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ABSTRACT 
 
While much of the technology associated with wireless smart sensors (WSS) has been available for over a 
decade, only a limited number of full-scale implementations have been realized, primarily due to the lack of 
critical hardware and software elements. Using the Imote2 developed at Intel, researchers at the University of 
Illinois at Urbana-Champaign (UIUC) have created a flexible WSS framework for full-scale, autonomous SHM 
that integrates the necessary software and hardware elements, while addressing key implementation 
requirements. This paper discusses recent advances in the development of this framework, as well as updates the 
successful deployment at full-scale on the 2nd Jindo Bridge in South Korea. 
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INTRODUCTION 
 
Medical personnel routinely perform health screening for the early detection of disease so that appropriate 
preventive measures can be taken. Health is an important issue not only for our population but also for our 
nation’s civil infrastructure, much of which is rapidly approaching the end of its intended design life. With age 
comes deterioration; the most recent evaluation by the American Society of Civil Engineers cites grimly poor 
“grades” for almost all infrastructure types (ASCE 2012). The need for routine monitoring of civil infrastructure 
is now more critical than ever.  
 
Bridges account for a large part of the capital investment in the construction of road networks and represent a 
key element in terms of the safety and functionality of the entire highway system. Structural health monitoring 
(SHM) offers the ability to continuously observe the integrity of our nation’s bridges in real time, with the goal 
of enhanced safety and reliability, and reduced maintenance and inspection costs. Furthermore, such SHM 
systems allow for emergency facilities and evacuation routes, including bridges and highways, to be assessed for 
safety after catastrophic events, such as earthquakes, hurricanes, tornados, etc. 
 
Many recently constructed bridges have in-depth, yet costly, monitoring systems. For example, the total cost of 
the monitoring system on the Bill Emerson Memorial Bridge in Cape Girardeau, Missouri is approximately $1.3 
million for 86 accelerometers, which makes the average installed cost per sensor a little more than $15,000 
(Çelebi 2006); this cost is not atypical of today’s wired SHM systems. Wireless sensors are an attractive 
alternative to such wired systems, offering the potential for low-cost and reliable structural health monitoring.   
 
This paper discusses recent advances in development of low-cost, wireless means for continuous and reliable 
structural health monitoring, as well as its successful deployment at full-scale on the 2nd Jindo Bridge in South 
Korea. This SHM system constitutes the first long-term, dense deployment of a wireless sensor network to 
monitor civil infrastructure and the largest deployment of wireless sensors to monitor civil infrastructure 
systems demonstrates the tremendous potential of this technology.  
 
WIRELESS SMART MONITORING SYSTEM 
 
While much of the technology associated with wireless smart sensors (WSS) has been available for over a 
decade, only a limited number of full-scale implementations have been realized, primarily due to the lack of 
critical hardware and software elements.  Using the Imote2 wireless sensor platform, researchers at the 
University of Illinois at Urbana-Champaign have developed a flexible WSS framework for full-scale, 
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autonomous SHM that integrates the necessary software and hardware elements, while addressing key 
implementation requirements.  The hardware delivers the necessary high-fidelity data, while the software allows 
engineers to more readily realize the potential of smart sensor technology.   
 
An example of one such critical issue addressed by this framework is network scalability.  A wireless sensor 
network implemented on the Golden Gate Bridge in 2008 took approximately 10 hours to collect 80 seconds of 
data (sampled at 1000 Hz) from 56 sensor nodes to a central location ((Pakzad et al. 2008). To address such 
problems, Illinois researchers leverage the on-board computational capacity of the WSSN to allow data 
processing to occur within the network, as opposed to at a central location.  By implementing data processing 
techniques (e.g., modal analysis or damage detection algorithms) in such a distributed manner, the amount of 
communication that occurs within the network can be reduced, while still providing usable information on the 
structural condition.  The Illinois WSS framework provides a cost-effective and scalable solution that is 
revolutionizing structural health monitoring.  The remainder of this section discusses the Illinois framework in 
terms of both hardware and software. 
 
Imote2 Smart Sensor 
 
Nearly all commercially available wireless sensor nodes were designed for low sampling and data throughput 
rates; meeting the demands of SHM has proven to be extremely challenging with this hardware. The Imote2 (see 
Figure 1), developed by Intel, is a wireless sensor platform designed for data intensive applications such as 
SHM. The Imote2 includes a high-performance X-scale processor (PXA27x), whose speed can be selected 
based on application demands and power management, ranging from 13MHz to 416MHz. It has 256K SRAM, 
32MB FLASH, and 32MB SDRAM, which enables the intense onboard calculation required for SHM 
applications, as well as storage of longer measurements. Sensing with the Imote2 is facilitated by sensor board(s) 
stacked on Imote2 via two connectors. 
 

 
Figure 1. Imote2 with antenna and sacked on battery board 

 
Enabling Hardware for SHM 
 
To address the shortcomings of existing sensor boards, a versatile, multi-metric sensor board, designated SHM-
A (see Figure 2), was developed for structural health monitoring applications (Rice and Spencer 2009). The key 
component of the ISM400 board is the 16-bit 4-channel Quickfilter analog-to-digital converter (ADC) 
(QF4A512) that provides the anti-aliasing filter, user-selectable sampling rates and customizable digital filters. 
The ISM400 board contains the ST Microelectronics LIS344ALH accelerometer (for 3-axis acceleration ranging 
±2g), the Sensirion STH11 (for temperature and humidity), and the TAOS 2561 (for light).  
 
While the LIS344ALH accelerometer provides good overall performance, its resolution may be insufficient for 
low-level ambient vibration. Thus, a high-sensitivity sensor board (designated SHM-H; see Figure 3) was 
developed for measuring low-level vibration (Jo et al., 2010a,b). The SHM-H board uses the Silicon Designs 
SD1221-002L accelerometer having the noise density of 5.0μg/√Hz in the z-direction and the ST 
Microelectronics LIS344ALH for the other accelerations. The typical RMS noise levels of the SHM-H board at 
20Hz bandwidth are 0.05mg (z-axis), that would be enough for measuring the ambient vibration of civil 
infrastructure, and 0.3mg (x- and y-axes).  
 
This high-sensitivity sensor board has been shown to be exceptionally effective as a reference sensor for 
decentralized data aggregation strategies employed in large WSSNs. By taking the cross-correlation (or cross 
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spectrum) of a low-noise sensor data with low-cost sensor data, the noise levels can be lowered considerably; as 
a result, a small number of high-sensitivity sensors can improve the performance of the entire sensor network 
(Jo et al. 2010b).  

 
Figure 2. SHM-A sensor board 

 

  
Figure 3. SHM-H sensor board 

 
The SHM-DAQ is a general purpose data acquisition sensor board (see Figure 4) that opens all the 4 channels of 
the ADC for external analog inputs (0~5V or -5~5V range). The SHM-DAQ has terminal blocks for direct 
interfacing with external sensors. Additionally, digital sensors using the I2C or SPI interface can be 
accommodated through the terminal block. The SHM-DAQ board was initially developed to accommodate a 3D 
ultra-sonic anemometer for wind environment monitoring (Jo et al., 2011), but it has been extended 
subsequently to interface with generic analog sensors. 

 

 
Figure 4. SHM-DAQ board 

 
Strain provides another important measure of a structure’s health. A new strain sensor board for Imote2, 
designated SHM-S board (see Figure 5), has been developed which includes a precisely controllable Wheatstone 
bridge circuit. In the SHM-S board, the Wheatstone bridge is carefully balanced prior to amplification so that 
the ADC is not saturated.  To this end, digital potentiometers are used and autonomously controlled by 
companion software. The SHM-S board supports up to 2500 times signal amplification, 0.3 με resolution below 
20Hz, and temperature compensation. In addition, any analog signal from other types of sensors can be 
amplified with this sensor board, as long as the signal is in the range of the ADC. Typical strain data measured 
using SHM-S board on a pylon of the 2nd Jindo Bridge in Korea successfully captured ambient strain responses. 
 

 
 

Figure 5. SHM-S sensor board (left), with SHM-DAQ (right) 
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Enabling Software for SHM 
 
The ISHMP Services Toolsuite provides a frame software framework for continuous and reliable monitoring of 
civil infrastructure using wireless smart sensors. The Toolsuite was developed under the Illinois Structural 
Health Monitoring Project (ISHMP), a collaborative effort between researchers in civil engineering and 
computer science at the University of Illinois at Urbana-Champaign, and is based on the design principles of 
Service Oriented Architecture (SOA) (Singh and Huhns 2005, Tsai 2005). This framework provides a suite of 
services implementing the key middleware infrastructure necessary to provide high-quality sensor data and to 
reliably communicate it within the sensor network, as well as number of commonly used numerical algorithms. 
The framework allows researchers and engineers to focus their attention on the advancement of SHM 
approaches without having to concern themselves with low level networking, communication and numerical 
sub-routines. This software is available for research use at http://shm.cs.uiuc.edu/software.html. 
 
The components of the service-based framework provided by the ISHMP Services Toolsuite can be divided into 
four primary categories: (1) foundation services to provide commonly used wireless sensor functionalities 
required to support high-level applications, including reliable communication and sensing functionalities, (2) 
application services to provide the numerical algorithms necessary to implement SHM applications on the 
Imote2s, (3) continuous and autonomous monitoring services to support continuous and autonomous WSSN 
operation with efficient power management, and (4) tools and utilities for testing and debugging that are 
essential for any large-scale or long-term WSSN deployment. More detailed information about each category 
can be found in Rice and Spencer (2009) and Sim and Spencer (2009). 

 
Energy Harvesting for Sustainable Operation 
 
The availability of a sustainable power supply is one of the biggest consideration when a large-scale WSSN is 
deployed. Though the battery life of a WSS can be extended by efficient power management, data condensation, 
and in-network processing, the use of ordinary batteries still requires regular battery replacement. The Imote2 
has a DA9030 power management integrated circuit (PMIC) from Dialog Semiconductor that facilitates 
sustainable energy harvesting. The PMIC interfaces directly with Li-ion battery pack and handles unregulated 
power from energy harvesters up to 10 V. The PMIC charger manipulates voltage and current from energy 
sources for faster and more stable charging at Li-ion battery.  
 
Among various available energy sources, solar energy is now the only sustainable power source sufficient to 
reliably operate Imote2s (Miller et al. 2010). Validation of solar energy harvesting has been successfully carried 
out in the Jindo Bridge deployment using solar panels (SCM-3.3W from SolarCenter (9V-370mA)) and lithium-
polymer rechargeable battery (the Ainsys 3.7V-10,000mAh) (Jang et al. 2010). In addition, a prototype wind 
turbine (HR-W35V, Hankukrelay) can be used to power Imote2 in the windy area like Jindo Bridge (Park et al. 
2010). Both are shown in Figure 6. 
 

       
Figure 6. Solar panel (left), battery (middle), and wind turbine (right) 

 
The ChargerControl of ISHMP Services Toolsuite allows the energy harvesting system to work during the 
SnoozeAlarm mode (Miller et al. 2010). Enabling ChargerControl, the Imote2 determines whether it will 
continue in sleep mode or initiate charging mode by assessing the battery voltage and charging. If the battery 
voltage is low and the power is sufficient, the Imote2 will start charge until the battery voltage achieves the 
target value of 4.2V. 
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FULL-SCALE IMPLEMENTATION 
 
The hardware and software developments and advances mentioned in the previous section have been validated 
through full-scale deployment on a cable-stayed bridge the Jindo Bridge (see Figure 7) in Korea. Opening in 
1984, the 1st Jindo Bridge is a cable-stayed bridge connecting the Korean peninsula and the Jindo Island; 
however, growing traffic demands quickly exceeded the load carrying capacity of the first bridge.  The 2nd 
Jindo Bridge which opened in 2005 is a streamlined steel box girder with a center span of 344 m supported by 
60 parallel wire strand cables anchored to two diamond-shaped pylons on concrete piers.   
 
The Jindo Bridge deployment was constructed as an international collaborative research effort between the US 
(University of Illinois at Urbana-Champaign), South Korea (KAIST and Seoul National University), and Japan 
(University of Tokyo). The collaborative project resulted in the first long-term and the world’s largest 
deployment of wireless sensors to monitor civil infrastructure. 
 

  
Figure 7. Twin Jindo Bridges (2nd Jindo Bridge is on the left) 

 
2009 Jindo Bridge Deployment 
 
The first deployment on the bridge test-bed was carried out in 2009. The 70 sensor nodes in the network were 
divided into two sub-networks: one on the Jindo island side and the other on the Haenam side. The Jindo sub-
network consists of 33 nodes (22 deck nodes, 3 pylon nodes, 8 cable nodes). The Haenam sub-network consists 
of 37 nodes (26 deck nodes, 3 pylon nodes, 7 cable nodes). One base stations was to collect data for each subnet. 
Each base station consisted of an industrial-grade PC (AAEON AEC-6905) running Window XP professional 
OS, an uninterruptable backup power supply (APC ES550), and a gateway node. Each gateway node interfaces 
with the respective subnets and consists of an Imote2, interface board, and antenna. Each leaf node is composed 
of an Imote2, battery board, sensor board, antenna and environmentally hardened enclosure. 3 D-cell batteries 
were used to power most of the leaf nodes, 8 nodes of 70 were self-powered using solar panels and rechargeable 
batteries. SHM-A boards were used to measure acceleration, temperature, humidity, and light for most of nodes; 
the SHM-W sensor board (an early version of the SHM-DAQ) was used to measure the signal from the 3D 
ultra-sonic anemometer.  The deployment details, evaluation, and data analysis can be found out in Jang et al. 
(2010) and Cho et al. (2010).  
 
2010-2012 Jindo Bridge Deployment 
 
Based on the success of the 2009 deployment, the monitoring system was extended to include 113 WSS nodes 
measuring a total of 659 channels of data in 2010 (see Figure 8), resulting in the world largest wireless smart 
sensor network for SHM.   The SHM-A sensor board is used on 100 nodes.  The SHM-H high-sensitivity 
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accelerometer board was used for 10 nodes.  The remaining three nodes are connected to 3D ultrasonic 
anemometers to measure and collect wirelessly the speed and direction of the wind on the bridge.   
 

  
Figure 8. Enclosure assembly (left) and installation using magnets (right) 

 
To efficiently operate such a large sensor network, the WSSN is divided into four sub-networks, considering the 
functionalities, network size, communication range, and communication protocol of each network. All four sub-
networks share a common software configuration that includes autonomous operation by AutoMonitor, power 
harvesting by ChargerControl, sleep-cycling by SnoozeAlarm, monitoring of the network status by 
AutoUtilsCommand, and centralized data acquisition by RemoteSensing. In addition to these common features, 
the subnetworks have their own unique software applications: deck networks employ 
DecentralizedDataAggregation (DDA) to efficiently utilize limited bandwidth by condensing sensor data, while 
cable networks can obtain tension forces of cables by the CableTensionEstimation (CTE) application. 
Furthermore, the nodes on the cables on the Jindo side feature multi-hop communication. The sensor topology 
of each network is shown in Figure 9. 
 
To effectively manage all these features, well-organized management software is required (see Figure 10). In the 
second year deployment, AutoMonitor was rewritten to improve stability and simplify scheduling. This carefully 
designed scheduler allows for effective network operation. Moreover, the fault tolerance of the various software 
applications was improved substantially.  
 

 
Figure 9. Sensor topology for the 2010-2012 deployments on the 2nd Jindo Bridge 

 
In the third year deployment in 2011, additional features were added in the WSSN to improve performance. To 
reduce energy consumption, ThresholdSentry was rewritten to operate autonomously, which was particularly 
important for operation of networks requiring multi-hop communication. Additionally, a long-term sleep mode 
was implemented to improve the long-term performance of the network. Email notification function enables the 

4dBi antenna 

magnet 
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gateway nodes to notify the network manager when abnormalities are detected in the WSSN. An improved 
multi-hop protocol was deployed which includes a better optimized routing algorithm. 

 
Figure 10. Comprehensive SHM framework for WSSN 

  
Analysis of Data from Typhoon Kompasu 
 
The Jindo Bridge experienced Typhoon Kompasu, having a central pressure of 960 hPa and a maximum wind 
speed of 40m/s after the 2010 deployment (Aug.31th ~ Sep.2nd, 2010). The typhoon passed quite close to the 
bridge, as shown in Figure 11. Based on the Korea Meteorological Administration (KMA) records, the wind 
speed was 14~20 m/s, and the wind was coming from the SSE (see the white arrow in Figure 11), in the Jindo 
area around 21:00 on Sep.1st, 2010. The wind data was measured on the same time using the 3D ultra-sonic 
anemometer on the bridge interfaced with the SHM-DAQ board as shown in Figure 12. It shows wind speeds of 
15~25 m/s at 170~200 degrees (i.e., SE direction). Considering that the location of KMA (Mt. Chum-chal) and 
the Jindo Bridge (which is in a strait), the wind measurements are consistent. 

      
Figure 11. Path of Typhoon Kompasu (left) and measured wind direction at the KMA station and on the Bridge 

 
Analysis of Accelerations from Typhoon Kompasu 
 
Each sensor node equipped with SHM-A or SHM-H sensor board provides 3-axes accelerations at a user-
selectable sampling rate of 25Hz. Figure 13 shows the sample acceleration time histories measured at the center 
span of Jindo-side deck (z-axis). The acceleration levels were about 20mg on average at that time and quite 
stationary. Figure 14 shows the power spectral densities (PSD) for the z-axis acceleration of the Haenam-side 
deck.  
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Figure 12. Measured wind speed and direction at 21:00 using 3D ultra-sonic anemometer with SHM-DAQ 

board 
 

 
Figure 13. Example vertical acceleration of Haenam-side deck at midspan (left) and middle of side span (right) 

 

 
Figure 14. Example PSD for vertical accelerations of Jindo-side deck 

 
The acceleration responses were collected from the four subnets and used in the Natural Excitation Technique 
(NExT) in conjunction with Eigensystem Realization Algorithm (ERA) to identify natural modes as shown in 
Table 1 and Figure 15. The modal properties from two deck networks are combined to provide the global 
information. To construct the global mode shapes, a least-square method is applied to link the modes together at 
the four overlapped sensor nodes at the center of the deck (see Figure 9). The estimated modal properties are 
consistent with those from the wired sensor system (Cho et al. 2010). 
 

Table 1. Identified natural frequencies and comparisons 

Mode NExT/ERA 
(Haenam) 

NExT/ERA 
(Jindo) 

Wired SHM 
(Cho et al. 2010) FE analysis 

Deck Vertical 1 0.4462 0.4462 0.4395 0.4422 
DV 2 0.6454 0.6471 0.6592 0.6471 
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DV 3 1.0331 1.0326 1.0498 1.0010 
DV 4 1.3559 1.3421 1.3672 1.2472 
DV 5 1.5549 1.5490 1.5869 1.3490 
DV 6 1.6528 1.6346 1.6602 1.4596 
Deck Torsion 1 1.7977 1.8022 - 1.7888 
DV 7 1.8710 1.8704 1.8555 1.5858 
DV 8 2.2594 2.2609 2.3193 2.1154 
DV 9 2.8121 2.8133 2.8076 2.5612 
 
Cable Tension Estimation 
 
Stay-cables are the members resisting large portion of the loads on a cable-stayed structure (e.g., cable-stayed 
bridges).  The tension in the cables is a direct indicator of a cable’s integrity, as well as overall structural health 
of the bridge.  CableTensionEstimation (Sim et al. 2011) is a service that autonomously interrogates cable 
tensions based on the vibration-based method developed by Shimada (2004).  Because this method only requires 
the natural frequencies of the cable, information sharing with sensor nodes on different cables is not necessary.  
The IndependentProcessingPSD service (Sim and Spencer 2009) which performs unsynchronized sensing and 
estimate the power spectrum, and the automated peak-picking algorithm (Cho et al. 2010a) are thus combined to 
estimate cable tension autonomously (see Figure 16). 
 
Strain Measurements on the Pylon due to Ambient Vibration 
 
The results for the acceleration and strain measurements on the pylon, 400 seconds of data at 25Hz sampling 
rate, are shown in Figure 17.  The acceleration levels for the three-axes acceleration measurements are about 
2mg and strain level was 3~5 µs (compression), corresponding to quite low level of vibration.  As shown in the 
PSDs in Figure 17, only the z-axis (i.e. longitudinal direction of the bridge) acceleration PSD shows meaningful 
mode around 2.4Hz (the 1st pylon bending mode, Cho et al. 2010).  Additionally, the strain measurements 
provide more information in the low frequency range, showing four distinct peaks below 2Hz, corresponding to 
the 1st ~ 4th girder bending modes.  The proposed wireless strain sensing system functioned well for ambient 
vibration monitoring for this cable-stayed bridge; the strain measurement was even more informative than 
acceleration measurements in the low frequency region.   

 
To check the performance of the temperature compensation method employed, mean values of several strain 
measurements on different day and at different times are compared in Figure 18.  Once the Wheatstone bridge of 
the SHM-S board was balanced on September 21th, the strains were measured over three weeks without 
changing the bridge balance. A sensing event was activated only when the structural responses exceed a certain 
level specified by AutoMonitor and ThresholdSentry. As a result, the times of the measurements were random.  
Figure 18 shows the mean strains, which should be near zero and can be viewed as representing strain drift due 
to temperature; a clear difference is observed between the compensated and uncompensated configurations.  
While the strain measurement at node 70 using the quarter-bridge option shows significant drifts over three 
weeks, node 32 data with temperature compensation is quite well balanced.   
 
Strain Measurements on the Girder due to Vehicle Loading 
 
Figure 19 shows the typical strain measurements on the girder subjected to traffic loading; several cars were 
passing the bridge at that time of the measurements, and the apparent peaks shown in the Figure 19 may be 
attributed to the car traffic.  The strain measurements at pylon bearing location (top of Figure 19) and at 
midspan (bottom of Figure 19) show clear differences.  While the strain peaks in the pylon location 
measurement are downward, which means compression, however, the peaks in the midspan measurement are 
upward in tension direction.  This phenomena is because the bottom surface of the steel box girder at the pylon 
bearing location is subjected to compressive force due to the negative bending moment when cars passing, and 
the bottom of the girder at midspan is in tension with positive bending.   
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Figure 16. Estimated tension in stay cables 
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Figure 17. Example of synchronized acceleration (left) and strain measurements (right) on pylon 

 

 
Figure 18. Strain drifts due to temperature change over three weeks 

 
The amplitudes of the peaks are quite different for the different sensing locations. The strain peak amplitudes 
are just 2~8 µs at the pylon bearing location, whereas they are 10~50 µs at midspan.  Though the peak 
amplitudes vary depending on the car weight and speed, similar trends (i.e., higher amplitude strains at the 
midspan) were observed with other measurements; thus, the sensitivity of strain to traffic loading appears to be 
higher at midspan than at the pylon.   
 
An abrupt signal drop was found after a high tension peak in the midspan strain measurement around 315 
seconds (bottom of Figure 19).  This change may be attributed to the lateral slip of the magnet checker due to 
the heavy loading that caused a quite significant tension strain peak about 50 µs.  Because the attractive force of 
the magnet is unidirectional perpendicular to the girder surface, the resistance to the lateral movement is 
relatively weak.  Applying little silicon or modeling clay around the strain checker would help to prevent the 
possible slippage. 
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Figure 19. Example strain measurements on the girder subjected to traffic loading:  

at pylon bearing location (top) and at midspan (bottom) 
 

Taking a close look at the strain peaks in the pylon location measurement, each set of compression peak is 
composed of two different-height peaks, which is not shown in the midspan strain measurement.  For the peak 
around 75 seconds, a somewhat larger peak appeared first, followed by a smaller peak (top of Figure 19).  In 
contrast, the peaks around 150 seconds and 280 seconds show a smaller peak first, followed by a larger peak.  
This phenomenon is attributed to the double-concave shaped stress influence line for the bottom flange of multi-
span continuous girder at intermediate the support (see the left of Figure 20).  Each of the double peaks occur 
when a car passing the lowest point of each of the concaves of the influence line.  Additionally, if either-side 
span has different length, the double peaks may have different amplitudes.   

 

 
  Figure 20. Stress influence lines for girder bottom flange of the 2nd Jindo Bridge: 

at pylon bearing location (left) and at midspan (right) 
 

Numerical Simulation for Traffic-Induced Girder Strain of Jindo Bridge 
 
For understanding better the characteristic of observed girder strain of the bridge, a finite element simulation of 
the Jindo Bridge under moving truck loading has been conducted.  To simulate moving loads, a typical 5-tonf 
capacity trucks that can be easily found in Korea was used.  It has two axles, and the distance between front and 
rear axle is 5.8m.  The weight of the empty truck is about 6.9 tonf and fully loaded truck weights about 12 tonf.  
In this simulation, a fully loaded truck of 12 tonf was used and the truck was moved from the Jindo side to the 
Haenam side of the model (north bound) at 60 km/hour speed.  Newmark integration method was used for time 
history analysis, with a 0.01 s time step, and 2% modal damping was assumed for entire structure.  The 
stress/strain responses were sampled at 25Hz as same as was the case for the previous field measurements.    
 
Strain responses from the FE model under the fully loaded 12-tonf moving truck loading are shown in Figure 
21.  Once the stress responses were obtained considering the combined effects of both bending moment and 
axial force of girder on the stress of bottom flange, and then divided by elastic modulus to get strain responses.  
Compared with the measured responses shown in Figure 19, the simulated strain time histories include more 
dynamic components, which may be due to the spatial discretization of the deck mesh.   
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As shown in Figure 21, the maximum level of the simulated girder strain was about 9.5 µ-strains in compression 
at pylon bearing location and 45 µ-strains in tension at midspan under the 12-tonf moving truck loading.  For the 
same weight truck, the midspan response showed higher strain amplitude; which means the girder strain 
response has higher sensitivity to traffic loading at midspan than at pylon location.    
 
The double peaks phenomenon happened, as expected, in the simulated girder strain response as well at pylon 
bearing location (see the left of Figure 21).  Little smaller peak of 7.5 µ-strains was appeared first, and then 
higher peak of 9.5 µ-strains followed after about 3.1 seconds.  This is attributed to the uniquely shaped stress 
influence line of the 2nd Jindo Bridge shown in the left of Figure 7.30; the influence line has double concave 
around the pylon.  For the north bounding truck moving, the first strain peak happened when the truck passed 
the lowest point of the first concave in the side span of the bridge, and the following higher peak happened at 
the lowest point of the second concave.  Considering that the distance between the lowest points of the two 
concaves was about 51m (see the left of Figure 22) and the time difference between the strain peaks was 3.1 
seconds (see the left of Figure 21), the estimated truck speed was about 59.2 km/hour, which was similar with 
the simulation speed of 60 km/hour.  Also the strain peak in the midspan response can be utilized to estimate the 
truck speed; though it is not easy to find the clear base width of the strain time-history peak due to the dynamic 
noise, about 6.0 seconds of base width of the strain peak could be assumed (see the right of Figure 21) and the 
base width of the influence line of 100m (see the right of Figure 22) result in the speed estimation of 60 
km/hour.   
 

 
Figure 21. Simulated girder strain responses from the 2nd Jindo Bridge FE model under truck loading: at pylon 

bearing location (left) and at midspan (right)   
 

 
Figure 22. Vehicle’s moving speed calculation examples using influence lines 

 
Network Monitoring 
 
Figure 23 shows a typical charging and battery status monitoring for two days (Sep. 11~12th, 2010) using 
AutoUtilsCommand. The first day was sunny and the second day was rainy. In this deployment, the default 
checking cycle is 1 hour for the charging current and battery voltage of all sensor nodes. As shown in the Figure 
23 (bottom), the charging starts around 6~7AM, then the average charging current stays around 140mA during 
daytime and stops charging around 6 PM. The battery voltages (Figure 23, top) during the day are not accurate, 
being influenced by PMIC charging circuit; the actual battery voltages can be measured after charging is 
complete (at night). The actual voltage increase of the 10,000mAh Li-ion battery with one day charging was 
about only 0.02~0.04V around 4.1V level at that time; this modest increase is because the battery was almost 
fully charged at the time. As the charging level goes up, the charging speed becomes slower for safe charging. 
Figure 24 shows the long-term network performance. Improvement in the base station stability is an issue that 
needs to be addressed in future deployments.  
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Figure 23. Example of Charging Status Monitoring using AutoUtilsCommand (Sep. 11~12th, 2010) 

 

 
CONCLUSIONS 
 
This paper discusses recent advances and field validation of a state-of-the-art framework developed at the 
University of Illinois at Urbana-Champaign for wireless smart sensor networks (WSSN). Various issues are 
presented that were taken into account based on the lessons learned from recent deployment of full-scale 
wireless smart sensor networks for SHM of civil infrastructure. High-fidelity, multi-scale responses can now be 
captured using variety of sensor boards recently developed. Decentralized computing is realized for 
decentralized data aggregation and autonomous cable tension estimation by fully utilizing computing 
capabilities and wireless communication. Routing in multi-hop communication is advanced to minimize the data 
loss and energy consumption. The ISHMP Services Toolsuite is updated with more services and fault-tolerant 
features. Using the 2nd Jindo Bridge, full-scale WSSNs are realized for the purpose of SHM. The evaluation of 
the WSSN as well as the data analysis show high practicality of wireless SHM systems for civil infrastructure. 
 
ACKNOWLEDGMENTS 
 
This study is supported by National Science Foundation Grant CMS 06-00433 and 09-02888 (Dr. S.C. Liu, 
program manager), the Korea Research Foundation (NRF-2008-220-D00117), Smart Infrastructure Technology 

0:00 2 4 6 8 10 12 14 16 18 20 22 0:00 2 4 6 8 10 12 14 16 18 20 22 0:00
4

4.05

4.1

4.15

4.2

4.25

Time (HH:MM)

Ba
tte

ry
 V

ol
ta

ge
 (V

)

East-side nodes

 

 

0:00 2 4 6 8 10 12 14 16 18 20 22 0:00 2 4 6 8 10 12 14 16 18 20 22 0:00

0

100

200

Time (HH:MM)

Ch
ar

gi
ng

 c
ur

re
nt

 (m
A)

East-side nodes

 

 

151
 96
116
144
 64
 70135
150
132
 39
  2
129
 85
 52

Basestation problem

Response rate: 70~85% 

Average charging current > 100mA 

Figure 24. Long-term Performance of the Jindo-side WSSN  (October 2011 ~ March 2012) 



 

15 
 

Center (SISTeC) at KAIST, and the US Army Corps of Engineers (MEC W9132T-ILL-006). This support is 
gratefully acknowledged. The author also would like to express appreciation to the following individuals for 
their efforts in performing the research reported herein: Gul Agha, Yozo Fujino, Shinae Jang, Hongki Jo, Soojin 
Cho, Hyung-Jo Jung, Jongwoong Park, Ho-Kyung Kim, Robin Eunju Kim, Jian Li, Kirill Mechitov, Parya 
Moinzadeh, Tomonori Nagayama, Jennifer Rice, Sung-Han Sim, and Chung-Bang Yun. 
 
REFERENCES 
 
ASCE (2012). Infrastructure Report Card; www.infrastructurereportcard.org.  
Çelebi, M. (2006). “Real-Time Seismic Monitoring of the New Cape Girardeau Bridge and Preliminary 

Analyses of Recorded Data: An Overview”, Earthquake Spectra 22, 609-630. 
Cho, S., Jang, S., Jo, H., Park, J., Jung, H-J., Yun, C-B., Spencer Jr., B.F. and Seo, J. (2010). “Structural health 

monitoring of a cable-stayed bridge using smart sensor technology: data analysis”, Smart Stuctures and 
Systems, 6(5-6), 461-480. 

Jang, S., Jo, H., Cho, S., Mechitov, K.A., Rice, J.A., Sim, S. H., Jung, H-J., Yun, C-B., Spencer Jr., B.F. and 
Agha, G. (2010). “Structural health monitoring of a cable-stayed bridge using smart sensor technology: 
deployment and evaluation”, Smart Structures and Systems, 6(5-6), 439-459 

Jo, H, Rice, J.A., Spencer Jr., B.F., and Nagayama, T. (2010a). “Development of a high-sensitivity 
accelerometer board for structural health monitoring”, Proceedings of the SPIE Smart Structures/NDE 
Conference, Vol.7647, 76473I 

Jo, H., Sim, S.-H., Nagayama, T. and Spencer Jr., B.F. (2010b). “Decentralized stochastic modal identification 
using high-sensitivity wireless smart sensors”, Proceedings of the 5th World Conference on Structural 
Control and Monitoring. 

Jo, H., Sim, S-H., Mechitov, K. A., Kim, R., Li, J., Moinzadeh, P., Spencer Jr., B. F., Park, J.W., Cho, S., Jung, 
H-J., Yun, C-B., Rice, J. A. and Nagayama, T. (2011). “Hybrid wireless smart sensor network for full-
scale structural health monitoring of a cable-stayed bridge”, Proceedings of the SPIE Smart 
Structures/NDE Conference. 

Miller, T.I., Spencer Jr., B.F., Li, J. and Jo, H. (2010). Solar Energy Harvesting and Software Enhancements for 
Autonomous Wireless Smart Sensor Networks, NSEL Report No. 022, University of Illinois at Urbana-
Champaign. Available at http://hdl.handle.net/2142/16300. 

Park, J., Jung, H-J., Jo, H., Jang, S., and Spencer Jr., B.F. (2010). “Feasibility study of wind generator for smart 
wireless sensor node in cable-stayed bridge”, Proceedings of the SPIE Smart Structures/NDE Conference 
7647, 764747. doi:10.1117/12.853600. 

Pakzad, S.N., Fenves, G.L., Kim, S. and Culler, D.E. (2008). “Design and implementation of scalable wireless 
sensor network for structural monitoring”, Journal of Infrastructure System, 14(1), 89-101. 

Rice, J.A. and Spencer Jr., B.F. (2009). Flexible Smart Sensor Framework for Autonomous Full-scale Structural 
Health Monitoring. NSEL Report Series, No. 18, University of Illinois at Urbana-Champaign. Available at 
http://hdl.handle.net/2142/13635. 

Shimada T. (2004). “Estimating method of cable tension from natural frequency of high mode”, Proceeding of 
JSCE 501/1-29: 163-171 (in Japanese). 

Sim, S.H. and Spencer Jr., B.F. (2009). Decentralized Strategies for Monitoring Structures using Wireless Smart 
Sensor Networks, NSEL Report Series, 019, University of Illinois at Urbana-Champaign, Available at 
http:// www.ideals.illinois.edu/handle/2142/14280. 

Singh, M.P. and Huhns, M.N. (2005). Service-Oriented Computing: Semantics, Processes, Agents, John Wiley 
and Sons, New Jersey. 

Tsai, W.T. (2005). “Service-oriented system engineering: a new paradigm”, Proceedings of the IEEE 
International Workshop on Service-Oriented Systems Engineering, 3-8. 

 

http://hdl.handle.net/2142/16300
http://hdl.handle.net/2142/13635
http://www.ideals.illinois.edu/handle/2142/14280

