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Abstract. As the population of highway bridges ages, the labor-intensive practice of 
visual inspections becomes an increasing burden for resource limited agencies.  
However, recent developments in wireless technology, low power electronics, and 
graphical software make effective and useful real-time monitoring of bridges 
economically feasible. This paper describes a multi-year research and development 
project to investigate and develop a complete monitoring system that can be easily 
deployed and used to augment scheduled visual inspections with real-time sensor 
data and fatigue analysis. A key hardware component of the system is a new low-
power wireless data acquisition device that works with conventional resistive strain 
gages has been developed to perform real-time strain monitoring and fatigue 
analysis. The research team developed an innovative measurement architecture that 
is optimized for low power operation while providing flexibility to the user to 
tradeoff power consumption for measurement performance.  These low-power 
wireless devices are intelligent devices that can be configured and programmed with 
graphical LabVIEW programs that run embedded on the nodes and can be used to 
efficiently handle measurement data and minimize power consumption.  The 
complete monitoring system integrates the wireless monitoring devices, internet 
connectivity, cloud-based data storage, and intuitive tablet-based interfaces that give 
installers and technicians the ability to easily and setup a relatively complex 
monitoring system.  

Introduction 

Currently, identification of structural issues and possible safety problems with aging 
bridges relies primarily on labor-intensive visual inspections.  In the US, these inspections 
are required at least once every two years. Current inspection protocols work on fixed 
inspection schedules, which have three main limitations: (1) no distinction between high- 
and low-truck traffic volumes (differing levels of damage accumulation), (2) no 
consideration of the age of the bridge (damage is expected to escalate over time), and (3) 
the potential for damage to escalate between inspections is not considered.  However, 
inspection practices can be improved and augmented through real-time monitoring and 
assessment.  Measured sensor data can be used by bridge owners to prioritize bridge 
inspections based upon performance and traffic demand.   

To date, the significant cost of instrumentation and its installation has limited the 
use and feasibility of online monitoring systems. In many situations, configuring and 
placing the wiring on large structures is the most tedious, time consuming, and costly 
aspect of an instrumentation project.  A distributed wireless monitoring system, therefore, 
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is very attractive for the ease of installation on large bridge structures.  The envisioned 
system will have sensors, such as strain gages, crack propagation gages, or accelerometers, 
connected to low power wireless data acquisition devices.  Because transmitting processed 
data is more power-efficient than transmitting entire data histories, sensor measurements 
will be processed at the wireless devices and transmitted to a controller.  The data will be 
stored on the controller and then periodically uploaded to cloud storage servers.  An 
innovative software system is being developed to provide access to the sensor data as well 
as other metadata associated with the structure.      

Funding for the study is provided by the National Institute of Standards and 
Technology (NIST) through the Technical Innovation Program (TIP).  The project 
represents a joint venture among National Instruments (NI), the University of Texas at 
Austin, and Wiss, Janney, Elstner Associates, Inc. (WJE). 

1. Low-Power Wireless Strain Gage Measurements 

1.1 Wireless Sensor Networking for Monitoring Bridges  

The leading technologies in use today for wireless sensor networks are based on IEEE 
802.15.4, a low power and low duty cycle wireless protocol.  One of the key features of 
IEEE 802.15.4, and network application protocols such as ZigBee, is the ability to 
automatically form mesh networks, which facilitate the extension of wireless networks 
through the hopping, or relaying, of data or messages from node to node.  With ZigBee, for 
example, wireless devices can be configured as either end nodes (only awake when 
scanning and sending data) or as mesh routers (always awake).  Although mesh routers in a 
ZigBee network must stay awake and therefore require more power to operate, mesh 
routers increase the redundancy of the network and increase the area that can be monitored 
because they can transfer data from end nodes or other routers back to the gateway.  Mesh 
networking can be particularly useful in bridge environments because routers can be 
utilized to overcome obstructions that would otherwise limit wireless communication.  

The research team decided to base the monitoring system on an IEEE 802.15.4 and  

 
Figure 1.  Wireless Sensor Network Architecture for Monitoring Systems 
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ZigBee platform that can is both low power and robust enough to work in the demanding 
wireless environment of steel bridges[1]. Figure 1 illustrates the overall architecture of the 
wireless sensor network (WSN) system. 

1.2 Strain Gage Signal Conditioning and Data Acquisition  

A key measurement for assessing the condition or health of a structural member is 
mechanical strain, most commonly sensed using the foil resistive strain gage.   For steel 
bridges, strain gages are often used to detect strain/stress profiles due to live loads.  By 
counting the strain/stress cycles using an algorithm such as rainflow counting, one can 
estimate the fatigue damage using Miner’s rule[3][4].   

Therefore, a key requirement for this research project was the development of a 
wireless measurement system that had the following high level capabilities: 
 Condition and acquire signal data from standard resistive strain gages 
 Support various strain gage bridge configurations 
 Sampling rates of at least 100 S/s to capture live load events 
 Low-power operation compatible with battery or energy harvesting power 
 Wireless networking to controller/gateway for transmission to internet 

Accurate and reliable measurements of the millivolt level signals from strain gages 
can be a challenge, particularly for a low power device.  One source of error in strain gages 
measurements is the resistance in the lead wires connecting the strain gage to the 
measurement device.  In addition to the absolute resistance in the wires, the variation of this 
resistance with temperature can contribute errors and decrease the accuracy of the strain 
gage measurement. 

Figure 2.  Shunt Calibration Circuitry for Single Channel of NI WSN-3214 
 
One technique to correct for lead wire errors is shunt calibration.  Figure 2 shows 

the diagram of the shunt calibration circuitry for one channel of the wireless NI WSN-3214 
strain gage input node, when configured for quarter-bridge inputs (full bridge completion is 
supplied within the WSN-3214 device).  By activating the Shunt Cal switch, a known 
resistance is connected across one leg of the Wheatstone bridge.  By comparing the 
expected change in the bridge output (at VCH) with the actual measured output, one can 
calibrate out the errors due to the EX and AI lead wires. 

Table 1 summarizes the signal conditioning and data acquisition features of the 
wireless strain node 

 



Table 1.  Feature Requirements for WSN Strain Measurement 

1.3 Device Architecture for Robust Low-Power Monitoring of Dynamic Strain 

While the majority of low-power wireless sensor technologies are optimized for low duty 
cycle operation for monitoring of static phenomena, such as temperature and humidity, the 
system designed by this research team required the ability to robustly capture dynamic live 
load data.   Because the IEEE 802.15.4 radio features a maximum over-the-air data rate of 
250 bps, live load strain data cannot be streamed continuously in real-time to a data 
collection controller. Rather, it is necessary to buffer, or store, data locally in the wireless 
node, and ideally also reduce the amount of raw data being transmitted over the air.  

In order to reliably acquire dynamic waveform data from strain gages, the wireless 
node was designed with a dedicated digital front-end that could manage a continuous high-
speed stream of data from the ADC.  Figure 3 is a block diagram of this front-end, 
consisting of a field-programmable gate array (FPGA) device with the control circuitry to 
route the incoming data simultaneously to an external RAM memory buffer for storage, and 
from the memory buffer to the embedded microcontroller (TI MSP430) for data handling, 
processing, and transmission.    In addition to managing the movement of data, the FPGA 
implements the timing of the ADC and in-line signal processing of the incoming ADC data 
to implement a variety of noise reduction filters.  

 Figure 3.  Shunt Calibration Circuitry for Single Channel of NI WSN-3214 
 

Requirement Value 
Number of input channels 4 
Input bridge configurations Quarter-bridge, half-bridge, full bridge   

(software configurable) 
Bridge excitation  2.5 V 
Sampling rate Up to 1000 samples/second 
ADC sampling resolution 20 bits 
Lead wire compensation Shunt calibration 

Remote sensing of excitation voltage 
Noise reduction Inline lowpass digital filtering (configurable) 

Optional powerline (50/60 Hz) noise rejection 
Onboard data processing LabVIEW VIs for Rainflow counting, other analysis 

locally on wireless node 
Operating Environment -40 to 70 °C 



1.4 Embedded Graphical Programming of Wireless Device 

The default mode of operation of the wireless WSN-3214 strain node is continuous, 
repetitive acquisition and transmission of strain data waveforms of finite length, repeated at 
a set interval rate.  The ADC sampling rate, the size of each finite wavelength, and the 
interval rate between waveforms is configurable in the node setup utility.   

Alternatively for more customized operation, the WSN-3214 strain node can be 
configured to run an embedded custom program.  These custom programs are developed 
using an add-on software module for National Instruments LabVIEW, a graphical 
development environment.  The LabVIEW WSN software module can compile LabVIEW 
graphical programs to run on the embedded microcontroller in the WSN-3214 node.  This 
allows engineers who are not experienced embedded programmers easily develop custom 
programs to run on the wireless node that optimize the node operation for a give 
application[2]. 

For this research project, the LabVIEW WSN system is used to customize the 
WSN-3214 node for fatigue analysis.  Specifically, a LabVIEW program runs embedded on 
each strain node in the system, performing the following functions: 
 Based on messages from controller, run in one of three modes:  IDLE, STREAM, or 

RAINFLOW 
 Continuously collect strain data from gages at 100 S/s 
 If running in STREAM mode, transmit periodic waveforms (essentially the same as the 

default node operation) 
 If running in RAINFLOW mode, run every strain data sample through a rainflow 

counting algorithm; transmit the rainflow histogram every 30 minutes 
When running in RAINFLOW mode, the amount of data that is transmitted 

wirelessly is drastically reduced.  For each strain channel, at 100 S/s, 180,000 data points 
are acquired over a 30 minute time span.  Instead of transmitting all of this raw data, only 
the rainflow histogram, representing the useful information contained in the raw data, is 
transmitted.  If for example, the rainflow histogram contained 200 data points, the amount 
of reduction in data transmission is 99.9%, which will have a dramatic impact on power 
consumption. 

Currently, a TRIGGER mode is being developed and validated to run on the 
wireless node.  This additional mode will implement a software trigger to capture a 
predefined window of strain data if a configurable threshold level is exceeded.  The goal is 
that this mode can also be run simultaneously with the RAINFLOW mode.   

2. Technical Data Cloud Data Storage for Monitoring Data 

2.1 Technical Data Cloud Service  

A second key component of the wireless monitoring system is the mechanism for storing 
and accessing the acquired data.  Technology for cloud data storage services has evolved 
rapidly in the last several years, providing inexpensive, robust, and secure data storage. 
Cloud data storage services also provide many options for convenient access of the data 
from internet connected PCs and devices.  Figure 4 illustrates the complete system 
envisioned for managing data from multiple bridge monitoring systems 
 
 
 



Figure 4.  Integration of data from multiple systems using NI Technical Data Cloud (TDC) 

The Technical Data Cloud (TDC) is a cloud-based service that provides an off-the-
shelf, secure, scalable and dependable solution for aggregating, storing and sharing 
technical data.  The storage model of the TDC is based on the Technical Data Management 
Streaming (TDMS) file format, with the same Project>Measurements>Channels 
hierarchical structure and use of meta data to provide contextual information.  This 
hierarchical structure is illustrated in Figure 5.  

For the wireless monitoring system developed for this research project, a LabVIEW 
program running on the WSN Gateway formats and uploads data directly to the TDC.  Thin 
client devices, such as internet browsers, tablets, and smartphones, are able to easily access 
data on the TDC through LabVIEW or standard .NET interfaces. 

 
Figure 5.  Integration of data from multiple systems using NI Technical Data Cloud (TDC) 

3. Test and Validation of Wireless Monitoring System 

3.1 US 290 Test Bridge  

The site used for testing the wireless strain node and the monitoring system is a direct 
connector between Interstate Highway 35 North and US 290 East in Austin, Texas.  This 
bridge features 2 m deep, twin trapezoidal box girders that are spaced 4.8 m apart with span 
lengths of 64 m, 70 m, 70 m, and 64 m.  The bridge is straight for approximately the first 



90 m while the remaining portion of the bridge has a horizontal radius of curvature of 
approximately 140 m (center of the bridge).  The inside of the box girder is mainly open, 
except for intermediate cross-frames spaced along the length.  At intermediate supports, 
steel plate diaphragms are used to control box distortion.  The diaphragms have an access 
port (406 mm x 813 mm) to allow inspectors to move along the length of the girder. Earlier 
RF studies at this bridge validated the use of the WSN system and IEEE 802.15.4 to span 
the entire bridge with a wireless mesh network consisting of routers and end nodes[5]. 

3.2 Wireless Monitoring System Configuration 

A WSN system was installed in the one of the box girders of the US 290 connector bridge.  
The sensor network consisted of 19 wireless WSN-3214 strain nodes and one WSN 
gateway, with a cellular data modem connection for uploading of data to the TDC.  As 
shown in the diagram in Figure 6, four of the WSN nodes were configured to be routers and 
relayed messages down the linear network in order to span the entire bridge length. 

Figure 6.  Test setup of wireless WSN network at US 290 bridge 

A National Instruments CompactRIO data acquisition system was also installed on 
the bridge, and connected to additional strain gages in the vicinity, providing a reference to 
validate the results acquired with the WSN system.  Figure 7 shows an example rainflow 
histogram acquired by one of the WSN-3214 nodes and one channel of the CompactRIO.  
Generally, as shown in this plot, the correlation has been very high.  In Figure 7, the 
discrepancy at the low stress levels can be attributed to a temporary condition that added 
low amplitude signal noise to the data acquired by WSN.  Testing and validation of the 
system continues. 

Figure 7.  Example of rainflow data 



4. Summary  

A complete, easy-to-deploy wireless monitoring systems has been developed for reliable, 
economical monitoring of steel bridges.   A wireless strain gage measurement node, based 
on the NI WSN platform and utilizing IEEE 802.15.4/ZigBee networking, has been 
developed to provide the higher performance data acquisition needed for strain gages and 
bridge structure monitoring, while also minimizing power consumption.  The ability to 
program the embedded operation of the wireless nodes using LabVIEW graphical 
programming is key to achieving wireless nodes that can process, and reduce, strain data at 
the node, drastically reducing wireless data transmission and power consumption.  The 
WSN network has been integrated with the NI TDC data cloud service for robust data 
management.  The system has initially been deployed, and successfully validated, on the 
US 290 bridge. 

References  

[1]	 Fasl, J., Helwig, T., Wood, S., Potter, D., Samaras, V., & Frank, K. 2009.  Development of Rapid, 
Reliable, and Economical Methods for Inspection and Monitoring Fracture Critical Steel Bridges. World 
Steel Bridge Symposium; San Antonio, TX, 18-20 November 2009.  National Steel Bridge Alliance.	

[2]	National Instruments. Retrieved from http://www.ni.com/wsn/ (2012). 
[3]	Downing, S., & Socie, D. 1982. Simple Rainflow Counting Algorithms. International Journal of Fatigue, 

4  (1), 31-40. 
[4] ASTM E 1049 (2005). Standard Practices for Cycle Counting in Fatigue Analysis. American Society of 

Testing and Materials International, West Conshohocken, PA. 
[5] Fasl, J., Helwig, T., Wood, S., Samaras, V., Potter, D., Lindenberg, R., & Frank, K. 2010. “Evaluation of 

Wireless Devices for Monitoring Fracture-Critical Steel Bridges,” presented at the 7th International Bridge 
Engineering Conference, December 1-3, 2010. 


