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Abstract
This report provides a detailed result of the Army sponsored project entitled “The Micro-Nano Technology Sol-Gel Corrosion Sensor System.” It was prompted by awareness of the rising costs of U.S. Army corrosion prevention and control for Army material. The outcome of this project includes the design and implementation of an early-stage corrosion monitoring system using sol-gel corrosion and A36 steel carbon based sensors, a RS485-based local sensor network, and Internet access for remote data and system access through WiFi infrastructure for determining the degree of early-stage corrosion level of steel and steel structure during service. This corrosion monitoring system was deployed at the U.S. Army’s bridge at Rock Island, IL since May 2013. Major project tasks include design, testing, field work and deployment, and data collection and monitoring activities. Overall, corrosion is reflected by higher capacitance readings of the sensors, including both sol-gel and cylindrical sensors. The field results are consistent with the lab testing results. The lessons learned from problems and issues found at various phases of the project provide valuable knowledge and guidelines for corrosion, environmental monitoring and sensing applications needed in the Army program on corrosion prevention and control for Army materials.
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Executive Summary
The Micro-Nano Technology Sol-Gel Corrosion Sensor System project was awarded by the U.S. Army Construction Engineering Research Lab (CERL) in 2011.  As a result, an early-stage corrosion monitoring system (CMS) using innovative sol-gel corrosion sensor and A36 steel rod-based cylindrical corrosion sensor was successfully designed, built, deployed and tested. This CMS designed for monitoring and determining the degree of early-stage corrosion level of steel and steel structures during service. This CMS provides such capabilities as automatic data collection, processing and evaluation of the early-stage environmental corrosion which is very important to maintain the integrity and safety of the structures and systems that were built with such metal materials as carbon steel, aluminum, zinc and copper. The design team at Purdue University Fort Wayne campus (IPFW) conducted various stages of multi-discipline activities, including design, testing, deployment, and maintenance activities in the areas of sensor materials, electronics signal processing circuits, power supplies for the system, computer hardware architecture, software system, communications and networking architecture. The CMS was finally built and deployed to Army’s Rock Island Arsenal bridge at Rock Island, IL, in May 2013 and continuously operational to collect corrosion data for analysis. From May 2013 to the final report date as of Oct. 31, 2014, the IPFW design team has been continuing to fine tune the system, which consists of the following sub-systems: (a) Six Corrosion Sensor Nodes (three sol-gel and three cylindrical types): each sensor node consists of a weatherproof packing and a sensor connector, a sensor electronics PCB board, a commercial off-the shelf data acquisition module which includes a RS485 link (set at 9600 bps), 16-bit analog-to-digital converter, and an embedded computers with preconfigured functions for RS485 communication and data acquisition; (b) One CMS Server Unit Box, a Windows XP-based embedded computer unit with a thermal-cooling unit for maintaining a desired operating temperature; (c) Power Supply System for the CMS includes  one 24V DC 2.5A for the embedded computer inside the CSM server unit box, and two 24V, 1.7A delivered, via Cat 6 cables, to all six corrosion sensor boxes, and an uninterruptible power supply (UPS) unit for power reliability; (d) Wired RS485-based star sensor network: Cat 6 heavy-duty, weather proof cabling system (up to 250 feet) and RJ45 connectors for corrosion data sensing and collection at six predetermined locations on the Army steel bridge; (e) Three cellular network-based Wi-Fi hotspots (one AT&T WiFi Mobile Hotspot with two-year service purchased and two InterNetOnTheGo WiFi hotspots without contract) for wide area networking and remote access to the CMS server computer; and (f) A cloud-based remote system service through LogMeIn for accessing the CMS using web-based service and the Dropbox cloud storage.  

This report gives, in Section 2, a detailed description of the technology overview, filed investigation and deployment work, and system validation through testing, commissioning, inspection, and fine tuning. Section 3 presents performance measurement, demonstrated results, and lessons learned throughout various phases of the project execution. Section 4 provides an economic analysis of life-cycle cost and predicted return-on-investment (ROI). Section 5 gives the conclusions and summary, and highlights on major accomplishments related to project related paper publications and technical presentations. 
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1  Introduction
1.1  Problem statement
Corrosion negatively affects all military assets, including both equipment and infrastructure, and is defined as the unintended destruction or deterioration of a material due to its integration with the environment. Corrosion also affects military readiness, taking critical systems out of action and creating safety hazards. As highlighted in the Defense Management: The Department of Defense’s Fiscal Year 2012 Corrosion Prevention and Control Budget Request, dated April 13, 2011: “In 2010, the Department of Defense (DOD) estimated that corrosion costs the DOD over $22.9 billion annually.”  

In response to the awareness of the rising costs and negative impacts of all military assets, The Macro-Nano Technology Sol-Gel Corrosion Sensor System was proposed and funded in 2011. As a result, an early-stage corrosion monitoring system (CMS) designed with the state-of-art networking and communication infrastructure and innovative sol-gel and A36 steel rod-based cylindrical corrosion sensors were successfully designed, built, and tested. 

1.2  Objective
The main objective of this approved project was to develop an innovative and the first-of-its-kind corrosion sensor based on the concept of nano-technology and material chemistry for detecting electronic (corrosion) activities that take placed at the nanometer scale. The sol-gel sensor, a capacitive type sensor can be in the form of thin films or micro-sized particles and it can be applied at locations beyond the reach of traditional corrosion detection devices. 
1.3  Approach
The research and deliverable approach include (1) analytical and laboratory studies for nano-sol-gel corrosion sensor and the corrosion sensor system, (2) field trial of micro-electronics sol-gel corrosion sensor system, (3) demonstrate prototype corrosion sensor system on government-owned bridge, and (4) document results in technical report.

The design team at Purdue University Fort Wayne campus (IPFW) conducted various stages of multi-discipline activities, including design, testing, deployment, and maintenance activities in the areas of sensor materials, sensor configurations, sensors construction and testing, electronics signal processing circuits, power supplies for the system, computer hardware architecture, software system, and communication and networking architecture. As a result, the early-stage corrosion monitoring system (CMS) was finally built and deployed at Army’s Rock Island Arsenal bridge at Rock Island, IL, in May 2013 and continuously operational to collect corrosion data for analysis. From May 2013 to the final report date as of Oct. 31, 2014, the IPFW design team continues to fine tune the system. and now it consists of the following sub-systems: (a) six Corrosion Sensor Nodes ; (b) one CMS Server Unit Box, (c) a reliable power supply System; (d) a wired RS485-based star sensor network; (e) three cellular network-based Wi-Fi hotspots for Internet-based remote system and data access; and (f) a cloud-based remote system service through LogMeIn for accessing the CMS using web-based service and the Dropbox cloud for sensor storage and download. The collected sensor data is then downloaded to remote computer at IPFW for further regression analysis and interpretation. The corrosion data analysis and results from June 2013 to October 2014 shows that the deployed CMS using A36 steel rod-based cylindrical corrosion sensors and Sol-gel corrosion sensor is very promising. As a result, the high ROI from the deployment of CMS for military assets protection is very convincing. 

2  Technical Investigation
2.1  Technology Overview
In this project, an innovative corrosion sensor system has been designed to detect the change in dielectric constant of the corrosion-related materials such as corrosive anions or rusts on the sensors. Consequently, the change in the dielectric constants is reflected by capacitance readings from the sensors. This corrosion sensor system is also referred to as the early-stage corrosion monitoring system (CMS). The CMS system architecture was designed to include the following six functional and interrelated subsystems: (1) two types of corrosion sensors, (2) analog signal processing subsystem for converting capacitance-to-voltage, (3) computer controlled voltage digitizer, (4) RS-485 communication links for sensor networking, (5) WiFi Internet networking modules for remote access, and (6) base stations with embedded computer and CMS management software for remote data collection, processing and analysis. 

2.1.1  The Architecture of the Corrosion Sensor System
The design team proposed the CMS architecture based on wireless sensor as shown Figure 1 with three subsystems: (a) corrosion sensor nodes with mesh wireless connectivity, (b) a base station in the control room that collects corrosion data from all sensors and delivered to, and (c) the Army CERL remote management and data server further processing. This CMS architecture may offer such benefits as mobility and cost saving when performing installation in difficult-to-wire areas such as the bridge infrastructure at U.S. Army’s Rock Island Arsenal bridge, Illinois. However, based on the given environmental constraints and other system requirements, the CMS system was required to be redesigned with physical communication links due to (a) existence of many incompatible wireless sensors that may interfere with the new corrosion sensors; (b) the lessons learned from the previously installation; and (c) possible severe radio signal attenuation due to the steel bridge materials. Also it was decided not to include the RF energy harvesting module or any solar cell due to the constrains of heavy bridge traffic and available installation space.  














Figure 1. CMS system architecture – initial design


 

The current CMS system architecture was designed with the robust RS485 physical communication links for wired star-sensor network. Environmental sensing and industrial automation applications are often mission critical. Cable is often the weak link in a poorly designed sensor network. Therefore, every link in the data chain must be reliable. Incorrect cable can result in lost data, corrupted data, damaged equipment, invalid monitoring results, scrapped work, lost time, and even operator/personal injury. The design trade-off analysis of physical links for the CMS was conducted. The design team decided to use RS485 as physical link which is an extension of the RS-422 standard to allow for true multi-point communications between devices on a pair of wires. With RS485, up to 32 drivers and receivers can be on a single 2-wire bus. It can be extended with serial repeaters or special drivers to hundreds or thousands of node. Implementation of the RS485-based Start Sensor Network for the CMS, as shown in Figure 2, consists of the following major components:

· An embedded computer: Adventech UNO-2173A with Windows XP-based operating system with RS-485 serial port
· Six Sensor nodes: each node includes a capacitive-type corrosion sensor (Sol-gel or A36 steel rod type), sensor electronics, and  ADAM 4016  (RS485-based a one channel 16-bit A/D)
· Cat 6 cable (with 4-pair of AWG 24 twisted copper wires) 












Figure 2. RS485-based sensor network for CMS



2.1.2  The Corrosion Sensors
In this project, corrosion sensors have been designed to detect the change in dielectric constant of the corrosion-related materials such as corrosive anions or rusts on the sensors. Consequently, the change in the dielectric constants is reflected by capacitance readings from the sensors.  Two types of corrosion sensors have been explored in this project. The first type is sol-gel corrosion sensor, which is used to detect the concentration of corrosive anions, especially chloride contacting the infrastructure being monitored. The second type is cylindrical corrosion sensor, in which one of the electrodes is the same metallic material (e.g. A36 carbon steel) of the infrastructure being monitored. The electrode has the same coating as the infrastructure. As a result, the corrosion of the electrode is expected at the same rate as the infrastructure for monitoring. In addition, a reference cylindrical sensor has been explored to collect the capacitance readings of the background. In the reference cylindrical sensor, both of the electrodes are made of an inert conductor, e.g. 316 stainless steel, which is much less corrodible than A36 carbon steel. 
The diagrams of the sensors and the sensor systems are shown below. Figure 3 shows a diagram of the sol-gel coated corrosion sensor. Figure 4 shows a diagram of the cylindrical capacitor corrosion sensor. Both types of the sensors can be coated with coal-tar epoxy, the same coating of the RIA Government Bridge. By attaching the sensors to the bridge, the electronic and data collection system can get the in situ capacitance readings from both types of the sensors to monitor the deterioration of the coal-tar epoxy coating and the extent of corrosion. 


Figure 3: The diagram of the sol-gel coated corrosion sensor.
[image: ]

Figure 4: The diagram of the corrosion sensor made of a cylindrical capacitor used for corrosion monitoring. The center rod can be either A36 carbon steel (as the corrosion sensor) or 316 stainless steel (as the reference sensor). 
[image: ]
2.1.3  The Major Components of the Macro-Nano Technology Corrosion Sensor System
The Army CMS for monitoring of early-stage environmental corrosion was finally deployed at Army’s Rock Island Arsenal bridge at Rock Island, IL, In May 2013. The system includes the following sub-systems: 
· Six Corrosion Sensor Nodes (Figure 5-a): Each sensor node consists of a weatherproof packing and sensor connector, sensor electronics PCB board, a commercial off-the shelf data acquisition module which includes a RS485 link (set at 9600 bps), 16-bit analog-to-digital converter, and an embedded computers with preconfigured functions for RS485 communication and data acquisition. 
· Six sensor boxes and Cat-6 cabling assembly connection (Figure 5-b).  
· One CMS Server Unit Box (Figure 6): The CMS server unit for corrosion monitoring data collection and processing server is a Windows XP-based (Adventch UNO-2173A), diskless, embedded computer. An electric thermal-cooling unit (200 BTU) is also installed to maintain a desired operating temperature. 
· Power Supply System. The power supply for the CMS includes (a) one 24V DC 2.5A for the embedded computer inside the CSM server unit box, (b) two 24V, 1.7A delivered, via Cat 6 cables, to all six corrosion sensor boxes, and (c) a UPS (uninterruptible power supply) for the CMS system and sensors. 
· Wired RS485-based star sensor network: Cat 6 heavy-duty, weather proof cabling system (up to 250 feet) and RJ45 connectors for corrosion data sensing and collection at six predetermined locations on the Army steel bridge. 
· Three cellular network-based Wi-Fi hotspots, for wide area networking and remote access to the CMS server computer. 
· A cloud-based remote system services for accessing the CSM using web-based service and smartphone app, and cloud storage.  

Figure 5. The CMS sensor node and packaging boxes
(a) Corrosion sensor node: cabling, and assembly               



(b) Six sensor boxes with cables in the Lab before deployment
[image: D:\00000000-2011-14-Sol-Gel-Sensor\00000000-2013-Lin-SensrorSystemDesign\5-Sensors\Lin-2013-SensorPics\2013-4-13\All-6-SensorElectronicsBoxes.JPG]


Figure 6. The CMS server enclosure box with weather proofed cables and connectors
[image: D:\00000000-2011-14-Sol-Gel-Sensor\00000000-2013-Lin-SensrorSystemDesign\5-Sensors\Lin-2013-SensorPics\2013-4-13\CorrosionMonitoringComputer&Connectors.JPG]


Figure 7. Locations of the six installed sensor systems on the Rock Island Arsenal Government Bridge, Rock Island, IL.
[image: ]· Sensor #1 (coal tar epoxy coated sol-gel sensor)
· Sensor # 2 (coal tar epoxy coated sol-gel sensor)
· Sensor #3 (sol-gel sensor)
· Sensor #4 (sol-gel sensor)
· Sensor #5 (stainless steel cylindrical sensor, coal-tar epoxy coated) 
· Sensor #6 (A36 cylindrical sensor, coal-tar epoxy coated)
· R is the location of the CMS server unit




2.1.4 Design and Validation of the Analog Signal Processing Subsystems
Figure 8 shows the block diagram of the corrosion signal processing subsystem for processing the capacitance value of the sol-gel and the A36 cylindrical sensors. It consists of many signal processing stages including an AC 1 kHz sine wave generator, the corrosion sensor (shown as capacitor), analog signal processing for capacitance-to-voltage conversion, and the digital signal processing with ADC (analog-to-digital converter) unit for digitizing the capacitance value, and data acquisition control hardware.

  Figure 8. The corrosion signal processing subsystem



The Analog Signal Processing Unit: The analog signal processing unit, as shown in Figure 9, includes (a) a sine wave generator (1 kHz, 5V p-p), (b) the capacitance to voltage converter, (c) voltage amplification and precision rectifier (AC to DC conversion), and (d) Root-mean-square processor and signal calibrator.  All analog circuits were designed and simulated with the Multisim 11, lab verified with circuits on breadboard, PCB designed using the layout software called Ultiboard, and finally fabricated all printed circuit board with needed terminals and connectors at IPFW lab.

Figure 9. Analog signal processing unit architecture


Power Supply System Design: The power supply system (± 15V) with LM7815CT (+15 V voltage regulator) and LM7915CT (-15V voltage regulator) were designed, tested, and added to the PCB board for powering all the analog ICs used in the analog signal processing subsystem. The 22 AWG wire was selected as the DC power line between the corrosion sensor and the CMS system unit, The wire resistance of 150 ft long wire was measured as 2.93 ohms. Power supplies for providing DC power (24V) to the six RS-485 DAQ units with a power line length of 150 ft was tested. The source voltage from the power supply was 24V and the load side voltage was measured at 22.4V which is within the acceptable voltage range for the designed RS-485 data acquisition units. Figure 10 shows the dual-voltage (±15V) power supply designed for the corrosion sensor electronics. 

Figure 10. Dual-voltage power supply (±15V) for analog signal processing unit



AC 1 kHz Sine Wave Generator: As described in the earlier section, the sol-gel and A36 cylindrical corrosion sensor are capacitive type sensors and can detect the change in dielectric constant of the corrosion-related materials such as corrosive anions or rusts on the sensors.  The frequency and amplitude of the sine wave generator, as shown in Figure 11, used in to excite the corrosion sensor is based on the original indirect measurement method for measuring sol-gel capacitance. 

Figure 11. 1 kHz sine wave generator



The transfer function F of the sine wave generator circuit is obtained for analysis.  

            (1)


Set , to obtain the resonant frequency as 

    (2)
With the 1 kHz sine wave generator, as an independent module, so that it will output proper current to the newly made cylindrical sensor. Figure 12 shows a scree shot of the sine wave output from the connection of the 1 kHz sine wave generator with the A36 cylindrical corrosion sensor. 

Figure 12. Digital scope measurement of 1 kHz sine wave signal generator’s output for the new cylindrical sensor
[image: C:\Users\Wei\Desktop\照片.JPG][image: C:\Users\chend\Documents\Research\Sol Gel\Specimen\Day 1\DSCN0125.JPG]

Capacitance-to-Voltage Converter for Corrosion Sensors: The ideal or theoretical output-stimulus relationship for the C-to-V conversion circuit, as shown in Figure 13, neglecting the temperature effect, can be expressed as:









Figure 13. Capacitance-to-voltage converter



The output voltage of the capacitance-to-voltage conversion circuit is derived as:


             (3)
A frequency response analysis is conducted to validate the operational range of capacitance-to-voltage conversion circuit:
1) 


When , the output signal’s phase is equal to input signal’s. This shows that there is no phase shift. And the output signal amplitude is times the input signal. For example, with an input signal of amplitude 5v and phase of 45 degree,  =1, and a frequency response is obtained.
2) 


[bookmark: OLE_LINK10]When ,  The output signal phase is 90 degree phase shift with respect to the input signal.  The output signal amplitude is times input signal. For example input amplitude is 5v and phase is 45 degree. =1. And the frequency response plots are:

Signal Amplifier and Precision Rectifier: The circuit as shown in Figure 14 includes the first stage for amplifying the voltage from C-to-V converter, and the second stage for rectifying the ac voltage to a dc value. 








Figure 14. The signal amplifier and precision rectifier



Root-Mean-Square Voltage Converter: The design and simulation of this circuit was completed. The graphic plot, Figure 15, shows a linear correlation between capacitance and Root-Mean-Square voltage data which was based on our advance alternating current measurement methodology. 
Figure 15. A C-to-V conversion plot



PCB Board for Corrosion Sensors: The design and fabrication of the sensor electronics circuit and printed circuit boards for the following four types of sensors were completed. These sensors include (a) sol-gel sensor, (b) sol-gel sensor coated with coal tar epoxy, (c) A36 cylindrical sensor, and (d) A36 cylindrical sensor coated with coal tar epoxy. Figures 16 shows images of (a) fabricated PCB board, (b) components soldered PCB board, and (c) boxed PCB board. In addition, the complete sensor electronics box plus the sol-gel sensor coated with coal-tar epoxy is also shown in Figure 17.

Figure 16. From left to right: (a) Fabricated PCB board, (b) Component soldered Sensor electronic PCB board, and (c) Sol-gel sensor monitoring electronics box (weather proof) with ADAM 4016 DAQ
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.
Figure 17. Sensor electronic sensor box connection to Sol-gel sensor which was coated with Coal-Tar Epoxy
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2.1.5 Design and Validation of the Digital Signal and Computer Processing Subsystems

RS485-based Corrosion Sensor Network: The Corrosion Sensor System is designed to handle up to 32 RS-485-based DAQs, each with its own microcontroller as slaves, and an embedded computer as a master. Simple sensor database will be used to store sensor data. Two Ethernet ports allow the logged sensor data to be accessed remotely via three WiFi hotspots services by AT&T and InterNetOnTheGo Co., respectively.  See Figure 18 for details.

Figure 18. RS485-based corrosion sensor network



Physical Link Design for the RS485 Sensor Network: Various physical link design and testing tasks were conducted:
· Conducted stress and failing tests for the two previously selected Cat 6 cables (Blue cable start to stretch at 12 inches and failed at 53 lbs; Black cable start to stretch as 12 inches and failed at 15 lbs) at 53lbs, with a stretch of 12 inches).
· Selected a new Cat 6 cable (bigger wire size and stronger). This new cable is selected for installation along with a Conduit.
· Redesigned cabling system which uses a newly selected Cat 6 cables bigger Flex cable male and female connectors, plus a bigger wire conduit for housing the cable.

Main Computer for Corrosion Sensor System:  An embedded computer running Microsoft Windows XP-embedded with external power supply was purchased, received on Jan. 14, 2012. Major features of the embedded computer including the following items were tested successfully: (a) IP addresses were assigned, and Internet connection was verified (b) Two RS232 COM ports were tested OK (c) The embedded computer was able to run C program created from a regular PC running Windows XP and Windows 7.

VbScript Program Development for Sensor Data Acquisition: The corrosion sensor data acquisition algorithm, coded in VbScript, running under Windows XP embedded computer. This program was tested in the lab and validated through the collected date since May 2013. It produced one data file for each sensor at 30 minutes interval. The algorithm is shown below:
· Step 1. Extracts voltage (mV) value from the ADAM DAQ for each sensor (1-6), one at a time.
· Step 2. Takes three samples from each sensor, calculates average and stores it in a variable.
· Step 3. Repeats three times with a delay of approximate 3 minutes between set of readings. 
· Step 4. Computes average value from these set of readings and stored in a data array for each sensor.
· Step 5. Invokes interpolation function to convert voltage in mV to capacitance in nF.
· Step 6. Saves sixe sensor data files with the following fields: sensor number, voltage value of corrosion sensor, and capacitance value of corrosion sensor, plus a time stamp file as shown in Figure 19.
· Step 7. Repeat from step 1.

Figure 19. Sensor Data Files and Time Stamp file
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2.1.6 Corrosion Monitoring System Integration and Testing

System Integration Test: Completed system integration test at IPFW lab, with 150 ft cable for each sensor, a keyboard, a LCD monitor, and an UPS (Uninterruptable Power Supply). All six sensors are labeled with Army S1 through Army S6, with the types and desired installation locations as shown below, in Figure 20.
1) Coal-tar epoxy coated sol-gel sensor (install at a lower level of the bridge)
2) Coal-tar epoxy coated sol-gel sensor (install at a higher level of the bridge)
3) Sol-gel sensor (install at a lower level of the bridge)
4) Sol-gel sensor (installed at a higher level of the bridge)
5) Col-tar epoxy coated cylindrical dummy sensor (all made of 316 stainless steel; Final installed location: TBD)
6) Coal-tar epoxy coated cylindrical corrosion sensor (the center is made of A36 carbon steel; Final installed location TBD)

Figure 20. (a) Six Corrosion Sensors Boxes                   (b) Army # 6 Sensor Box
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Site Survey and Installation Guides: Mr. Bob Tilbery, IPFW team member, visited the RIA Bridge to gather information for system installation, and verified the sensor installation locations and length requirement. The following installation and deployment guides, see Appendix A, were also prepared: 
· The Corrosion Monitoring System: Getting Started Guide, http://www.etcs.ipfw.edu/~lin/CorrosionSensorSys/Documentation/Corrosion%20Sensor%20System%20V2.2.pdf 
· CAT 6 Cable and Plug/Connector Assembly Guide, http://www.etcs.ipfw.edu/~lin/CorrosionSensorSys/EquipmentDocuments/GuideCat6CablePlugsPreparation-2013-4-24.pdf

Final In-house Testing before Installation: The in-house (at IPFW) testing and system validation of the Corrosion Monitoring System was completed. The system includes the following key components: An embedded computer with data collection program, LCD monitor and keyboard, six sensor electronics boxes with microcontroller-based DAQs (data acquisition units), two coal-tar epoxy coated Sol-gel sensors mounted on ceramic plates, two Sol-gel sensors mounted on ceramic plates, two coal-tar epoxy coated cylindrical sensors (316 stainless steel, and A36 carbon steel). The corrosion monitoring system was then shipped in April 2013 to the Chandler Monitoring Systems, Lawrenceville, GA for installation at RIA bridge, IL on the scheduled date May 24-26, 2013.

2.2  Field Work
2.2.1 Work Plan for Implementing the Technology 

The work plan for implementing the Micro-Nano Technology Corrosion Sensor System includes the elaborate technical activities over the system life-cycle. Major planed and performed technical activities include the design, testing, construction, utilization, support, and phase-out phases of the life cycle. The detailed work plan includes various tasks and subtasks as listed below.
1) Conceptual design of the corrosion sensor system
a. Research and characterization of the new sol-gel and A36 cylindrical corrosion sensors
b. Feasibility study of the corrosion sensor system
· System operation requirements design
· System maintenance concept
· System functional requirements
· Review and evaluation of feasibility study
c. System specifications and planning
· Design system architecture (hardware/software) 
d. Conceptual design review 
2) Iterative design of the corrosion sensor system
a. Refine system architecture
b. Perform detailed system design
· Define detailed system requirements and specification (sensors, hardware/software subsystems and interface, I/O interface, timing, events, constraints)
· Define system usability, performance, reliability, supportability, off-the-shelf parts, power, weight, size, cost, tradeoff, etc
· Perform circuit simulation, system simulation, analysis and optimization
c. Perform system and subsystem trade-offs and evaluation of alternatives
· Corrosion sensor types: Sol-gel vs. A316 cylindrical sensor
· Wired vs. wireless sensor networks
· Commercial off-the-shelf DAQs vs in-house design
· Main computer system: embedded computer vs. industrial computer  
· Programming languages: VbScript vs C#, etc
· Communication and networking infrastructure
d. System function modeling (flow chart, data flow diagrams, state transition diagrams, activity diagrams, etc)
e. Perform detailed design, construction, and testing of components and subsystems
· Ordered all needed hardware and software
· Sol-gel and A316 cylindrical corrosion sensor fabrication, testing, and characterization
· Power supply system design, testing and characterization
· Analog signal processing subsystem fabrication, testing and characterization
· Digital signal processing subsystem, programming, testing and characterization
· RS485-based local sensor network design, testing and characterization
· Main computer system configuration and testing
· Networking and communication configuration and testing for remote access
· Software design and testing for the corrosion monitoring system
f. Review and evaluation of detailed design 
3) System Integration and In-Lab Beta Testing
a. Field Investigation of Environmental Conditions and Factors of the RIA bridge that might affect the sensor performance
b. Construct and build the following prototypes units and subsystems 
· Sol-gel A316 cylindrical sensors
· Sensor boxes that include the following modules 
· Printed circuit board 
· DAQ module
· Cabling terminal/connectors for power supply and RS485 networking
· System cabling and subsystem packaging design, integration and testing
· Base station computer with embedded computer, enabled with Ethernet, RS485 communication for corrosion sensor system
· Internet communication subsystem
· Software programs for data collection and analysis
c. Unit testing, system integration, and validation
· Packaging
d. Networking and communication subsystem integration, testing and validation
· Sensor networks: RS485-wired star network
· Local network sharing and port forwarding service provided via Chandler Measurement Inc.’s computer system already installed on the bridge with wired Internet service from AT&T DSL modem/router.
e. Internet-based remote access service to the base station computer 
4) Field Investigation of Environmental Conditions and Factors of the RIA bridge that might affect the sensor performance
a. Desired location for installing sensors and CMS server unit
b. Temperature, humidity, etc., that may affect the electronics circuits
c. Weather and traffics conditions that may affect the packaging of the sensor modules, system wiring, etc
d. Fine tune the sensor system and the network.
5) Pre-deployment system testing, cabling and packaging prior system integration
a. Packaging and cabling design and testing prior to deployment
b. Corrosion sensor packaging
c. Sensor box packaging 
d. CMS server packaging
e. CMS system wiring and testing
6) CMS system deployment
a. Installation and mounting of cables, sensor boxes, and CMS server computer
b. On site testing of sensors, RS485 networking links, CMS server computer
7) CMS system operation and reliability-centered maintenance
a. Sensor data collection, analysis and interpretation
b. Failure mode, effects, and critical analysis (FMECA)
c. Reliability MTBF (mean-time between failure)
d. Level-of-repair analysis
e. Maintenance task analysis    

Permit requirement by law and regulation: Not Applicable to the installation of the corrosion sensor monitoring system since it was installed on the Army’s bridge.

Coordination with Utility Companies and Stakeholders: Coordination and permission for accessing the Army bridge were needed prior to access the Army’s bridge for installation, operation and maintenance tasks. Mr. Christian Hawkinson, US Army USAG is in charge of making the needed arrangement. 

2.2.2 Relevant Field Work 

Relevant field works for the design, construction, and test of the CMS system are highlighted as shown below:

Sep. 1-30, 2011, Initial nano sol-gel sensor design, fabrication and testing
· More sol-gel sensors of tin chloride and aluminum were produced for laboratory tests.
· Submitted a manuscript of the paper entitled “Examination of Corrosion on Steel Structures by Innovative Nano Sol-Gel Sensors ,” for 2012 NACE Corrosion Conference

Oct. 1-31, 2011, Corrosion sensor system requirements gathering
· Sent a sol-gel sensor of SnCl4 aluminum and testing methods to Chandler Monitoring System Inc.
· Held a conference call with Chandler on Oct. 12th to have an overview of the system operation of their existing testing system at RIA bridge.  

Feb. 2012, Completed analog signal processing system design, DAQ programming and testing, and measurement procedures
· Refined system requirements and specifications: Conference call with Chandler Monitoring System Inc. for more information on system interfacing and corrosion data transporting requirements
· Completed analog signal processing system design
· Designed the measurement algorithm for the corrosion sensor’s capacitance in NaCl solutions
· Designed the testing procedure for the Sol-gel sensor

Jan-June 2012, Redesigned, built, and tested the major components of the first lab version of corrosion monitoring system  
· The Corrosion Sensor System is redesigned with up to 32 RS-485-based DAQs, each with it’s own microcontroller as Slaves and a fanless embedded computer as a Master. Simple sensor database will be used to store sensor data. Two Ethernet ports allowing the logged sensor data to be accessed by Chandler’s main system and for remote access by IPFW’s host.  
· A fanless embedded computer running Microsoft Windows XP embedded with external power supply was purchased, received on Jan. 14, 2012. Major features tested successfully include: (a). IP addresses were assigned, and Internet connection was verified (b) Two RS232 COM ports were tested OK (c) The embedded computer was able to run C program created from a regular PC running Windows XP and Windows 7.
· Data Logging algorithm was designed with RS-485 DAQs daisy chain communication as the primary choice. Currently it will read 4 corrosion sensors nodes and can be extended to 32 sensor nodes.  
· A PowerPoint presentation slide is  prepared for the peer-reviewed conference paper entitled “Examination of Corrosion on Steel Structures by Innovative Nano Sol-Gel Sensors,” to be presented at the 2012 NACE Conference in Salt Lake City, Utah. A copy of this slide is also sent as an email attachment.
· Designed, built, and tested the first batch of the next generation cylindrical corrosion sensor.
· Fabricated the newly design sensor electronics circuit and printed circuit boards for the four types of sensors (a) sol-gel sensor, (b) sol-gel sensor coated with coal tar epoxy, (c) A36 cylindrical sensor, and (d) A36 cylindrical sensor coated with coal tar epoxy.

July-August, 2012, Integrated and tested the first the corrosion sensor monitoring system with the following components:
· 1 x Fanless Embedded PC (Windows XP-based), 4 x ADAM-4016 RS-485-based data acquisition modules
· 2 x Corrosion sensor signal processing PCB boards, 4 x sole-gel sensors mounted with weather-resisted supporting board 
· Developed a VBscript program with proper documentation for computer hardware, DAQ hardware and communication ports, plus functions for running the system.
· Created a testing procedure for the sol-gel sensor mounted on ceramic plate, under the following five testing scenarios: (a)  Raining with water on the Sol-gel sensor for an hour (b) Snowing with 1 inch of snow coverage (c) Melting snow with salt spreader (concentration of NaCl from high to low: 10 mM, 2 mM, 0.5 mM, 0.1 mM, DI water) (d) Melting snow with salt spreader (concentration from low to high: DI water, 0.1 mM, 0.5 mM, 2 mM, 10 mM) (e) Dilution of salt by melting snow or rain or condensation water
· Finalized the remote data access testing using Virtual private network (VPN) connection, and Microsoft Remote Desk Top connection to access sol-gel sensor database, and remote execution of the VbScript DAQ programs.

Sept-Oct, 2012, Preparation for deployment of the corrosion monitoring system at RIA bridge 
· Mounted six tin chloride sol-gel sensors on ceramic tiles with water-proof epoxy for onsite monitoring of chloride. 
· Weather-resistance packaged sensor wiring, connectors, and sensors electronic enclosure boxes.
· Integrated the electronic subsystems with the sol-gel sensors, computer control subsystem to be deployed to the bridge in Rock Island, IL.
· Tested the responses of the mounted sol-gel sensor systems by spraying different concentrations of NaCl solution to the sensors on the university campus.
· Further efforts were put on the examinations of the cylindrical sensor. X-ray photoelectron spectroscopy was utilized to investigate the elemental compositions of the rust on A36 steel surface. 
· Prepared the corroded A36 steel samples for x-ray diffraction analysis.

Nov. 14, 2012, First system design review and progress report to CERL staffs in Champion IL
· Submitted progress report, made presentation and demonstration of CMS system
· Delivered 6 new SnCl4 aluminum sol-gel sensors to CERL sol-gel sensor, 
· Discussed the new design of next generation cylindrical corrosion sensor
· Discussed and reviewed the reliability and interference of the wireless sensor network
· Discussed the design change from wireless to wired sensor network 

Nov. 18, 2012, Sensor system interoperability review
· CMS system design conference call with Keith Chandler of Chandler Monitoring System Inc.,
· Reviewed and discuss a new electric circuit system of the sensors and its compatibility with the existing monitoring system of Chandler 

April, 2013, System integration and unit testing prior to final deployment

May 24-26, 2013, Corrosion monitoring system deployment

May 2013 to Oct. 2014, System operation, data collection and analysis, and maintenance

Required Ancillary Tasks that Significantly Affect Costs: The sensors are installed at those CERL preferred locations on the RIA bridge that may help gather corrosion data on critical spots. The installation of the corrosion sensor system was subcontracted to Chandler Monitoring System, at Georgia to perform the ancillary tasks including steel surface preparation, inspections, erection of temporary containment structures before the technology can be properly installed. However, the fine tuning and repairs of damaged sensor nodes and cabling needed were extremely difficult. Because it still required additional costs and coordination with Chandler Monitoring System and the bridge structure management team. 

Difficulties Encountered when Preparing and Installing the Technology: Additional difficulty encountered when preparing and installing the corrosion monitoring system was the outdated Internet service connection that provided through AT&T Internet modem/router with dynamic IP (Internet protocol) address and without port forwarding capabilities. This severely handicapped the remote data collection and computer maintaining/monitoring capabilities.  

Site Cleanup or Waste Disposal: Not applicable. The corrosion sensor system is expected to be functional for a life of 30-years. However, based on the economic life guidelines for Automated Data Processing (ADP) Equipment (on page 9, 8-year) listed on the Army Pamphlet 415-3, Economic Analysis: Description and Methods, it is needed to perform at least four major upgrade of replacement of software and sensor hardware to keep the system operational. This involves some simple upgrade tasks with minimum cost for the subsystem cleanup and disposal.    

2.3  Commissioning and Monitoring
2.3.1 Deployment and Acceptance Testing of the Corrosion Monitoring System

The IPFW team traveled to Rock Island, IL, from May 21-23, 2013, to finalize the corrosion monitoring system installation at the RIA Government Bridge, and completed the following tasks:
· Installed a 200 BTU thermoelectric cooler on the front-side of the system’s enclosure box, as shown in Figure 21.
· Oversaw sensor installations conducted by Chandler Measurement System Inc; installed sensors and their locations are shown in the Figures 22 through 26: 
· Sensor #1 (coal tar epoxy coated sol-gel sensor) at the lower car deck (31 inches above the deck, 2 ft above the car deck level, on the west side of the bridge) ; 
· Sensor # 2 (coal tar epoxy coated sol-gel sensor) at the top of bridge control room (mounted on the vertically – south side)
· Sensor #3 (sol-gel sensor) on the ceiling of the car deck, or below train deck (west side)
· Sensor #4 (sol-gel sensor) on the ceiling of the car deck, or below train deck (east side)
· Sensor #5 (stainless steel cylindrical sensor, coal-tar epoxy coated)  under the car deck (west side)
· Sensor #6 (A36 cylindrical sensor, coal-tar epoxy coated) under the car deck (east side). 
· Oversaw the installation of Server Box of the corrosion monitoring system, as shown in Figures 27 and 28.
· Tested the connected six sensors and senor data acquisition (DAQ) boxes, weather proofed Cat 6 cables and connectors to the Corrosion Monitoring System. 
· Tested RS-485 communication, sensor electronics and DAQ subsystem to/from each senor to the monitoring system; and tested initial sensor responses to water sprayed.
· Conducted initial testing of the response to water spray to Mr. Richard Lampo, Army CERL, as shown in Figure 29.
· Worked with CMS’s staff Abee to setup an IP address for the installed corrosion monitoring system.
· Installed a Cloud-based software “LogMeIn” for remote access and system control via Internet
· Successfully collected the data (voltage, capacitance, time and date) during May 24 – 26 before the system became off-line.

Figure 21. Corrosion Monitoring System with an Add-On Thermoelectric Cooler
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Figure 22. Sensor DAQ Box #1 and #2 (before installation with cover open)
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Figure 23. Installed Sensor #1 and Sensor DAQ Box #1
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Figure 24. Installed Sensor #2 and Sensor DAQ Box #2
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Figure 25. Installed #3 and #4 Sensors and Sensor DAQ Boxes
(a) Installed Sensor #3 and Sensor DAQ Box #3  (b) Installed Sensor #4 and Sensor DAQ Box #4

[image: Photo]    [image: Photo]
Figure 26. Installed  #5 and #6 Sensors and Sensor DAQ Boxes
(a) Installed Sensor #5 and Sensor DAQ Box #5  (b) Installed Sensor #6 and Sensor DAQ Box #6
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Figure 27. The installed corrosion monitoring system (server unit box) with 200 BTU thermoelectric cooling system
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Figure 28. The installed corrosion monitoring system – sever unit box (with case open)
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Figure 29. Initial Testing of the Sensors’ Responses to Water Spray
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2.3.2 Monitoring and Operation after the Deployment of Corrosion Monitoring System  

Corrosion Sensor System Operation and Maintenance Log from May 2013 to October 2014:

May 24-26, 2013: (System function normally and was able to provide data for remote access initiated from IPFW)
     The Army’s early-stage corrosion monitoring system (CMS) was deployed successfully at Arsenal Bridge, Rock Island, IL, on May 21-23, 2013. The system was able to collect sensor data from the 6 installed sensors, from May 24 until 26, 2013. The collected data were then combined with the weather conditions including temperature and moisture information to interpret the capacitance readings. The proposed formula is: Capacitance = β1*Temp + β1*Moisture + β3*Corrosion index + constant, where β1, β2 and β3 are coefficients. Multiple regressions are performed to get the above empirical equation for corrosion monitoring.
May 29-June 20, 2013: (The CMS computer off-line investigation) 
     The CMS’s main computer was up shortly and then was “Off-line” and not accessible on May 29. The IPFW investigated the reasons of “Off-Line” of the corrosion monitoring system: (a) Power supply interruption, (b) Power surge, (c) Auto software update, (d) Unable to wake-up the system’s Windows XP embedded computer since requested static IP address is not given by CMS (was requested prior to the system installation); and successfully tested the solutions through the identical Monitoring System setup at IPFW’s research lab.

June 20-21, 2013: (Enhanced system reliability and patch-up)
     The IPFW members including Paul Lin, Robert Tilbury, and MengWei Li traveled on June 20-21 to Army’s bridge at Rock Island to perform system reliability enhancement work. 
1) Completed the following system enhancement tasks: 
a) Replaced the NFB (no fuse breaker) with a higher current rating to avoid unnecessary surge voltage that may trip off the power of the Army Corrosion Monitoring system. (see Figure 30)
b) Tighten connected power wires and communication cables (the severe vibration and shacking while train passing through the upper deck may cause the communication cable and power cable to be loosen).
c) Added a software-based CPU temperature monitoring program.
d) Added an UPS (uninterruptable power supply) with smooth shutdown software features. (see Figure 31)
e) Added a Netgear 5-port Ethernet switch box for adding additional networking device such as an iBoot (Internet-based remote on/off switch, see Figure 32)
f) Successfully tried the iBoot for testing the remote switch on/off of the Army’s Corrosion System computer (see Figure 33) using local IP address. It was tested at the site and functioned properly using a computer (Paul Lin’s Notebook) which was connected to one port of in the Netgear 5-port switch. This is a local networking testing for computers connected in the same local segment, no need to use a static IP. (see testing results in Figure 34)
g) Failed to configure iBoot for remote access due to the static IP address was not available from CMS’s AT&T DSL Internet service.
2) Problem encountered
a) The IPFW team left Rock Island around 6 PM, June 21, 2013. And noted that the Army Corrosion System was operational until 10:00 PM, June 21, when IPFW team rechecked the system using iPhone-based LogMeIn; and it was remained offline since 10 PM, June 21, 2013.
b) The IPFW team worked with CMS’ Mr. Abee Zelke from 3 p.m. June 20 to 5 p.m.  June 21, tried but failed to configure the iBoot due to the needed static IP address and port forwarding feature were not available from CMS’s exiting AT&T DSL Internet service for their Arsenal Computer. See Figure 35 for the CMS’s Hamachi VPN-based Network Connection that was tried but failed (The iBoot device is removed from the control room in the attic of the Army’s bridge and is now back to IPFW)
3) Open Items
a) The Army Monitoring System’s computer was offline for unknown reasons since the IPFW team did all the needed patched works. It is noted that the CMS supporting partner has the access password and able to access the computer using the remote assistance software – Teamviewer even after IPFW left the work site.
b) Two static IP addresses are needed: 
· One static IP address for Windows XP Embedded Computer inside the Army’s Corrosion Monitoring System; and
· One static IP address for iBoot network-based remote power on/off switch.
c) The chat, email, and voice communication with Mr. Abee Zelke, R&D Director of Chandler Monitoring System was not able to receive the confirmation on when the static IP and new modem/router to support this feature is possible.



















Figure 30. Replaced NFB (No Fuse Breaker)
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Figure 31. Installed UPS & Netgear 5-Port Ethernet Switch at RIA bridge’s control room
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Figure 32. Successfully tried iBoot remote On/Off switch with local IP connection at RIA bridge’s control room
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Figure 33. Testing Results of iBoot Network-based Remote On/Off Switch (using a Microsoft Web browser)
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Figure 34. Hamachi VPN Network Connection (tried but failed, June 20 to 21, 2013)


Figure 35. Computer system configuration prior to IPFW’s patched work on June 20, 2013




Figure 36. Tried and worked for local access of iBoot, but failed to access through Internet



Figure 37. Proposed future network connection (preferred solution)



July 11-12, August 2013: (Internet Communication Subsystem Patch-up) 
1) The team members Paul Lin, Robert Tilbury, and MengWei Li made a trip to RIA Bridge’s control room on July 11 and 12 to fix the system’s Internet communication and remote system data gathering problems which was reported in the past two moths’ reports.
a) It was found - the embedded computer inside the Army Corrosion Monitoring System was running normally since our June 20 to 21 “Maintenance and Patch-up work trip.”
b) It was found that the AT&T DSL Internet service for Army Corrosion Monitoring System was not operational.
c) A new approach of Internet service for Army Corrosion Monitoring System was designed and implemented during July 11 to 12’s trip. This new, dedicated Internet service system includes the following subsystems: (a) A Wi-Fi hotspot, as shown in Figure 38, was installed at the site. The hotspot was purchased from Walmart dated back to May 2013 and a WiFi service is provided without contract via www.Internet-Go.com . (b) Wi-Fi range extender, and (c) a special cooling fan and thermostat was added to ensure the HotSpot will not overheat. A non-contract based service fee of $45 was paid to get 3GB bandwidth; after two weeks of running, 2.4GB bandwidth remaining, as of July 29. It is estimated $45 service fee will last for at least 30 days. 
d) A new Netgear Wi-Fi range extender was purchased and installed. See Figure 39.
e) The new WiFi subsystem was tested successfully.
2) Currently, the corrosion data gathering and analysis for the Corrosion Monitoring System (CMS) is accomplished through the following approach. With Internet service  through www.Internet-Go.com remains on:
a) Use LogMeIn rmote service (a Web-based remote access service) to connect to the ACMS system installed at the RIA bridge’s control room. See Figure 40 for the screenshot of LogMeIn remote access.
b) Stop (Turn-Off) data acquisition program through Windows Task Manager.
c) Move the data files to DropBox (a free storage cloud service).
d) Disconnect LogMeIn service
e) Move data files from DropBox to a local storage.
f) Analyze and interpret data.








Figure 38. The installed InternetOnTheGo WiFi Hot Spot with an added AC cooling fan
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Figure 39. WiFi Range Extender Installed on July 12, 2013[image: C:\00000000-2011-13-Sol-Gel-Sensor\00000000-2013-SystemDocsReports\Pictures\2013-7-11-12\IMG_0725.JPG]Added cable for Ethernet/Internet connection
Installed WiFi range extender







Figure 40. LogMeIn Remote Access Service
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July 11-Aug 15, 2013: (Successful corrosion data collection and interpretation)
· Collected corrosion sensor’s capacitance reading (July 11-July 31) from all installed sensor system on the Government bridge, except senor #3; combined with the weather conditions including temperature and moisture information to interpret the capacitance readings. The proposed formula is: Capacitance = β1*Temp + β1*Moisture + β3*Corrosion index + constant, where β1, β2 and β3 are coefficients. 
· Made twelve sol-gel sensors and cylindrical sensors; sent to CERL for coal tar epoxy coating and test in a salt-fog chamber.
· Developed an experimental protocol for the salt fog tests.

Aug. 16-30, 2013: (Investigation for the third time patch-up for the Internet connection issue)
     It was found that the installed corrosion monitoring system was not reachable through remote login program “LogMeIn” since Aug. 16, 2013. Adding one additional WiFi hotspot to improve the reliability through redundancy was investigated and tested at IPFW. 

Aug. 31-Sept. 1, 2013: (Third time patch-up for the Internet connection issue)
     The team members Paul Lin, Robert Tilbury, and MengWei Li made a trip to RIA Bridge’s control room on Aug 31 and Sept 1 to fix the system’s Internet communication and remote system data gathering problems which were reported in the past two moths’ reports. 
a) It was found that the embedded computer was doing the collection and storage work properly. 
b) Looked and examined the computer log files and found that the WiFi Range Extender is the main cause of the Wireless Internet communication problem. The Range Extender is now disconnected from the system.
c) Two WiFi hotspots and two USB WiFi adapters were installed and configured during this trip. The Wireless Internet communication is now supported through either one of the HotSpot, and/or WiFi adapter. The network reliability is surely improved. But there is still no fixed IP address provided by WiFi HotSopt service provider.

Sept. 1, 2013 to Feb. 28 2014: (Successful corrosion data collection and interpretation)
1) Collected capacitance readings from the installed corrosion sensor systems on the Government Bridge; except sensor #3.
2) Combined with the weather conditions including temperature and moisture information to interpret the capacitance readings. The proposed formula is: Capacitance = β1*Temp + β2*Moisture + β3*Corrosion index + constant, where β1, β2 and β3 are coefficients. Corrosion index will be evaluated in the salt fog tests, assume corrosion of the sensors on the bridge is insignificant by far.
3) Sensor #3 (Sol-gel sensor on the ceiling of the car deck, below train deck) seems failed, which did not give the data in the proper range. It is recommended to replace it with similar sensor and asking for the assistance from Chandler Monitoring System Inc. due to the sensor location is right on the top of the car deck.

March 4 to 5, 2014: (Fourth patch-up of the Internet service infrastructure)
1) Investigated all possible caused of why the corrosion monitoring system was off-line: (a) the two redundant USB wireless adapters connected at the faneless computer, (b) the two redundant WiFi hot-spots hardware condition and the account status, (c) the remote log-in cloud service (LogMeIn) software and account status, (d) the cloud storage service –Dropbox.
2) Prepared all possible solutions to correct the anticipated issues: (a) LogmeIn account type was changed to Pro. version
3) An IPFW team traveled to the Government Bridge, March 4 to 5, 2014 and fixed the data collection and transmission system. Findings and actions were: (a) Faneless computer continued its data collection job without any interruption, (b) The WiFi hot-spots required reset (restart) and LogMeIn software was reinstalled. 
4) The corrosion monitoring system, except Internet infrastructure, was continuously collecting sensor’s capacitance data since. All sensor data is stored and available.

April 14, 2014: Demonstration of the corrosion monitoring system to staffs of CERL, Champaign IL. 
     The IPFW team traveled to Champaign IL and met CERL engineers on April 14. The IPFW team gave a presentation and demonstrated the corrosion monitoring system during the meeting.

March – June 11, 2014: (Successful corrosion data collection and interpretation)
1) Collected capacitance readings (March to June 11) from the installed corrosion sensor systems on the Government Bridge; except sensor #3.
2) Combined with the weather conditions including temperature and moisture information to interpret the capacitance readings. The proposed formula is: Capacitance = β1*Temp + β2*Moisture + β3*Corrosion index + constant, where β1, β2 and β3 are coefficients. Corrosion index will be evaluated in the salt fog tests, assume corrosion of the sensors on the bridge is insignificant by far.
3) Data collection from corrosion sensors installed on the Government Bridge was temporarily unavailable in June. The last online was on 06/11/2014 and the last remote session was 06/06/2014.  The IPFW team has been trying to revitalize the monitoring system remotely. However, it seems another trip to the bridge is needed, likely in August.

August 29-30, 2014: (Fourth patch-up of the Internet service infrastructure)
1) The IPFW team, Paul Lin and Robert Tilbury, traveled to the Government Bridge on 8/29~8/30 and successfully revitalized the monitoring system. All the data from 6/6 to 8/29 were recovered successfully.
2) Plan to add an AT&T Wi-Fi hot spot with 2 year contract which would be installed in Oct. 2014 before the project closure.

Sept. 1 to Oct. 31 2014 – Operational and Monitoring
     The IPFW team continues to fine tune the networking and communication infrastructure for necessary remote access until Oct. 31, 2014. The Mico-Nano Technology Sensor Monitoring System, now, includes the following components as shown in Figure 41: (a) six corrosion sensors:  three sol-gel and three A36 cylindrical sensors; (b) PCB board containing analog signal processing sensor electronics; (c) ADAM-4016 microcontroller-based data acquisition unit (DAQ) with 16-bit analog-to-digital converter; (d) Windows XP-based embedded computer as the CMS central processing computer;  (e) RS-485-based communication links for CMS central processing computer to read sensor data; (f) three redundant WiFi hotspots for Internet access, (g) remote computer access cloud-based service from LogMeIn; and (h) a data storage synchronized through the Dropbox cloud service.















Figure 41. The corrosion monitoring system as of Oct. 31, 2014.















3  Discussion
3.1  Metrics
The chemical composition of the A36 carbon steel is from ASTM A36/A36M-08 (ASTM International, 2008). The standard method of salt fog testing is based on ASTM B117-73 (ASTM International, 1973).
3.2  Results
3.2.1 Laboratorial Test of the Uncoated Sol-Gel Sensors
3.2.1.1 Introduction
[bookmark: _Ref304223536]Sol-gel is a process which evolves a transition of the phase from a liquid colloidal "sol" to a solid "gel" [[endnoteRef:2],[endnoteRef:3]]. In a typical sol-gel process, the precursor experiences a series of hydrolysis and polymerization reactions to form a low-viscosity colloidal suspension (i.e., sol). After being cast in a mold followed by drying and usually with heating treatment, a solid gel is formed. Because of the initial liquid phase, the nano sol-gel sensor can be casted in various configurations and tailored for its sensitivity to chloride concentration, dimension, and compatibility to the sensor circuit. The sensors allow easy integration to form a wireless network to send signals for automatic monitoring and evaluation. In this study, the final product of nano silica sol-gel was an amorphous, mechanically stable, inert, and porous material. It was found that the nano sol-gel sensors changed its conductivity and capacitance as a function of the amounts of sodium and chloride ions retained or adsorbed in its matrix structure. Because of charge balance, the same numbers of sodium and chloride are adsorbed by the nano sol-gel simultaneously, although chloride is the major cause of corrosion. Therefore, based on the electrochemical method of detection, multiple nano sol-gel sensors can be produced and attached to steel infrastructures such as bridges to examine the amount of available chloride for corrosion. Experiments have been conducted to determine the optimal parameters for fabrication of nano sol-gel sensors and the intrinsic characteristic of detection.  The methods of nano sol-gel preparation, characterization and responses to chloride concentration were investigated in this study. The main objective of this study was to develop a robust sensor and senor system that could determine the corrosive condition of reinforced concrete and steel structures during service; thereby, giving a chance to estimate the durability of the infrastructures so that a catastrophic failure could be prevented. [2: [] Brinker, C.J. and Scherer, G.W. Sol-gel science: the physics and chemistry of sol-gel processing.  Boston: Academic Press, 1990.]  [3: [] Hench, L.L. Sol-gel silica, properties, processing and technology transfer. Westwood, New Jersey: Noyes Publications, 1998. ] 


3.2.1.2 Materials and Methods
Materials. Ultrapure DI water (R=18.2 Mcm) was used in the study. All of the chemicals were reagent grade and purchased from Acros or BDH or Alfa Aesar without further purification unless otherwise specified. The electrodes used in the nano sol-gel sensors were 3M® adhesive conductive tapes purchased from Ted Pella Inc., including aluminum (product #16071), copper (#16072), carbon (#16073), XYZ-A (#9712) and XYZ-B (#9713) tapes. Alternatively, the conductive strips were made from sputter coating of gold (Au) under vacuum status. The substrate of the sensor was a microscope glass slide (76.2 L × 25.4 W × 1.0 H mm).

Preparing the substrate with conductive tapes. Glass slides were used as the substrate because of the covalent bonding with silica sol-gel coating. The microscope glass slides were soaked overnight in a bath of NoChromix®, then rinsed with DI water and followed by drying in air to remove any potential contaminants from the glass surface. After drying, two parallel conductive tapes were adhered tightly onto the glass slides along the longitudinal direction or the glass slides were performed sputter coating of gold under vacuum. In one case, two parallel carbon tapes were sputter coated with gold, while the slide surface between the carbon tapes had been temporally masked to avoid sputter coating in this area. The dimensions of each tape on the sensor were about 70 L × 6.3 W × 0.05 H mm. The diagram of the sensor is depicted in Figure 31.
 
Synthesis of nano sol-gels. In a 20 mL glass beaker, 0.701 g SnCl45H2O was totally dissolved in 3.75 mL of water. Then 2.305 mL of tetramethyl orthosilicate (TMOS) and 0.2 mL saturated low molecular weight polyvinyl alcohol solution were added to the SnCl4 solution. The mixture was sonicated for 3 minutes in an ultrasonic bath. After sonication, the sol was transferred from the glass beaker to an acrylic block with a thin and wide cavity (30.5 L× 5.0 W× 74 H mm) drilled into it. This solution is then ready to dip coat the glass substrate with conductive tapes adhered as being prepared earlier. 

Figure 42. The diagram of a nano sol-gel coated corrosion sensor

[image: ]

Dip coating the sensors with nano sol-gel. The glass substrate with conductive tapes adhered was lowered down into the block’s cavity using tweezers, and dipped three times vertically. Finally, the sensors were hung in an oven to dry at 50°C overnight.

SEM examination of the nano sol-gel coating. A scanning electron microscope (SEM) (Hitachi S3400N) was used to examine the nano sol-gel coating on the glass surface. The sol-gel samples were coated with gold of about 7-nm thickness to enhance the conductivity of the surface. Multiple locations of each sample were examined with SEM in order to obtain a representative image of the surface. 

Testing the nano sol-gel sensors. The sensors were tested over varied concentrations of NaCl from 0.01 to 0.08 mM. Each sensor was vertically put in a container with less than half of the sensor submerged in a 50-mL NaCl solution and the rest in the air for connecting electrodes to measure current, voltage, and capacitance. An increase of NaCl concentration was made by spiking specific amounts of 3.0 M concentrated NaCl solution into the container stepwise. Thirty-minute contact time was allowed between the nano sol-gel sensor and the NaCl solution at each concentration change before the measurements. An AC signal generator of 1 to 3 kHz was used in the test. The corrosion sensors with or without nano sol-gel coating were tested with the circuit configuration as shown in Figure 43, which included a signal generator, e(t) (Tektronix CFG250); the sensor itself as a variable capacitor, C; and a current sensing  resistor, Rs. The measured and computed electrical quantities from the experiment were: 
i) The output from the function generator, e(t), was a sine wave with frequency of 1 kHz, and amplitude of 2.0 V peak-to-peak. 
ii) The root-mean-square voltage across the sensor, Vc, was measured from the digital storage scope (Tektronix TDS 2014C). 
iii) The root-mean-square current, I, was obtained from Ohm’s law, VRs/Rs, using the measured voltage across the current sensing resistor Rs of 100 ohms. 
iv) Sensor’s capacitance, C, was computed from the following equations using the power supply’s frequency f of 1 kHz, measured voltage Vc and current I:

Reactance of the sensor:  Xc = Vc/I                                                     (4)
Sensor’s capacitance:     C = 1/(2fXc)                                               (5)                                                    

Figure 43. Corrosion sensor testing circuit using an AC measurement method. e(t) was a sine wave with frequency of 1 kHz, and amplitude of 2.0 V peak-to-peak.
[image: ]

[bookmark: _Ref331509853]The corrosion sensor was constructed with two parallel electrodes (i.e., the conductive tapes as shown in Figure 42), which were placed in sodium chloride solution. Based on Eqn (4), with an increase in sodium chloride concentration, a greater current I and thus a smaller reactance Xc occur when the same voltage is applied to the parallel electrodes because of a greater conductivity of the aqueous solution. Therefore, a bigger capacitance reading would be obtained according to Eqn (5). Consistently, other studies [[endnoteRef:4],[endnoteRef:5]] indicated higher capacitance values occurred at a greater sodium chloride concentration when the testing frequency was above 0.2 Hz, although potential electrolysis at a low frequency was not addressed in those studies.  [4: []  Mirtaheri, P., Grimnes, S. and Martinsen, .G. Electrode polarization impedance in weak NaCl aqueous solutions. IEEE T Bio-Med Eng 2005; 52: 2093-2099.  ]  [5: []  Li, X., Lei, T., Wang, W., Xu, Q. and Zhao, J. Capacitance sensors for measuring suspended sediment concentration. Catena 2005; 60: 227-237.] 

Analysis of chlorine in water. To evaluate the potential electrolysis brought the tested AC power, examination of chlorine, one of the major electrolytic products of NaCl solution was immediately conducted following the iodometric method [[endnoteRef:6]], in which the NaCl solution was titrated by 0.1 N standard Na2S2O3 to the starch-iodide end point. The lower detection limit of this method is 1 mg/L chlorine. The titration kit was from Hach Company (Loveland, Colorado). [6: []  Eaton, A.D. and Franson, M.A.H. Standard methods for the examination of water and wastewater.  21st ed. Washington DC: APHA/AWWA/WEF, 2005.] 

  
Refreshing the nano sol-gel sensors. In one experiment the objective was to test the ability of the sensors to adsorb sodium and chloride ions, and then lose them in diluted water. To do this, a sol-gel sensor was placed in a 50-mL 10 mM NaCl solution for 30 minutes, then placed the sensor in a separate container of 50-mL pure DI water where the measurements were taken every 30-minute for 90 minutes. 

3.2.1.3 Results
3.2.1.3.1 Structures of nano sol-gel

[bookmark: _Ref329624453][bookmark: _Ref331528525]Hydrolysis of SnCl4 produces Sn(OH)4 and HCl, a weak acidic condition for sol-gel reactions [[endnoteRef:7]]. Derived from TMOS, a silicon alkoxide precursor, sol-gel is formed in four consequent stages: (i) hydrolysis; (ii) condensation and polymerization of monomers to form chains and particles; (iii) growth of the particles; (iv) agglomeration of the polymer structures followed by the formation of networks that extend throughout the liquid medium resulting in thickening, which forms a porous, glassy solid, i.e., gel [6,[endnoteRef:8]]. The hydrolysis, condensation and agglomeration stage is illustrated in reaction (6), (7) and (8), respectively.  [7: []  Hench, L.L. and  West, J.K. The sol-gel process. Chem Rev 1990; 90: 33-72. ]  [8: []  Wang, D. and Bierwagen, G.P. Sol-gel coatings on metals for corrosion protection. Prog Org Coat 2009; 64: 327-338.] 
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The condensation products formed in reaction (7) continues to react with silica tetrahedra and eventually results in a SiO2 network with interconnected porosity [6,[endnoteRef:9]], as illustrated in reaction (8). Consequently, the nano structure of the sol-gel coating, which is a molecular sieve of porous structure, allows the retention and free-flowing of chloride inside the coating. This fact was expected to enhance the detection of chloride. The size of the sol particles and the cross-linking within the particles depend on the pH and the molar ratio of [H2O]/[TMOS] [[endnoteRef:10]].  [9: []  Radin, S., Chen, T. and Ducheyne, P. The controlled release of drugs from emulsified, sol gel processed silica microspheres. Biomaterials 2009; 30: 850-858. ]  [10: [] Jones, J.R. Sol-gel derived glasses for medicine. In: Jones J.R. and Clare A. (eds) Bio-glasses: an introduction. Oxford: Wiley-Blackwell, 2011, pp.29-44.] 

 
The SEM image in Figure 44 shows the structure of the nano sol-gel layer after dip coating followed by the drying process. The image reveals the porous network of spherical silica particles and their agglomerates. Individual silica particles have a diameter ranging from 100 nm to 1.7 m with a networking connected to each other. Because of dip coating, the sol-gel layer had voids and discontinued patterns on the glass slide. Nevertheless, the porous structure of the sol-gel coating enables the access and the retention of chloride to detect its concentration for corrosion monitoring.    

Figure 44. SEM image of the SnCl4 nano sol-gel coating layer.
[image: Tin_Al_4]



3.2.1.3.2 AC capacitance measurement of the sensors

[bookmark: _Ref340502069]A high AC power frequency can reduce the potential of electrolysis. With an increase in the AC frequency, the interval between successive anodic and cathodic half-cycles becomes progressively shorter [[endnoteRef:11]]. Thus the electrolytic reactions do not have enough time to complete, and it even increases the potential to reverse the reactions of the immediate prior cycle. When the power frequency is high enough (e.g., 1 kHz [[endnoteRef:12]]), no electrolysis of AC would be observed, because all current would pass via the double layer of the electrodes [10,[endnoteRef:13]].  The preferred AC power frequency used to minimize the side effects of electrolysis depends on various factors (e.g., voltage, current, NaCl concentration, mixing of the solution, the material and the configuration of the electrodes) and the tolerance level of specific applications.  In this study, the AC power of 1 kHz sine wave was chosen considering both significant capacitance readings and minimization of electrolysis. For example, a low AC frequency would enhance the extent of electrolysis as well as increase the capacitance value according to Eqn (5). To be sure, the concentration of chlorine, one of the major electrolytic products was examined to evaluate the extent of electrolysis. The test was performed by placing a sol-gel coated sensor in a 50-mL 10 mM NaCl solution. A 1 kHz sine wave of 2.0 V (peak-to-peak) (the same configuration as the AC for detection of chloride) was supplied to the sensor. After 5 hours, chlorine was not detectable (<1 mg/L). As a result, the AC-capacitance method was expected to increase the reliability and the integrity of the sensors and the detection system. [11: []  Park, J.C., Lee, M.S., Han, D.W., Lee, D.H., Park, B.J., Lee, I.S., Uzawa, M., Aihara, M. and Takatori, K. Inactivation of Vibrio parahaemolyticus in effluent seawater by alternating-current treatment. Appl Environ Microbiol 2004; 70: 1833-1835.]  [12: []  Kortum, G. Treatise on electrochemistry. London: Elsevier, 1965, p. 494. ]  [13: []  Fernandes, S.Z., Mehendale, S.G. and Verkatachalam, S. Influence of frequency of alternating current on the electrochemical dissolution of mild steel and nickel. J Appl Electrochem 1980; 10: 649-654.  ] 


Figure 45 shows the capacitance readings of the blank sensors without sol-gel coating at different NaCl concentrations. The electrodes used in the sensors included aluminum, copper, XYZ-A and XYZ-B tapes. The results indicated that all of the sensors tested rendered a higher capacitance with an increase in natural logarithmic concentration of sodium chloride from -4.61 to -2.53 (i.e., 0.01 to 0.08 mM). The metallic electrodes like Al and Cu showed a more significant increase in capacitance with a greater NaCl concentration than the conductive fiber electrodes such as XYZ-A and XYZ-B. For example, the capacitance of the blank aluminum sensor increased from 7.5±0.5 to 9.7±0.7 nF and the blank copper sensor increased from 7.6 to 9.7 nF when the natural logarithmic concentration of sodium chloride increased from -4.61 to -2.53, respectively. In contrast, the sensor of XYZ-A and XYZ-B had a slight capacitance increase from 8.4 to 9.1 nF and from 8.0 to 9.2 nF with the same increase in the sodium chloride concentration, respectively. The different performance of the tested electrodes is likely due to electrode polarization impedance of different materials [3,[endnoteRef:14]]. Similar results were obtained for the measured voltage across the sensor Vc vs. the natural logarithmic concentration of sodium chloride (ln N).  [14: []  Ragheb, T. and Geddes, L.A. The polarization impedance of common electrode metals operated at low current density. Ann Biomed Eng 1991; 19: 151-163. ] 


Figure 45. Capacitance of blank sensors without sol-gel coating at various natural logarithmic concentrations of NaCl. The sensors were powered by an AC of sine wave with frequency of 1 kHz, and amplitude of 2.0 V peak-to-peak. The NaCl concentration was from 0.01 to 0.08 mM.



[bookmark: _Ref331608305]The AC capacitance testing method was also used to examine the SnCl4 nano sol-gel coated sensors. The electrode materials of the sensors included Al, Cu, XYZ-A, XYZ-B and C & Au (i.e., sputter coating of gold on carbon tapes under vacuum). As elucidated in Figure 46, the electrodes of Al show a significant positive linear trend. The capacitance increased from 17.4±0.7 to 20.1±0.6 nF corresponding to an elevated sodium chloride concentration from ln N = -4.61 to -2.53 (or 0.01 to 0.08 mM).  The liner relationship was found between capacitance C and ln N as C = 1.30(ln N)+23.35 (R2= 0.99) for the sol-gel coated aluminum sensor. A slightly positive linear trend was found for the sensor of XYZ-B, but the slope was less than that of aluminum. Flat readings were observed for C & Au and Cu sensors; while a slightly negative trend were found for the sensor of XYZ-A tape. The reason for the positive liner trend of Al with the nano sol-gel coating is likely because of the strong bonding/complexation between aluminum and silanol functional group of nano sol-gel [[endnoteRef:15]]. Therefore, a strong coating is formed. As a result, the nano sol-gel layer improved the integrity and durability of the corrosion sensors. In addition, compared to Figure 4, SnCl4 nano sol-gel coated sensors shown in Figures 46 had much higher responses in capacitance value at the same NaCl concentration than the blank sensor. This result suggested that nano sol-gel coating increased the signal response of the corrosion sensors.  Consistently, Pierce et al. [[endnoteRef:16]] reported that dip coating of silica sol-gel layer on a neural microelectrode increased the capacitance and decreased the reactance because of charge separation due to introduction of the layer of thin, nonconductive silica film. Again, similar curves were observed for the measured voltage across the sensor Vc at various natural logarithmic concentrations of sodium chloride (ln N). [15: [] Kasemann, R. and Schmidt, H. Coatings for mechanical and chemical protection based on organic-inorganic sol-gel nanocomposites. New J Chem 1994; 18: 1117-1123.  ]  [16: []  Pierce, A.L., Sommakia, S., Rickus J.L. and Otto, K.J. Thin-film silica sol-gel coatings for neural microelectrodes. J Neurosci Meth 2009; 180: 106-110.] 


Figure 46. Capacitance of the nano sol-gel coated sensors at various natural logarithmic concentrations of NaCl. The sensors were powered by an AC of sine wave with frequency of 1 kHz, and amplitude of 2.0 V peak-to-peak. The NaCl concentration was from 0.01 to 0.08 mM.




As mentioned before, an increase in NaCl concentration raises the current I or reduces the reactance Xc across the sensor. As a result, a greater capacitance is obtained. In practice, porous and inter-connected silica sol-gel matrix can retain and absorb Na+ and Cl- ions from deicing agents to enhance the detection of chloride by the sensors. The coating of the nano sol-gel layer can protect the aluminum electrodes as well [[endnoteRef:17]].    [17: []  Chen, D., Howe, K., Dallman, J., Letellier, B. Corrosion of aluminum in the aqueous chemical environment of a loss of coolant accident at a nuclear power plant. Corros Sci 2008; 50: 1046-1057.] 


3.2.1.3.3 Refreshing the sol-gel sensors

In addition to the situation of an increase in ionic concentration, the nano sol-gel sensors may also experience a decrease in ionic concentration in real world applications, like rain fall, snow melting and condensation water to dilute and wash away residual NaCl from concrete and steel infrastructures. As a result, the capacitance readings of the sensor with respect to a dilution process were tested. The results are presented in Figure 47. In the test, the sensors had been presoaked in a 50-mL 10 mM NaCl solution for 30 minutes before putting in 50-mL DI water at time zero. It was observed that the capacitance readings decreased from about 162±2 to 38±22 nF within the first 30 minutes. Afterwards, the current reading became stable and fluctuated around 37±22 nF. The result suggested that most of sodium and chloride ions released from the nano sol-gel matrix to the bulk solution within 30 minutes, indicating the porous nano structure of sol-gel matrix, which allows free-flowing of sodium and chloride inside it. The decrease in capacitance was the response of the nano sol-gel sensor to a less corrosive environment.



Figure 47. Refreshing the nano sol-gel sensor in DI water. The sensor had been presoaked in a 10 mM NaCl solution for 30 minutes at time zero. The sensor was powered by an AC of sine wave with frequency of 1 kHz, and amplitude of 2.0 V peak-to-peak.



3.2.1.3.4 Implications

[bookmark: _Ref340497381]In this study, the nano sol-gel coated sensors showed an increase in capacitance with a greater concentration of NaCl and vice versa. Although other ionic species such as SO42-, Br-, and PO43- also increased the capacitance at a greater concentration based on separate experiments, Na+ and Cl- are the most mobile and abundant ions [[endnoteRef:18]17], especially in the typical atmospheric environment of civil infrastructures where deicing salts need to apply. In practice, several reference sensors can be attached to an infrastructure (e.g., a bridge), but are isolated from deicing salts. The reference sensors can reflect the background information, such as weather temperature and moisture level. While other sensors on or below the bridge decks, which are accessible by deicing salts can detect the strength of chloride for corrosion monitoring. In addition, sleep/wake up modes of power supplies are preferred to minimize power consumption of the sensors. [18: []  Butchard, J.R., Curnow, O.J., Garrett, D.J., Maclagan, R.G.A.R., Structure of a discrete dichloride hexahydrate cube as a tris(diisopropylamino)cyclopropenium salt, Angew. Chem. 118 (2006) 7712-7715.] 

 
3.2.2 Laboratorial Test of the Uncoated Cylindrical Sensors
3.2.2.1 Experimental Procedures
3.2.2.1.1 Cylindrical capacitor
ASTM A36 steel was used in this study. It contains at least 99.05% of Fe, and max 0.26% C, max 0.04% P, max 0.05% S, max 0.40% Si, and max 0.20% Cu (by wt) [[endnoteRef:19]]. As shown in Figure 48, a cylindrical capacitor was created with the inner cylinder made from A36 carbon steel rod and the outer ring made from 316 stainless steel. Each of them had a height of 0.64 cm. The inner cylinder had a diameter of 1.27 cm while the outer ring had an outer diameter of 2.64 and inner diameter of 2.22 cm. The A36 carbon steel was polished by a 3M® 80 grit then a 3M® 600 grit sandpaper. Two wires were attached to the capacitor, one was soldered to the base of the center A36 steel rod and the other was welded to the base of the outer ring of the 316 stainless steel. A bridge made of a glass substrate epoxy resin insulator from the circuit board (BM-FR4-1SS2, T-Tech Inc.) was adhered on the bottom of both the inner cylinder and the ring through a waterproof epoxy (15206 Anchor-Tite, Super Glue) to fix their relative positions. Finally, the waterproof epoxy was used to cover the connections of these wires as well as the base of the sensor to prevent corrosion of the connections and the wires, as well as to insulate the sensor from the infrastructure to be monitored. The uncovered A36 steel had a surface area of about 2.66 cm2, which was subject to corrosion. [19: [] ASTM standard A36/A36M-08, ASTM International: West Conshohocken, PA, USA, 2008. DOI: 10.1520/A0036_A0036M-08. ] 


Figure 48. Diagram of the prototype corrosion sensor made of a cylindrical capacitor used for corrosion monitoring.
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Similarly, a reference sensor was made following the same procedures and dimensions except replacing the A36 carbon steel rod with a 316 stainless steel rod of the same dimension, and then being welded to connect to the circuit-board bridge. The connections including welding points of the reference sensor were coated with waterproof epoxy (15206 Anchor-Tite, Super Glue) to prevent corrosion. The reference sensor was served to draw baseline information by addressing environmental conditions such as the temperature and the moisture level of air other than corrosion.   
3.2.2.1.2 Corrosion test
A 500-ml 0.2 M sodium chloride solution at 20±1 °C was used for corrosion testing. An air pump (Aqua Culture®) with a flow rate of ~1.2 L/min was continuously bubbling air through a diffuser to the solution to provide oxygen for the corrosion process (Figure 49). The air diffuser was porous sandstone. The dissolved oxygen level of the NaCl solution was maintained at around 8.8 mg/L. The corrosion sensor was submerged in the sodium chloride solution above the air diffuser. Every day during the course of the test, the sensor was removed from the solution, rinsed with DI water, dried at room temperature for 2~3 hours, and then tested with an automatic RCL meter (PM6303A, Fluke). At each measurement, multiple readings from the RCL meter with time were recorded until stable readings obtained, indicating the senor was dried at equilibrium with air moisture. As a result, the sensor experienced periodically wet/dry cycles twice a day for total 11 days. A new 0.2 M sodium chloride solution was freshly made daily. The accumulated corrosion time of the senor in the sodium chloride solution was 225.5 hours. As a control test, a 316 stainless steel ring and the reference sensor was soaked in an aerated 500-mL 0.2 M sodium chloride solution separately to investigate the degree of corrosion of the 316 stainless steel and the reference sensor, respectively. 

Figure 49. The corrosion testing device.  The prototype cylindrical sensor was submerged in an aerated 0.2 M NaCl solution with an air diffuser underneath.
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3.2.2.1.3 Sensor measurements
A resistance, capacitance and inductance (RCL) meter (PM6303A, Fluke) was used to measure the resistance and the capacitance of the prototype corrosion sensor and the reference sensor in parallel mode, which was one of the built-in functions of the meter. The meter used an AC power with frequency of 1 kHz and a voltage of 1.9 V for the measurements to minimize electrolysis and electrode polarization problems brought by a DC power. With an increase in AC frequency, the interval between successive anodic and cathodic half-cycles becomes progressively shorter [[endnoteRef:20]]. Thus the electrolytic reactions do not have enough time to complete, and it even increases the potential to reverse the reactions of the immediate prior cycle. When the power frequency is high enough (e.g., 1 kHz [[endnoteRef:21]]), no electrolysis of AC was observed, because all current would pass via the double layer of the electrodes [10,[endnoteRef:22]]. The meter takes five measurements: a reference reading, a voltage reading at the phase angle of 0 degrees and 90 degrees, and a current reading at the phase angle of 0 degrees and 90 degrees, it then calculates the values for resistance and capacitance (which can be in either series and parallel) based on this model. It was decided to use the parallel mode of this meter as the focus of these measurements is on a capacitor, so all following measurements were found using the parallel mode. In real time monitoring of an infrastructure, instead of using a RCL meter, the corrosion sensor data acquisition algorithm, coded in VbScript, running under a Windows XP embedded computer, produces one data file for each sensor at 30 minutes interval. [20: [] Park, J.C., Lee, M.S., Han, D.W., Lee, D.H., Park, B.J., Lee, I.S., Uzawa, M., Aihara, M., Takatori, K. Inactivation of Vibrio parahaemolyticus in effluent seawater by alternating-current treatment.  Appl. Environ. Microbiol. 2004, 70, 1833-1835.]  [21: []  Kortum, G. Treatise on Electrochemistry; Elsevier: London, UK, 1965; pp 494. ]  [22: []  Fernandes, S.Z., Mehendale, S.G., Verkatachalam, S. Influence of frequency of alternating current on the electrochemical dissolution of mild steel and nickel. J. Appl. Electrochem. 1980, 10, 649-654.  ] 


In addition, the mass of the dried sensor was examined by a digital balance (ESA-3000, Salter-Brecknell) with a precision of 0.05 g. The initial weight of the prototype corrosion sensor was 25.20 g. For the prototype corrosion sensor, the initial resistance (R0) was 48.63106 ; the initial capacitance (C0) was 7.8 pF before corrosion test. For the stainless steel reference sensor, the initial resistance was 37.66106 ; the initial capacitance (C0) was 24.9 pF. The difference of initial readings between the corrosion and the reference sensor is likely due to welding connection to 316 stainless steel rod (rather than soldering to A36 carbon steel), because soldering is not feasible for stainless steel.
3.2.2.1.4 Sample analyses
After the corrosion sensor was removed from the NaCl solution, the daily solution samples were acidified with ACS grade nitric acid from Mallinckrodt to 10% (v/v) to dissolve the iron rust in the solution. Atomic Absorption Spectroscopy (AAS) (AAnalyst 200, Perkin Elmer) was utilized to measure the total dissolved iron in the solution.
 
The crystalline substances on both of the corroded and uncorroded A36 steel surface was examined by X-ray diffraction (XRD) with CuK radiation (APD3520, Philips). For the uncorroded sample, a piece of the A36 steel of 1.27 cm diameter and 0.2 cm thickness was polished by a 3M® 80 grit then a 3M® 600 grit sandpaper. The steel sample was cleaned by blowing thoroughly with compressed nitrogen. For the corroded sample, the same polishing procedures were followed as the uncorroded sample, then the A36 steel sample was submerged in an aerated 500-mL 0.2 M sodium chloride solution for 225.5 hours. The corroded steel sample was rinsed with DI water and dried in air for XRD examination.  
3.2.2.2 Results
3.2.2.2.1 Iron loss during corrosion
As mentioned earlier, a new cylindrical corrosion sensor consisted of a rust-free A36 carbon steel rod in the centre and the 316 stainless steel ring. Two electrical wires were connected to them respectively.  During the corrosion test, rust was visually observed on the A36 steel as early as 2 hours of exposure to an aerated 0.2 M NaCl solution. In the meantime, the NaCl solution turned yellowish in colour with suspended small rust particles. After accumulated 225.5 hours in an aerated 0.2 M NaCl solution, rust was very apparent and had covered a large surface area of the A36 steel rod. However, as expected, no visible corrosion was observed on the 316 stainless steel ring or the stainless steel reference sensor.

During the corrosion process, yellowish iron rust continuously released from the sensor to the NaCl solution. The amount of iron in the solution was quantified by AAS after dissolution of the rust with 10% (v/v) nitric acid. The results indicate that 0.16~0.81 mg/day of iron was released from the sensor to the solution. As shown in Figure 50, at the end of the test of 225.5 hours, 3.24 mg of the accumulated iron was in the solution. The corresponding corrosion rate varied between 0.60 and 3.02 g/(m2d). It should be noted that there was rust on the A36 steel surface in addition to the amount found in the NaCl solution. The rust was not cleaned from the sensor intentionally to maintain its natural condition during corrosion process. As a result, the overall iron loss and corrosion rate should be greater than that found in the solution as shown in Figure 50. The varied corrosion rate in this study is likely due to different amounts of rust spalling from the sensor from time to time, which can affect the quantity of iron in the solution significantly. However, for the control test of the 316 stainless steel ring alone or the stainless steel reference sensor, the dissolved iron concentration was less than 0.02 mg at the end of 225.5 hrs of corrosion, indicating the corrosion was insignificant.
Figure 50. The iron loss rate and the accumulated iron loss in the solution during the test of the prototype corrosion sensor containing A36 steel in an aerated 0.2 M NaCl solution. 
[image: ]
Despite apparent corrosion of the A36 steel rod through AAS measurements and visual observations, the mass of the sensor was maintained almost constant at 25.20±0.05 g (i.e., variation was within ±0.2%) throughout the test. This result is consistent with Figure 50, in which the iron loss in the solution was within mg range. Based on the reactions (1) to (9), the loss of iron (Fe) from the sensor can be compensated by gains of oxygen and hydrogen atoms in the rust. As a result, mass, as a bulk parameter is not sensitive to evaluate corrosion. On the other hand, the minor change of the mass suggests the early-stage corrosion. The air gap distance between the A36 steel rod and the 316 stainless steel ring of the sensor did not increase significantly, which is an important evidence for the explanation of the electrical resistance and the capacitance changes of the sensor during corrosion in later discussions. 
3.2.2.2.2 Compositions of the rust
[bookmark: _Ref403398356][bookmark: _Ref333587298]The corrosion of carbon steel can occur as an electrochemical reaction, with one anodic reaction and one cathodic reaction [[endnoteRef:23],[endnoteRef:24]]. The anodic reaction usually occurs as, [23: []  Fontana, M.G., Greene, N.D. Corrosion Engineering; McGraw-Hill: New York, NY, USA, 1967; Chapter 1.]  [24: []  Evans, U.R., Taylor, C.A.J. Mechanism of atmospheric rusting. Corros. Sci. 1972, 12, 227-246.  ] 

	
	(9)


The cathodic reaction, however, can be different depending on what is in the environment. This cathodic reaction is the main factor that influences the rate of corrosion [22,23].  In an aerated solution it is most likely,
	
	(10) 


Combining the cathodic and anodic reactions gives,
	
	(11)


As a result, ferrous hydroxide precipitates from the solution. However, dissolved oxygen can oxidize ferrous hydroxide to ferric hydroxide,
	
	(12)


Yellowish/brownish rust was observed at the A36 carbon steel surface and in the solution. In addition, black rust was also seen on the A36 steel underneath the yellowish/brownish rust, which is likely magnetite (Fe3O4). The formation of magnetite is due to iron not having enough oxygen present for the reaction [[endnoteRef:25]]. The following additional reactions may occur involving oxidation of iron and producing rusts at the A36 carbon steel surface [23,[endnoteRef:26],[endnoteRef:27]].  [25: []  Haupt, S., Strehblow, H.H. Corrosion, layer formation, and oxide reduction of passive iron in alkaline solution: a combined electrochemical and surface analytical study. Langmuir 1987, 3, 873-885.]  [26: []  Abd El–Maksoud, S.A. The effect of organic compounds on the electrochemical behavior of steel in acidic media.  Int. J. Electrochem. Sc. 2008, 3, 528-555. ]  [27: []  Broomfield, J.P. Corrosion of Steel in Concrete: Understanding, Investigation and Repair; Taylor & Francis:  London, UK, 2007; Chapter 2.] 

	 
	(13)

	
	(14)

	
	(15)

	
	(16)

	
	(17)


[bookmark: _Ref345692596]To examine the crystalline compositions of the iron rust on the A36 steel surface, XRD analysis was performed with CuK radiation. Figure 51(a) shows the XRD spectrum of the uncorroded A36 steel. Figure 51(b) shows the XRD spectrum of the corroded A36 steel soaked in an aerated 0.2 M NaCl solution for 225.5 hours. Three types of crystalline substances were found on the corroded steel surface according to their characteristic diffraction patterns [[endnoteRef:28],[endnoteRef:29]], which were 1: iron, 2: lepidocrocite, and 3: magnetite.     [28: []  Roberts, W.L., Campbell, T.J., Rapp, Jr. G.R. Encyclopedia of Minerals, 2nd ed.; Chapman & Hall: New York, NY, USA, 1990; pp 403.]  [29: []  Mineral Powder Diffraction File: Data Book; JCPDS-International Centre for Diffraction Data, American Society for Testing and Materials: Swarthmore, PA, USA, 1986.] 

Figure 51. XRD patterns of the (a) uncorroded and (b) corroded A36 steel samples. The identified crystals are 1: iron, 2: lepidocrocite, 3: magnetite. 
[image: ][image: ]a
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[bookmark: _Ref345938470][bookmark: _Ref333850820][bookmark: _Ref345938473][bookmark: _Ref375068912]Consistently, it has been reported that the rust formed on steel surface is a mixture of lepidocrocite (-FeOOH), magnetite (Fe3O4), hematite (-Fe2O3), goethite (-FeOOH), and amorphous iron oxide [[endnoteRef:30],[endnoteRef:31],[endnoteRef:32],[endnoteRef:33]], although only the first two were found in this study. To make the study more general, the resistivity and the dielectric constant of the common rust materials, along with iron and air are listed in Table 1.  [30: []  Suzuki, I., Masuko, N., Hisamatsu, Y. Electrochemical properties of iron rust. Corros. Sci. 1979, 19, 521-535.]  [31: []  González, J.A., Miranda, J.M., Otero, E., Feliu, S. Effect of electrochemically reactive rust layers on the corrosion of steel in a Ca(OH)2 solution. Corros. Sci. 2007, 49, 436-448.]  [32: []  Nishimura, N., Katayama, H., Noda, K., Kodama, T.  Electrochemical behavior of rust formed on carbon steel in a wet/dry environment containing chloride ions. Corrosion 2000, 56, 935-941. ]  [33: []  Yuan, J., Wu, X., Wang, W., Zhu, S., Wang, F. The effect of surface finish on the scaling behavior of stainless steel in steam and supercritical water. Oxid. Met. 2013, 79, 541-551.] 


Table 1. Electrical resistivity and the dielectric constant of materials related to iron rust at ambient temperature.
	Materials
	-Fe2O3
	-FeOOH
	Fe3O4
	-FeOOH
	amorphous Fe2O3
	iron
	air

	Electrical resistivity   (·m)
	(1.58-5.62) 104 [[endnoteRef:34]] [34: []  Varshney, D., Yogi, A. Structural and electrical conductivity of Mn doped hematite (-Fe2O3) phase. J. Mol. Struct. 2011, 995, 157-162.] 

	[bookmark: _Ref392526562](0.20-0.80) 105 [[endnoteRef:35]] [35: []  Lair, V., Antony, H., Legrand, L., Chaussé, A. Electrochemical reduction of ferric corrosion products and evaluation of galvanic coupling with iron. Corros. Sci. 2006, 48, 2050-2063.] 

	1.5810-4 -0.1 [[endnoteRef:36]] [36: []  Ltai, R., Shibuya, M., Matsumura, T., Ishi, G. Electrical resistivity of magnetite anodes. J. Electrochem. Soc. 1971, 118, 1709-1711.] 

	(1.30-2.33) 105 [34]
	2.12103 [[endnoteRef:37]]  [37: []  Akl, A.A. Microstructure and electrical properties of iron oxide thin films deposited by spray pyrolysis. Appl. Surf. Sci. 2004, 221, 319-329. ] 

	1.010-7
	41013 

	Dielectric constant 
	12
	2.6 [[endnoteRef:38]]  [38: []  Glotch, T.D., Rossman,  G.R. Mid-infrared reflectance spectra and optical constants of six iron oxide/oxyhydroxide phases. Icarus 2009, 204, 663-671.] 

	20
	11 [[endnoteRef:39]] [39: []  Filius, J.D., Lumsdon, D.G., Meeussen, J.C.L., T., Hiemstra1,  W.H., Riemsdijk, Van. Adsorption of fulvic acid on goethite. Geochim. Cosmochim. Ac. 2000, 64, 51-60.] 

	4.5
	-
	1


[bookmark: _Ref392526146]Note: Data are from reference [[endnoteRef:40]] unless otherwise noted. [40: []  Haynes, W.M. CRC Handbook of Chemistry and Physics, 91st ed.; CRC Press: Boca Raton, FL, USA, 2010.] 

3.2.2.2.3 Electrical resistance of the sensor
Figure 52 shows the electrical resistance of the sensor in parallel (i.e., the built-in measurement mode of the RCL meter) with the extension of corrosion time in the NaCl solution. In Figure 52, during the course of corrosion, the resistance gradually decreased following an apparent trend. At the end of the corrosion test of 225.5 hrs, the normalized resistance (R/R0) decreased from 1.0 to 0.74, a decline of 26%.

Figure 52. Normalized electrical resistance (R/R0) of the prototype sensors vs. the accumulated time in an aerated 0.2 M NaCl solution.
[image: ]

The electrical resistance for a coaxial cylinder can be expressed by the following equation.
	
	(18)


where, 
R = electrical resistance of a material ()
 = electrical resistivity of the material (·m)
h = height of the cylinder sensor (m)
b = inner radius of the 316 stainless steel ring (m)	
a = radius of the A36 steel rod (m).

After corrosion, the multi-material resistor (iron rust on A36 steel surface and the air gap) can be treated as resistance in-series to calculate the overall resistance of the sensor,
	
	(19)


where:
 = equivalent electrical resistivity of the porous iron rust on the A36 steel rod surface (·m)
 = electrical resistivity of the air gap between the iron rust on the A36 steel rod surface and the 316 stainless steel ring (·m)
 = average thickness of the iron rust on the A36 steel rod surface (m)	
 = average porosity of the iron rust on the A36 steel rod surface.

[bookmark: _Ref356239475]The resistance of a new sensor (before corrosion) is mainly due to the air gap between the central cylindrical A36 steel rod and the 316 stainless steel ring (see Figure 48). Air has an electrical resistivity of 41013 ·m [39]. This is different from the conventional corrosion sensors, which measure the bulk electrical resistance of the metal. When corrosion of the steel rod happened, rust formed a porous and loose structure [30] extended from the A36 steel surface to the surrounding air. As a result, the rust took a partial space that was previously occupied by air. In other words, after corrosion the gap between the A36 steel rod and the 316 stainless steel ring was partially filled with porous rust (small portion) and air (big portion). Equation (19) shows the overall resistance of the sensor as a multi-material resistor (iron rust and air gap).  As mentioned earlier, the iron rust is a mixture of lepidocrocite (-FeOOH) and magnetite (Fe3O4) as shown in Figure 51(b), along with reported hematite (-Fe2O3), goethite (-FeOOH) and amorphous iron oxide [29,30,31,32]. Their electrical resistivity is shown in Table 1. As can be seen, the electrical resistivity of the rust components is at least eight orders of magnitude lower than air. According to equation (19), a lower electrical resistivity has smaller resistance. Consequently, the electrical resistance decreases with the time or the extent of corrosion. Different from conventional corrosion sensors, which detect an increase in the bulk electrical resistance of iron with corrosion [[endnoteRef:41],[endnoteRef:42]], the cylindrical sensor explored in this study examined the A36 surface property and morphology changes. Thus it is more sensitive to monitor the early-stage corrosion. In addition, the sensitivity of the sensor can be fine-tuned by optimizing the values of a and b. The closer the values of a and b, the greater sensitivity of the corrosion sensor is. [41: []  Li, S.Y., Kim, Y.G., Jung, S., Song, H.S., Lee, S.M. Application of steel thin film electrical, resistance sensor for in situ corrosion monitoring.  Sensor. Actuator. B 2007, 120, 368-377. ]  [42: []  Zivica, V. Utilisation of electrical resistance method for the evaluation of the state of steel reinforcement in concrete and the rate of its corrosion. Constr. Build. Mater. 2000, 14, 351-358.] 


Although spalling of rust from the sensor could enlarge the air gap between the A36 steel rod and the 316 stainless steel ring, the insignificant mass-loss result (i.e., mass change 0.2% or 187.7 g/m2) indicates this was not the case during the testing period of early-stage corrosion. However, if significant spalling of rust happens (i.e.,  becomes much small) and thus the air gap between the A36 steel rod and the 316 stainless steel ring increases, the trend of electrical resistivity can be reversed (i.e. electrical resistance increases with time instead), suggesting much severe corrosion, which can be regarded as middle- or late-stage corrosion. This turning point can be used to rank the risk level of corrosion. In contrast, the electrical resistance of the stainless steel reference sensor was stable, as shown in Figure 5. In practice, the reference sensors can be used to normalize the baseline signal of electrical resistances including the effects of air moisture and temperature, in order to distinguish the electrical resistance changes caused by rust formation on the steel surface.    
3.2.2.2.4 Capacitance of the sensor
In addition to the electrical resistances, the capacitance of the sensor during corrosion was also examined. Again, the capacitance was from the built-in parallel measurement mode of the RCL meter. Figure 53 shows the change of the capacitance vs. accumulated time of corrosion in an aerated 0.2 M NaCl solution. A positive trend of the capacitance with the extent of corrosion was observed. More specifically, the normalized capacitance (C/C0) increased from 1.0 at the beginning to 1.46 after 225.5 hours. In other words, the capacitance had an increase of 46%. 

Figure 53. Normalized capacitance (C/C0) of the prototype sensors vs. the accumulated time in an aerated 0.2 M NaCl solution.  
[image: ]
The capacitance of an infinite cylindrical sensor, neglecting the fringing effect, can be calculated from the following equation [[endnoteRef:43]],  [43: []  Basu, B.N. Electromagnetic Theory and Applications in Beam-Wave Electronics; World Scientific: Singapore, 1996; pp 54.] 

	
	(20)


where:
C = capacitance (pF)			
 = free space permittivity, 8.85 pF/m
h = height of the cylinder sensor (m)	
 = dielectric constant of the material(s) between the A36 steel rod and the 316 stainless steel ring.

Before corrosion, air was between the A36 steel rod and the 316 stainless steel ring. Air has a dielectric constant  of 1 [39]. After corrosion, rust was formed at the A36 steel surface. It means the space between the A36 steel rod and the 316 stainless steel ring was filled with both rust and air, although rust has a much smaller volume than air in this case. The multi-material capacitor (iron rust on A36 steel surface and the air gap) can be treated as capacitors-in-series to calculate the overall capacitance of the sensor,
	
	(21)


where:
 = equivalent dielectric constant of the porous iron rust on the A36 steel rod surface
 = dielectric constant of the air gap between the iron rust on the A36 steel rod surface and the 316 stainless steel ring.

As corrosion takes place, iron rust gradually grows on the steel surface (i.e., increase in  from zero initially). As shown in Table 1, the dielectric constant  of the substances composing the iron rust ranges from 2.6 to 20, much greater than air. Equation (21) shows the overall capacitance C is proportional to . An increase in  and/or  raises the capacitance of the corrosion sensor, although further sensitivity analysis of equation (21) indicates that C is much more sensitive to  than . However, spalling of the rust from the A36 steel and thus a decrease in  was insignificant during the early-stage corrosion, because of the measured almost constant mass of the sensor during the test. Consequently, a higher capacitance reading reflects more rust formation at the A36 steel surface of the sensor during the early-stage corrosion. However, if spalling of the rust is significant enough (i.e.,  becomes much small), a decrease in capacitance would indicate severe corrosion, which can be regarded as middle- or late-stage corrosion. Same as the resistance, this turning point of capacitance trend (i.e., decrease in capacitance with time instead) can be used to rank the risk level of corrosion. Again, the reference sensor had little change in capacitance with corrosion time as shown in Figure 53. The reference sensor can be used to normalize the environmental factors (e.g., air moisture and temperature) caused capacitance changes other than corrosion. 

The configuration of a short cylindrical sensor (height is comparable to diameter/gap) was designed intentionally to enhance the sensitivity to the change of surface property. In other words, the capacitor of shorter height is more sensitive to the changes of the dielectric constant ε and the surface morphology of the sensor during the course of corrosion, because of greater specific surface area. Although equation (21) does not consider the effect of fringe field, which lacks of a reliable equation to quantify, it does describe the fundamental relationship between capacitance C and the dielectric constant  and the average thickness of the rust layer , which is verified by the experimental results from this study.

During corrosion monitoring of a structure, the empirical equations can be developed based on laboratorial tests in an environmental chamber through multiple regressions, i.e., the differences in resistance and capacitance readings between the corrosion and the reference sensors as a function of the parameters including the extent of corrosion (iron loss), temperature and moisture level. The equations are used to interpret the resistance and capacitance data from the site along with the site’s temperature and moisture information. As a result, the extent of corrosion can be determined by plugging the site’s temperature and moisture data in the equation and then solving the extent of corrosion numerically. In addition, depending on the specific requirement of a monitoring site, a feature of periodic sleep and wakeup time can be adopted to save energy and cost.   

In order to mitigate potential fouling problem of the sensors on site, paired corrosion and reference sensors are installed side-by-side with the identical coating/passivation in order to minimize the uncertainty brought by location-dependent fouling issue caused by such as particles and debris. Special cares are taken to ensure the orientation of the sensors is not prone to accumulate dust; while rainfall and snow melting can help clean the sensors. After normalizing the capacitance of both of the corrosion and the reference sensors, the systematic differences in resistance and capacitance readings between the corrosion and the reference sensors are expected to reflect the extent of corrosion. In addition, sufficient paired corrosion and reference sensors are attached to the structure being monitored. Statistical analysis is an important part of the corrosion monitoring network. The averaged differences in resistance and capacitance readings between the corrosion and the reference sensors can further minimize the uncertainty caused by fouling problem. 

3.2.3 Test of the Coal-Tar Epoxy Coated Sol-gel and Cylindrical Sensors in a Salt Fog Chamber
3.2.3.1 Materials and Methods
3.2.3.1.1 Coal-tar epoxy coating and cut
Coating: For the sol-gel sensors, about 3.3 mils of zinc rich primer film was applied to the sensor first. Then coal-tar epoxy was applied on top of the zinc rich primer film. Once dried, coal-tar epoxy was applied again. The total thickness of the coating including primer film and coal-tar epoxy was around 30 mils. For the cylindrical sensors, the same coating procedures were followed. However, only the center rod of either A36 carbon steel or 316 stainless steel was coated with zinc rich primer film (~8 mils) followed by coating with coal-tar epoxy twice. The total coating thickness including the primer film was about 28 mils.   

Cut the coating: After the final coal-tar epoxy coating was dry, a sharp edge was used to cut a line on the sol-gel sensors as shown in the diagram below. The position of the cut is 0.5 inch from the edge of the glass slide. The cut went through the coal tar epoxy and primer film coating and just reached the sol-gel layer, which might be partially cut though. Similarly, a cross cut went through the center rod surface as shown in Figure 54. In the figure, the sol-gel sensor was mounted on a ceramic plate for easy installation and test. The purpose of the cut is to simulate damage to the coating of the sensors, before placing them in salt fog test chamber.

Figure 54. Diagram of the cutting on the sol-gel and the cylindrical corrosion sensors for salt fog test.
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Salt fog test: The salt fog testing followed the standard of ASTM B117-73 (ASTM International, 1973). The objective was to examine the sensors’ responses to a corrosive environment. The sensors included 4 rectangular sol-gel sensors, 4 cylindrical A36 steel sensors, and 4 cylindrical 316 stainless steel sensors. Half of these sensors’ coal tar epoxy coatings were manually cut (as described above) and used to compare to the other half of the sensors. As a result, the systematic trends of these sensors’ response to corrosion could be examined. The testing procedures are listed below.    
1) Rinse the sensor with DI water thoroughly and letting it dry in air.
2) Measure the weight, the capacitance (in both parallel and in series modes, the function of the measuring mode of a RCL meter), and the electrical resistance (in both parallel and in series modes, the function of the measuring mode of a RCL meter). Write down the data and input to an Excel spreadsheet. Avoid contamination of the sensor. Please note that during the measurement of the capacitance, the surrounding environment, e.g. metals can ffect the capacitance readings, please keep the measuring environment as constant as possible. 
3) Take photos of the sensors before salt fog test. 
4) Put all of the 12 sensors in the salt fog chamber and let them expose to alternative dry-wet cycles for 21 hours.
5) On weekday basis, take the sensors out of the fog chamber; thoroughly rinse them with DI water before drying in air for ~2 hours. Then measure the weight, the capacitance in both parallel and in series, and the electrical resistance in both parallel and in series. Make sure the readings are stable during the measurements; otherwise continue to dry the sensor before measuring again. Write down the data and input to the Excel spreadsheet. 
6) Every one or two days of exposure to salt (depending on the degree of corrosion), take photos of each individual sensor (especially the cut sensors) after capacitance measurements and before putting them back to the salt fog chamber. Please keep the photographing distance and angle roughly constant, so that we can compare the photos side by side with evolution time of corrosion.  Please document the accumulated exposure hours in the salt fog chamber of each photo.
7) Make new spraying solution and repeat steps 4~6.









3.2.3.2 Results
Figure 55. The capacitance reading of the sol-gel corrosion sensors before and after being coated with coal-tar epoxy (P1 and P2 are duplicated samples). As can be seen, coal-tar epoxy decreased the capacitance reading of the sol-gel sensors. It suggests that deterioration of the coal-tar epoxy (e.g. peeling off) would increase the capacitance reading, indicating corrosion.



Figure 56. The capacitance reading of the sol-gel corrosion sensors before and after being coated with coal-tar epoxy and cut (P3 and P4 are duplicated samples). Consistent with Figure 44, coal-tar epoxy decreased the capacitance reading of the sol-gel sensors. In addition, cut of the coal-tar epoxy coating decreased or unchanged the capacitance reading. It suggests that deterioration of the coal-tar epoxy (e.g. damaged or peeling off) would increase the capacitance reading, indicating corrosion.
[image: ]








Figure 57. Salt fog chamber test of the coal-tar epoxy coated sol-gel corrosion sensors with or without being cut. The results show that corrosive environment like salt fog generally increased the capacitance reading of the sol-gel sensors overtime, especially for the coating-cut sensors. The trend is consistent with previous observations, i.e., deterioration of the coal-tar epoxy coating and corrosion increased the capacitance reading.




Figure 58. The capacitance reading of the A36 cylindrical corrosion sensors before and after being coated with coal-tar epoxy (A1 and A2 are duplicated samples). As can be seen, coal-tar epoxy decreased the capacitance reading of the cylindrical sensors, same observation as the sol-gel sensors. It suggests that deterioration of the coal-tar epoxy (e.g. peeling off) would increase the capacitance reading, indicating corrosion.










Figure 59. The capacitance reading of the A36 cylindrical corrosion sensors before and after being coated with coal-tar epoxy and cut (A3 and A4 are duplicated samples). Consistent with Figure 58, coal-tar epoxy decreased the capacitance reading of the sol-gel sensors. In addition, cut of the coal-tar epoxy coating slightly decreased the capacitance reading. It suggests that deterioration of the coal-tar epoxy (e.g. damaged or peeling off) would increase the capacitance reading, indicating corrosion.
[image: ]


Figure 60. Salt fog chamber test of the coal-tar epoxy coated A36 cylindrical corrosion sensors with or without being cut. The results show that corrosive environment like salt fog significantly increased the capacitance reading of the cylindrical sensors overtime, especially for the coating-cut sensors. The trend is consistent with previous observations, i.e., deterioration of the coal-tar epoxy coating and corrosion increased the capacitance reading.












Figure 61. The capacitance reading of the 316 stainless steel cylindrical corrosion sensors before and after being coated with coal-tar epoxy (SS1 and SS2 are duplicated samples). As can be seen, coal-tar epoxy decreased the capacitance reading of the cylindrical sensors, same observation as the sol-gel and A36 cylindrical sensors. It suggests that deterioration of the coal-tar epoxy (e.g. peeling off) would increase the capacitance reading, indicating corrosion.



Figure 62. The capacitance reading of the 316 stainless steel cylindrical corrosion sensors before and after being coated with coal-tar epoxy and cut (SS3 and SS4 are duplicated samples). Consistent with Figure 51, coal-tar epoxy decreased the capacitance reading of the sol-gel sensors. In addition, cut of the coal-tar epoxy coating did not change the capacitance reading significantly. It suggests that deterioration of the coal-tar epoxy (e.g. peeling off) would increase the capacitance reading, indicating corrosion.















Figure 63. Salt fog chamber test of the coal-tar epoxy coated 316 stainless steel cylindrical corrosion sensors with or without being cut. The results show that corrosive environment like salt fog generally increased the capacitance reading of the cylindrical sensors overtime. However, the capacitance increase is less than Figure 15. It is likely that stainless steel is used here, which is much less corrodible than A36 carbon steel. Still, an increase in capacitance reading suggests deterioration of the coal-tar epoxy coating and corrosion.




3.2.4 Results of the Installed Corrosion Sensors on the RIA Government Bridge
The capacitance readings have been collected from the six installed corrosion sensors since May 2013, along with the local temperature and humidity data in Rock Island. The factors affect capacitance readings include temperature, moisture, corrosion, and potential surface fouling (e.g. dust and dirt) of the sensors. However, the reference sensor (i.e., 316 stainless steel cylindrical sensor) helped to draw the baseline, including temperature, humidity and surface fouling, although more reference sensors are desirable. 
Multi-regression was conducted to find the influence of temperature, moisture and corrosion index on the capacitance reading. The proposed formula for the capacitance reading from the six installed corrosion sensors is, 
Capacitance = β1*Temperature + β2*Humidity + β3*Corrosion index + constant, 
where β1, β2 and β3 are coefficients. 
Based on visual examinations of the installed sensors on Aug. 29 2014, coal-tar epoxy coating was in good shape and corrosion was insignificant. As a result, β3 is close to zero by far. 

Figure 64. Temperature and humidity data in Rock Island IL area between May 2013 and Oct 2014.
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Figure 65. The capacitance reading from sensor #1 (coal-tar epoxy coated sol-gel sensor, installed at the lower car deck, 2 ft above the car deck level, on the west side of the bridge) between May 2013 and Oct 2014.

[image: ]
For sensor #1, the regression equation is, 
Capacitance (pF) = -1.747×10-4 × temperature (F) + 6.375 × 10-5 × humidity (%) + 0.02783 

Figure 66. The capacitance reading from sensor #2 (coal-tar epoxy coated sol-gel sensor, installed at the top of bridge control room, mounted vertically on the south side) between May 2013 and Oct 2014.

[image: ]
For sensor #2, the regression equation is, 
Capacitance (pF) = 3.271×10-3 × temperature (F) + 3.197 × 10-3 × humidity (%) – 0.2575 





Figure 67. The capacitance reading from sensor #3 (sol-gel sensor, installed on the ceiling of the car deck, or below train deck, on the west side) between May 2013 and Oct 2014.

[image: ]
For sensor #3 seems out of order, the capacitance reading drifted a lot with huge variations.

Figure 68. The capacitance reading from sensor #4 (sol-gel sensor, installed on the ceiling of the car deck, or below train deck, on the east side) between May 2013 and Oct 2014.

[image: ]
For sensor #4, the regression equation is, 
Capacitance (pF) = -3.093×10-2 × temperature (F) – 6.113 × 10-3 × humidity (%) + 2.6988 


Figure 69. The capacitance reading from sensor #5 (coal-tar epoxy coated stainless steel cylindrical sensor, installed under the car deck on the west side) between May 2013 and Oct 2014.

[image: ]
For sensor #5, the regression equation is, 
Capacitance (pF) = -7.370×10-5 × temperature (F) + 3.110 × 10-4 × humidity (%) + 0.01203 

Figure 70. The capacitance reading from sensor #6 (coal-tar epoxy coated A36 carbon steel cylindrical sensor, installed under the car deck on the east side) between May 2013 and Oct 2014.

[image: ]
For sensor #6, the regression equation is, 
Capacitance (pF) = -2.265×10-3 × temperature (F) + 7.254 × 10-3 × humidity (%) - 0.1552 

3.3  Lessons Learned
After the deployment of the Micro-Nano Technology Sol-Gel Corrosion Sensor System at Army’s RIA Government Bridge at Rock Island, IL, in May 2013, the team encountered such issues as: 
· Unable to repair the sensor #3 due to the fact that the sensor installation location is in the heavy traffic area and very difficult to access.
· The installation locations of the reference sensor and the corrosion sensor was not side-by-side, which creates some difficulty for benchmarking the corrosion status of the monitored infrastructure. 
· Unreliable Internet service with dynamic IP address which often caused the computer off-line and inaccessible from the remote data access and maintenance at an unpredictable time. This is the main reason that causes the concern of system reliability and many times of unnecessary maintenance trip to the RIA bridge.
· Unable to restart the embedded computer remotely that caused difficulty for system computer maintenance. 
· Unable to add additional sensor nodes after the installation since the current system is based on the RS485-based wired sensor network.

The IPFW team spent a great amount of efforts, from May 2013 to October 2014, to investigate the reasons of “Off-Line” of the Corrosion Monitoring System: power supply interruption, power surge, auto software update, unable to wake-up the system’s Windows XP embedded computer since requested static IP address was not given.
It is recommended that the following considerations should be included for future improvement: 
· The reference sensor and the corrosion sensor should be paired and installed side by side.
· The corrosion sensors should be installed on easily accessible and less traffic areas for maintenance and examination.
· An Internet service with at least two static IP addresses should be provided.
· Implementation of a hybrid wired RS485 and Zigbee-based wireless sensor network to improve the local corrosion sensor and communication reliability that may be caused by bad weather and other unexpected accidents at the RIA bridge. In addition to the corrosion data collected via RS485-based sensors, it may allow redundant corrosion data from these wireless DAQ modules.  Typical data size from each sensor node per day would be less than one kilo bytes. Therefore, a low data rate, low frequency, data communication channel would be sufficient to meet the need.
4  Economic Analysis
The life-cycle costs (over 30 years) and ROIs of using a recognized conventional corrosion monitoring approach called Electrical Resistance Monitoring versus the demonstrated Micro-Nano Technology Corrosion Sensor System are calculated based on the OMB Circular No. A-94, “Guidelines and Discount Rates for Benefit-Cost Analysis of Federal Programs,”  and the 2014 Discount Rates for OMB Circular No. A-94, dated Feb. 7, 2014. The Real Discounted Rates specified on this revise note are: 3-Year/-0.7, 5-Year/0.0, 7-Year/0.5, 10-Year/1.0, 20-Year/1.6, and 30-Year/1.9, which are the real rates are to be used for discounting constant-dollar flows calculation required in this economic analysis. 
In addition, the Army Pamphlet 415-3 entitled “Economic Analysis: Description and Method”, dated Aug. 10, 1992 is used as the guideline to conduct the economic analysis for this project. The steps of demonstrated project economic analysis (EA) are as follows:
Step 1: Establish the objective
Step 2: Identify the alternatives
Step 3: Formulate assumptions
Step 4: Estimate costs and benefits
Step 5: Compare costs and benefits and rank alternatives
Step 6: Perform sensitivity analysis
Step 7: Report results and recommendations
The objectives established for the Micro-Nano Technology Sensor System project are to (1) develop the state-of-the-art sol-gel sensors, (2) develop a robust micro/nano-electronics system capable of performing wireless data acquisition and harvesting energy through RF stimulation, and (3) deploy the sol-gel sensors as an element of a bridge health monitoring system and; (4) to communicate through an embedded WiFi wireless data communication network.
Conventional corrosion monitoring techniques include (a) Weight loss coupons, (b) Linear Polarization Resistance (LPR), and (c) Electrical resistance (ER) technique. Weight loss coupons do not support online monitoring. The ER technique is selected for cost and benefits comparison with the demonstrated Micro-Nano Technology Sensor System. The Economic Analysis including (a) cost and assumptions, and projected ROI can be found in Appendix.
5  Conclusions and Recommendations
5.1  Conclusions
5.1.1  Conclusions of the Lab Test of the Uncoated Sol-gel Corrosion Sensors
Chloride from deicing agents or salty water is corrosive to reinforced concrete and steel infrastructures like bridges. This study explored an innovative nano sol-gel sensor made of sol-gel to detect chloride strength. SnCl4 nano sol-gel coated sensors gave much stronger responses to NaCl concentration than uncoated sensors based on AC testing method. A positive trend in current or capacitance was observed with an increase in NaCl concentration and vice versa for aluminum electrodes coated by SnCl4 nano sol-gel. Especially a linear relationship was found between the sensor’s capacitance and the natural logarithmic concentration of NaCl. The AC power-capacitance method has the advantage of avoiding electrolysis of NaCl solutions brought by a DC power, and thus is more reliable and robust.

5.1.2  Conclusions of the Lab Test of the Uncoated Cylindrical Corrosion Sensors
Automatic detection of the early-stage corrosion is highly important to find the potential problem and apply corrosion control techniques timely for safety and integrity concerns. This study explored an innovative cylindrical corrosion sensor made of A36 carbon steel (representing the material of a structure or a system to be monitored for corrosion) and a 316 stainless steel ring (representing an inert material of low corrosion potential). A capacitor was formed with both conductors separated by air. The sensor is more sensitive than the conventional corrosion sensors based on the bulk electrical-resistance method. After corrosion in an aerated 0.2 M NaCl solution for 225.5 hours, the cylindrical corrosion sensor has shown a systematic decrease in the normalized electrical resistance (R/R0) from 1.0 to 0.74. Meanwhile, the normalized capacitance (C/C0) of the sensor increased from 1.0 to 1.46. However, the weight change of the sensor was within 0.2% (or 187.7 g/m2), an indication of the early-stage corrosion. In the same time, the reference senor, which was not subject to corrosion apparently, showed a stable normalized reading around 1.0. XRD result shows that the rust contained lepidocrocite and magnetite. By attaching the paired corrosion and reference sensors with the identical passivation/coating to a steel structure in air, the extent of corrosion of the structure can be directly reflected by the electrical resistance decrease and/or capacitance increase of the sensor during the early-stage corrosion. 

5.1.3  Conclusions of the Salt Fog Test of the Coal-tar Epoxy Coated Corrosion Sensors
Coating of coal tar epoxy decreased the capacitance of the sensors, including both of the sol-gel and cylindrical corrosion sensors. This suggests that deterioration of the coating would increase capacitance, which is in consistence with the corrosion effect on capacitance, as observed in salt fog tests. Through salt fog tests, an increase in capacitance of the sensors was found in response to corrosive environment, especially the coating-cut A36 cylindrical and sol-gel sensors. The cutting effect is not significant to 316 stainless steel cylindrical sensor, which is much less corrodible than A36 carbon steel.  
5.1.4  Conclusions of the Installed Six Corrosion Sensors on the RIA Government Bridge
The proposed formula for the capacitance reading from the installed corrosion sensors are, 
Capacitance = β1*Temperature + β2*Humidity + β3*Corrosion index + constant 
where β1, β2 and β3 are coefficients. This equation is applicable for all types of the corrosion sensors explored in this project, including sol-gel, coal-tar epoxy coated sol-gel, coal-tar epoxy coated A36 cylindrical, and coal-tar epoxy coated 316 stainless steel cylindrical sensors. The results section listed the regression equation for each individual sensor based on the data collected from May 2013 to Oct 2014.  
Based on visual examinations of the installed sensors on Aug. 29 2014, coal-tar epoxy coating was in good shape and corrosion was insignificant. As a result, β3 is close to zero by far. However, future deviation from the regression can be from corrosion. Generally, other than the factors of moisture, temperature and sensor fouling, a systematic increase in capacitance reading is caused by corrosion. 
5.1.5  Conclusions of the Corrosion Monitoring System on the RIA Government Bridge
After the deployment of the corrosion monitoring system (CMS) at Army’s Rock Island Arsenal bridge at Rock Island, IL, in May 2013, and the CMS is continuing its operation and monitoring work through Oct. 31, 2014, except the reported Internet services issues that caused the system off-line, and were all corrected.. All sensor nodes are functioned properly except sensor #3 that the IPFW team have no access to it and is not able to diagnose what might be the problem. 

We observed that the rest of the subsystems of the CMS are functional properly and performed all the needed tasks: 
· Sensor boxes: including electronics circuits, PCB board, and data acquisition modules
· Main computer of the CMS
· RS485 local sensor networks
· Data collection and interpretation software  
· 
As reported, the team encountered problems on the existing Internet service which caused networking reliability. There is need to acquire one static IP for remote system access and automation of data gathering. With the four additional patch-ups, a WiFi Internet service using Cellular network service providers’ WiFi hot spots and related service is now capable of providing the needed Internet service for the demonstrated CMS.



5.2  Recommendations
5.2.1  Applicability
The IPFW team continues to fine tune the networking and communication infrastructure for necessary remote access until Oct. 31, 2014. The Mico-Nano Technology Sensor Monitoring System, now, includes the following components as shown in Figure 41: (a) six corrosion sensors:  three sol-gel and three A36 cylindrical sensors; (b) PCB board containing analog signal processing sensor electronics; (c) ADAM-4016 microcontroller-based data acquisition unit (DAQ) with 16-bit analog-to-digital converter; (d) Windows XP-based embedded computer as the CMS central processing computer;  (e) RS-485-based communication links for CMS central processing computer to read sensor data; (f) three redundant WiFi hotspots for Internet access, (g) remote computer access cloud-based service from LogMeIn; and (h) a data storage synchronized through the Dropbox cloud service.

The demonstrated technology “The Micro-Nano Technology Sensor Sensor System,” is initially designed for corrosion monitoring of “Bridge Infrastructure” with conventional protection coating. It can also be used to provide rapid early detection and monitoring of corrosion states of expensive equipment and valuable assets by alarming any deterioration that could result in damage. The sensors of the demonstrated technology are powered by the low-voltage AC sine waves, and not being tested for use in the gas and/or oil pipelines applications. 

In addition to the monitoring of the bridge infrastructure, it is recommended that the demonstrated technology can also be applied to the corrosion monitoring and control applications of following equipment and infrastructure to extend the equipment and asset life. The recommended applicability of this demonstrated technology can include:
· Bridge infrastructure
· Computer and instrumentation systems
· Electrical equipment
· Building structures
· Water treatment infrastructure 
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Appendix A. The Corrosion Monitoring System: Getting Started Guide
[bookmark: _Toc353838264]Introduction
All materials to some degree are susceptible to deterioration by their environment. Demanding environmental conditions can lead to the degradation of even advanced structural material. Corrosion is one of that multibillion dollar cost to modern society. A major challenge to all engineers employing metals in their designs is to prevent corrosion attacks.
In order to overcome the problems as mentioned above, a full-proof and reliable inspection system is designed to continuously monitor the corrosion on the Army Bridge. This system would ensure that corrosion related bridge health is continuously monitored and hence prevent any possible danger. 
This guide is intended as a reference for those working with IPFW established Corrosion Monitoring System for the first time. It explains step by step unpacking and setup of equipment, testing communication link and startup of automatic monitoring software program. 
Project Team
[bookmark: _Toc353838265]Project Sponsor: Richard Lampo and Michael McInerney
Principal Investigator: Max Shing-Chung Yen
Co-PIs: Paul I-Hai Lin and Dong Chen
Graduate Students: Robert Timbery, MengWei Li, Muhammad Mansur
Undergraduate EE Student: Steve Groff 
Part 1: Set up of the Corrosion Monitoring System
[bookmark: _Toc353838266]Identify Kit Components
Carefully unpack and verify the contents of your kit. Your kit should include the following:

	Description
	Quantity

	Embedded Computer Server Unit Box with power supplies and sockets
	X 1

	Sensor Electronics Box
	X 6

	6 pin Sensor Box Connection Wire with socket
	X 6

	RJ-45 Ethernet Connection Wire with socket
	X 1

	Uninterruptible Power Supply
	X 1

	Temperature Sensor
	X 1

	Coal-tar epoxy coated Sol-Gel Sensor mounted on ceramic plate, with wire and connector 
	X 2

	Sol-Gel Sensor mounted on ceramic plate, with wire and connector
	X 2

	Coal-tar epoxy coated cylindrical sensor with wire and connector (316 stainless steel)
	X 1

	Coal-tar epoxy coated Cylindrical Sensor with wire and connector (A36 carbon steel)
	X 1



Below are snapshots of all above mentioned equipment’s
[bookmark: _Toc353838267]Embedded Computer Server Unit Box (dimension: width-length-height 16 in x 16 in x 6 in)
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-3-29 16 35 34.jpg]
Figure 1: Embedded Computer Server Unit Box

[bookmark: _Toc353838268]Sensor Electronic Box with Socket for Sensor Connection; and Socket for Power Supplies and RS485 Communication Lines

[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-3-30 14 04 30.jpg]Army S1

Figure 2: Mounted sensor box with Army S1 to S6 Labels on all Sides
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-3-30 14 04 09.jpg]Sensor wiring socket
Power and Communication Socket

Figure 3: Inside view of Sensor Electronics Box
Currently, there are 3 different types of sensors in the package sent. There numberings and desired installed locations are as below:

1. Coal-tar epoxy coated sol-gel sensor (installed at a lower level of the bridge).
2. Coal-tar epoxy coated sol-gel sensor (installed at a higher level of the bridge).
3. Sol-gel sensor (installed at a lower level of the bridge).
4. Sol-gel sensor (installed at a higher level of the bridge).
5. Coal-tar coated cylindrical dummy sensor (all made of 316 stainless steel).
6. Coal-tar epoxy coated cylindrical corrosion sensor (the center is made of A36 carbon steel).
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 13 32 09.jpg]
Figure 4: Coal-tar epoxy coated Sol-Gel Sensor1 and Sensor Box Army S1
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 13 31 23.jpg]
Figure 5: Coal-ta epoxy coated Sol-Gel Sensor2 and Sensor Box S2
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 13 30 44.jpg]
Figure 6: Sol-Gel Sensor3 and Sensor Box S3
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 13 31 44.jpg]
Figure 7: Sol-Gel Sensor4 and Sensor Box S4
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 13 32 22.jpg]
Figure 8: Coal-tar epoxy coated Cylindrical Sensor5 and Sensor Box S5
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 13 32 33.jpg]
Figure 9: Tar-Coated Cylindrical Sensor6 and Sensor Box S6








[bookmark: _Toc353838269]Wiring Details
The Corrosion monitoring system wiring diagram is shown in Figure 10.



Figure 10: Corrosion Monitoring System Wiring Diagram

	Some of the wiring details with associated snapshots are as below

[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 15 09 59.jpg]
Figure 11: 6 pin Sensor Box Connection Wire for Power Supply and RS485 Communication Lines
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-3-30 14 11 14.jpg]
Figure 12: RJ-45 Ethernet Connection Wire for Connection Embedded Server Unit Box to Internet
[bookmark: _Toc353838270]Assemble the Corrosion Monitoring System Kit
To assemble the Corrosion Monitoring System, perform the following steps:
1. Connect the sensor boxes to the Server Unit Box.
[image: ]   S4     S5     S6
   Army Sensors
   S1     S2     S3

2. Connect the Sensor Electronics boxes to the Embedded Server Box.
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-4-12 14 57 15.jpg]
3. Connect RJ-45 Ethernet cable to the Server Unit Box.[image: ]
4. Plug in the temperature sensor cable to the Server Unit Box.Internet

[image: ]Temperature Sensor Connector

Power Cable

5. Plug the power cable to the outlet.
6. Turn on the main power switch inside the Embedded Computer Server unit box.
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-3-29 16 35 48.jpg]ON



7. Embedded Computer Reset Button with DC power wires connected (used if needed to Cold boot the computer).
[image: C:\Users\Wei\Dropbox\Photos\Army\Photo 13-3-30 15 00 57.jpg]
You are now ready to run the ADAM .NET utility software or VBscript for corrosion sensor data acquisition.
[bookmark: _Toc353838271]Part 2: Test Communications Link
The present sensor boxes are pre-configured with RS communication device addresses. In case additional sensor boxes are to be added in the future, they will need to be configured using the following steps:
1. Double‐click the ADAM .NET utility shortcut on the desktop.
[image: ]
2. Double click ADAM4000_5000.

[image: ]
3. Select the COM3 port.
[image: ]
4. Verify that the baud rate and data settings match the internal settings of the devices:
• Port: COM3
• Baud Rate: 9600
• Parity: NONE
• Data Bits: 8
• Stop Bits: 1
[image: ]

5. Right click COM3 and select Search.
[image: ]
6. Click start to search the sensor boxes
[image: ]
All the sensor boxes connected to the Server Unit Box should be found. Once that is completed click cancel to stop search
[image: ]
7. Now each individual module is ready to be selected 

8. Click the module setting, assign a new address for the sensor box, set the input range to +/- 500mV [image: ]

9. Click the input tab, you should be able to see the current sensor reading
[image: ]

This completes the testing and confirms that the setup has been properly done.
[bookmark: _Toc353838272]Part 3: Automation through VBscript
[bookmark: _Toc353838273]Running VBscript
The VBscript is used to get data from the sensor automatically and put the data into the database. The executable file ArmyScript04112013.vbs is located under C:\CorrosionSensor\ ArmyScript04112013.vbs

[image: ]
The VBscript code is preconfigured to run by itself. Data gets written onto a file, one for each sensor, after approximately 30 minutes intervals. The data output is a .dat file for each sensor from sensor1 to sensor6 which are located at C:\Sensordata. A separate time stamp file is also generated. Please note that these files will appear once the script is running.

[image: ]
[bookmark: _Toc353838274]Field description of data files
The detail of the sensor (1-6).dat data files is as below. Fields are separated by a semicolon. The first field contains calibrated voltage across the sensor and the second fields holds the interpolated equivalent capacitance in pico-Farad (10-9 Farad).

[image: ]Capacitance (pF)

There will be one common timestamp file which has the below details;
[image: ]

Please note, both ADAM .NET utility and VBscript code are using the same COM port (COM 3). Therefore only one program can be operated at a time. If both are running at the same time, the one started last will have error or might display wrong readings.
[bookmark: _Toc353838275]Stopping VBscript Automation
The VBscript is designed to run 24/7 to collect measurements from sensors S1 through S6 automatically. However, if there is any reason that the program has to be stopped, it has to be done with the following steps.
1. Hit Ctrl + Alt + Delete to call out the task manager (Ctrl + Alt + End for remote session)
2. Click on the Process tab
[image: ]
3. Select wscript.exe and click End Process
4. A warning will pop out, click Yes to end process.
[image: ]

[bookmark: _Toc353838276]Part 4: Remote Configuration 
The server is accessible through the windows remote desktop. The current IP address setting is listed in Appendix A. Once the Server is setup at the new location, the new IP address will have to be provided in order to allow the users to use the remote login session.

There are two administration log-in passwords setup for accessing the Embedded Computer Server Box unit.

To remotely connect to the server from windows, perform the following steps:
1. Click start
2. Under Accessories, click Remote Desktop Connection
3. Enter the IP address provided
4. Hit connect to connect to the server
5. Enter the user name and password



Appendix B. CAT 6 Cable and Plug/Connector Assembly Guide

CAT 6 Cable and Plug/Connector Assembly Guide

Prepared by
Paul I Lin and Bob Tilbery
April 24, 2013

Step 1: CAT 6’s 4-paired Wires and Plug/Connector Identification
For making each cable with two plugs as shown in Figure 1, the following parts are needed:
· Two  Flex cable connectors, model number PX0739/P, 6-poles plugs are needed for cable
· One CAT 6 cable with proper length. Each CAT 6 cable consists of the following 4-pair twisted wires, with the following color codes and usages:
· Pair 1: (used as RS 485 communication line)
· Blue               --- used as DATA + line
· Blue/White  --- used as DATA - line
· Pair 2: (both wires are used as Power supply Ground wire)
· Green
· Green/White
· Pair 3: (both wires are used as -24V power line)
· Brown
· Brown/White
· Pair 4 (both wires are used together as +24V power line)
· Orange
· Orange/White




Figure 1. CAT 6 cables with two PX0739/P, 6-poles plug on each end


Step 2. Preparation of CAT 6 cable wires for connecting to plug. 
Each CAT 6 cable’s end side should be prepared with the following suggested steps:
a) Use hobby knife to cut/remove proper length of cable shielding.
b) Use wire stripper to remove a proper length of wire’s insulation shielding.





Step 3. Preparation of Flex Cable Connectors/Plugs
a) Use two Flex cable 6-poles connectors/plugs for each CAT 6 cable.
b) Obtain a copy of Flex Cable Connector Data sheet from, Bulgin, http://bulgin.co.uk/Products/Buccaneer/BuccaneerStandard.html ; located the information pages that contain PX0739/P    6 poles plug, screw termination; and PX0739/S Socket.
c) Read instruction from the data sheet on how to prepare the connector/plug
d) Recognize the labeled Pin numbers ranged from 1, 2, 3,4, 5, 6 as shown in Figure 2 below:  
                                                                                   
Pins: Contact Nos viewed from rear of panel
[image: ]
Figure 2. Number labeling of Flex Cable Connector/Plug
Step 4. Connecting CAT 6 cable wires to two Flex Cable Connectors (Figure 3), for each end:
a) Connect CAT 6 cable’s Blue colored wire to pin 1. 
b) Connect CAT 6 cable’s Blue/White colored wire to pin 2.
c) Connect CAT 6 cable’s two wires: Green and Green/White, both to pin 3.
d) Connect CAT 6 cable’s two wires: Brown and Brown/White, both to pin 4.
e) Connect CAT 6 cable’s two wires: Orange and Orange/White, both to pin 5.
f) Leave pin 6 unconnected.
[image: ]
Figure 3. Wiring Diagrams for CAT 6 cable and two Flex Cable Connectors/Plugs
Appendix C. The Corrosion Monitoring System Installation Guide
The Corrosion Monitoring System Installation Guide 
November 20, 2012

A. Hardware System and Modules to be installed
1. One Sol-Gel Monitoring & Control Panel, as shown in Exhibit 1, to be installed inside the Control House located on the top of the bridge. This main system board consists of one Embedded Computing running Windows XP, eight RJ-45 sockets, one AC power switch, one DC 24V for powering computer, and two DC 24 V supply to provide +15V, Ground, and -15V for powering analog electronics, and RS-485-based DAQ modules mounted inside Sensor Electronic box (data logger unit).
2. An Optional Enclosure box, as shown in Exhibit 3, (dimension W, L, H = 14, 16, and  inches) for securing the Sol-Gel Monitoring & Control Panel ( 12 inch by 12 inch) as shown in Exhibit 1, if needed.
3. An uninterrupted power supply (APC smartUPS, 120V 50/60Hz, 7A) will be also used. The input to the UPS is AC 110 V. The AC Power switch, as shown in Exhibit 1, will be connected to the UPS output. Total maximum current consumption by embedded computer and sensor electronics box is 5 amperes max. The physical dimension of the UPS is 14 x - x 6 inches (Length, Width, Height). This UPS can be placed on the ground of the control room, right underneath the Main System Board.
4. Five Sensor Electronic Boxes, Sol-gel sensors mounted on a ceramic plate, and wiring modules, as shown in Exhibit 2, are to be installed as follows:
a. Each RJ-45 connector of the Cat 6 cable is to be connected to one of the eight RJ-45 socket located on the Main System Board.
b. The Cat 6 Ethernet cables (with various lengths of 50 ft, 100 ft, and 150 ft) are to be inserted/covered by proper conduits, and each is to be connected to one-side of the Sensor Electronic Box. This Cat 6 cable is used for delivering +15, Ground, -15 voltage needed to power sensor electronics and RS485 DAQ unit; and also for RS-485 serial communication lines.  
c. Five Sensor Electronic Boxes and Sol-gel sensors mounted on the ceramic plate will be installed at the specific location on the bridge, as suggested by Chandler Monitoring Systems, Inc., (page 5 of suggested sensor Locations on attached PDF file sent by Jennifer dated 2012/11/16, 5:42 PM)
· The dummy sensor and its electronic sensor box can be located up top, nearest the control house. [NEED to know the distance from this sensor position to the control room]
· The 4 Sol-Gel Sensors be placed below the car deck on the bridge number closest to the SECOND water drain pipe to catch evidence of the most splash-back on the bridge members. Two sensors should be placed directly across from one another on each side of the control house, for a total of four locations, forming a “rectangle”, around the control house. [NEED to know the distances from those four locations to the control house?] 

B. Access to Data Storage of the Embedded Computer Running Windows XP
1. A VBScript program and related functions will be used to collect Sol-gel sensor data, and save the data file in a comma (;) delimited data format (regular text file) and stored on a specific folder c:\armysensor\data\ of the Windows XP’s C drive.
2.  The data in the saved folder then can be accessed by the Chandler Monitoring System Inc.  through the following approaches
a. USB port
b. LAN port
3. The collected data will be retrieved through an Internet connection to be set up by Chandler Instrumentation Inc. One LAN port from their 8-port hub, with an IP address and proper setup for Internet connection of the IPFW’s Embedded Computer sitting on the Sol-Gel Sensor Monitoring & Control Panel, as shown in Exhibit 1. (per Jennifer’s email dated 2012/11/15 5:42 PM). The same LAN port will also be used in (C) for remote maintenance and program modification.

C. Remote Access to Embedded Computer for Program Modification and Other Needed Maintenance
1. The IPFW team needs a network connection (VPN etc) to remotely access the Embedded Computer running Windows XP for the purposes of
a. Computer maintenance
b. Program modification
c. Sensor data access
2. Chandler Instrumentation Inc, will provide one LAN port from their 8-port hub, with an IP address and proper setup for Internet connection of the IPFW’s Embedded Computer sitting on the Sol-Gel Sensor Monitoring & Control Panel. 

D. Software Used for Sensor Data Acquisition and Logging
1. Microsoft VbScript (free software) is used to write programs and functions for RS-485 communication from the embedded computer to all data acquisition modules (ADAM-4016), sensor data acquisition, data transformation and interpolation (voltage => capacitance => NaCl concentration) and data storage.
2. Windows XP task manager is used to perform data logging task scheduling.
3. Microsoft PowerShell Script is used for remote access of saved data and remote system maintenance and administration through secured VPN connection.
4. All program and scripts are save on C drive and are accessible to Chandler Monitoring Systems Inc.


Exhibit 1. The Sol-Gel Sensor Monitoring & Control Panel consists of Embedded Computer, Power Supplies, and RS-485 Communication Connection. One board to be installed in the Chandler’s control room sitting on the top of the bridge





Exhibit 2.  Sensor Electronics box, Sol-gel sensor mounted on the ceramic plate, and wiring assembly. 
· Five Sol-gel sensors and the Sensor Electronic boxes are to be installed on the speific points on the bridge; the distance from the Sensor Electronic Box to the end of the Sol-gel sensor is about 2 feet. 
· There are three different length of Cat 6 Ethernet cables: 50 ft, 100 ft, and 150 ft. RJ-45 connector will be connected to the Sol-Gel Sensor Monitoring & Control Panle as shown in Exhibit 1. Proper conduits are needed to provide extra weather protection and prevent unexpected damages.



Exhibit 3. Subassembly of Sensor Electronics Box and Sole-Gel Sensor mounted on the ceramic plate





Exhibit 4. Optional Enclosure Box (dimension W, L, H = 14, 16, and  inches) for securing the Sol-Gel Sensor Monitoring & Control Panel ( 12 inch by 12 inch) as shown in Exhibit 1 
[image: C:\00000-2011-12-Sol-Gel-Sensor\00000-2012-Fall-Activities\2012-10-5-ArmySensorDeployment\0-SystemPictures\DSC02377.JPG]




Appendix D. Ceramic Plate Mounted So-Gel Sensor Measurement and Calibration
Ceramic Plate mounted Sol-Gel Sensor Measurement and Calibration
2012/9/7
Paul Lin
1. Place sol-gel sensor inside the container, (NO water, NO NaCl solution) record temperature around the Sol-gel
2. Measure Cp, Rp, D, Cs, Rs, Q, Z, phi => using RLC meter for sensor #1, ..#6, and record all values

Simulated Field Measurement: (to be conducted for each Sensors from #1, #2, .., #6)

	Scenarios
	Sensor Condition in the Simulated Lab
	Measurement

	
	
	RLC Measurement
	ADAM 4016 Measurement (mv)

	
	
	Cp
	Rp
	D
	Cs
	Rs
	Q
	

	1. Raining with water on the Sol-gel sensor for an Hour

	Spray water on the sensor until two aluminum strips are buried under water

Wait 10 minutes

Take measurement 
	
	
	
	
	
	
	

	2. Snowing with 1 inch of snow coverage
	Cover the sol-gel sensor with crashed ice cube

Wait 10 minutes

Take measurement
	
	
	
	
	
	
	

	3. Melting snow with Salt spreader (concentration from high to low)
	3(A) Spray 10 mM solution for 4 times
Wait 10 minutes, take measurement

3(B)Spray 2 mM for 4 times
Wait 10 minutes, take measurement

3(C)Spray 0.5 mM for 4 times
Wait 2 minutes, take measurement

3(D)Spray 0.1 mM for 4 times
Wait for 10 minutes, take measurement
3(E) Spray DI water for 4 times
Wait 10 minutes, take measurement

	
	
	
	
	
	
	

	4. Melting snow with Salt spreader (concentration from low to high)
	4(A) Spray DI water for 4 times
Wait 10 minutes, take measurement

4(B) Spray 0.1 mM solution for 4 times
Wait 10 minutes, take measurement

4(C) Spray 0.5 mM solution for 4 times
Wait 10 minutes, take measurement

4(D) Spray 2.0 mM solution for 4 times
Wait 10 minutes, take measurement

4(E) Spray 10.0 mM solution for 4 times
Wait 10 minutes, take measurement

	
	
	
	
	
	
	

	5. Dilution of salt by melting snow or rain or condensation water
	5(A) Spray 10 mM solution for 4 times
Wait 10 minutes, take measurement

5(B) Spray DI water for 4 times
Wait 10 minutes, take measurement

5(C)Spray DI water again for 4 times
Wait 10 minutes, take measurement
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