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1. Introduction 

Infrastructure monitoring has been an attractive subject for researchers in recent years. Advances in 
electronics and decreases in the cost of sensors and electrical components have made smart 
infrastructures a reality. Moreover, the proliferation of the internet has opened up new applications for 
the “internet of things” to serve as a backbone for infrastructure monitoring [1–3]. One of the main 
issues in infrastructure monitoring is power consumption and power availability. Power consumption 
of sensor nodes should be optimised while keeping their functionality to a suitable level. Another issue 
in the field of infrastructure monitoring, especially large scale infrastructure such as water pipe 
networks, is data handling. The sensor node in these systems should be capable of handling the 
produced data locally and then send the processed data to the control centre in order to minimise the 
required post processing and transmission packet size. 

Pipeline systems are responsible for transporting vital materials such as water, oil and gas. Any 
leakage in the pipe can cause major financial losses and possible environmental damages. Currently, 
buried pipelines are only monitored at key points, which can be spaced several kilometres apart. A 
system with a higher spatial resolution would provide operators with a better understanding of their 
network. 

In buried pipeline monitoring, sensor nodes are deployed in soil. The underground environment 
imposes major limitations on sensor nodes, such as poor RF transmission and lack of maintainability. 
Digging trenches in order to repair or replace nodes is extremely costly; therefore sensor nodes should 
have a long operational life without any maintenance. This means that sensor nodes are required to be 
robust and consume a small amount of energy in order to last their desired lifetime. 

Despite the limitations, Underground Wireless Sensor Networks (UWSN) have a wide range of 
applications [4–6]. Pipeline monitoring is one of the main areas in which UWSN can be used. A 
suitable UWSN for pipeline monitoring should be easy to deploy on existing and new pipes. 
Measurements of the pipes’ condition should also be non-invasive to the pipe in order to maintain the 
structural integrity of the pipeline. This creates a need to design and develop new methods of 
measuring pipeline characteristics in order to monitor their structural integrity.  

Various methods are used in order to detect and locate leaks in pipes [7]. The main methods for 
pipe monitoring are acoustic measurements, pressure measurements, vision based systems, ground 
penetrating radar (GPR) based systems, fibre optic monitoring and multimodal systems.  

Vision based systems use a PIG (pipeline inspection gauge) with a form of image processing or 
laser scanning in order to find cracks and faults in pipelines [8]. These systems require access to the 
interior of the pipe to operate and only take measurements at long time intervals as it is costly to insert 
the PIGS into the pipe. Moreover they require high processing power or a skilled operator to analyse 
the results [9]. 

A vast amount of literature and research exists regarding the use of acoustic or vibration 
measurements for pipeline monitoring [5,10–16]. The majority of these methods are based on the 
detection of the acoustic emissions from the pipe. The frequency and magnitude of these signals 
depends on pipe pressure, leak diameter and type of fluid inside the pipe [5]. These signals are then 
detected by hydrophones or accelerometers [10]. The location of the leak then can be calculated by 
different cross correlation methods. Although these systems look promising they have some 
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disadvantages, which make them currently not suitable to be deployed as a buried wireless sensor 
network system. Measuring the acoustic signal requires a high sampling rate which makes the nodes 
consume more power and last a shorter amount of time on the limited power supply available. These 
methods also produce large data sets and require complex processing algorithms which also increase 
the power consumption of the sensor nodes.  

GPR based systems can be used to non-invasively (both to the pipe and surface) detect leaks in the 
pipes [17]. However performance and detection reliability of these systems is highly dependent on the 
soil type and condition and they are more suited to dry soils. Moreover, these systems are not suitable 
for continuous monitoring of large pipe networks (thousands of metres of pipes). 

Fibre optic technology can potentially solve the major problems with current pipeline monitoring 
systems. There are many research projects with different levels of success regarding the use of fibre 
optics in structural health monitoring [18–22]. Fibre optic cables can be deployed over long distances 
(few kilometres) to detect leaks or measure temperatures and strains in the pipes [11,13]. This makes it 
a suitable technique for pipeline monitoring. Moreover, different types of measurements can be taken 
via embedded fibre optic sensors. A major fundamental disadvantage of these systems is the potential 
for redundancy, which currently makes them unsuitable for general adaptation in pipeline monitoring. 
If, for any reason, a section of the pipe is damaged or it is required to be replaced, the fibre optic 
system after that location could be potentially put out of service. Moreover, the fibre optic systems are 
difficult to install and are usually required to be installed while the pipe is being constructed. 
Furthermore retro fitting of these systems in the case of damage to the fibre can be difficult, 
uneconomic and potentially can cause blind spots in the system [21]. 

A multimodal Underground Wireless Sensor Network (UWSN) using low power sensors offers a 
good solution to the mentioned issues. Dense deployment allows these systems to have an acceptable 
level of redundancy within the system. Underground wireless sensor networks offer many advantages 
over the other methods, such as concealment, ease of deployment, retro fitting, reliability and coverage 
density [23]. Sensor nodes can be retro fitted to the existing pipes individually without the need for a 
continuous trench. Moreover, flexibility of deployment makes spot monitoring possible where pipe 
monitoring is only required for a limited section of the pipe. 

This paper reports on the design and development of a multimodal Underground Wireless Sensor 
Network (UWSN) for pipeline structural health monitoring. A non-invasive method (to the structure of 
the pipe) of pressure monitoring is designed and developed based on Force Sensitive Resistor (FSR) 
technology. This method is then tested and validated in laboratory and field trials. Moreover, power 
consumption requirements of a suitable UWSN are identified and based on these findings an ultra-low 
power wireless sensor node is designed and developed. 

2. System Design  

A wireless sensor network can have different topologies and structures. The restrictive environment 
of a buried pipeline enforces many limitations on the overall structure of the UWSN. The RF 
transmission range in soil is significantly lower than in air, therefore communication between nodes is 
much more limited. This imposes limitations on routing protocols and the overall structure of the 
UWSN. Moreover, the topology of the network is restricted by the topology of the pipeline. Figure 1 
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illustrates the general schematics of the proposed UWSN for pipeline monitoring. In the proposed 
UWSN each node communicates with both nodes in front and behind itself via RF signals. For every 
4–5 nodes (up to maximum of 10 nodes) there is a master node which has the capability to 
communicate with the sensor nodes via RF transmission. Moreover, these master nodes should be able 
to connect to the internet and transmit the received data from the nodes to the cloud. Data in the cloud 
can then be accessed via different devices with internet connectivity. 

Figure 1. General schematic of the proposed Underground Wireless Sensor Network 
(UWSN) for a pipeline monitoring system. 

 

2.1. Processing Unit and Transmission 

Individual sensor nodes commonly have four main parts: a data gathering and processing unit, 
transmission unit, power management and sensors. Performance of each of these sections in terms of 
power consumption and reliability greatly affects the overall performance of the sensor nodes and 
network.  

Figure 2 illustrates a general schematic of different sections of the proposed sensor node for 
pipeline monitoring. 

Figure 2. Schematic of the sensor node and its components. 
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The Micro Controller Unit (MCU) is responsible for gathering measurements from the sensors, 
processing data, managing the power regime of the nodes and sending data to the transmitter. The 
performance of the MCU highly affects the overall performance of the node. A careful balance 
between the processing capability and power consumption is required to achieve optimum overall 
performance. 

The power management unit is responsible for converting the input voltage from the battery to a 
usable voltage for the MCU and other components.  

The Transmitter is one of the main parts of any sensor node. This unit is responsible for 
transmission of the data which is collected by MCU to other nodes via RF signals. 

Signal conditioning is composed of a voltage divider circuitry and passive filters to regulate and 
condition the signals from the sensors before they are transferred to the analogue to digital converter in 
the MCU. Another aspect which affects the performance of the sensor node is its firmware. This can 
greatly affect both the power consumption and reliability. Figure 3 illustrates the latest version of the 
sensor node without packaging.  

Figure 3. (a) Rear view of the sensor node; (b) Front view of the sensor node. 

 
 

The sensor node illustrated in Figure 3 was designed and developed based on commercially 
available components in order to keep the overall costs down. In choosing the components special 
attention was given to power consumption. The MCU of the sensor node plays a major role in its 
power consumption; a PIC16LF1827 microcontroller was selected for its low power consumption 
characteristics (nano Watt XLP Technology). The main feature of this microcontroller is its low power 
consumption during sleep mode. This is especially important as the node will spend most of its time in 
sleep mode. The other main component of the sensor node is its RF transceiver; an eRA400TRS  
433 MHz transceiver was selected for its low power requirements and flexible firmware.   

2.2. Power Consumption 

Power consumption is the most challenging aspect of the UWSN. Ultra-low power consumption 
will allow the sensor node to operate for an extended period (in excess of the shelf life of the battery) 
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used for metallic pipes of certain dimensions. One way of increasing the force measured by the FSR 
sensor is to increase the Young’s modulus of the clip and make this much stiffer than the Young’s 
modulus of the pipe itself. 

As demonstrated, the sensitivity of the FSR based pressure sensor depends on various factors such 
as pipe wall thickness, material properties and diameter. Therefore, the sensitivity of the pressure FSR 
based sensor should be calculated based on the application parameters. As an example, during 
validation tests mentioned earlier, the pressure sensor exhibited a sensitivity of 87.6 mV/bar for a  
152 mm diameter PVC pipe, with a wall thickness of 10 mm. 

Temperature measurements of the pipe’s surroundings and the pipe wall can potentially generate 
useful information in leak detection and its localisation. Water leaking from a pipe into the ground can 
potentially change the local temperature profile in the ground compared with measurements from other 
nodes further away from the leak. In addition, changes in water flow through a pipe can change the 
temperature of the pipe wall compared to the temperature of the ambient soil around the pipe as the 
water has different retention times in the pipe. Therefore, temperature data in conjunction with 
pressure data can potentially be used to detect and localise leaks and differentiate those from other 
pressure changes in the system. A commercial temperature sensor (LM35) was used to detect 
temperature fluctuations of a pipe in this research and assess the hypothesis. The temperature sensors 
used in this research are analogue sensors therefore they are connected to the node via the ADC 
channel of the node (similar to the FSR sensor). They are non-invasively mounted on the pipe wall via 
a clip. Moreover, during cold periods temperature information can be used to prevent failure of pipes 
due to low pipe wall temperature (water companies can use temperature data to manage the water 
temperature in the pipe and prevent pipe failure, i.e., they pass warm water into the pipes). 

3. Leak Detection Experimental Setup 

3.1. Laboratory Tests 

A laboratory based test bench system was designed and developed in order to test the capabilities of 
the proposed non-invasive (to the pipe) pressure sensor assembly to detect and locate leaks. This 
system consists of a U shaped section made of 40 mm PVC pipe with a simulated leak in the middle 
section (Figure 8). Water was circulated in the system by a common water pump capable of providing 
up to 3 bars of pressure. A hole with a diameter of 10 mm was made in the middle section of one of the 
PVC pipe sections as shown in Figure 8. This hole was plugged with a rubber insert which would pop 
out after a random amount of time, resulting in a leak in the pipe initially, but at the time the rubber 
insert pops out, it behaves more like a small burst. 

Figure 8 shows five FSR sensors attached to the PVC pipe sections at 2 m intervals. Sensors 1, 2 
and 3 were located before the leak and Sensors 4 and 5 were located after the leak. Each sensor was 
secured on the pipe with a stainless steel jubilee clip. Signals from the FSR based pressure assemblies 
were recorded at 100 samples per second for each sensor using a Labjack U3 data acquisition device. 
The high data rates for this experiment allowed the identification of the optimum sampling rate for  
the FSR. 
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Figure 8. Photo of the laboratory test setup for leak detection. 

 

3.2. Field Trials 

In order to fully evaluate the performance of the nodes and sensors in real life conditions they were 
deployed on a leak testing facility (connected to the main water supply). Each node was connected to 
two temperature sensors and one FSR based pressure sensor. One of the temperature sensors was 
attached directly to the pipe to measure the pipe wall temperature while the other temperature sensor 
was located approximately 30 cm away from the pipe in order to measure the soil temperature 
surrounding the pipe. Each sensor node measured all three parameters every 1,027 s (approximately  
17 min) and transmitted the values to the mother node located in a building close to the nodes. These 
data were then logged locally and shared via the internet with other devices. Figure 9 shows the nodes 
installed on the pipe with sensors attached to the pipe and in the surrounding soil. 

Figure 9. Sensor node and its sensors attached to the pipe on a leak test facility. 
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