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Abstract: In the process of tunnel construction, data on deformation monitoring magnifies the direct reflection of the sta-
bility of tunnel structure, and the setting of early warning value is more related to the safety of project construction. In this
paper, a tunnel project is taken as an example, and based on a large number of previous engineering practices and the sta-
tistical characteristics of monitoring data, the probability statistics method is used to obtain the warning threshold, which
is used to give suggestions for the construction of the tunnel project and provide technical reference for the monitoring and
warning management of similar tunnel construction.
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The sate construction of hard rock tunnel projects can be guaranteed to a great extent by referring to relevant specifica-
tions and timely feedback and processing of tunnel construction monitoring information based on the practical experience
of previous tunnel projects. However, for soft rock tunnel, its deformation is usually large, so how to set the warning value
is related to the safety of tunnel construction. Then how to give a reasonable warning value to solve the safety problem of
tunnel project construction? Based on the statistical characteristics of monitoring data, this paper will introduce the proba-
bility statistical analysis method, aiming to successfully predict the warning threshold of soft rock tunnel project and ensure
the safety of the project.

1. Project overview

The overall terrain for subway tunnel project is relatively flat, which is characterized with artificial accumulation
layer, quaternary Holocene alluvial diluvial layer, late Pleistocene alluvial diluvial layer. The stratum lithology traversed
by excavation includes silt, sand and gravel. In the investigation scope of 42m depth, two layers of groundwater, including
upper stagnant water and interlayer diving, were found to be stably distributed in the whole line. Soft soil layer, which has
the characteristics of wide distribution, thick, low bearing capacity, high compressibility, mostly dark gray, gray black, sat-
urated, flow plastic, containing a small amount of humus, with a rancid taste, uneven soil, containing more silt sand, often
sandwiched with a thickness of 5~20cm silt or silt layer. Overall, the project has a wide distribution of soft soil foundation,
moisture content of 58%~71%, soft-soil foundation with large soft soil foundation settlement, foundation deformation of
large porosity, high compression easily happened problems, reduce the overall stability of the foundation, and reduce the
bearing capacity of foundation, uneven settlement of soft soil distribution are also affect the uniformity.

2. Main factors of displacement and deformation caused by tunnel construction

In the construction of this project by shield tunneling method, the main factors causing displacement and deformation
are summarized as follows:

(1) The soil mass on the excavation face moves during the excavation. Because the support force is smaller than
the soil-water pressure on the outside, the soil mass moves into the shield structure, resulting in displacement and
deformation above the shield soil. If the support force is larger than the water pressure of the outer soil, the soil will move
forward and upward, leading to the formation uplift.

(2) In shield construction, the thrust generated by the jack at the moment when the equipment stops is smaller than the
active earth pressure of the excavation face, and the displacement deformation caused by the collapse and loosening of the
excavation face is caused in this case.

(3) The gap between shield tail was squeezed into soil. Due to the lack of timely grouting, insufficient grouting amount
and inappropriate grouting pressure, the soil of the tunnel at the back of shield tail was unbalanced and collapsed, and finally
the loss of the bottom caused displacement deformation.

(4) The advancing direction of shield construction is changed, such as correcting deviation, lifting head, cutting head
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and so on, which also leads to the loss of the ground floor. The original designed axis of shield construction is increasingly
offset from the actual axis of construction, and finally leads to the increase of stratum loss.

(5) Because of shield construction measures adopted in the precipitation. In the normal tunneling process, frequent
water plugging, drainage and precipitation lead to changes in the original static water level of the stratum, and the final water
level of the funnel surface increases the soil stress of the original water-bearing stratum, which is equivalent to increasing
the load on the soil layer, resulting in soil consolidation settlement.

3. Probability statistics of tunnel displacement and deformation monitoring data

3.1 Historical data of longitudinal displacement and deformation measurement

This paper is mainly conducted on the prediction of displacement deformation, so the displacement deformation and
uplift data in the construction process of shield tunneling method are selected to carry out the research. Table 1 shows the
displacement and deformation information collected from the observation of the two sections of this section. It is found that
neither section presents a single change, and both subsidence and uplift exist. In order to better describe the change rules
of the two sections, the piecewise function is used to represent the uplift section, and the cubic polynomial is used to fit the
uplift section. The equation for regression analysis of the settlement section is as follows.

Equation of the first section of surface subsidence curve are as follows:

§'=0.0005x" —0.0048x” —0.2155x +0.42 x<38.5 @)

S=—627[1-e 91148 (x>8.5) )

The Surface subsidence curve equation of the second section:

S=-536[1-e"®771-332 (x<7.7) 3)
S=-536[1-e"®771-332 (x>7.7) )

Table 1. Displacement and deformation Tables of measuring points on two midlines of sections

Distance from excavation surface to Displacement and deformation of the first Displacement and deformation of second
measuring point (m) section (mm) section (mm)

-20 -1.28 -0.48
-10 1.69 -1.22

0 0.43 -2.85

20 -3.92 -5.24

40 -5.65 -6.31

60 -6.14 -7.56

80 -6.71 -8.13

90 -7.15 -8.26
100 -7.45 -8.41
120 -7.51 -8.62

3.2 Process of probability statistics

Based on the historical monitoring and measurement data of the tunnel project as a reference, probabilistic statistics
method is used to obtain the early warning threshold of displacement rate. The specific operation process is as follows:

The first step is to classify the historical data from the previous monitoring of the tunnel, including vault subsidence and
peripheral convergence, and record the rate value.

The second step is to sort the displacement rate in a descending manner, and record the new variable of test times, which
is denoted as times by N, and the test value N =1.

In the third step, the displacement rate values that have been sorted are divided into several deformation segments in a
ascending manner, and the NV, values of each displacement deformation segment are statistically analyzed. Generally speak-
ing, N,>1 is demonstrated. N, will be taken as the ordinate, and the displacement deformation value is taken as the horizontal
coordinate. The histogram drawn represents the occurrence times of a certain level of deformation (see Figure 1).
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Later on, the center point of each histogram in the displacement rate histogram represents the deformation value, and
the distribution curve of available scatter points is drawn without changing the ordinate N, (see Figure 2). In this case, N
value can be obtained by removing the subscript i from the coordinate N, which represents the measured times less than a
certain deformation.
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Figure 1. Statistical histogram of displacement deformation rate data
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Figure 2. Statistical distribution curve of displacement deformation rate

Finally, by dividing the total measured times with the ordinate values, the probability distribution graph can be ob-
tained, which represents the incidence rate when the deformation is greater than a certain amount. Although the two graphs
have the same curve shape, the physical meaning of the two graphs has changed. The graph can also be transformed into
a statistical list to calculate the probability of exceeding the value under a certain displacement rate value as a reference
displacement rate warning threshold.

4. Recommended probability statistics method in the application of early warning
threshold in this project
4.1 Analysis of probability and statistical data

According to the above method, the monitoring data of historical displacement and deformation were collected and
sorted out, and the probability statistics of 650 data of maximum settlement displacement rate were conducted. According to
the above steps, the statistics and inductive analysis were carried out, and the maximum displacement rate of historical
vault settlement was obtained by taking the vault settlement as an example (see Table 2).

Table 2. Maximum displacement rate of historical vault settlement

Hls(;?gi;f:i?ﬂfg;ﬁg{: (sgrtrlig;ent The number of section Percentage (%) Cumulative percentage (%)
<2.5 66 10 10
2.5~5 338 51.6 61.6
5~7.5 134 20.5 81.8
7.5~10 55 8.2 89.8

10~12.5 20 2.8 92.6
12.5~15 15 3 94.8
15~17.5 9 1.4 95.8
17.5~20 10 1.6 97.2
20~22.5 8 1.2 98.3
22.5~25 6 0.9 100
25~30 4 0.6 99.6
>30 5 0.6 100
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According to the above table, it can be seen that the daily displacement rate data of the vault settlement is basically at
the range of 2.5-5mm /d. According to the probability and statistical percentage results in the table, it can be found that the
proportion of data less than Smm/d is 61.6%, reflecting that if this is taken as the early warning threshold of displacement
rate, it conforms to the actual situation of most construction areas. And will effectively control the safety of most construc-
tion areas. On the contrary, if the warning value is set at a high level, there may be large deformation without warning, and
the risk cannot be controlled. If the warning value is set too low, such as 2.5mm/d, more than 90% of the construction area
will have warning, resulting in low construction efficiency, and fail to achieve the purpose of informationized monitoring
and dynamic construction.

4.2 Recommended warning thresholds

Taking the tunnel project as an example, Table 3 lists the recommended early warning threshold after probability and
statistical analysis. The value is obtained based on the distribution of actual monitoring data and considering both construc-
tion safety and efficiency, which can provide a strong reference for improving the safety of local tunnel projects with the
same type of surrounding rock.

Table 3. Recommended warning thresholds

Displacement monitoring item Yellow alert Red alert

Crown settlement >5mm/d >7.5mm/d

5. Conclusion

With tunnel project as an example, the probability statistics method is adopted in this paper to analyze the single-day
maximum settlement rate of historical monitoring data during the construction of the tunnel project, and to give the recom-
mended early warning threshold of displacement rate. In the study, it is found that this value needs to be adjusted dynamical-
ly, which can be adjusted timely according to the actual construction situation of tunnel projects and the construction method
adopted, so as to provide important guidance for the construction safety of tunnel projects.
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