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Tunnel measurements provide crucial information on the ground stability during the excavation, visualizing the
ground behavioral characteristics with quantitative dada. Generally, the frequency of the measurements is greater
during the early stage of the tunnelling process and reduced with time. However, there are no quantitative criteria
established for either the activities, such as the time, location and frequency of the measurement or the manage-
ment guidance, especially for the site of subtle and unexpected displacement during the excavation. It is, however,
still challenging to assess behavioral characteristics of subtle and unexpected displacement after stabilization. In this
study, we propose a new method to assess stability and to analysis the behavioral characteristics of subtle and unex-
pected displacement after stabilization using statistic control charts of displacements. We also present a test result
on the applicability of control chart and CUSUM control chart to measured displacements.
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Fig. 1. Basic concepts of the statistical control chart.
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Table 1. Classification of control charts by data types.
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Quantitative data

Qualitative data

x (sample mean) QC chart

R (range) QC chart

x (individual data) QC chart

R, (range of adjacent data) QC chart
¥ (median) QC chart

s (standard deviation) QC chart

MR (moving range) QC chart

MA (moving average) QC chart

p (fraction defectives) QC chart

np (number of defectives) QC chart

¢ (number of defects) QC chart

u (number of defect per unit) QC chart

EWMA (exponentially weighted moving average) QC chart

CUSUM (cumulative sum) QC chart

Table 2. Classification of control charts by application types.

Focus of control Type of control charts

X, x, CUSUM, EWMA QC chart

Process mean

Process fluctuation R, s, QC chart
Fraction defective p QC chart
Number of defective np QC chart
Number of defect ¢, u QC chart
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Fig. 2. A flow chart for the control chart method.
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Fig. 3. An example of x-MR control chart for measured
displacements.
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Table 4. Moving ranges for CUSUM control chart.

Distance Displace- No. of Distance of

No. from ment the last  the last Range
face (m) (mm) data point (m)
1 5 0.000 6 25 13724
2 -3.724 7 29 0.763
3 13 -3.530 7 33 0.763
4 17 -3.035 7 37 0.763
5 21 -3.234 8 41 0.596
6 25 -3.330 8 45 0.596
7 29 -3.797 9 49 0.596
8 41 -3.202 10 61 0.596
9 46.6 -3.612 10 66.6 0.185
10 56.6 -3.797 11 76.6 0.074
11 72.6 -3.723 12 2.6 0.157
12 84.6 -3.879 12 104.6 0.087
13 1106 -3.792 14 130.6 0.077
14 1186 -3.715 15 138.6 0.028
15 1340 -3.743 17 154.0 0.180
16 1484 -3.923 17 168.4 0.143
17 150.6 -3.780 17 170.6 0.339
18 1747 -4.119 19 194.7 0415
19 1947 -3.604 19 214.7 0.202
20 2187 -3.807 21 238.7 0.170
21 2303 -3.976 22 250.3 0.347
22 2494 -3.629 23 269.4 0.146
23 2663 -3.775 23 286.3 0.017
24 2943 -3.792 24 3143 0.014
25 3263 -3.807 25 346.3 0.130
26 3523 -3.937 26 3723 0.333
27 3739 -3.604 27 3939 0.426
28 3947 -4.130 29 414.7 0.496
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Table 5. Tabular CUSUM control chart.
N Distance from Displacement One-sided upper CUSUM One-sided lower CUSUM
> face (m) (mum) +3.673 St+ N+ +3.749 St- N-
9 46.6 -3.612 0.060 0.060 1 0.136 0.000 0
10 56.6 -3.797 -0.124 0.000 0 -0.048 -0.048 1
11 72.6 -3.723 -0.050 0.000 0 0.026 -0.022 2
12 84.6 -3.879 -0.206 0.000 0 -0.131 -0.153 3
13 110.6 -3.792 -0.119 0.000 0 -0.043 -0.196 4
14 1186 -3.715 -0.042 0.000 0 0.034 -0.162 5
15 134 -3.743 -0.070 0.000 0 0.006 -0.156 6
16 148.4 -3.923 -0.250 0.000 0 -0.174 -0,330 7
17 150.6 -3.780 -0.107 0.000 0 -0.031 -0.362 8
18 174.7 -4.119 -0.447 0.000 0 -0.371 -0.732 9
19 194.7 -3.604 0.069 0.069 1 0.145 -0.588 10
20 218.7 -3.807 -0.134 0.000 0 -0.058 -0.645 11
21 2303 -3.976 -0.303 0.000 0 -0.227 -0.873 12
22 249 .4 -3.629 0.044 0.044 1 0.120 -0.753 13
23 2663 -3.775 -0.102 0.000 0 -0.026 -0.779 14
24 2943 -3.992 -0.319 0.000 0 -0.243 -1.022 15
25 326.3 -4.007 -0.334 0.000 0 -0.258 -1.280 16
26 3523 -4.137 -0.464 0.000 0 -0.388 -1.668 17
27 3739 -3.804 -0.131 0.000 1 -0.055 -1.723 18
28 394.7 -4.330 -0.657 0.000 0 -0.581 -2.305 19
o 40
| "
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Fig. 4. An example of MR and CUSUM control charts for measured digplacement.
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