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ABSTRACT: Monitoring the structural performance in a fast and manpower-free manner has become a major challenge nowadays
especially for large scaled metro network. The application of wireless-sensing-networks (WSN) for the shield tunnels is regarded to
be an effective and smart solution to this challenge. In this paper, such a “smart” sensing system is briefly introduced and its first
application into a 20km metro line in Shanghai is presented in details. The smart system consists of the micro-electro-mechanical-
system (MEMS) based tilt sensor coupling with Zigbee-based topological network. Two types of monitoring section including two tilt
sensor section and four tilt sensor section were selected every 30-100 rings depending on the specific ground condition and state of
lining performance at present. The lining convergence in horizontal direction have been monitored in differed frequencies. The
monitoring system was implemented and started in Sep of 2015. The data of lining convergence for 412days since then are captured.
A periodic probabilistic evolution following a sine function is observed from the measured data. Based on the ongoing monitoring,
the long-term structural performance is predicted finally and will be validated in the near future using the data from the WSN sensing
system presented here.

RESUME : La surveillance de la performance structurelle d'une maniére rapide et sans ressources humaines est devenue un défi majeur
de nos jours surtout pour les grands réseaux de métro a grande échelle. L'application de réseaux de détection sans fil (WSN) pour les
tunnels blindés est considérée comme une solution efficace et intelligente a ce défi. Dans cet article, un tel systeme de détection
"intelligent" est introduit briévement et sa premicre application dans une ligne de métro de 20 km a Shanghai est présentée en détail. Le
systéme intelligent consiste en un couplage de capteur d'inclinaison basé sur le systéme micro-électromécanique (MEMS) avec un réseau
topologique a base de Zigbee. Deux types de section de surveillance comprenant deux sections de capteur d'inclinaison et quatre sections
de capteur d'inclinaison ont été sélectionnés tous les 30 a 100 anneaux en fonction de I'état de la terre spécifique et de 1'état de la
performance de garnissage a l'heure actuelle. La convergence de la garniture dans la direction horizontale a été surveillée dans des
fréquences différentes. Le systéme de surveillance a été mis en ceuvre et démarré en septembre de 2015. Les données de la convergence
de revétement pour 412 jours depuis lors sont capturées. Une évolution probabiliste périodique suite a une fonction sinusoidale est
observée a partir des données mesurées. Sur la base de la surveillance continue, les performances structurelles a long terme sont
finalement prévues et seront validées dans un avenir proche en utilisant les données du systéme de détection WSN présentées ici.
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In recent years, micro-electro-mechanical systems (MEMS)

1 INTRODUCTION and wireless sensor network (WSN) are popular for SHM in
civil engineering. Apart from the wireless feature that makes
Structure health monitoring (SHM) of urban metro tunnel is of the remote Sensing and control app]icable’ the real-time
great importance to understand the performance of operated monitoring could also be reached by using the data acquisition
metro tunnel. Normally, the monitoring frequency for structral frequency setting (Soga, et al., 2012). Hence, the WSN system
deformation and defeats, e.g., convergence, cracks, leakage and could be potentially a good solution for understanding the
opening of segmental joint, is constant every year with certain structural performance whatever in short-term and long-term
times (Bakker, et al., 1999; Yuan, et al., 2012). However, this perspectives. Bennett et al. (2010) have applied several WSN
traditional plan in terms of frequency and tools nowadays could trial systems in London, Barcelona and Prague subway tunnels.
hardly meet requirement of understanding of real-time The sensors are small in size, completely wireless and easy to
performance and also the emergency condition management be installed. The high quality real-time data were captured
(Huang and Zhang, 2016), resulting in a vulnerable structure every certain time interval that you want, e.g., every one hour.
system due to unexpected disruption. Hence, the real-time In China, the authors (2012) firstly discussed the potential use
monitoring associated with off-site control system would be of of WSN system for studying the behavior of shield tunnel
much necessity. There are varieties of indicator for the structure. A wireless MEMS inclinometer sensor is developed
performance of tunnel lining. One of the most widely used and for urban metro tunnel later on (He, et al., 2013), meanwhile a
recognized indictor should be the lining convergence, especially model for calculating the tunnel convergence was developed
the convergence of horizontal diameter (horizontal convergence using this MEMS sensor (Huang, et al., 2013).
in short). After series of field test for validation on the shield tunnel by

using the WSN system, the aim of this paper is to present a
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practical application of this smart system on Shanghai metro
line 2. The workability of this system in 20km metro shield
tunnels is verified. Due to the page limit, only the horizontal
convergence is extracted from the data acquisition and reported
in this paper. Convergence data about more than one year are
used to analyze the relatively long-term performance of the
metro shield tunnel. The prediction of the performance
evolution is carried out at the end of this paper. Before the
analysis of data, the WSN system in terms of the sensor element,
network topology and transformation law from sensor signal to
required deformation is briefly introduced, which is followed by
the site information of this metro line.

2 WIRELESS SENSOR NETWORK SYSTEM

2.1 Sensor node element

For monitoring the horizontal convergence of tunnel lining, a
series of micro-electronic-mechanical-system (MEMS) based
inclinometers were developed by the authors, named as TJ-
UWIS. The chip selection, schematic design, printed circuit
board (PCB) layout and parameter optimization in this
inclinometers were all developed with independent proprietary.
Detail manuals of the sensor node could be read off in the
following weblink (http://www.wisencn.com/col.jsp?id=119>).
Figure 1 shows a prototype of the sensor node (Fig. 1a) with the
detailed parameters (Fig. 1b). The TU-UWIS inclinometer has
the functionality that the inclination of the sensor could be
measured because of the change of the direction of sensors’
gravity. There are different type of sensor node in size from
35mm to 150mm depending on the capacity of battery power.
Due to the reliable long-term measurement requirement, the
median size, i.e., 80*75%57mm? in length*width*height, was
used in this case.

Dual axis sensor node

Battery More than 5 years for an acquisition
life frequency at 60min
Size 80x75x57mm
Weight <0.43kg
Senor Micro-electronic-mechanical-system
types with two axis (A-axis and B-axis)
Tilt range -30°~ +30°
Precision 0.01° for range from -10° to 10°
TECI1S!
0.05° for range from -30° to +30°
Resolution 0.0025°
(@ (b)

Figure. | MEMS based tilt sensor node: a) prototype and b) parameters

2.2 Network topology

As for a wireless network, three major parts need to be included,
i.e., network structure, communication protocols and wireless
transmission and compression methods. Two-layered network
strcuture is adopted in this paper, as shown in Fig. 7. The first
layer is the sensors (cicular dot), the second one is the gateway
(triangular dot). The network communication protocols is
composed of the ZigBee, WiFi, 3G and Bluetooth
communication protocols, mainly including Zigbee-3G mode,
Zigbee-WiFi mode and Zigbee-Bluetooth mode. With a newly
developed method for the data transmission and compression
(He, et al., 2014), the capacity of the transmitted data is greatly
increased to cover all the practical use range for tunnel project.
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Figure. 2 Topology of sensor network for tunnel in Shanghai Metro line

2.3 Transformation Equation

Since the inclinometer measures rotation of the surface where
the installed sensor is attached, the measured rotated angle
needs to be further transformed into the convergence or
displacement data that is interested. Although the true
deformation mode of tunnel lining is quite complicated and
different from case to case, there is a basic assumption that
tunnel deformation mainly depends on the joints rotation rather
than the deformation of the rigid concrete segment per se. This
assumption has been validated by quite a lot of field and full-
scaled model test data. A typical deformation mode is
illustrated in Fig. 3. The horizontal convergence AD could be
derived based on the rotation of segment Bl and B2. The
detailed transformation law could be represented as in Eq. 1.

AD=L-(AG,-AB)-cosa )

where L is the chord length from fixed point to the horizontal
diameter, Af; and A are the rotation angle of segment Bl and
B2 which are the direct measurements from sensor. « is the
geometry angle shown in Fig. 3.

Figure. 3 Schematics of transformation laws from tilt angle to
horizontal convergence

3 SITE INFORMATION

3.1 Tunnel Geometry

In this paper, the introduced WSN system is applied for total of
6 metro tunnels between 7 metro stations with a total number of
16957 rings. Note that this ring number includes those rings
both from the upper and lower lines of metro tunnel. Since the
longitudinal width of each ring is equal 1.2m, the total mileage
of the monitoring is thus equal to 20.348km. A typical section
profile of the tunnel lining is illustrated in Fig. 3. The design of
basic geometry for six tunnels is the same with the typical one
shown in Fig. 3. The tunnel has an outer diameter Do equal to
6.2m with a lining wall thickness equal to 0.35m. Each ring is
composed of six concrete segments connected by the segmental
joint. Although the exact cover depth for each tunnel ring might
be different from section to section, in general, these six tunnels
are mostly built 15-20m under the ground surface, i.e., 15m is
often the case for tunnel rings near the metro station, while 20m
is often the case for tunnel rings at the middle of the tunnel. All
these tunnels are driven by the earth pressure balance shield
machine before the year of 2008.

3.2 Ground Condition

The site of these six metro tunnels locates at the southeast part
of Shanghai. The ground condition at this area is similar to the
typical ground condition of Shanghai. The longitudinal ground
profile for one of the six tunnels is shown in Fig. 4. It is quite
clear from Fig. 4 that the soft soil, e.g., muddy clay and sility
clay, takes the large part of the soils within the interested depth.
In general, the soft soil often has a high water content resulting
in a low compressive stiffness. Thus, the structural response of
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tunnel lining could be quite sensitive to the condition of
surrounding soils, which is main motivation of the monitoring
plan in this paper. The underground water table is about 0.5m
below the ground surface. Detailed soil properties could be
found out in other related papers .
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Figure. 4 A typical longitudinal sectional profile of ground condition
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3.3 Monitoring Plan

The traditional monitoring plan might not be able to capture the
structural performance due to some unexpected disruption. It is
the key motivation of applying real-time wireless monitoring
system such as WSN system into the current six tunnels of
metro line 2. There are two types of monitoring sections in this
paper, as shown in Fig. 2, i.e., one type of section is to use two
tilt sensors installed at two sides of tunnel near horizontal
diameter, and the other type of section is to use four tilt sensors,
of which the additional two sensors, compared to the first type
of section, are installed at segment L1 and L2 shown in Fig. 3.
The reason of using type 11 is to validate the assumption of rigid
segment in the derivation of transformation law (Eq. 1).

Tables 1 and 2 displayed the detailed monitoring plan of
these six tunnels for upper line tunnels and lower line tunnels,
respectively, including range of ring number, basic geological
condition, distance between two sections and total number of
sections that are monitored. For upper line tunnels, total of 126
sections are included for installation of WSN system. The
number of sections for lower line tunnel is 129. The distance
between two successive sections depends on the geology and
initial state of the linings, which are shown in Table 1 in detail.
The monitoring was started in Oct of 2015 and plans to work
for a long-term period measurement. The measurement
frequency for each acquisition is about 20 minutes. In other
words, there would be 72 data points every day. Although the
acquisition frequency could be any interval that is needed, the
higher frequency is, the larger the data set would become as
time elapse in long term. Hence, the 20 minute is practically
sufficient for capturing the real-time performance of the lining
in long-term serviceability.

Table 1 Monitoring Plan for Upper Line Tunnels of Metro Line 2

1961 2453  Complex 50 10
5 1 699  Ordinary 100 7
700 1232 Complex 50 11
280 460 0 0
490 500 0 0
601 606 0 0
1132 1176 0 0
1 279 50 6
6 461 4go  Complex 30 1
500 559 50 1
560 600 50 1
607 1131 50 11
1177 1509 50 7
Total Monitoring Sections 126

Note: II type section (4 nodes) only for tunnel No. 6 ring No. 461-489
and tunnel No. 3 ring 990.

Table 2 Monitoring Plan for Lower Line Tunnels of Metro Line 2

Ring No. Monitoring Section
Tunnel No. Start ¢ End Geology Distance ¢ Distance
1 1 525  Complex 50 11
526 934  Ordinary 100 4
2 1 979  Ordinary 100 10
1 869  Ordinary 100 9
3 870 1070  Complex 30 7
1071 1361  Ordinary 100 3
1 424 Ordinary 100 4
425 585  Ordinary 50 3
4 586 1549  Ordinary 100 10
1550 1679  Complex 50 3
1680 1960 Complex 50 6
1961 2451  Complex 50 10
5 1 669  Ordinary 100 7
670 1240 Complex 50 11
1 249 50 5
351 669  Complex 50 6
6 771 1520 50 15
250 350 Complex 30 3
670 770 30 3
Total Monitoring Sections 129

Ring No. Monitoring Section

Tunnel No. Start  End Geology Distance Total No.

I 1 525  Complex 50 11
526 939 Ordinary 100 4

2 1 980  Ordinary 100 10
1 859  Ordinary 100 9

3 860 1120 Complex 30 9
1121 1359  Ordinary 100 2

1 424 Ordinary 100 4
425 585  Ordinary 50 3
586 679  Ordinary 100 1
4 680 1055 Ordinary 50 8
1056 1549  Ordinary 100 5
1550 1679 Complex 50 3

1680 1960 Complex 50 6

Note: II type section (4 nodes) only for tunnel No. 3 ring 990.

4 DATA ANALYSIS

4.1 Convergence evolution

As mentioned previously, up to the date for preparing this paper,
there are total of 412 days’ data. Due to the page limit, the
measured tilt data for a typical ring, i.e., ring No. 2180 of tunnel
4 is extracted from the data set for analysis. By using Eq. 1, the
convergence could be derived for 412 days with total of nearly
30,000 points. The measured horizontal convergence is plotted
in Fig. 5a. It should be noted that the measured data is the
change of horizontal convergence after its installation. Hence,
the intial convergence at origin time moment (Oct of 2015) is
equal to zero. It is quite interesting from Fig. 5a that the
periodic convergence evolution is very significant for more than
one year’s monitoring history. The horizontal convergence
increased gradually after the installation and went to its peak at
around March of 2016, however, the magnitude went down
after then and reached to its lower bound in about Oct of 2016,
just one year later after the installation. After Oct of 2016, the
increase of convergence is observed again. The maximum of
convergence is around 1.6mm, while the minimum is around -
1.2mm. The positive value of the convergence means the
horizontal diameter increased compared to the original diameter
on Oct of 2015, while the negative value stands for the decrease
of the diameter compared to the original diameter. Total of
about 3mm variation during a whole year monitoring is
observed.

To the authors’ knowledge, it is the first time that the
periodic trend of the daily convergence is observed owe to the
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application of WSN system. The traditional monitoring could
hardly capture the trend along with such a long time. However,
the reason for this periodic trend is not quite clear at this stage,
but could be partially attributed to the temperature effect of the
environment on the structural responses. The temperature of the
working atmosphere is also recorded associated with the
recording of the tilt angle each time. The measured temperature
is plotted against the time in Fig. 5b. Bear in mind that the
temperature effect on the workability of sensor is corrected
before its installation. In other words, the temperature effect
could only be applied on the structural response. By comparing
Fig. 5a and Fig. 5b, it is surprising to see that there is a clear
negative correlation between temperature and convergence. The
temperature went to its lower bound in Mar of 2016 while went
to its peak in Oct of 2016. The Person correlation coefficient p
is -0.93, which is quite high for a raw set of the field
measurement data. However, the inherent causes for this strong
correlation is not well understood yet, which requires the deep
data mining in the near future.
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Figure. 5 Unfiltered measurement for 412 days evolution of ring 2180
for tunnel No. 4. : a) horizontal convergence; b) temperature

It is not surprising to find from Fig. 5 that the evolution of
tunnel horizontal convergence shows significant uncertainties.
It is essentially the nature of the structural performance
evolution associated with the uncertainties coming from lining
and ground material. By using the Kalman filer technique (Gan
and Harris, 2001), the variance of the raw data in Fig. 5 could
be significantly reduced, the grey dots shown in Fig. 6. The
filered data could be further best-fitted by a sine function with
the time ¢ (represented by a black line in Fig. 6). By combining
the uncertainty factor with time ¢ the full representation of the
convergence evolution should be represented as following:

AD= a,sin(at+ a,) + b, sin(f¢+ b)) +&(9) 2

where a; and b; are the best-fitted coefficients in regression
analysis. The detailed values of a; and &; could be found in
Table 3. &) is the white-noise process representing the
uncertainty along with time # The mean of &(#) is equal to zero,
while standard deviation of &(#) is equal to 0.20.

Table 3 Best-fitted coefficients for Eq.2

ao a; az bo b, b R

0.7448 0.01743  -1.010  0.4105 0.003510 0.4694  0.97

o Kalman filered data
—Best-Fitted Curve
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Figure. 6 Kalman Filtered horizontal convergence data for 460 days
evolution of ring 2180 for tunnel No. 4.

5 CONCLUSION

By using the WSN system developed by the authors, the real-
time monitoring for Shanghai metro shield tunnel with a length
of 20km is applied. The rotation angle of segmental lining is
measured and the horizontal convergence is derived by a
transformation law from the tilt angle. In total of 126 sections
for six tunnels of upper line and 129 sections for six tunnels of
lower line of this metro line is selected for the monitoring.

The measured horizontal convergence shows a significant
periodic feature from more than one-year’s monitoring. This
time-dependent results could be partially attributed to the
periodic variation of environmental temperature, which is
negatively correlated with horizontal convergence with a high
correlation coefficient at about -0.93. The probabilistic
evolution of tunnel horizontal convergence could be described
by a sine trend function and a white-noise random process with
a mean at zero and a COV at 0.2.
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