsidence variation curves of each monitoring section.

groundwater level is 2.8 m higher than the floor. The engineering
area is covered with loess layer, and the lower layer is interbedded
with argillaceous calcareous cemented sandstone and mudstone.
The rock layer tends to be northeast, and the dip angle is about
23–30°. The surrounding rock is mostly mudstone and argillaceous
sandstone. The joints are well developed and the integrity is poor.

The surrounding rock grade is V grade. The tunnel site geological
conditions is shown in Figure 1.

The excavation section of the diversion tunnel in the tunnel site
is a circular arch straight wall type. The buried depth of the tunnel
is about 20 m, and the diameter of the tunnel is 2.16 m. The tunnel
lining structure is sprayed C25 concrete, B20@ 1000, L = 2 m system
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FIGURE 6
Curve of settlement variation of arch crown at each monitoring section.

FIGURE 7
Three-dimensional finite element model of tunnel and supporting structure diagram.

anchor, A6@200 steel mesh, national standard I14 I-steel arch, C20
reinforced concrete full-section lining, and the steel arch spacing is
1 m. The tunnel support is shown in Figure 2. The steel arch is set
with B20 connecting steel bars in the circumferential direction, and
one bar is set every 1 m, a total of 13 bars; two B20, L = 2 m locking
anchors were set at the bottom foot and the arch, with 8 anchors
in each piece. The transverse joint width of the supporting lining
structure is 20 mm, and the rubber water stop belt, foam board and
polysulfide sealant are set in the joint.

During the construction of 1 # tunnel, a serious soil collapse
occurred near the tunnel face, and the amount of collapse was about
500 m3. The main source was the loess between the top arch of the
tunnel face and the surrounding rock on both sides, and between the

arch and the original sprayed soil. The collapse caused a large-scale
subsidence on the ground at the top of the tunnel. The diameter of
the collapse pit was about 30 m, and the surface at the collapse pit
was about 20 m away from the tunnel vault. The ground collapse on
site was shown in Figure 3.

3 Settlement rule analysis

3.1 Monitoring scheme

In order to ensure the safe construction, the surface settlement
and vault settlement were monitored during the construction of
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FIGURE 8
Schematic diagram of monitoring section layout.

the 1 # tunnel of the main canal in the north bank of Xiaolangdi
irrigation area. Ten monitoring points were evenly arranged, with a
total length of 150 m and a target interval of 5 m. From near to far,
they were target 1–10 respectively. This paper mainly analyzes the
data obtained from the monitoring of target 1–5, and the specific
layout is shown in Figure 4.

In order to clearly describe the change process of surrounding
rock deformation with space during tunnel excavation, the time
history curve of vault settlement deformation obtained from
field monitoring is processed. Considering that the actual tunnel
construction speed is about 1 meter per day, the abscissa of
the curve is set to the excavation mileage (that is, the distance
after the monitoring section), while the ordinate still indicates the
settlement value.

3.2 Analysis of ground settlement

As shown in Figure 5, when the monitoring curve of target 1 is
excavated through the monitoring section of 0–10 m, the settlement
deformation rate is significant, and the cumulative settlement value
increases rapidly to 3.88 mm. Subsequently, when the excavation
passes through the monitoring section of 10–35 m, the settlement
deformation rate begins to decrease gradually, and the settlement
value is about 7.45 mm. When the distance between the excavation
and the monitoring section exceeds 35 m, the surface settlement
deformation curve tends to be stable, and finally stabilizes at about
9.23 mm. When the monitoring curve of target 2 passes through
the monitoring section of 0–10 m, the cumulative settlement value
increases rapidly to 4.97 mm. Subsequently, when the excavation
passes through the monitoring section of 10–35 m, the settlement
value is about 11.75 mm. When the distance of excavation through
the monitoring section is more than 35 m, the final stability is about
13.59 mm. When the monitoring curve of target 3 passes through
the monitoring section of 0–10 m, the cumulative settlement value
increases rapidly to 6.83 mm. Subsequently, when the excavation
passes through the monitoring section of 10–35 m, the settlement
value is about 10.87 mm. When the distance of excavation through

the monitoring section is more than 35 m, the final stability is about
12.54 mm. By analyzing the monitoring curve of target 4, it can
be found that when the excavation passes through the monitoring
section of 0–10 m, the settlement value increases rapidly to 6.77 mm;
subsequently, when the excavation passes through the monitoring
section of 10–35 m, the settlement value is about 11.47 mm. When
the distance of excavation through the monitoring section is more
than 35 m, the final stability is about 12.63 mm. By analyzing
the monitoring curve of target 5, it can be found that when the
excavation passes through the monitoring section of 0–10 m, the
settlement value increases rapidly to 7.12 mm; when the excavation
passes through the monitoring section of 10–35 m, the settlement
value is about 12.47 mm. When the distance of excavation through
the monitoring section is more than 35 m, the final stability is
about 12.63 mm.

3.3 Analysis of vault settlement

As shown in Figure 6, when the monitoring curve of target 1 is
excavated through the monitoring section of 0–10 m, the settlement
deformation rate is significant, and the cumulative settlement value
increases rapidly to 12.35 mm.When the excavation passes through
the monitoring section of 10–35 m, the settlement deformation
rate begins to decrease gradually, and the settlement value is
about 23.34 mm. When the distance between the excavation
and the monitoring section exceeds 35 m, the surface settlement
deformation curve tends to be stable, and finally stabilizes at
about 25.24 mm. When the monitoring curve of target 2 passes
through the monitoring section of 0–10 m, the settlement value
increases rapidly to 13.27 mm.When the excavation passes through
the monitoring section of 10–35 m, the settlement value is about
23.86 mm.When the distance of excavation through themonitoring
section is more than 35 m, it is stable at about 25.71 mm. When
the monitoring curve of target 3 passes through the monitoring
section 0–10 m, the settlement value increases rapidly to 13.21 mm.
When the excavation passes through the monitoring section of
10–35 m, the settlement value is about 23.91 mm. When the
distance of excavation through the monitoring section is more
than 35 m, it is stable at about 25.73 mm. When the monitoring
curve of target 4 passes through the monitoring section of 0–10 m,
the settlement value increases rapidly to 11.24 mm. When the
excavation passes through the monitoring section of 10–35 m,
the settlement value is about 23.84 mm. When the distance of
excavation through the monitoring section is more than 35 m,
it is stable at about 25.49 mm. When the monitoring curve
of target 5 passes through the monitoring section of 0–10 m,
the settlement value increases rapidly to 15.19 mm. When the
excavation passes through the monitoring section of 10–35 m, the
settlement value is about 24.75 mm.When the distance of excavation
through the monitoring section is more than 35 m, it is stable at
about 25.66 mm.

Comparing the characteristics of surface subsidence changes in
the above five monitoring sections, it can be shown that the spatial
changes of surface subsidence deformation follow three similar
stages: rapid growth stage, slow growth stage, and stable stage. This
phenomenon is mainly due to the structural characteristics of the
surrounding rock of the tunnel section, that is, the upper loess lower
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argillaceous sandstone. Comparing the surface and vault settlement
curves of the tunnel, the vault settlement value is greater than
the surface settlement during the whole excavation process. The
difference between the vault settlement and the surface settlement
in the early stage gradually increases with the excavation. Finally,
with the stability of the two, the difference tends to be stable.
The final settlement differences of the five monitoring sections
are 16.01 mm, 12.12 mm, 13.19 mm, 12.86 mm, and 12.42 mm,
respectively.

4 Finite element simulation
verification

4.1 Computation module

Numerical simulation software FLAC 3D is used for numerical
calculation. Referring to the design parameters and geological
conditions of the actual tunnel section, the model parameters are
set as follows: the excavation diameter is 2.16 m, the buried depth
of the tunnel top is 20 m, the distance between the tunnel top
and the bottom boundary of the model is 30 m, and the distance
between the left and right boundaries of the model is 25 m. The
excavation direction is set to 130 m, and the overall size is 50 m ×
50 m × 130 m (X × Z × Y). The boundary conditions used in this
simulation are: the upper boundary of the model is taken to the
ground without limiting the displacement; to protect; the tunnel is
in the center of the model, which reduces the influence of boundary
conditions. The boundary conditions at the bottom of the tunnel
are often simplified into fixed displacement boundaries, which limit
the displacement of the bottom boundary in all directions and
constrain the displacement value of the bottom boundary to zero.
The established bolt model is set as Cable element, the steel arch
model is set as Beam element, and the tunnel wall is set as a Shell
element to simplify the replacement lining structure, steel mesh and
concrete spray layer. The three-dimensional finite element model
of the tunnel and the supporting structure are shown in Figure 7.
The whole section excavation is adopted in the calculation process,
and each excavation is supported by 1 m. The Null model is given
to the excavation area to simulate the excavation process. After 130
cycles of excavation, in order to observe the displacement of the
monitoring section after excavation and to avoid the influence of
boundary effect, the sections of y = 40 m, y = 45 m, y = 50 m,

y = 55 m and y = 60 m are taken as the monitoring sections,
corresponding to the actual monitoring section target 1, target 2,
target 3, target 4 and target 5. The monitoring points are set on the
surface and the top of the cave, and the monitoring section is shown
in Figure 8. The calculation parameters of each formation are set
as shown in Table 1.

4.2 Simulation result analysis

Figure 9 shows the displacement cloud diagram of surrounding
rock inZdirection after the excavation of 1# tunnel in the north bank
irrigation area of Xiaolangdi. When Y = 40 m, 45 m, 50 m, 55 m and
60 m, the maximum displacement of the vault settlement is 2.55 cm,
2.58 cm, 2.583 cm, 2.591 cm and 2.596 cm, respectively. Even if
the location of the monitoring section is different, the maximum
difference between the maximum displacement and settlement of
each point is only 1.81%. When Y = 40 m, 45 m, 50 m, 55 m and
60 m, the maximum displacement of the ground surface settlement
is 9.73 mm, 9.87 mm, 9.94 mm, 1.02 cm and 1.08 cm, respectively.
Even if the location of the monitoring section is different, the
maximum difference between the maximum displacement and
settlement of each point is 11.1%.

4.3 Monitoring and simulation comparison

The maximum settlement values of the vault and the
surface after the final stabilization of each section are collected,
as shown in Table 2. It is concluded that the settlement value
measured by the actual monitoring is slightly smaller than the
settlement value obtained by the numerical simulation. With the
increase of excavation depth, it shows an increasing trend, and
the settlement value of the vault is generally 2–3 times the surface
settlement value.

5 Time effect of surface and vault
settlement

In engineering practice, conventional tunnel monitoring can
effectively obtain surrounding rock deformation data. However,
under complex geological conditions (such as broken surrounding

TABLE 1 Schematic diagram of the three-dimensional finite element model of the tunnel.

Density/(g/cm3) Elastic modulus/pa Poisson ratio Cohesive force/pa Internal friction
angle/°

Loess 1.86 6.79 × 107 0.39 2.16 × 104 17

Mudstone 2.57 4.75 × 107 0.34 2.59 × 105 27

Sandstone 2.18 1.93 × 108 0.32 5.62 × 105 35

Argillaceous sandstone 2.51 4.64 × 108 0.29 9.82 × 105 41

Calcareous sandstone 2.46 8.33 × 108 0.26 2.08 × 106 42
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FIGURE 9
Z-direction displacement cloud map of monitoring section. (A) Y =
40 m section. (B) Y = 45 m section. (C) Y = 40 m section. (D) Y = 55 m
section. (E) Y = 60 m section.

rock, shallow buried section or high-risk collapse area), the
layout of monitoring points in the tunnel is often limited by
construction safety and timeliness, resulting in incomplete or
lagging data acquisition. The existing empirical formulas, such as
Peckmethod (PECK, 1969) andmirrormethod (SAGASETA, 1987),
can effectively predict the surface settlement after tunnel excavation.

5.1 Time effect formula derivation

Since the actual excavation footage of the 1 # tunnel of the
main canal is 1 m/d, the daily collection of on-site monitoring data
can be approximately equal to the collection of 1 m excavation,
so the relationship between settlement and excavation footage is
approximately equal to the relationship between settlement and
time. Based on the on-site monitoring data, the effect relationship
between vault settlement and time can be regarded as x2 ∼ t, and
the effect relationship between surface settlement and time can
be regarded as x1 ∼ t. It is assumed that the difference between
vault settlement and surface settlement is X, and the expression is
shown in Equation 1. Because the actual monitoring data default
to the downward settlement value as a negative value, in order to
facilitate the calculation, the settlement value is subtracted after
the absolute value is processed. Through the statistics and analysis
of the monitoring curve of the difference between the vault and
the surface settlement of each section and the time, the regression
analysis is carried out, and theX∼ t curve of each section is obtained,
as shown in Figure 10.

X = x2 − x1 (1)

By analyzing the error, it is concluded that the error between the
vault settlement value calculated by the regression analysis formula
and the vault settlement value obtained by the actual monitoring is
between 0.002 mm and 0.095 mm. The regression analysis formula
is feasible. And the time effect law between the surface settlement
and the vault settlement of the five monitoring sections is single.
Therefore, the regression analysis formula derived in Figure 11 is
used to integrate the data of the five monitoring sections, and
the formula suitable for the whole process of tunnel excavation
is derived.

Through the regression analysis of the scatter points in Figure 11,
the relationship between the surface settlement and the vault
settlement of the monitoring section with time is obtained, and the
specific formula is Formula 2.

X = −a1 + a2[1+ (t/a3)
a4] (2)

Because X is set as the settlement difference between the
surface and the vault, the formula of the relative relationship
between the surface settlement and the vault settlement with
time can be obtained by substituting Formula 1 into Formula 2,
as shown in Formula 3.

x2 = −a1 + a2[1+ (t/a3)
a4] + x1 (3)
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TABLE 2 Simulation and monitoring vertical displacement table for each monitoring section.

Location of section Y = 40 m
(target 1)

Y = 45 m
(target 2)

Y = 50 m
(target 3)

Y = 55 m
(target 4)

Y = 60 m
(target 5)

Crown
subsidence(mm)

Monitoring 25.24 25.71 25.73 25.19 25.66

Simulation 25.5 25.8 25.83 25.91 25.96

Surface
subsidence(mm)

Monitoring 9.23 13.58 12.54 12.63 13.24

Simulation 9.73 9.87 9.94 10.2 10.8

FIGURE 10
Schematic diagram of time effect regression analysis of settlement difference of each target monitoring section.

In the formula, x2 is the settlement value of the vault at time t; x1
is the settlement value of the surface at time t. a1 = 14.03; a2 = 14; a3
= 8.9; a4 = 1.86.

5.2 Time effect formula verification

By comparing the settlement value obtained by the
fitting formula with the actual monitoring settlement value,
the overall average error is 0.449 mm. The error rate is
calculated by the error rate formula, as shown in Equation 4
(Burden and Faires, 2010).

W = |x2 − x2∗| ÷ x2 ∗×100% (4)

In the formula, W is the error rate; x2 is the fitting vault
settlement; x2∗is the actual monitoring vault settlement. The
maximum error is 2.37 mm, but the total settlement of the section

during this period is 25.24 mm, and the error rate is 9.39%. The
minimum error is 0.16 mm. The total settlement of the section
during this period is 25.66 mm, and the error rate is 0.62%. In
general, the fitting formula can accurately predict the relationship
between the settlement value of the surface and vault of the tunnel
at different positions and time.

5.3 The time effect formula is verified by
the whole tunnel

Through the analysis and research of the monitoring data, the
time effect formula between the surface settlement and the vault
settlement of the fixed monitoring section is deduced. However,
in the actual excavation process, the fixed section cannot be
studied only. Therefore, through further derivation, the section
displacement relationship after excavation is analyzed.
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FIGURE 11
Schematic diagram of regression analysis on the relationship between integrated settlement difference and time.

FIGURE 12
Schematic diagram of the relationship between A1 section settlement and excavation.

After the excavation passes through theA0 section and continues
to be excavated to the position shown in Figure 12, the vault
settlement and surface settlement values of the A1 section are
analyzed. It is assumed that △S is excavated after passing A0.
The time △t experienced after the excavation of the A1 section
is shown in Formula 5. The surface monitoring values x1 ∼
A1 of the A1 section are substituted into Formula 3 to obtain
the vault displacement settlement value at this time, as shown
in Formula 6.

∆t =
(∆S − Sa)
1m/d

(5)

x2∼A1 = −a1 + a2{1+ [(∆S− Sa)/a3]
a4} + x1∼A1 (6)

After the excavation passes through theA0 section and continues
to be excavated to the position shown in Figure 13, the vault
settlement and surface settlement values of the A3 section are
analyzed. It is assumed that △S is excavated after passing A0,
and the time △t experienced after the excavation of the A3
section is shown in Formula 7. The surface monitoring values x1
∼ A3 of the A3 section are substituted into Formula 3 to obtain
the vault displacement settlement value at this time, as shown
in Formula 8.
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FIGURE 13
Schematic diagram of the relationship between A3 section settlement and excavation.

FIGURE 14
Schematic diagram of the relationship between A5 section settlement and excavation.

∆t =
(∆S − Sa − 2S)

1m/d
(7)

x2∼A3 = −a1 + a2{1+ [(∆S − Sa − 2S)/a3]
a4} + x1∼A3 (8)

After the excavation passes through theA0 section and continues
to be excavated to the position shown in Figure 14, the vault
settlement and surface settlement values of the A5 section are
analyzed. It is assumed that△S is excavated after passing A0, and the
time△t experienced after the excavation of the A5 section is shown
in Formula 9. By substituting the surface monitoring values x1 ∼ A5
of the A5 section into Formula 3, the vault displacement settlement
value at this time can be obtained, as shown in Formula 10.

∆t =
(∆S − Sa − 4S)

1m/d
(9)

x2∼A5 = −a1 + a2{1+ [(∆S − Sa − 4S)/a3]
a4} + x1∼A5 (10)

According to the relevant national standards, the allowable
value of surface settlement of diversion tunnel with gate type of V
surrounding rock should be controlledwithin 10 mm.Therefore, the
early warning value of surface settlement x1 is set to 10 mm, and the

early warning is carried out once the surface settlement exceeds the
value, as shown in Formula 11.

∆t =
{
{
{

x1 > x1warning
x1 < x1warning

early −warning

no early −warning
(11)

6 Conclusion

In this paper, the time effect between surface settlement and
vault settlement during tunnel construction is studied by means of
field monitoring, FLAC 3D numerical simulation and theoretical
derivation for the No.1 diversion tunnel project in the north bank
irrigation area of Xiaolangdi. The main conclusions are as follows:

(1) After the tunnel excavation, the surface settlement and vault
settlement of each section show a trend of rapid growth in the
early stage, slow settlement rate and stable settlement, and both
of them gradually tend to be stable after the excavation to the
section of 35 m. The stable values of surface subsidence in the
five monitoring sections are 9.23 mm, 13.59 mm, 12.54 mm,
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12.63 mmand 13.24 mm respectively.The stable values of vault
settlement are 25.24 mm, 25.71 mm, 25.73 mm, 25.49 mm
and 25.66 mm respectively. As the excavation progresses, the
difference gradually increases and then tends to be stable.
The reason is that the excavation of the tunnel leads to the
emergence of a cavity, and the settlement of the vault causes
the surface settlement. Because the settlement rate of the vault
is greater than the surface settlement, the settlement difference
shows a trend of increasing gradually. However, with the
excavation to the monitoring section after 35 m, the surface
settlement and the vault settlement value tend to be stable, and
the settlement difference tends to be stable.

(2) The tunnel vault settlement and surface settlement simulated
by FLAC 3D show similar laws. After tunnel excavation,
the vault settlement value is generally 2–3 times of the
surface settlement value. The monitoring data is slightly
smaller than the simulation data. The vault settlement error
is between 0.09 m and 0.72 mm, and the surface settlement
error is between 0.5 mm and 3.71 mm, which proves that
the numerical simulation can accurately simulate the actual
excavation process.

(3) The error between the results of the settlement difference
and time regression analysis formula of each section and the
actual monitoring results is between 0.018 mm and 0.809 mm.
The error rate of the time effect formula derived from
the integration of all monitoring section settlement data is
between 0.62% and 9.39%. Based on the deduced formula,
the limitation of single section only applied to excavation is
verified. By consulting relevant national norms, the settlement
early warning value is set to ensure the safe excavation of the
tunnel. When the local surface settlement value x1 > 10 mm,
the early warning is carried out.
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