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Introduction 

All modern societies rely heavily on structural systems such as bridges, towers, power generation systems, and offshore 

platforms. Some of these structures are nearing the end of their design life, and because replacing these systems is so 

expensive, damage detection techniques are being developed and implemented in order to extend the service life of these 

structures beyond the design basis service life [1]. Structural Health Monitoring (SHM) refers to the process of detecting 

damage in civil engineering infrastructures[2]. SHM aims to provide diagnoses and prognoses for the state of the various 

parts of the structure at all times (evolution of damage, residual life, etc.) [3]. In terms of the first function (diagnosis), we 

could say that SHM is a novel approach to implementing Non-Destructive Evaluation. This is partially correct, but SHM is 

significantly more [2]. Monitoring various infrastructures is always an important issue in the civil engineering field, 

particularly transportation infrastructures, because they are expensive to build and maintain, and the consequences of their 

sudden failure are extremely dangerous [4]. As a result, bridge SHM is always critical. Bridge health monitoring has become 

an important area of research since the August 2007 collapse of the I-35W Mississippi River Bridge in Minneapolis, 

Minnesota, USA [5]. SHM has many advantages that make it an important way to create a better future for humanity, 

including [3]: enables the structure to be used to its full potential, minimize downtime, avoiding catastrophic failures, 

enhance the products used in construction, alter the maintenance plan and lower maintenance costs. If the human body is 

viewed as a structure, an unhealthy condition is detected by the nervous system based on information received by the brain. 
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Structural Health Monitoring (SHM) is now a fundamental idea in our daily lives. It is related 
to many disciplines, including Civil Engineering, Aerospace Engineering, Mechanical 
Engineering, and Marine Engineering, among others. It is used to monitor any structure 
throughout its lifetime for any damage caused by direct or indirect loads. It provides a 
diagnosis of the structure's state at every moment of its residual life, improves understanding 
of structural behavior, and detects any change that occurs to any component of it or for the 
entire structure via some devices (Sensors) that may be wired or wireless, incorporating micro 
and nano technology in their components putting on it or on the part under study. These 
sensors are data collectors that send data to a laptop or computer for processing via a 
communication system. These data assists decision makers in determining the structure's 
residual life and whether it requires maintenance or rebuilding. Furthermore, SHM plays an 
important role in cost management by lowering maintenance costs when compared to 
periodic maintenance, reducing downtime, and increasing end-user reliability. The wireless 
structural health monitoring (SHM) system of a cable-stayed bridge is developed in this study 
using Resensys SenSpot

TM
 Sensors. The following approaches are suggested to achieve the 

goal. Wireless sensors were used to measure strain and monitor vibration, strain, inclination, 
tilt, temperature, and humidity. These measurements help to develop a reference data set 
that can be used to monitor and detect changes in structural behavior that indicate damage. 
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When a patient suspects he is ill and seeks medical attention to prevent further illness progression. The doctor conducts tests, 

establishes a diagnosis, and recommends a treatment (shown in Fig.1). This idea can also be applied to structures. The main 

goal of SHM is to detect unusual structural behaviours that indicate the presence of damage, then inspect the structure, make 

a diagnosis, and decide whether to repair or replace it [6].  

 

SHM can be either passive or active (shown in Fig.2). If the experimenter is simply monitoring the structure with the 

embedded sensors, this is referred to as "passive monitoring." If, on the other hand, the experimenter has outfitted the 

structure with both sensors and actuators, he can generate an excitation using the actuators and then monitor the structure 

using the sensors network, which we can refer to as an action (active monitoring) [3]. 

 

Fig. 1: Monitoring as structure’s feelings 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The two possible attitudes of the experimenter defining: a) Passive and   b) active monitoring 

 

Evolution of SHM of Bridges 

Historically, bridge monitoring programmes have been implemented in order to better understand and eventually calibrate 

models of the load structure-response chain. In order to learn more about the dynamic behaviour and potential effects of an 

earthquake, one of the first exercises in bridge monitoring was implemented on the Golden Gate and Bay Bridges in San 

Francisco through a complex programme of measuring periods of the various components during their construction [7]. 

Around 2.5 million bridges are part of the global higher transportation network. Current bridge management systems use a 

variety of methodologies and approaches to rate them. As a result, statistics are very inhomogeneous. The US Federal 

Highway Administration (FHWA) stated in 2005 that 28% of their 595000 bridges are rated as deficient, with only a portion 

of these (about 15%) being structurally deficient. In Europe, this figure ranges between 10% and 20% for structural 

deficiencies. There are no figures available for Asian networks. Nonetheless, assuming a 10% structural deficiency, there are 

250000 bridges that require structural health diagnosis, improvement, and monitoring. Because SHM should be used as a 

preventive measure before bridges fail, the number of applications far exceeds the global estimate of 10% that are structurally 

deficient [8]. Due to traffic disruption, environmental effects, experiential dependence, and high cost, routine visual 

inspection does not accurately reflect the actual performance state of bridge components [5]. 

 

Bridges in the United States, Canada, Europe, Korea, Japan, and China have long-term monitoring systems installed. Bridge 

SHM systems are used to: (i) validate design parameters and assumptions with the potential benefit of improving design 

specifications and guidelines for similar structures in the future; (ii) provide real-time information for safety assessment 

immediately after catastrophic and severe events; (iii) detect abnormalities in response and loading, as well as possible 
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damage, at an early stage to ensure structural and operational integrity; and (iv) provide real-time information for safety 

assessment immediately after catastrophic and severe events, (vi) monitor repairs and reconstruction in order to assess the 

efficacy of maintenance, retrofit, and repair works. [9] 

 

Levels of SHM 

As previously stated, SHM is classified into two types: diagnosis and prognosis. We can detect the presence of flaws, their 

locations, and the extent of their propagation using diagnosis. The prognosis, on the other hand, uses the data from the 

diagnosis stage to determine the structure's remaining life (shown in Fig.3). 

 
Fig. 3: A general flow chart of a SHM system. 

 

Components of SHM System 

A SHM system includes both software and hardware components. The software components are algorithms for damage 

detection and damage modelling, while the hardware components are primarily sensors and the associated instrumentation 

[10]. 

 

SHM Using Wireless Sensors  

Because of the need for various types of data about the structure's response, different types of sensors are used in SHM. 

Sensors that have been commercially available for a long time include strain gauges, displacement transducers, 

accelerometers, anemometers, and thermocouples, among others. The sensor data sheet usually includes instructions on how 

to use these sensors in SHM. SHM sensors can be either wired or wireless. Wired sensors were previously used, but with 

advances in research, reliability, and cost, wireless sensors have emerged as one of the most promising evolving technologies 

and are expected to be the next generation of SHM [11]. New advancements in micro-electromechanical systems (MEMS), 

wireless sensing technology, and integrated circuit technology have resulted in low-cost wireless sensors with on-board 

computation and wireless communications capabilities [12]. The use of wireless sensor networks in SHM  systems reduces 

the high cost of using cable and instead relies on wireless sensor data transmission. Various types of wireless sensors must be 

installed at critical locations on a bridge that are expected to be critical during the design stage. The central server sends 

commands to activate the sensor, establish a WSN, and configure the parameters. The WSNs perform time synchronisation, 

and the wireless sensor collects data and sends it back to the central server in the form of raw data or processed data. The 

measured data will be used to evaluate structural performance [5]. (Fig. 4) shows the subsystems of wireless sensor. 

 

Fig. 4: Subsystems of wireless sensor 
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Resensys SenScope™ Wireless Sensors  

 Wireless sensors were used to record strain measurements and able to monitor Vibration, Strain, Inclination, Tilt, 

Temperature, Humidity, and Crack Activity. These measurements enhance the development of a reference data used for 

monitoring and detect changes in structural behavior that indicate damage. Fig. (5) shows the Resensys SenScope™ Wireless 

Sensors system. The installation of sensors very easy due to their small size and light weight, by using their self-adhesive 

mounting mechanism, the installation time within 1-2 minutes without making any drilling or rupture at concrete surface. 

 

Resensys SeniMax™ Gateway 

SeniMax
TM

 collects data from SenSpot
TM

 sensors and sends it to a cloud-based database system. SeniMax
TM

 is a high-

performance wireless data collector and remote communication gateway developed for years of continuous and dependable 

monitoring. SeniMax
TM

 makes use of Resensys' exclusive breakthrough energy-efficient communication and scheduling 

technology. As a result, even when the solar cells are disconnected, it still has a full month of energy reserve for reliable 

operation. 

 

SenSpot™ Wireless 1D/3D Vibration 

SenSpot™ vibration uses Resensys’s proprietary Active radio frequency (RF) Technology. Vibration SenSpots sensors can 

be used on different elements of a structure to monitor vibration with main process of monitors single axis or tri-axial 

acceleration, calculates natural frequencies/ modal analysis and Detects shift in natural frequencies. Vibration SenSpot comes 

in either self-adhesive or flange-mount form factors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Resensys SenScope™ Wireless Sensors system 

 

Tilt/Inclination SenSpot™  

Tilt SenSpot sensor is a tool for precise monitoring of inclination, tilt, bending, settling, deformation, and deflection 

(resolution 0.00016 degree or 0.5 arc seconds) by using analytical model with Detecting change in tilt caused by settling, 

deformation, or permanent change in loading also detect any over-tilting or unhealthy change in tilt that may affect overall 

safety of the structure.  

 

Strain SenSpot™  

Strain SenSpot sensor (03-32) is a smart method for monitoring strain, load rating and fatigue damage awareness with main 

features of: continuous monitoring of strain (stress), detection of transient and short-term high-strain events and fatigue life 

analysis. 

 

Resensys SenScope™ Software 

SenScopeTM is a real-time monitoring and structural diagnosis software package. SenScopeTM has the ability to convert 

large amounts of data into specific structural diagnostics information. SenScopeTM information facilitates decision-making 

and expedites the course of action for maintenance/repair. SenScopeTM functions are Real-time data visualisation, Structure 

diagnostics, alert generation with programmable alert levels, archiving of the structure's historical data and Capability to send 

e-mail or text message alerts Report automation 

 

Field Application of Wireless Smart Sensor System on Rod El-Farag Cable-Stayed Bridge 

Description of ROD EL-FARAG Bridge 

The Rod El-Farag cable-stayed bridge holds the Guinness World Record for the world's widest cable-stayed bridge (as of 

May 2019). (Fig. 6a). The geometry of the bridge is designed as detailed in Fig. 7, the bridge spans 67 metres and has six 

lanes of traffic in each direction. At the eastern entrance, the bridge spans 84 metres. The bridge was completed 32 months 

after it began construction. The cable-stayed bridge is made up of two H-shaped pylons (Fig. 2), each extending 276 metres 

above the deck and 92m above water level (three columns per pylon). The bridge's total length is 540 metres, with a main 
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span of 300 metres. The stay cables are semi-fan-shaped and transport the deck in four planes. There are 160 stay cables in 

various sizes ranging from 55 to 127 strands, totaling nearly 1700 tonnes of post tension (PT) strand. ROD ELFARAG 

Bridge is located over the Nile river, Cairo, Egypt (shown in Fig.6b). 

 

 
 

                                     (a) Real view                                                                  (b) Bridge location 

 

Fig. 6: On-Site View of ROD-ELFARG Cable-Stayed Bridge 

 

 
Side view 

 

 

 

 

 

 

 

 

 

 

 

Cross Section at Pylon 

Fig. 7: Geometry of ROD ELFARAG Cable Stayed Bridge 

 

Pylons 

The 92-meter-high pylons were built with self-climbing formwork. At a height of 70 m, a tie beam between pylon verticals 

was built using heavy-duty truss supported on embedded PT bars in the pylon and lifted by a heavy lifting system; the last 24 

m of the pylon was designed as a composite section. A steel inner shutter was divided into 12 pieces, each weighing 

approximately 28 to 33 tons, in order to be compatible with the 330-ton crawler crane used to lift the steel shuttered. The last 

9 m of the pylon were reinforced with PT bars to control and reduce crack width Fig. (8) shows the geometry of pylon during 

construction. Two intermediate piers were installed on the land side of each pylon in the 120 m side spans to reduce pylon 

deformations, bending moments, stress variations in the cables due to live loads, and improve the bridge's load distribution 

characteristics. In fact, these auxiliary piers serve as anchors and counterweights for the cable-stayed bridge. They have 

significant advantages in terms of stability during the main span's construction stage. They permitted the main span to be 

built concurrently with the pylon. 
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Fig. 8: Pylons Construction 

 

Field deployment of smart sensor nodes 

The ROD ELFARAG was provided with the state of the art RESENSYS health monitoring system. This system includes 

sensors connected using wireless network system. Each sensor has its own antenna which broadcasts triggered signal in an 

area of at least 500m radius in the existence of obstacles and around 1000m in the open space. Each sensor is powered by a 

disposable easily replaceable battery which lasts for around 10 years in standby mode. The signal coming from all sensors are 

picked by a data acquisition box (Gateway) located at the middle height of the pylon. The data acquisition box is powered by 

a photo cell that charges an internal rechargeable battery. The data acquisition is mounted facing south to capture a maximum 

amount of sun light for charging. The sensor system includes a data logger called Getaway-SeniMax. The data logger is 

equipped by a mobile SIM-card reader which sends the data via mobile phone network which picked up as a phone courier as 

it has full signal at the bridge location. The bridge pylon was equipped with several tilt-meters, strain gauges, humidity and 

temperature gauges and vibration sensors (shown in Fig.9). In order to monitor the responses of ROD ELFARAG cable-

stayed bridge, two Getaway-SeniMax configurations of wireless smart sensor are designed. As schematized in Fig. 7, a first 

Getaway-SeniMax (10-09) consists of 2 displacement meters (07-65, 7-67), 2 tilting sensors (06-17, 03-31) and 2 vibration 

sensors (07-35, 07-42). On the other hand, the second Getaway-SeniMax (10-06) consists of 3 tilting sensors (04-00, 04-01, 

03-32)) and 3 vibration sensors (07-43, 07-44, 07-47) as show in table (1). All fourteen wireless sensors included two 

Getaway-SeniMax, five vibration wireless sensors were installed for vibration measurement and placed at five locations at 

the top of the west middle pylon, two displacement meter smart sensors were installed for displacement measurement of the 

bridge, five tilting/inclination wireless sensors were installed for tilting measurement of the bridge placed also at five 

locations at the top and bottom of the west middle pylon. Table (1) shows the device numbers and their locations on the 

middle pylon. (Fig. 10) shows Field sensors date collection. 

 

 
Fig. 9: Field sensor layout on ROD EL-FARAG Bridge: 2 gate way, 2 displacement meter, 5 tilting, and 5 vibration sensors 
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Table 2: Device numbers and their locations on the middle pylon 

 

No. Name Type Location 

1 00-00-10-09 Gateway -SeniMax West Middle pylon 

2 15-03-07-65 Displacement Meter (2") S0 

3 15-03-07-67 Displacement Meter (2") S0 

4 15-03-06-17 Tilt West Middle pylon 

5 15-03-03-31 Tilt West Middle pylon 

6 15-03-07-35 Vibration Sensor West Middle pylon 

7 15-03-07-42 Vibration Sensor West Middle pylon 

8 00-00-10-06 Gateway -SeniMax West Middle pylon 

9 15-03-04-00 Tilt West Middle pylon 

10 15-03-04-01 Tilt West Middle pylon 

11 15-03-03-32 Tilt West Middle pylon 

12 15-03-07-43 Vibration Sensor West Middle pylon 

13 15-03-07-44 Vibration Sensor West Middle pylon 

14 15-03-07-47 Vibration Sensor West Middle pylon 

 

All sensors and gateways are housed in steel boxes with waterproof rubber gaskets to protect them from sun-heating, 

absorbent, and other damage caused by extreme conditions at the field site such as rain, wind, and dust. 

  

 
Fig. 10: Field sensors date collection 

 

Time Domain Results (Real time data)  

Data extracted from the sensors are represented in the form of raw data without any processing, data should be processed and 

analysis for extracting the important parameters for the structure to make a decision for maintenance plan, replacing the 

structure and estimate the residual life of the bridge. We have used a Seniscope software for extracting the data and turned it 

into charts for easily dealing with it. As shown in Fig.15 we extract the date of tilting sensors in (X&Y) axis and vibration 

sensors in (X,Y&Z) axis. This data will analysis for extracting the modal parameters and compare it with the allowable 

values which the structure was designed per it. [19]. 

 

As shown in (figuers 11, 12) it can extracted that The maximum value of the three-dimensional vibration at a level of 80.0 m 

in the X direction was (-20) mg , Y direction was (-1081) mg and Z direction was (-67) mg. At alevel of 5.0m, The maximum 

value of the three-dimensional vibration in the X direction was (-2043) mg, Y direction was (-1726) mg and Z direction was 

(-2036) mg.  

 

Also as shown in (fig. 13) it can extract that the maximum value of the tilting at a level of 20 m in the X direction was (-5.5 * 

10^-4) mm, Y direction was (-6.5 * 10^-4) mm. At alevel of 60 m, The maximum value of the tilting in the X direction was (-

57*10^-3) mm, Y direction was (-570*10^-3) mm. At alevel of 80 m, The maximum value of the tilting in the X direction 

was (-105.6*10^-3) mm, Y direction was (-1030*10^-3) mm. 
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Fig 11: Sensor (07-35) Vibration with time in X, Y and Z-Direction 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig 12: Sensor (07-43) Vibration with time in X, Y and Z-Direction 
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Fig 13: Sensor (06-17) Tilting with time in X and Y-Direction 

 

Conclusion 

As previously stated, we conclude that SHM has become an essential process in many countries and areas of development 

and research due to the development of wireless smart sensors, data rate transfer, sensor synchronisation time, and system 

durability. As researchers, we should conduct more case studies and data analysis to help our world's infrastructures develop. 

The feasibility of Resensys SenSpot
TM

 wireless Sensors on ROD EL-FARAG Cable-Stayed Bridge for SHM in a real cable-

stayed bridge was successfully evaluated in this study, and vibration- and impedance-based SHM methods suitable for the 

pylon system in cable-stayed bridge were briefly outlined. In this approach, a solar-powered energy harvesting unit was used 

to enable the smart sensor to operate autonomously. Finally, the smart sensor's applicability was successfully tested on 

Egypt's ROD EL-FARAG cable-stayed bridge. 

 

Based on the SHM results, the target bridge has presented a healthy as-built state, equivalent to the designed state, over the 

monitoring period. The success of field experiment on ROD EL-FARAG Bridge demonstrates the great potential of the 

Resensys wireless sensors for hybrid SHM of real structures. This review has led us to the following conclusions:  

• SHM is an important process for economic structures. 

• Performance-based maintenance has taken the place of routine maintenance. 

• It is now possible to estimate the structure's remaining life. 

• Wireless sensors are the most promising area for future development in the system. 

• By the time SHM changes the structure's design parameters, a new design concept will emerge. 
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