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Abstract: Wireless sensing network (WSN) has been widely used in underground structures these years, especially on
maintenance period but the construction influence on structures is also vital to the structure sensing in a life cycle way. In this
paper, the application of the WSN-based monitoring on utility tunnel during construction was conducted. Four stress sensors,
eight wireless tilt sensor nodes and three laser distance sensor nodes were installed to measure the stress and deformation.
And two wireless tilt sensors and two laser distance sensors were installed in a cast-in-place tunnel to monitor the influence
of live loads to the structure. The relationship between the differential settlement and the joint opening of utility tunnel are
discussed. The wireless sensing network is proven to be reliable and practical for the real time monitoring of a utility tunnel.
The research findings from this paper also provide an important insight of the stress and deformation changes in the utility
tunnel during construction.

Keywords: Wireless sensing network; utility tunnel; structural health monitoring.
1 Introduction

With the urbanization of China these years, utility tunnel developed dramatically and became an indispensable
part of urban infrastructure. This kind of infrastructure plays an important role in improving the utilization rate
of urban underground space and the maintenance of the inside pipelines. Thus, increasing attention has been
directed to the monitoring for this kind of structure for the sake of safety. Unlike other underground structure,
many different kinds of pipelines are installed in the utility tunnels, so the performance of utility tunnel during
the construction and operational period is critical for the safety and performance of the inside pipeline (Chen et
al. 2010). Given that the complex inside pipeline networks and the limitation in space for installation, the
existing wired monitoring is difficult to carry out. Furthermore, the installation of a large scale wired monitoring
system is quite costly and labor intensive (Spencer et al. 2017). So, a lower cost and real-time monitoring
method is increasingly needed for the construction and maintenance of the utility tunnel.

With the development of advanced sensing technology, the combination of wireless sensor network
technology (WSN) and micro-electro-mechanical systems (MEMS) is widely used to conduct a real time
monitoring. The WSN monitoring method was successfully applied to subway shield tunnels in 2010 (Bennett et
al. 2010). This technology was applied to the monitoring of longitudinal settlement of shield tunnels (Yin et al.
2015), the monitoring of horizontal convergence deformation of shield tunnels (Wang et al. 2017), and the
monitoring of highway tunnel in seasonal frozen soil region (Du et al. 2017).

This paper introduces the use of wireless sensing networks in a utility tunnel in Shanghai. Firstly, a
calculation model was carried out based on the deformation modes of a shield driven tunnel in practice. Then,
the wireless sensing projects of two utility tunnels in Shanghai Songjiang districts are introduced, where the tilt
change of the structure as well as the internal force were monitored in real time. The reliability of the monitoring
system and the reasonable of the monitoring data are analyzed before the conclusion of the paper.

2 Calculation Model for Displacement and Force

2.1 Calculation model of longitude displacement
It is assumed that the calculation model for the longitude displacement of utility tunnel structure is similar to
shield tunnel as shown in Figure 1. Since most of the utility tunnel is relatively shallow buried structure, less
than 5 meters in most situations, the additional load on the structure is low and thus the deformation of structure
is negligible.

The longitudinal differential settlement calculating model based on the tunnel inclination monitored by tilt
sensor nodes has been proved to be feasible. If the tilt sensors are close enough, then utility tunnel between two
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tilt sensors can be approximately assumed as a rigid body. So, the longitudinal deferential deformation of utility
tunnel can be obtained according to Eq. (1).
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Figure 1. The calculation model for differential settlement of shield tunnel.
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where W is the cumulated longitudinal differential settlement, W, is the differential settlement of rigid part i,

l‘. is the length of part 7, 9, is the slope change of part i, ¢, is the angle between the axial of part i and

vertical direction, and n is .

2.2 Formula for force calculation
To sense the force of reinforcement inside the concrete, eight reinforcement dynamometers are placed in the
structure. The relationship between force and frequency is obtained from Eq. (2).

P=K-(f2- 1) ®)

Where P is the calculated force of reinforcement,, K is the measured calibration factor of the dynamometer,
fi is the frequency of the dynamometer in force i, andf0 is the frequency of the dynamometer without force.

3 Installation of Wireless Sensor Network Monitoring System

The wireless sensor network monitoring systems were installed at two different places, below the Bailiang road
and Qiting road respectively. Each monitoring system has a gateway to collect and transfer the data to the server.
Table 1 gives the specifications of wireless tilt sensor node, wireless laser distance sensor node and
reinforcement dynamometer. The WSN monitoring system was installed in September, 2018 and the data
acquisition frequency was set to be one time per hour during tunnel operation stage. Detail information about the
two monitoring sites are introduced in the following subsections. Figures 2 and 3 exhibit the on-site installation
of wireless tilt and laser distance sensor nodes inside the utility tunnel. Figures 4 and 5 are the reinforcement
dynamometer and the collection node.

3.1 Installation in Bailiang road

Eight wireless tilt sensor nodes, three laser distance sensor nodes and eight reinforcement dynamometers were
connected to two collection nodes to measure the deformation as well as internal force of utility tunnel in
Bailiang road. There are 36 precast utility tunnel sections in this site, with a length of 2 meters for each section
and a covering depth of 2.5 meters. The deformation as well as the internal force of precast utility tunnel are the
main monitoring content. The scheme of wireless sensors is shown in Fig.6. The sensors are placed at the low
part of the section, 40cm above the bottom. The average distance of inclination sensors, laser sensors were 10m
and 20m respectively. The reinforcement dynamometers were placed in the middle and front side of the 36
sections.

3.2 Installation in Qiting road

On 14" September, a crack with the length of 2cm occurred due to the overload caused by the heavy vehicles of
the temporary road. Also a large displacement occurred in the seam between section 46 and 47 with the length of
3.8cm. A steel temporary bridge was fabricated above of section 49 to reduce the overload, also other repairers
and improvements were still conducted inside the tunnel after the damage was found. Before the steel temporary



884 Proceedings of the 7th International Symposium on Geotechnical Safety and Risk (ISGSR)

bridge was put into use, two wireless tilt sensor nodes and two laser distance sensor nodes are installed in Qiting

road on 21% September. The scheme of wireless sensors is presented in Fig.7.

Table 1. Specifications of wireless sensor nodes.

Sensor node Measurement range Precision Temperature precision Tilt precision
X axis +£10°
Tilt sensor node ax%s 0.01° 2°C /
Y axis £10°
Laser distance sensor node 0.05m~33m 0.5mm 1C 0.04°
Reinforcement dynamometer / 1% / /

Figure 3. Laser distance node.

Figur 2. Tilt sensor node.

Figure 5. Dynamometer collection node.

Figure 4. Reinforcement dynamometers.
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Figure 6. Plain installation scheme of wireless sensors in Bailiang road.
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Figure 7. Plain installation scheme of wireless sensors in Qiting road.
4 Data Analysis

4.1 Data from Bailiang road

Considering that the utility tunnel in Bailiang road was still under construction when the monitoring system was
installed, some of the tilt nodes and laser distance nodes can reflect the impact of construction in the site. The
laser nodes are mostly affected, since the accept targets were destroyed, the distance data were missing. The
calcination data are shown in Fig.8. On 22" October, inside operation was conducted, two sensors were moved
by workers, so the tilt data were changed relatively sharply. After the inside operation, the upper soil layer was
filled on 25" October, from the tilt data and reinforcement data the impact of the construction should be
considered. The tilt change showed regular peaks during the construction which are well matched with
reinforced force calculated from Eq. (2) shown in Fig.9. The maximin tilt change was nearly 0.035° , the
displacement was 2.4mm according to Eq.(1) and reduced to a safe magnitude after the construction, the
maximin reinforcement force was nearly 9 kN, both factors are safe for the structure. So, from the data from
Bailiang road, we can obtain that construction affected both displacement and internal force of the utility tunnel
structure, but the influences are relatively small and far from damage, after the pipelines are placed inside the
conclusion may be different, the safety analysis of structure and pipelines need further efforts.
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Figure 8. Tilt change in longitude direction.
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Figure 9. Force of reinforcement.
4.2 Data from Qiting road

4.2.1 Correlation between temperature and displacement data

Fig.10 shows the temperature change gathered from the record of weather forecast in Songjiang district, while
Fig.11 shows the tilt change cross the section. From the data from Qiting road, the corresponding between
temperature and tilt change obvious that is with the trend of decline in temperature tilt change has a rise trend.
The corresponding analysis between temperature data and tilt and distance data is carried out, the result is shown
in table.2. So, the temperature has an impact on longitude sensing.
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Figure 10. Temperature data from weather forecast. Figure 11. Tilt change cross the section.

4.2.2  Calculation of displacement

The overloading had a huge impact on the structure, large displacement occurred between 46 and 47 before the
steel temporary bridge was constructed. To compare the displacement calculated by the Eq. (1) with what are
measured by the laser distance node; the data from No.11509207 and No.11AOAS4A are analyzed. Since the
laser distance node also contains tilt sensors, in Fig.12, three displacement curves are presented from tilt change
from the tilt node, distance measured by the laser node, and tilt change from laser node respectively; the length
of the section is 7m. Three curves are well fitted, so the tilt sensor is practical when it is used to sense the
longitude displacement of utility tunnel.

Table 2. Correlation coefficient between tilt change and air temperature.

Sensor ID 115092D7 115091E3 11A0AS4A 11A0A64F
Correlation coefficient 0.7351 0.7255 0.9663 0.5544
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Figure 12. Displacement between section 46 and 47.
5 Conclusions

In this paper, the WSN are used in two utility tunnel sites in Shanghai, and the data from the system are analyzed.

From the result we can have the following conclusions:

1. The inner force of the utility tunnel affected by construction can be wirelessly sensed.

2. The longitude displacement can be sensed by tilt sensors, and the effect of temperature change on tilt should
be considered.
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