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Abstract: Traditional bridge monitoring systems often require wired connections between sensors, a data acquisition system, and data center. The use of extension wires, conduits, and other costly accessories can dramatically increase the total cost of bridge monitoring. With the development of wireless technologies and the notable cost benefits, many researchers have been integrating wireless networks into bridge monitoring system. In this study, a wireless bridge monitoring system has been developed based on the Sub-1 GHz network. The main functional components of this system include sensors, wireless nodes, gateway and data center. Wireless nodes can convert analog signals obtained from the sensors to digital signals, then transmit the collected data to the gateway using the Sub-1 GHz network. The gateway receives and sorts data from different wireless nodes and then forwards these data to the data center wirelessly. All collected data are processed in the data center using the data processing software developed in this study. In order to validate the performance of the wireless system developed in this study, a steel girder bridge was monitored in the field during the concrete deck construction. The field results were also compared with the theoretical values obtained from finite element models to ensure the accuracy and reliability of the wireless system. The results indicate that the wireless bridge monitoring system developed in this study is effective and affordable. The Sub-1 GHz network can be a better solution for bridges with complicated site conditions because of the extended data transmission distance. Although the power consumption can be controlled by using low-power consumption components, including the power control in software design can also dramatically reduce the system’s power consumption.
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1  Introduction

Long-term or short-term bridge monitoring often requires many sensors and data acquisition systems (DAS). The traditional bridge monitoring system uses extension wires to connect sensors with the monitoring system, conduits to protect the wires, and other costly accessories. Fig. 1 shows an example of using extension wires during bridge monitoring. All these accessories significantly increase the total cost of bridge monitoring and the difficulties during the bridge instrumentation. Therefore, to reduce the cost for the bridge monitoring as well as simplify the instrumentation procedures, many researchers have investigated the application of wireless systems for bridge monitoring in recent years [1–5].
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Figure 1: Extension wire between DAS and sensors

One of the major concerns for developing a wireless bridge monitoring system is the data transmission approach. With the rapid development of wireless technologies in recent years, many wireless transmission methods, such as Bluetooth, WIFI, Zigbee, cellular network, and Sub-1 GHz, can be implemented when integrating wireless sensor networks into a bridge monitoring system. The data transmission rate, range, power consumption, and overall reliability are different for each method. A comparison among different commonly used wireless technologies is shown in Table 1. Compared with other types of wireless methods, the sub-1 GHz network can provide a long-distance data transmission without any extra cost from the mobile network operators, and the power consumption can be as low as 5.4 mA using a 3.6 V lithium battery [6]. The development of a bridge monitoring system must consider the condition of the real bridge, such as location, geographical condition, and weather, etc. For instance, Sun et al. [7] developed a bridge monitoring system based on Zigbee technology; however, the speed of communication was slow when using Zigbee technology, limiting its application in bridge monitoring [3]. Yu et al. [8] designed a WIFI-based wireless sensor network for the monitoring of an offshore anchored suspension bridge. Bluetooth technology has also been integrated into bridge monitoring projects to reduce costs [9–11], but the data transmission range is a major issue. Many researchers were also exploring the application of cellular networks in structural monitoring. Moreu et al. [12] developed smart wireless sensors based on the cellular network to monitor railroad bridges. Other researchers have developed different monitoring systems or sensors with different purposes to monitor structures under different environmental and geographical conditions using cellular networks [13,14]. However, very little research has been conducted using sub-1 GHz network.
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In this paper, a low-cost bridge monitoring system using the Sub-1 GHz network was developed for both long-term and short-term bridge monitoring. The system mainly includes four functional components: sensors, wireless nodes, data gateway, and data processing center. Multiple sensors can be attached to a single wireless node, and the data can be transferred to the gateway through the Sub-1 GHz radio network. The computer located in the data center processes the raw data coming from these wireless nodes, turning them into the desired format. Furthermore, this system was implemented during the deck construction of a bridge, and the results were validated by comparing them with the computer simulation using finite element (FE) analysis. The comparison indicates that the system developed in this study can provide reliable and accurate results during bridge monitoring.

2  System Design

2.1 System Overview

The design of the wireless bridge monitoring system considers data transmission distance and rate, power consumption, cost, and reliability. In this study, the wireless bridge monitoring system mainly consists of sensors, wireless nodes, gateway, and data processing station, as shown in Fig. 2. The system measures the changes of voltage in the sensors. Hence, many different types of sensors, such as strain gauges, tilt sensors, and LVDTs, can be connected into the same system.
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Figure 2: Wireless bridge-monitoring system

The wireless nodes collect analog signals directly from the connected sensors and convert these signals into digital ones in a binary format. After each measurement, the binary data are transmitted from the wireless nodes to the gateway that is generally connected to the data station. Sub-1 GHz radio network was selected for the data transmission between the wireless nodes and gateway because the range can be up to 2.5 km (1.55 miles). The gateway can also be used to extend the wireless transmission distance through the Sub-1 GHz or cellular networks.

The gateway in this system accepts and sorts the binary data based on the address of each node. The data processing software installed in the data station is designed to convert binary data to decimal format and store all the decimal data into the data station. Another essential function of the data processing software is to control the wireless nodes and gateway to reduce power consumption.

2.2 Development of Wireless Node

The wireless node development includes two parts: hardware design and operating system (OS) design. The hardware design of the wireless node is shown in Fig. 3. The wireless node consists of several units such as power supply unit, power control unit, analog to digital converter (ADC), microcontroller (MCU), and radio transmitter. Since each component of the wireless node requires a different range of voltage, voltage regulators are included in the power supply unit to ensure the functionality of all the units.
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Figure 3: Hardware design of wireless node

The material used in developing the wireless node is shown in Table 2. The wireless node is powered by two 18650 batteries connected in series, with a voltage of 3.7 V and capacity of 3000 mA for each battery. A CC-1310 Launchpad from Texas Instruments (Dallas, TX, USA) is used as the MCU unit, as shown in Fig. 4. The CC1310 device is a wireless MCU targeting low power, long-range wireless applications based on Sub-1 GHz radio network [20]. Also, ADS-1256, which is an extremely low noise, 24-bit ADC with eight analog channels manufactured by Texas Instruments, is selected as ADC unit (Fig. 5). The ADS 1256 has a maximum sample rate of 30 kHz, and allows converting the analog signal from a sensor into a digital signal with an accuracy of 10/224 V (0.0006 mV) [21]. The MOSFET power control unit is used as an electronic switch for both sensors and ADC in order to reduce the power consumption of the entire system. An example setup of the wireless node is shown in Fig. 6.
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Figure 4: CC1310 launchpad
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Figure 5: ADS-1256 analog to digital converter
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Figure 6: Example setup of wireless node
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The development of the operating system for a wireless node needs to consider the power consumption and the communication between the node and the gateway. The general workflow is shown in Fig. 7. After the initialization of the MCU and all the input/output ports (I/O ports), the wireless node turns to low power consumption mode, only accepting commands from the gateway. There are three basic commands for controlling the wireless node: “Status”, “Collect”, and “Stop”. When the wireless node received “Status” command, the unique address, which is pre-assigned to each wireless node, is transmitted to the gateway in order to list all available wireless nodes. The “Collect” command sets the wireless node into active mode and allows the data from sensors transferring between the node and gateway. However, the system turns into sleep mode after each reading if the sample rate is larger than two seconds in order to eliminate unnecessary power consumption. The “Stop” command stops all activities and puts the wireless node into sleep mode until a new command is received.
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Figure 7: Workflow of operating system for wireless node

2.3 Development of Gateway

In order to receive data from the wireless node, the CC1310 Launchpad is also used as gateway. The gateway can also send commands to wireless nodes and communicate with the data processing software. The workflow of the operating system for the gateway is shown in Fig. 8. The major role of the gateway is to link the wireless nodes and data processing software. The gateway basically sends any command received from the data processing software. It also transfers data received from wireless nodes to the data processing software for further analysis. When a “Status” command is received, the gateway transmits the command and is then set to “waiting” mode once the “Status” data is received and transferred to the data processing software. The “Collect” command lets the gateway accept data from wireless nodes until the “Stop” command is received from the data processing software.
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Figure 8: Workflow of operating system for gateway

2.4 Development of Data Processing Software

The data processing software includes three different functional modules: “Check Status”, “Data Collection”, and “Stop”. The workflow for all three modules is shown in Fig. 9. The purpose of the “Check Status” module is to check all available wireless nodes and list them in the user interface. The “Data Collection” module sends “Collect” command through the gateway to activate all wireless nodes. Then the raw data, which is in binary format, is converted to decimal data. The decimal data is stored in the computer and also listed in the user interface. The “Stop” module stops all the activities of wireless nodes and the gateway, putting them into “sleep” or “waiting” mode to reduce power consumption.
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Figure 9: Workflow of data processing software

3  Validation through Field Bridge Monitoring

3.1 Bridge Information and Instrumentation

In order to validate the wireless bridge monitoring system as well as evaluate the exterior girder rotation during concrete deck placement, a bridge located in the state of Illinois was selected to be instrumented with different types of sensors during construction. The bridge is a three-span continuous bridge with span lengths of (23.5 + 29.3 + 23.5) m (77 + 96 + 77 ft). Six American W40 steel girders with a spacing of 2.21 m (7.25 ft) between each girder were utilized. In order to reduce the rotation in the exterior girder, pipe-tie systems [22–25] were installed between the exterior and the first interior girder with a distance of 2.44 m (8 ft) along the entire length of the bridge. The general geometric information of the bridge is shown in Table 3.
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Tilt sensors and strain gauges were installed on the bridge to evaluate the rotation of bridge girders during deck construction. The locations of the sensors were determined based on the preliminary FE analysis results, which indicated that the largest transverse girder rotation occurs in-between the diaphragms that have the maximum longitudinal spacing; hence the girder transverse unbraced length [24,26]. The selected locations for the sensors are shown in Figs. 10 and 11.
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Figure 10: Location of the section for sensor installation
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Figure 11: Location of the tilt sensors and strain gauges

The tilt sensors, CXTLA02 manufactured by MEMSIC Inc. (Andover, MA, USA), were used to evaluate the rotation of exterior girder during deck construction. These sensors were protected with open aluminum boxes, shown in Fig. 12, and were installed at the middle and bottom of girder’s web.
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Figure 12: Tilt sensor with open aluminum box

Foil strain gauges (CEA-06-125UN-350) manufactured by Micro-Measurements (Raleigh, NC, USA) were installed at the bottom flanges of the exterior girder and first interior girder, as shown in Fig. 13a. Strain gauges were also installed on the diagonal pipe of the temporary rotation prevention system to evaluate the performance of the pipe-tie rotation prevention system (Fig. 13b).
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Figure 13: Strain gauge with protective coating. (a) Bottom of girder (b) Diagonal pipe

All sensors were connected to the wireless nodes developed in this study. Fig. 14 shows an example setup of the wireless node during the bridge monitoring. The wireless nodes were connected to the gateway wirelessly, and the data center was setup close to the construction site since the bridge was monitored only during deck construction. The distance between the wireless nodes and the data center was approximately 300 m (984 ft), which is much farther than for systems using Bluetooth, WIFI or Zigbee technologies.
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Figure 14: Resistive bridge adapters connected between wireless node and sensors

The wireless node measures the voltage changes in the tilt sensor; therefore, Eq. (1) must be used to calculate the rotation values. In this equation, Vout is the output voltage obtained from the sensor by converting the analog signals to decimal format. VOffset indicates the output voltage of the sensor when there is “zero” rotation, while M is the multiplier used to convert the voltage data to rotation angles.


Rotation=Vout−VoffsetM
(1)

Because voltage changes for strain gauges are generally very small, the Wheatstone quarter bridge circuit was used to detect the small voltage changes in strain gauges. Resistive bridge adapters, 4WFBS350 manufactured by Campbell Scientific (Logan, UT, USA), were connected between the wireless node and strain gauges. Therefore, the strain values can be computed using Eq. (2) [27].


ε=4VrG(1−2Vr)
(2)

In the equation, G is the gauge factor, and Vr can be calculated using the following Eq. (3) [27]:


Vr=(VoutVin)Strained−(VoutVin)Unstrained
(3)

3.2 Field Monitoring Results

The field monitored rotation data using the wireless bridge monitoring system are shown in Fig. 15. The rotation and strain data were collected at every 30 s. The construction of the concrete deck slab started at 7:46 AM, where the fresh concrete was placed from the west abutment toward the east abutment. The girders started to rotate transversely, at the location of the sensors, at 10:00 AM when the fresh concrete and the screed machine reached the second span, creating an inward rotation in the exterior girder (shown in Fig. 16). When the construction of the concrete deck reached the third span, at the instrumented section, the exterior girder experienced an outward rotation (shown in Fig. 17) with a maximum value of 0.18 degrees in the bottom of girder. The rotation in the middle of the girder shows very similar results compared with the bottom of the girder, indicating no significant distortion of the web during bridge deck construction.
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Figure 15: Field rotation measured by wireless monitoring system

[image: images]

Figure 16: Inward rotation in the exterior girder
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Figure 17: Outward rotation in the exterior girder

The strain values were measured in the diagonal pipes to evaluate the performance of the pipe-tie rotation prevention system as well as the wireless bridge monitoring system. The field results of the strain in the diagonal pipe are shown in Fig. 18. The results indicate that the diagonal pipe started to engage with the bridge girder system when the construction loads reached a location close to the monitored section. Similar to the rotation values, the largest strain value was observed when the screed machine and fresh concrete were above the monitored section, resulting in a compressive strain of approximately −87 με.
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Figure 18: Field strain in diagonal pipe measured by wireless monitoring system

The strain in the bottom of the exterior and first interior girders was also monitored during deck construction. The results are shown in Fig. 19. Both girders experience similar strains during the construction process. The maximum strain values recorded were 97.8 and 86.7 με for the exterior and interior girders, respectively.
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Figure 19: Field strain at bottom of girders measured by wireless monitoring system

Both rotation and strain data show very low noise during monitoring, mainly due to the use of the low-noise ADC. The ADS-1256 ADC used in this study offers outstanding noise performance that can be optimized by adjusting the data rate or programmable gain amplifier (PGA) setting. When the data rate is programmed using 100 Hz and the PGA is set as 64, the system can convert an analog signal to a high-resolution digital signal with an effective number of bits (ENOB) at 20 [21]. The input-referred noise at this time is approximate 0.17 μV, resulting in a rotation of only 0.0000002 degrees or a strain of around 0.5 με. Therefore, the noise can be eliminated by using this high-resolution ultra-low-noise ADC to ensure the wireless monitoring system’s performance.

3.3 Comparison Between FE and Field Results

In order to validate the performance of the wireless bridge monitoring system, the field monitoring results were compared with results from a FE analysis. The FE model was established using SAP2000 software and has been verified in previous research studies [22–25,28,29], as shown in Fig. 20. The bridge girders, as well as the diaphragms, were modeled using shell elements in order to include the warping effect and the distortion of the girder’s web in the analysis [30–35]. The overhang brackets were modeled using three-dimensional (3-D) frame elements, while 3-D truss elements were assigned to components of the temporary rotation prevention system. The details of the elements used in the FE model are shown in Table 4.
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Figure 20: Finite element model for selected bridge
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Since it is difficult to confirm the exact locations of the construction equipment from the field data, the comparison between the FE and the field results is conducted by comparing only the maximum rotation and strain/stress values to assess the accuracy and reliability of the wireless monitoring system. Fig. 21 shows the comparison between the FE and the field rotation results. In the middle of the girder’s web, the FE analysis indicates a rotation of 0.139 degrees which shows only 2% difference compared with 0.142 degrees from the field monitoring. The difference of the rotation values in the bottom of the girder between FE and field results is 7%. The small difference in rotation values demonstrates the accuracy of the system when measuring the changes of voltage inside the sensors.
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Figure 21: Comparison between the FE and field rotation results

The comparison between FE and field strain/stress results is shown in Fig. 22. The FE analysis shows a compressive strain of −105.3 με (−21.1 MPa) in the diagonal pipe, approximately 15% difference when compared to the field results (−87 με/−17.4 MPa). The strain/stress values in both exterior and interior girders were similar, with less than 6% difference observed. The large compressive strain/stress in the diagonal pipe indicates the pipe-tie system has a significant contribution in preventing the girder rotation. Moreover, the small differences between the FE and field results show the high performance of the wireless bridge monitoring system developed in this study.
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Figure 22: Comparison between the FE and field strain/stress results

4  Conclusion

In this study, a Sub-1 GHz network-based wireless bridge monitoring system was developed. The main functional components in this system include sensors, wireless node, gateway, and data center. The wireless node collects the analog signals directly from sensors, and transmits all the data through the Sub-1 GHz network to either the data center directly or the gateway. The gateway can receive and sort the data from all the wireless nodes, and then forward data to the data center using the wireless network such as cellular or Sub-1 GHz network, depending on the communication distance. To evaluate the performance of the system, a bridge was instrumented with different types of sensors and the wireless monitoring system developed in this study during the deck construction. The following conclusion can be drawn based on the findings of this study.

(a)
The wireless monitoring system developed in this study is demonstrated to be an effective and cheap solution for bridge monitoring.
(b)
The condition of the bridge site can be very complex and sometimes requires long data transmission distances. Sub-1 GHz network can be a better solution for bridge monitoring since the data transmission distance can be several kilometers and does not require a cellular network.
(c)
The communication distance between the wireless nodes and the data center can be extended by using the gateway. The gateway forwards all the received data to the data center using the Sub-1 GHz network or cellular network, depending on the distance between the gateway and the data center.
(d)
High accuracy ADC should be used in the wireless bridge monitoring system in order to obtain high accuracy and reliable field results. When connecting strain gauges, the Wheatstone bridge circuit should be used in order to detect the minor changes of the voltage/current in the strain gauges.
(e)
Power consumption can be controlled by using low-power consumption components. Besides, the design of the software, including the OS for the wireless node, gateway, and data processing software, can dramatically affect the power consumption of the system.
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Table 3: Basic information of selected bridge

Parameter Value

Beam type W40

Beam depth 40 in (102 cm)

Skew angle 0 degrees

No. of girders 6

No. of span 3

Span length 23.5m+293m+23.5m (77 ft + 96 ft + 77 ft)
Overhang width 1.05m (3.46 ft)

Girder spacing
Diaphragm type
Temporary rotation prevention system

221m (7.25 ft)
C15x40
Pipe-tie system
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Table 4: Element types in FE model

Structural component Element type Number of element
Steel girder Shell 52,513

Diaphragm Shell 25,204

Overhang bracket 3-D frame 750

Screed machine rail 3-D frame 3,120

Tension only 3-D truss Transverse ties 620

Compression only 3-D truss Diagonal pipes 1240
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Table 1: Comparison between different wireless methods [15-20]

Bluetooth low WIFT Zigbee Cellular Sub-1 GHz
energy (2G/3G)
Frequency 2.4 GHz 24 GHz 868/915 MHz 850/900 MHz 433/868/915
5 GHz 2.4 GHz 1800/1900 MHz
MHz
Nominal range 50 m (164 ft) 10-100 m 10-100 m Cellular 2.5 km
(33 10 328 f1) (33 10 328 ft) network (8202 ft)
Maximum signal 1 Mbps 54 Mbps 250 Kbps 10 Mbps 4 Mbps
rate
Power Low Medium Low High Low

consumption
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Table 2: Major material used in wireless node

Component Name/Model Manufacturer Quantity Cost (USD/
Unit)
Power supply unit 18650 battery EBL (East Hartford, CT, USA) 2 3.00
Voltage regulator Seeed studio (Shenzhen, China) 2 4.50
Power control unit  MOSFET power SparkFun (Boulder, CO, USA) 2 4.00
control kit
ADC ADS-1256 PCB Texas instruments (Dallas, TX, 2 22.00
USA)
MCU & radio CC1310 launchpad Texas instruments (Dallas, TX, 1 29.00
transmitter USA)
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