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In the last few years, several tunnelling projects have been launched in order to extend 
the Belgian railway network. Among them are the construction of an improved 
connection to Brussels Airport, known as the Diabolo project, and a new freight 
connection between the left and right bank of the River Scheldt in the Port of Antwerp, 
called the Liefkenshoek Rail Link. The start of the recent tunnel works has been an 
excellent opportunity to accompany the boring process with an experimental monitoring 
program. Often only the ovalisation of the tunnel lining is being surveyed, where both 
cited projects also include strain monitoring in the precast concrete segments. After the 
first experiences with strain gauge measurements in the Diabolo tunnel, an improved 
monitoring program is pursued in the new Liefkenshoek tunnel. 

The paper details the practical implementation of the wireless measurement system 
applied. General experiences are discussed together with completed improvements over 
time, which include upgrades in software as well as hardware components and power 
supply of the wireless nodes. Modifications are meant to solve both practical issues 
concerning the collection of the measurement data and the durability of the system, and 
theoretical considerations such as the applied Wheatstone bridge completion circuit. 
Finally an overview of the remaining flaws in the data logger set-up is given, along with 
their possible solutions. In all of the above, the large amount of collected measurement 
results serves as a perfect illustration of the strengths and weaknesses of the wireless 
system. 
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ABSTRACT: This paper details the practical implementation of a wireless measurement 
system applied to monitor strains in the precast concrete lining of two shield-driven 
tunnels: the Diabolo tunnel below Brussels Airport and the Liefkenshoek tunnel in the 
Port of Antwerp. General experiences are discussed together with completed 
improvements over time, which include upgrades in software as well as hardware 
components of the wireless nodes. Modifications are meant to solve both practical 
issues concerning the collection of the measurement data and theoretical considerations 
such as the applied Wheatstone bridge completion circuit. Furthermore an overview of 
remaining flaws in the data logger set-up has been given. In all of the above, the 
collected measurement results serve as a perfect illustration of the strengths and 
weaknesses of the wireless system. 

 

1 INTRODUCTION 

In the last few years, several tunneling projects have been launched in order to extend 
the Belgian railway network. Among them are the construction of an improved 
connection to Brussels Airport, known as the Diabolo project, and a new freight 
connection between the left and right bank of the River Scheldt in the Port of Antwerp, 
called the Liefkenshoek Rail Link. The start of the recent tunnel works has been an 
excellent opportunity to accompany the boring process with an experimental monitoring 
program. Often only the ovalisation of the tunnel lining is being surveyed, where both 
cited projects also include strain monitoring in the precast concrete segments of various 
tunnel rings. After the first experiences with strain gauge measurements in the Diabolo 
tunnel, an improved monitoring program is pursued in the new Liefkenshoek tunnel. 
This paper details the practical implementation of the wireless measurement system 
applied at several cross-sections of the tunnel lining in both projects. 

2 OVERVIEW OF THE PROJECTS 

2.1 Diabolo Project 

2.1.1 General outline 

Brussels Airport is located at less than 8 km from the city centre, thus offering easy 
connections to all passengers travelling to the heart of Europe. As for public 
transportation, the airport is easily reached by train, but not for passengers travelling 
from the north of the country, since the airport connections necessarily go via one of the 
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Brussels stations. This situation has inspired authorities to improve the railway and road 
connection to the airport. The largest part of the ambitious project is concerned with 
establishing a direct railway link between the existing underground dead-end station and 
a new line between Brussels and Mechelen, located at the central reservation of the 
motorway between these cities. The link runs down the main runway and taxi-lanes, 
leaving the airside below the industrial area. Obviously, the airport traffic could not be 
interrupted for a longer period. Hence the crossing below these facilities was 
constructed by a twin bored tunnel. 

 

Figure 1. Overview of Diabolo Railway Project: A. existing railway station; B. 
extension to station; C. double shield-driven tunnel; D. cut-and-cover tunnel; E. 
connection to Brussels;  
F. connection to Mechelen. 

2.1.2 Bored tunnel geometry 

The bored tunnel section has a length of 1084 m and crosses below the air side. It 
consists of two bored circular sections of 7.3 m inner diameter, the thickness of the 
tunnel lining being 0.35 m. The TBM is of the mixshield type and has an outer diameter 
of 8.2 m. The soil conditions of the project are favorable, since the substratum consists 
of tertiary medium sand, which also contains sandstone horizons. The ground water 
level is about 2 m higher than the tube crown and slightly rises towards the station. 

2.2 Liefkenshoek Rail Link Project 

2.2.1 General outline 

Due to the intensive traffic inside of the Port of Antwerp, a considerable increase of 
goods transportation by train is being expected. While the main railway hub is located 
on the right bank of the River Scheldt, a new tidal dock, called ‘Deurganckdok’ is 
completed on the left bank, having a future annual capacity of 7.5 million containers. As 
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soon as the new dock will be in full operation, the traffic expectancy between both river 
banks will exceed 100 freight trains a day, weighing up to 2000 tons instead of the 
current 700 tons. The current harbor installations show only one rail link below the 
river, namely the Kennedy tunnel, which already suffers from traffic congestion. The 
Liefkenshoek Rail Link Project aims to directly connect the western part of the port to 
the railway lines in the northeast, enabling the circulation of freight trains without 
having to leave the port area. In addition operational costs will be lowered considerably 
as the distance by rail between both banks will be reduced to 22 km instead of 47 km.  

 

Figure 2. Location of the new Liefkenshoek Rail Link in the Port of Antwerp. 

2.2.2 Bored tunnel geometry 

The major part of the 16.2 km long connection is the twin bored tunnel, shield driven 
below the River Scheldt and the Port Canal using the mixshield method. Two parallel 
single-track tunnels with a length of approximately 6100 m are being excavated with an 
internal diameter of 7.3 m. Each tunnel ring is 1.8 m wide and constitutes 7 precast 
concrete elements of 0.4 m thick.  
The tunnel route is mainly located in tertiary sands, although in its low part below the 
river, the tunnel passes through tertiary clay. Special interest must be given to the 
riverbed of the River Scheldt with its silt deposits and thick layers of faulty sedimentary 
soil as well as the Port Canal, where silt deposits are also found. 
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Figure 3. Schematic longitudinal profile of the Liefkenshoek Rail Link Project. 

3 MEASUREMENT SET-UP 

3.1 Strain gauges 

In both cited projects, various cross-sections of the tunnel lining were selected for the 
concentration of the measurement program. Each monitored ring is equipped with 
several strain gauges, distributed across the ring perimeter. Prior to concrete casting, all 
segments of a measurement ring, except for the smaller keystone, are equipped with two 
internal strain gauges attached to the inner and outer reinforcement in circumferential 
direction. The cables for data transfer are guided to a small ‘waiting box’, attached to 
the reinforcement cage with the exact thickness of the concrete cover, in order to protect 
the cables during concrete casting and to be able to connect them to the data logger in a 
later stage. Immediately after installation of the segments in the actual tunnel, each 
segment is provided with a third strain gauge attached to the inner concrete surface of 
the tunnel ring. The process consequently results in a total of 18 wired strain gauges, 
monitoring strain data from the moment immediately after ring erection.  

 

Figure 4. Reinforcement cage equipped with strain gauges. 

3.2 Data loggers 

The wireless data acquisition system comprises three main components: wireless sensor 
nodes which acquire and transmit strain data, USB base stations which receive and pass 
the data to a host (laptop), and software which operates the system. Each sensor node 

protected strain gauges waiting box 



5th International Conference on 
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011 
11-15 December 2011, Cancún, México 
 
 

- 6 - 

provides 4 differential input channels (strain channels) primarily designed to support 
strain gauges of 350 ohm resistance or greater. A 12 bit A/D converter is employed to 
digitize the voltage on the differential input. This digital data is passed to the on-board 
microprocessor, processed with the embedded algorithm and saved to the 2 Mb on-
board flash memory for later wireless download using the base stations. Host computer 
software records the data to file and allows the user to configure and actuate the system. 
Furthermore, the integrated circuit of the nodes includes Wheatstone bridge completion 
resistors for each channel and internal resistors for wireless shunt calibration. The entire 
unit is powered by three lithium-ion D-cell batteries of 3.6V and the circuitry is built 
into an IP65 polycarbonate enclosure for protection against dirt and moisture. 

 

Figure 5. Wireless sensor nodes (left): A. PC board; B. on-off switch; C. 3 D-cells 3.6V; 
D. polycarbonate enclosure; E. cable glands; after installation in tunnel section (right). 

4 EXPERIENCES AND IMPROVEMENTS 

After the start of the first measurements, both strengths and weaknesses of the wireless 
measurement system became clear. In the following paragraphs, general experiences are 
discussed together with the most important improvements completed over time. 

4.1 Wheatstone bridge completion 

Basically, all strain results should be rectified with a temperature correction, based upon 
calibration-graphs supplied by the manufacturer of the strain gauges. These graphs 
indicate the correction in microstrain (µS) which should be applied for given 
temperature fluctuations, due to differences in expansion or contraction of the strain 
gauges compared to the base material. For temperature variations of about 20 degrees 
Celsius the correction equals 5 to 10 µS. However, it is not always practically feasible 
to apply the temperature correction to all strain measurements for several reasons. Most 
importantly, monitored temperature data only concern the surrounding air inside the 
tunnel. As the strain gauges attached to the reinforcement are embedded in concrete, the 
assumption that they adopt the same temperature as the air inside the tunnel would lead 
to excessive and improper corrections of the monitored strains. A similar reasoning 
applies to the strain gauges attached to the concrete surface and covered by a protective 
layer of silicone.  

A
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For this reason the described temperature correction does not appeal for practical 
application. Instead a change of the Wheatstone bridge completion could be applied. 
Where a quarter-bridge system was used in the Diabolo project, the more stable half-
bridge configuration is applied in the Liefkenshoek project. Briefly stated, this involves 
a change in electrical circuit of resistors, with a reference gauge built in together with 
the actual measuring strain gauge in the half-bridge system. In the quarter-bridge 
configuration an equivalent reference resistor was located in the internal electric 
circuitry of the sensor nodes. One of the main advantages of the half-bridge completion 
is that the reference resistor is now subject to the same surrounding conditions as the 
measuring gauge and consequently undergoes identical temperature changes, ageing, 
etc. This should result in a near complete elimination of deviations due to the described 
effects, automatically corrected temperature variations and more stable measurement 
results in general.  

 

Figure 6. Wheatstone bridge completion: quarter-bridge (left); half-bridge (right). 

4.2 Measurement frequency 

As a second optimization the measurement frequency was adapted to obtain a more 
continuous data set. The 32 Hz frequency applied in the Diabolo project resulted in a 
very short measurement period of less than five hours and strain data that were quite 
more detailed than strictly necessary. Download of the stored data, which took about 
eight minutes for one node, was required before a next data logging session could be 
initiated. Since nine separate sensor nodes were used in each measurement ring, 
wireless transfer of the stored data became a labor-intensive process. Activation of the 
Low Duty Cycle-mode (LDC) in the Liefkenshoek project made it possible to lower the 
measurement frequency significantly, resulting in a longer monitoring period and less 
download sessions. At a frequency of one sample every 30 seconds, sufficient accuracy 
of the monitored strains is ensured and measurement data only needs to be downloaded 
every three weeks. Furthermore wireless transfer of the stored data is reduced to a 
maximum of one and a half minute for each sensor node. For long term monitoring 
further reduction of the frequency can be applied so download sessions are needed only 
every three months or even less. 

As a positive effect of the lowered frequency, internal heating of the strain gauges at the 
start of each measurement period is no longer a problem. Strain data in the Diabolo 
project clearly showed a temperature drift at the start of each new monitoring period, 
due to the sudden initiation of high-frequency measurements accompanied by a strong 
electric current through the strain gauges. Since the measurements now run over an 



5th International Conference on 
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011 
11-15 December 2011, Cancún, México 
 
 

- 8 - 

extended time lapse and normally shouldn’t be interrupted longer than the duration of a 
download session, this start-up phenomenon disappears. Also the actual internal heating 
of strain gauges remains much smaller thanks to the reduced measurement frequency. 

Due to software issues at the Diabolo project, the offset-value of the strain data often 
was not stored in the measurement results. Given the short measurement periods and 
long intermediate time between consecutive monitoring intervals, difficulties arose to 
link successive measurements. Thanks to a software upgrade and the lowered frequency 
enabling a better spreading over time, consecutive monitoring periods now can be 
united in a simple way to one continuous strain result. 

4.3 Unsolved issues 

In previous paragraphs several issues were mentioned together with completed 
improvements of the measurement program. However, some flaws still remain in the 
data logger set-up, which to date could not be entirely solved.  

First, the wireless range of the sensor nodes is inadequate for wide applications of the 
measurement system. Data sheets of the sensor nodes promise a communication range 
up to 70 m line-of-sight, but on the construction site this is reduced to some dozens of 
meters. As the internal diameter of the monitored tunnels equals only 7.3 m, this range 
suffices for tunnel measurements, but other applications come to mind where the limited 
range can become a problem for normal use. Furthermore, downloading data in LDC-
mode requires that the sensor nodes are manually switched off and back on to cease 
ongoing measurements, as the ‘wake’-button in the software proves futile. This implies 
that all sensors have to be installed within reach, which renders the wireless function of 
the measurement system practically unprofitable. 

Second, the sensor nodes obviously require power supply. To assure the independency 
of the measurement system and the continuation of the monitoring process in case of 
power failure, each sensor node is powered by three D-cell batteries. In LDC-mode with 
one sample every 30 seconds the lifetime of these batteries equals about five months. As 
a result, long-term measurements also require accessibility of the sensor nodes to 
replace batteries when needed. 

Finally, the sensor nodes make use of an integrated clock of the RC type to handle time 
stamping in LDC-mode. The stability of this clock according to product specifications 
and on-site experience equals +/-10%, which is insufficient for accurate use. For 
example, a single measurement period of three weeks in LDC-mode with one sample 
every 30 seconds corresponds with a possible deviation of 2 days. Experience learns 
that accuracy should be maintained by calculating each time stamp based upon the start 
and end time of the monitoring period and the total number of enclosed measurement 
samples. 

5 CURRENT STATE OF DEVELOPMENT 

Despite of – or thanks to – all cited issues with the measurement system, the entire 
monitoring process could be improved repeatedly over time, resulting in an accurate and 
useful aid to evaluate the applied construction materials. In illustration, Figure 7 shows 
the obtained strain results in one of the measurement sections of the Liefkenshoek 
tunnel below the River Scheldt, during the 10th week after ring erection. By convention, 
tensile stresses correspond to positive strains, compressive stresses to negative values. 
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At the bottom the daily fluctuations of the water level of the River Scheldt are plotted in 
meters relative to the Belgian TAW reference level. The chart shows that despite strains 
being almost fully stabilized at this time after ring erection, daily fluctuations of the 
tidal level are clearly depicted in the strain results. It can be noticed that high water 
levels naturally result in a larger compression of the tunnel ring, while compression 
forces on the tunnel lining decrease at low tide. Figure 7 proves that accurate results 
enabling to follow the strain conditions very precisely can be obtained with the wireless 
monitoring system described, thanks to the applied improvements. As another example, 
recent measurement data show a clear influence on the leading tunnel shaft during 
passage of the second TBM. 

 

Figure 7. Strain measurement results below the River Scheldt, 10th week after ring 
erection. 

6 CONCLUSIONS 

This paper detailed the practical implementation of the wireless measurement system 
applied to monitor strains in the precast concrete lining of shield-driven tunnels. 
General experiences have been discussed together with completed improvements over 
time, which include upgrades in software as well as hardware components of the 
wireless nodes. Modifications are meant to solve both practical issues concerning the 
collection of the measurement data and the durability of the system, and theoretical 
considerations such as the applied Wheatstone bridge completion circuit. Furthermore 
an overview of remaining flaws in the data logger set-up has been given. Finally the 
collected measurement results served as a perfect illustration of yet achieved accuracy 
of the monitoring set-up in its current state of development. 
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