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Abstract: This project demonstrated innovative remote sensors (LPR 
sensors) the size of postage stamps which can provide instantaneous cor-
rosion rate data from under a coating. These sensors were installed be-
neath a coating on a mission-critical metal structure roof in Okinawa, to 
detect the intrusion of moisture and predict the corrosion rates from the 
shifts in polarization resistance. With this real-time data capability, early 
detection of the need for maintenance on the structure can be determined 
and corrections made, extending the service life of the structure and low-
ering life-cycle cost. This technology is applicable to metal roofs, water 
tanks, fences or any metal structures that early detection of corrosion is 
needed to extend the life of the structure, avoid costly early replacement or 
avoid complete failure of the structure. Standard coupon tests and electri-
cal resistance (ER) probes provide corrosion rates at a lower cost than the 
LPR sensors but not instantaneous rates as do the LPR sensors. Standard 
coupon and ER probes were demonstrated on this project for comparison 
to LPR corrosion rate data and to obtain atmospheric corrosion rates in 
this highly corrosive environment. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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This project entailed the demonstration of a postage-stamp sized corrosion 
rate sensor (LPR) manufactured by Analatom, Inc., to determine the in-
stantaneous corrosion rate of metal under a coating. This report includes 
the description of the sensors and their operation as well as the lessons 
learned relating to the collection and analysis of data provided by the sen-
sor system. Also demonstrated for comparison to this sensor and estab-
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The Commander and Executive Director of the U.S. Army Engineer Re-
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Executive Summary 

This OSD Corrosion Prevention and Control project demonstrated the use 
of new stamp sized under-film sensors to determine corrosion conditions 
and moisture intrusion remotely. These Linear Polarization Resistance 
(LPR) corrosion sensors and system electronics were installed on a metal 
roof of a critical facility at Torii Station, Okinawa, Japan to perform coat-
ing evaluation. For the system to be waterproof and maintenance free in 
this highly corrosive environment, the electronics enclosures and connec-
tors system components used were carefully chosen for their high Ingress 
Protection (IP) rating, a measure of water tightness. Test coupons and 
electronic resistance corrosion probes were also installed near the LPR 
sensors to compare the capabilities of the different corrosion rate meas-
urement techniques in this highly corrosive environment. One set of cou-
pons also provided corrosion rate data for comparison of coated versus 
noncoated surfaces, the effect of distance from the ocean and effect of be-
ing exposed to rain to wash off salt deposited from the air. 

A total of eight LPR corrosion sensors were attached at strategic locations 
on the metal roof and then only the sensors were painted over with a pro-
tective coating and connected to the data acquisition unit. The LPR sen-
sors provided instantaneous corrosion rate data under the coating, provid-
ing integrity of the coating monitoring capabilities at any given time. This 
capability allows detection of corrosive conditions present under the coat-
ing so that corrective action may be taken if needed. The use of LPR sen-
sors is particularly useful for monitoring under-film corrosion rates for 
critical structures in remote locations. 

The bare steel coupons tested on the roof and at ground level exhibited an 
atmospheric corrosion rate from about 1.2 to 2.2 mils per year (mpy). The 
ER probe indicated about 1.06 mpy. The LPR sensors under the coating 
indicated a corrosion rate of about 0.118 mils per year, showing the coat-
ing was protecting the metal.  

The coated coupons tested on ground level indicate the hot-dip galvanized 
coating performed very well as a protective coating in this corrosive envi-
ronment. The other coatings did not exhibit as much protection in the 
scribed areas of the coupons but also did well overall protecting against 
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corrosion. This test was too short to derive conclusive comparison or to 
establish suitability of the coatings for long term use in this type of corro-
sive environment. 

Lessons learned related to retrieval of the sensor data. Army personnel at 
Torii Station were unavailable to periodically download and transmit the 
collected sensor data back for analysis. Hence it is necessary to automate 
the transmittal of data back to an office where it can be analyzed.  
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Unit Conversion Factors 

Multiply By To Obtain 

degrees Fahrenheit (F-32)/1.8 degrees Celsius 

feet 0.3048 meters 

gallons (U.S. liquid) 3.785412 E-03 cubic meters 

inches 0.0254 meters 

mils 0.0254 millimeters 

square feet 0.09290304 square meters 
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1 Introduction 

1.1 Problem statement 

Corrosion maintenance is a major yearly cost for the Department of De-
fense (DoD). Managing corrosion is necessary to mitigate the cost burden 
as well as to sustain readiness of military equipment. Studies performed by 
both private and government organizations show that each year corrosion 
costs the U.S. Army $10 billion of which $2 billion are spent for painting 
and scraping alone. 

DoD studies conclude that an optimal approach to handle corrosion in-
volves new inspection and monitoring techniques. Thin smart sensing 
elements to monitor corrosion have been developed. These sensors were 
tested and evaluated at ERDC-CERL to validate their capabilities. The re-
sults of this evaluation are presented in Appendix A. Because these sensors 
are thin, they can fit under paints. Because they are smart, they allow for 
automated Condition Based Maintenance (CBM) on a need basis instead 
of scheduled maintenance, thus reducing painting frequency and painting 
costs. This sensor system is sensitive to early stages of corrosion/degrada-
tion and such early warning will reduce replacement costs for degraded 
parts. Furthermore, the system requires less manpower than traditional 
inspection techniques and results in additional reduced costs for corrosion 
inspection and maintenance. 

Torii Station, a United States Army facility in Okinawa, Japan, has identi-
fied severe degradation of coatings on protective structures for mission 
critical equipment, which will eventually lead to high corrosion rates and 
failures. Corrosion rate measurement can reveal which areas of a structure 
need immediate maintenance and which ones will need maintenance later, 
as well as allow an optimal maintenance schedule to be developed. It will 
also provide valuable information regarding the performance of the mate-
rials selected for use on these structures. 
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1.2 Objective 

The objectives of this work were to: 

• Install and evaluate remote monitoring micro Linear Polarization Re-
sistor (LPR) sensors under a coating on a roof to determine their capa-
bility to collect and interpret corrosion rate data. 

• Install and evaluate coupons and Electrical Resistance (ER) Probes on 
the roof near the LPR sensors for comparison to the LPR sensors and 
to collect atmospheric corrosion rate data. 

• Install coupons for comparison to the LPR sensors and to collect data 
related to the effect of coatings on corrosion rate, the difference in cor-
rosion rates on differing metals, the effect of distance from the ocean 
on corrosion rate, and the effect of surface exposure to rain on corro-
sion rate, in this highly corrosive environment. 

1.3 Approach 

The LPR type sensors were analyzed for their applicability to collecting 
data under a coating on a roof at Torii Station. They were tested in the lab 
to ensure they would operate as planned under a coating and in a severely 
corrosive environment. The description of the sensors, the data gathering 
electronics, software and user interface as well as these tests, are described 
in Appendix B. Next the physical connection of the sensors to a data collec-
tion node was analyzed for its capability to function in this harsh environ-
ment. This resulted in redesign of the system electronics node enclosure 
box and other connection parts to make them more water tight and dura-
ble. These design considerations are detailed in Appendix C.  

To be able to evaluate and compare the LPR sensor-provided data to stan-
dard coupon corrosion rate data; coupon and ER probe tests were de-
signed. Coupon tests were also designed to provide further information 
relating to the severely corrosive atmospheric effects on metals and coat-
ings at Torii. A description of several corrosion monitoring techniques, in-
cluding ER probes and coupons, and how they produce corrosion rate data 
are provided in Appendix D. 
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2 Technical Investigation 

2.1 Project overview 

2.1.1 Steel coupon and electrical resistance probes  

Twelve C1010 mild steel weight loss coupons (.9”x6”x.125”) were installed 
on two exposures racks on the roof near the installation site of the LPR 
sensors. Six electronic resistance corrosion rate probes were installed on 
the roof in close proximity to the exposure racks and the LPR sensors. The 
corrosion rates for the coupons and the ER probes were monitored and 
determined at 2 month intervals over a period of 8 months. 

2.1.2 Atmospheric corrosion coupons 

Two atmospheric test racks containing test panels (4”x6”x1/8”) of the fol-
lowing materials were installed: bare carbon steel, galvanized steel, zinc-
rich epoxy-coated steel, phenolic coated steel and bare type 410 stainless 
steel. (The steel panels were A36 steel.) The racks were placed at ground 
level 500 feet and 2000 feet from the ocean. Coupons from these racks 
were removed, inspected and analyzed at 79, 144, 213, and 247 days. 

2.1.3 LPR sensors 

Eight remote corrosion monitoring LPR sensors were installed on the roof, 
all connected to one node. The sensors were connected to a corrosion 
monitor and test box which facilitated downloading of corrosion data. The 
system was secured in such a manner that it could withstand, and not be 
damaged by, high winds and rain. 

2.2 Installation of the technology 

2.2.1 Steel coupon and electrical resistance probes 

The coupons and ER probes were installed on building number 125. The 
coupons were mounted to an aluminum frame using stainless steel bolts 
and nylon spacer washers. Stainless steel bolts were used in place of nylon 
bolts to withstand high wind loads. The coupons were electrically isolated. 
The resistance probe cables were secured to the roof and run down the 
outside wall in conduit. The ends of the probe cables were gathered in a 
NEMA 4X test box. Pictures of the coupons mounted on the roof and the 
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mounted ER probes are shown in Figures 1 and 2. More details are avail-
able in Appendix E. 

2.2.2 Atmospheric corrosion coupons  

The test panels were all prepared from A36 steel, grit blasted to SSPC-SP5 
“white metal” finish with an anchor profile of 2 to 3 mils. For coated pan-
els, the following coating systems were used:  

1. Galvanized System - Hot-dip galvanized (Zn coating thickness ~ 3–5 
mils). 

2. Zinc Rich Primer System - Carboline Carbozinc 859 epoxy zinc primer 
(3–5 mils) with Carboguard 893SG epoxy topcoat finish (5–7 mils).  

3. Phenolic System - Carboline Phenoline 300 primer (8 mils) with Phe-
noline 302 top coat (8 mils). 

The non-coated panels were: 

1. Stainless Steel – ASTM Grade 410 with No. 1 mill-finish 
2. Carbon Steel – ASTM Grade A-36 with mill-finish 

 
Figure 1. Coupons on rack mounted on roof of Bldg. 125. 
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Figure 2. ER probes mounted on roof of Bldg. 125. 

One side of each coated panel was scribed to simulate mechanical damage 
commonly encountered in service. Each scribe was ~ 4 inches long and 
~ 30 mils wide. The scribed side was exposed facing the ocean.  

The Type 410 stainless steel panels were exposed in the No. 1 mill-finish 
condition. 

Hot-dip galvanized steel test racks for mounting the panels, porcelain in-
sulators, and associated fasteners were used. The test racks and test panels 
were shipped to Torii Station, Okinawa in December 2006. The test panels 
were mounted on the racks during the same month. The test racks are 
shown in Figures 3 and 4. More details are provided in Appendix F. 
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Figure 3. View of one of racks exposed at 500 ft location.  

 
Figure 4. View of location outside Bldg. No. T-113 where second set of test racks was exposed 

at 2000 ft from the ocean. 
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2.2.3 LPR sensors 

The LPR corrosion sensors and the corrosion monitor were mounted on 
the roof of building T-125. The sensors, corrosion monitor, cables, and test 
box were secured to the building in such a manner that they were not 
damaged by high winds and rain. This involved the following steps: 

1. Measured the distance between each LPR sensor and the data acquisi-
tion unit. 

2. Found secure location to mount LPR sensors. 
3. Laid out the LPR sensors on the roof to measure the correct length. 
4. Installed connectors to corrosion monitor. 
5. Tested the system to ensure proper functionality. 
6. Found location for junction box. 
7. Installed a junction box for trained personnel to download data once 

every month. 
8. Painted the LPR sensors and performed test. 
9. Configured software interface on a PC. 
10. Trained personnel to retrieve data. 

A long serial cable was installed, with one end attached to the data acquisi-
tion unit on the roof and the other end attached to a junction box on the 
side of the building. The junction box, as shown in Figure 6, houses the 
other end of the serial cable in a waterproof environment. This allows per-
sonnel the option of downloading data collected by the corrosion monitor-
ing system on a periodic basis, if so desired. 

A more detailed description of the components of the system and how the 
sensors were installed is in Appendix G. Figures 5 and 6 show the sensors 
and interface box as installed. 
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Figure 5. Installation of LPR corrosion sensors under primer and paint coating. 
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Figure 6. LPR corrosion sensor system serial interface box. 

2.3 Technology operation and monitoring 

2.3.1 Steel coupon and electrical resistance probes  

A technician returned at 2, 4, 6, and 8 month intervals to document, in-
spect, remove appropriate coupons for further analysis, and record ER 
probe data. During each inspection, once photographs had been obtained, 
three coupons were removed from each exposure rack. The coupons were 
placed in numbered brown paper envelopes furnished by the coupon 
manufacturer. The envelopes were sealed and placed in a plastic envelope 
which was in turn placed in an overnight delivery envelope. The envelopes 
were express mailed to Metal Samples for analysis. 

Metal Samples cleaned and weighed the coupons upon receipt per ASTM 
Standard G-1 methods. The net metal loss and rate of corrosion was then 
calculated by the laboratory.  



ERDC/CERL TR-09-30 10 

 

2.3.2 Atmospheric corrosion coupons  

Coupons of each type of panel were collected from the two racks at 79, 144, 
213, and 247 days following their installation. The test panels were exam-
ined visually for overall corrosion resistance/susceptibility and especially 
at the areas of the steel exposed at the scribes at each of these times. The 
panels were compared to unexposed control panels during the visual com-
parisons. Following the final removal of the bare steel panels, the panels 
were chemically cleaned and their average thickness was measured to de-
termine corrosion loss.  

2.3.3 LPR sensors 

Data from the LPR sensors was collected, downloaded, and analyzed for 
the first 24 hours after the sensors were installed, by the technicians who 
had done the installation. This data indicated the sensors were operating 
correctly. The sensors were able to detect the increase in moisture during 
the night and the drying out during the day, from under the coating. After 
this data collection, a typhoon hit the island. Inspection of the sensors and 
node connections after this weather indicated the LPR sensor system 
physically withstood the storm without any damage.  

Data were then collected automatically every hour and stored in the node 
where it could be queried from the box on the side of the building, if de-
sired. The data could be downloaded by connecting a portable computer to 
the box on the side of the building and querying the system. Although 
Army personnel at Torii were trained how to download data from the 
node, their schedules did not allow time to do this.  
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3 Discussion 

3.1 Metrics 

The coupons on the roof were analyzed in a lab to determine corrosion 
rate. The ER probe measurements were taken from the probe reading and 
converted mathematically into corrosion rate data. This basically involved 
converting the reading that relates to electrical resistance, which is directly 
related to metal loss, and converting this into a corrosion rate. See Appen-
dix E for further details. 

The bare steel panels used to establish the atmospheric corrosion at 
ground level were chemically cleaned for measurement using ASTM Stan-
dard G-1. Using a micrometer, the panels were then measured to deter-
mine thickness loss due to corrosion. The coated panels were visually in-
spected for degradation and signs of corrosion, i.e., rust colored stains, etc. 
See Appendix F for further details. 

The LPR sensor works like a multiplexed potentiostat. The potential on the 
metal surface is changed in a controlled manner so that the corresponding 
current values can be measured as a function of the potential. Through 
mathematical relationships using Tafel plots and Faradays relation of cur-
rent flow to mass loss, this information is then converted into a corrosion 
rate. A more detailed explanation is provided in Appendix H. 

3.2 Results 

A total of eight LPR corrosion sensors were attached to the metal roof, and 
then painted over with a protective coating and connected to a data acqui-
sition unit. The system automatically collects data at a rate of at least one 
reading per hour with the potential of collecting data for a period of 1 year. 
The system is durable enough to withstand a typhoon. 

The 24 hours worth of data collected from the LPR sensors before the ty-
phoon hit is represented in Figure 7. The data tracks with the increase of 
moisture during night hours and dissipation of moisture during day hours.  
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Figure 7. Data collected over 24-hour period. 

The coupon and ER probe data collected from the roof near the LPR sen-
sors exhibited similar corrosion rate data. These data are summarized in 
the following table and the graph in Figure 8. A more detailed explanation 
of the results is included in Appendix E. 

Table 1. Rooftop coupon and ER probe corrosion rates in mils per year. 

Month collected Coupon side 1 (3 
coupon average) 

Coupon side 2 (3 
coupon average) 

Average of the 
six coupons 

Electrical 
Resistance Probe 
(average of six) 

2 1.683 1.554 1.619 1.43 

4 1.379 1.401 1.390 1.12 

6 1.230 1.246 1.238 1.06 

8 1.240 1.200 1.220 1.06 
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Figure 8. Graph representing roof coupon and ER probe corrosion rates (mils per year vs 2 

month interval points). 

The atmospheric coupons tests showed little difference between the 500 
and 2000 ft distance from the ocean. The atmospheric coupons showed 
similar corrosion rates for the uncoated coupons at 500 and 2000 feet 
from the ocean, 2.2 mils per year. The coated coupons showed little corro-
sion, with the hot-dip galvanized coating performing the best, which in-
cluded protection of the scribed areas. The coupons did show that the rain 
washing off the chloride deposits from the air did exhibit slower corrosion 
than the sides that did not experience the rain wash benefit. The results for 
the atmospheric coupon tests are detailed in Appendix F. 

The corrosion rate data from the coupons and ER probes on the roof 
showed an unprotected corrosion rate of about 1.1 to 1.2 mils per year, 2.2 
mils per year on the uncoated atmospheric coupons at ground level com-
pared to the LPR sensors that were under a film showing a corrosion rate 
of 0.118 mils per year. 



ERDC/CERL TR-09-30 14 

 

3.3 Lessons learned 

One situation encountered at Torii Station was the unavailability of Army 
personnel to periodically download and transmit the collected sensor data 
back to Analatom headquarters for analysis. To facilitate data collection 
for analysis, a more automated data transmittal system is needed. 

Three possible scenarios for modifying the sensor node so that it could be 
communicated with from a remote location were considered. A paper was 
presented at the Tri-Services Corrosion Conference (December 2007) that 
provides information related to choosing the best method for automating 
data transmittal for different sites. This paper is provided in Appendix I. 
The possibilities considered for Torii were: 

1. Ethernet connection to the Internet 
2. Cellular modem 
3. Satellite modem. 

Using an Ethernet connection was ruled out, since it was unclear whether 
the building on which the sensor node was attached actually had an Inter-
net connection, or if it did, whether an Ethernet cable could be conven-
iently and securely fastened from the sensor node on the roof to the Inter-
net access point. 

The idea of a cellular modem was briefly considered, but there was a ques-
tion of how easy it would be to interact with the local Japanese cell phone 
service providers. Dealing with an American-based provider would be eas-
ier, but the roaming charges for transmitting from Okinawa might be ex-
pensive. 

The satellite modem option was selected for further in-depth research. A 
wireless communication system was also developed in the lab so that the 
data could be collected from the vicinity of the nodes. However, the lab-
tested short distance wireless system was not tested on site. This short dis-
tance wireless system is planned for incorporation into the satellite com-
munication system. (The wireless system is described in Appendix J.) This 
method will, if successful, allow a corrosion sensor node to broadcast its 
data records from any location in the world to an office for detailed analy-
sis. The proposed satellite modem solution is discussed further in “Rec-
ommendations.” 
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A second issue (but not a problem during this demonstration) has to do 
with the nature of the cables used to attach to the corrosion sensors. Since 
the entire test roof was not to be painted, only small patches at strategic 
places on the roof were coated. This meant that the cabling used to con-
nect to the sensors did not need to be thin enough to paint over; the corro-
sion sensors themselves were coated, but the cables connecting them to 
the sensor monitoring electronics were not. The cables used for this part of 
the demonstration would not have worked well under a coating as they 
were too thick and would have caused coating problems. Thin cabling is 
needed that will be able to stay under a coated surface, without breaking 
the surface and causing moisture to seep under the protective coating.  
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4 Economic Summary 

The assumptions and calculations used in the return on investment (ROI) 
analysis are presented below. It is based on propagation of this sensor 
technology and lessons learned to additional roofs and buildings within 
the Army. This analysis validates the ROI in the Project Management Plan 
(ROI=14.1). It is further noted that this innovative sensor can be used for 
any metallic component used in Army facilities and utilities, which must 
be routinely painted in order to reduce the maintenance costs and prevent 
pre-mature failure, and this would tend to increase the ROI.  

Alternative 1: The roof on the building at Torii Station, Okinawa, Japan 
will require replacement at a cost of $100K in Year 15. In addition, there 
are 20 additional roofs in the same condition in severely corrosive envi-
ronments that will require replacement from Year 16 –Year 19 (over a 
4-year period) at 5 roofs per year, as shown in Table 1. The current main-
tenance costs are only $2K every 10 years for each roofing system, as the 
roofing system is not well maintained. The total baseline costs of Alterna-
tive 1 are shown in Table 1, and also in the ROI spreadsheet under “Base-
line Costs.” In addition, equipment inside the building will be damaged at 
$200K (see Table 2) for each of the leaking roofs in the year before it is re-
placed. The roof is replaced in the following year, at a cost of $100K for 
each roof. In the year in which the roofs are replaced, the cost of disrup-
tion of operations is estimated conservatively to be $2M for each roof, also 
shown in Tables 1 and 2. The total additional costs are shown under “cost 
of equipment damage & cost of disruption of operations” in Tables 1 and 2, 
and under “New System Benefits” in the ROI spreadsheet. The new roofing 
systems will use the LPR technology to indicate when maintenance must 
be performed and the cost of maintenance is shown for the replaced roofs 
under “Baseline costs,” beginning in Year 20. 

Alternative 2: The cost of this project to implement LPR sensors under 
coatings is $900K in Year 1. The implementation of LPR sensors for the 
first roof at $140K, is included in the cost of this project. Implementation 
cost for each of the 20 additional LPR sensors under roofing coatings from 
Year 2 to Year 5 (over a 4-year period), at 5 roofs per year, at $140K for 
each roof , are shown in Table 1, and in the ROI Spreadsheet under "New 
system Costs." 
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The LPR sensors will indicate when the roofing coating requires mainte-
nance due to coating degradation. Maintenance costs of the roofing coat-
ings are shown under “New System Costs” at $5K per roof at an average of 
every 5 years. The necessity of replacing the leaking roofs under Alterna-
tive 1 and “cost of equipment damage & cost of disruption of operations” 
will be avoided. 

The estimated ROI for implementing the LPR sensors is estimated to be 
14.2. 
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Table 2. Cost and savings information for ROI investment. 

900,000

14.18 Percent 1418%

2,344,875 15,103,626 12,758,751

A B C D E F G H
Future 

Year
Baseline Costs Baseline 

Benefits/Savings
New System 

Costs
New System 

Benefits/Savings
Present Value of 

Costs
Present Value of 

Savings
Total Present 

Value

1
2 2,000 140,000 122,276 1,747 -120,529
3 700,000 571,410 -571,410
4 700,000 534,030 -534,030
5 10,000 700,000 499,100 7,130 -491,970
6 700,000 466,410 -466,410
7 5,000 3,114 -3,114
8 10,000 25,000 14,550 5,820 -8,730
9 25,000 13,598 -13,598

10 25,000 12,708 -12,708
11 10,000 25,000 11,878 4,751 -7,127
12 5,000 2,220 -2,220
13 25,000 10,375 -10,375
14 2,000 25,000 200,000 9,695 78,336 68,641
15 100,000 25,000 3,000,000 9,060 1,123,440 1,114,380
16 500,000 25,000 11,000,000 8,468 3,895,050 3,886,583
17 500,000 5,000 11,000,000 1,583 3,640,900 3,639,317
18 500,000 25,000 11,000,000 7,398 3,402,850 3,395,453
19 500,000 25,000 10,000,000 6,913 2,903,250 2,896,338
20 5,000 25,000 6,460 1,292 -5,168
21 25,000 25,000 6,038 6,038
22 25,000 5,000 1,129 5,643 4,514
23 25,000 5,000 1,055 5,273 4,218
24 25,000 25,000 4,928 4,928
25 5,000 25,000 4,605 921 -3,684
26 25,000 25,000 4,305 4,305
27 25,000 25,000 4,023 4,023
28 25,000 5,000 752 3,760 3,008
29 25,000 25,000 3,515 3,515
30 5,000 25,000 3,285 657 -2,628

Return on Investment Calculation

Net Present Value of Costs and Benefits/Savings

Return on Investment Ratio

Investment Required
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Year

Cost of Roof 
Replacement 

($) TOTAL ($) TOTAL ($)

Avoided cost 
of Damage & 
Disruption of 

Operations ($)
1 0 140,000
2 2,000 700,000
3 0 700,000
4 0 700,000
5 10,000 700,000
6 0 5,000
7 0 25,000
8 10,000 25,000
9 0 25,000
10 0 25,000
11 10,000 5,000
12 0 25,000
13 0 25,000
14 0 25,000 200,000
15 100,000 100,000 25,000 3,000,000
16 500,000 500,000 5,000 11,000,000
17 500,000 500,000 25,000 11,000,000
18 500,000 500,000 25,000 11,000,000
19 500,000 500,000 25,000 10,000,000
20 5,000 5,000 25,000
21 25,000 25,000 5,000
22 25,000 25,000 25,000
23 25,000 25,000 25,000
24 25,000 25,000 25,000
25 5,000 5,000 25,000
26 25,000 25,000 5,000
27 25,000 25,000 25,000
28 25,000 25,000 25,000
29 25,000 25,000 25,000
30 5,000 5,000 25,00025,000

25,000
5,000
25,000

25,000
25,000
25,000

25,000
25,000
5,000

5,000
25,000
25,000

25,000
25,000
25,000

25,000
5,000
25,000

25,000
25,000
25,000

700,000
5,000

700,000

700,000
700,000

25,000
25,000

0

10,000
 

 
10,000

10,000

2,000
140,000

Current 
Maintenance 

Costs ($)

Old System Costs

Cost of Sensors ($)
New system Maintenance 

Costs ($)

New System Costs

 
 

Table 3. Roof replacement schedule for development of ROI. 

TOTAL

Number of Roofs>> 1 5 5 5 5

Damage Cost & 
Disruption of 

Operations ($)
Year
13 0 0 0 0 0 0
14 200,000 0 0 0 0 200,000
15 2,000,000 200,000 0 0 0 3,000,000
16 0 2,000,000 200,000 0 0 11,000,000
17 0 0 2,000,000 200,000 0 11,000,000
18 0 0 0 2,000,000 200,000 11,000,000
19 0 0 0 0 2,000,000 10,000,000
20 0 0 0 0 0 0

C
O

ST
S/

R
O

O
F/

YE
A

R

Roof Replacement Schedule/Damage due to Leaking Roofs
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5 Conclusions and Recommendations 

5.1 Conclusions 

The averaged realized corrosion rate for all six coupons (9 x 6 x 0.125 in.) 
on the roof at 8 months was 1.22 mils per year (mpy). The averaged real-
ized corrosion rate obtained by the ER probes on the roof at 8 months was 
1.06 mpy. The corrosion rate as measured by thickness loss on the bare 
carbon steel coupons (4 x 6 x 0.125 in.) placed on a rack at ground level 
near the building for 8 months was 2.2 mils per year.  

The atmospheric coupon test indicates there is a slowing of corrosion rate 
for surfaces exposed to rain wash versus not having the chloride deposited 
from the air being washed off. The coated coupons corrosion analysis for 
this short-term test indicates that all of the tested coatings protected the 
metal, but the hot-dip galvanized coating performed best, including pro-
tection in the scribed areas. (More details are provided in Appendix F.) 

The corrosion rate of steel under the coating, as measured by the stamp 
size Analatom linear polarization resistance sensor, was 0.118 mils per 
year. This corrosion rate is an order of magnitude less than the bare steel 
corrosion rate, as would be expected for a coated surface vs. a bare surface. 
The Analatom LPR sensors measured the microscopic corrosion rate of 
carbon steel under the coating and were sensitive to ambient temperature 
and moisture depending on the time of the day. The extreme sensitivity of 
the corrosion current or corrosion rate, as measured by the LPR sensor, to 
ambient temperature and moisture could be detected and recorded by the 
sensor system. 

The LPR sensor system installation and system activation were successful. 
Initial data collection accurately represents corrosive behavior that would 
be expected from the specific Okinawa Island environmental conditions. 
During the evening and nighttime hours, the LPR corrosion sensors under 
the primer and paint coating were able to detect increased moisture levels, 
which dissipate as the sun comes out and the daytime progresses. Fur-
thermore the installed system physically survived the high winds of a Cate-
gory 3 typhoon.  



ERDC/CERL TR-09-30 21 

 

The current LPR sensor data collection process required somebody onsite 
to download data from the junction box connected to the sensor data col-
lection node. The data collection process needs to be modified to alleviate 
the necessity of onsite personnel to download the data.  

The LPR sensors provide instantaneous corrosion rate data at any given 
time and from beneath a coating, if desired. Also, the LPR sensors report 
instantaneously when corrosive conditions are present underneath a coat-
ing so that corrective action may to be taken (for example, when coating 
degradation allows moisture to infiltrate). The ER probes and coupons 
provide corrosion rate data at less cost if the time frame for data acquisi-
tion is longer and you do not need the corrosion rate under a coating, in a 
tight-fit location, or where coupons and ER probes are not practical. 

5.2 Recommendations 

5.2.1 Applicability 

The LPR sensors provide immediate corrosion rate data. In order to make 
the LPR sensor systems more useful, the data collection process should be 
augmented to allow remote access to the data via one of the ways pre-
sented in the approach: (1) Ethernet connection, (2) cellular modem, (3) 
satellite modem. Depending on the site, these different methods are all vi-
able. For Okinawa the best method appears to be via satellite modem. It is 
recommended that the satellite modem be used to transmit the data back 
to Analatom’s office for analysis if any further work is done at Okinawa. 
This alleviates the necessity of onsite personnel to take the time to 
download and transfer the data for analysis. 

The connection of the sensors to the sensor node should be made with 
thinner wire cabling that can be totally coated under the surface without 
causing problems, i.e., coating cracks. The new design needs to incorpo-
rate a thin corrosion sensor at the end of a long, flexible strip of flex cir-
cuitry, which will also need to be designed for better electrical noise 
shielding. The entire assembly needs to be capable of being painted over, 
allowing for a large array of sensors to be deployed on a roof or structure 
without disturbing the protective coating applied over it. 

It is recommended that the sensors as modified above with the satellite 
modem upload and the thin connecting cabling be further evaluated for 
ease of installation and use. They could be used to evaluate four new coat-
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ing materials at Okinawa. Two sensors under each of the four coatings 
would provide good corrosion rate data for comparison of coatings per-
formance. 

Depending on the time allowed to determine corrosion rate and the appli-
cation to be tested, the LPR, ER probes, and coupons all provide good cor-
rosion rate data. For quick corrosion rate data or under a coating, the LPR 
sensors are a good choice, although they are more expensive. If more time 
is allowed, the ER probes provide good atmospheric corrosion rate data 
without needing lab analysis support. The cheapest method is to use cou-
pons, but they require lab analysis and exposure time to attain realistic 
data. 

The choice of which method to use depends on the time frame allowed, the 
criticality of obtaining the information quickly, whether you need the cor-
rosion rate under a coating, and the ROI for using the method on the 
structure.  

Other engineering structures at Okinawa recommended to be evaluated for 
ROI to be monitored by an LPR corrosion sensor system are communica-
tion dish stalks and piping and new coatings used to protect air condition-
ing systems. Details of these recommendations are given in Appendix K.  

The LPR sensors could also be used to help establish the corrosivity of spe-
cific installation environments, which would tie into the proper selection 
of materials for structures at those sites. The effective use of sensors is not 
in placing them on all locations as, in most cases, no data can be gained 
that could not be obtained through visual inspection. The key is to place 
sensors in critical areas where inspection is difficult to implement (such as 
in remote locations where travel is difficult) and failure is costly and pos-
sibly hazardous. 

5.2.2 Implementation 

The technologies demonstrated and implemented under this project are 
recommended for Army and DoD installations where ROI justifies their 
use. A list of the components required for installation and how to install a 
LPR sensor system on a coated metal roof as was done at Torii Station is 
provided in Appendix G. The specification sheets for these LPR sensors are 
in Appendix L.  



ERDC/CERL TR-09-30 23 

 

It is recommended that the three methods of determining corrosion rate, 
and therefore corrosivity of the environment, presented in this report be 
added as a section of the “Materials Selection Guide for Army Installations 
Exposed to Severely Corrosive Environments.” This addition will provide 
the sites with a method to determine corrosivity of the environment and 
therefore the information needed to select the proper material. Selection 
of which method to use to determine the corrosivity of the environment 
depends on the time constraints and resources available. If the corrosion 
rate under a film is needed, the LPR sensors can provide instantaneous 
corrosion rate information. If several months are available to obtain the 
atmospheric corrosion rate, the ER probes are less expensive and a good 
choice. In any case, however, only LPR sensors can provide accurate un-
der-film measurement of the corrosion rate. If longer times are available, 
the coupons provide good corrosion rate information. The specifications 
provided by the manufacturers of these devices should be followed for in-
stallation, use, and data analysis to obtain accurate corrosion rate and, 
therefore, corrosivity information for the environment in question. The 
use of these techniques applies to anybody who needs to know the corro-
sivity of an environment, the corrosion rate under a film, or for determina-
tion of the onset of paint degradation indicated by infiltration of moisture 
under the paint which leads to corrosion of the structure. 

It is suggested that the LPR sensors be used to determine the corrosion 
rate under a film. With this corrosion rate information, correct selection of 
construction materials can be verified or then be made. For example, if the 
environment is severely corrosive only materials that perform well in that 
environment should be selected. UFGS 09900 Paints and Coatings should 
be modified to include the LPR sensors as a quality assurance tool. Under 
Section 3.13, Inspection and Acceptance the following Note should be 
added for Division 5 materials.  

Note: To determine if the coating is performing as intended, not degrading 
and allowing moisture to infiltrate under the coating, under-film LPR sen-
sors can be installed during the coating process. These sensors provide in-
stantaneous corrosion rate data from under the coating facilitating early 
detection of coating problems so corrections can be made in a timely man-
ner before failure. These sensors are especially recommended for use on 
critical structures that are remote and difficult to physically monitor. They 
should be installed according to manufacturer’s guidelines and specifica-
tions. 
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ABSTRACT 

 
Corrosion rate measurement can reveal which areas of a structure need immediate 
maintenance and which ones will need maintenance later, as well as allow an op-
timal maintenance schedule to be developed. A new stamp-sized corrosion sensor 
allows measurement of corrosion rates based on well-established LPR (Linear Po-
larization Resistor) technology, which outputs an exact corrosion rate for the 
structure on which it is placed. The corrosion rate data can be monitored continu-
ously or stored in a data collection node, to which eight sensors are attached, and 
downloaded periodically. This sensor technology is being evaluated in the labora-
tory under various simulated corrosive field conditions. The sensor is being con-
sidered for corrosion monitoring applications on structures for mission critical 
equipment on military installations in severely corrosive environments. Results of 
laboratory experiments on the sensitivity of the sensor to the onset of corrosion on 
the substrate and projections for its applicability in the field will be discussed.  

INTRODUCTION 

Innovative remote sensors can provide data on corrosion status at various 
locations of mission-critical metal structures. The sensors can be applied 
to surfaces of mission-critical steel structures, and will respond to intru-
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sion of moisture, which causes decreased electrical resistance as they are 
affected by changes in the local corrosive environment. Corrosion rates 
can be predicted from the shifts in polarization resistance. Increasing cor-
rosion rates signal the need for corrective action, such as removal of corro-
sion, and re-coating of the structure.  The sensor to be employed is built on 
well-established Linear Polarization Resistor (LPR) technology and is in-
tended to output an exact corrosion rate for the structure on which it is 
placed. The sensor can be placed onto a structure that is stripped down to 
bare metal and then recoated, or on top of existing coatings that need to be 
over-coated.  Based on this data, it can then be determined at what rate 
these surfaces are corroding. 

Figure 1 shows the sensor at a magnification of 2X, comprised of interdigi-
tated steel fingers on top of a polyimide support film.  Starting with the 
untested but electrically shorted, sensor (No. 3), a typical plan view is pre-
sented as Figure II where three different sets of stripes can be seen, the 
gray areas being the top surfaces of the sensor, interdigitated steel ‘fingers’ 
(F), and  the yellow-brown areas being the exposed top surface of the ad-
hesive/polyimide support polymer (P). The width of the ‘fingers is quite 
close to that stated by the supplier, namely the narrower ‘active’ finger be-
ing  145 μm (6 mils) wide and the counter/reference finger width being 
460 μm (18 mils).  The upper plane separation between the fingers ranges 
from 170 to 185 μm (6.5 to 7 mils). The exposed polyimide widths ranged 
from 65 to 75 μm.   

EXPERIMENTAL PROCEDURES 

Three uncoated LPR sensors had been previously provided, gratis, by the 
manufacturer for evaluation using EIS as the principal interrogation tech-
nique. Following four wet/dry cycles with the two ‘good’ sensors, all three 
were evaluated for the physical appearances of the various surfaces and 
dimensions of the sensors using an imaging system2. Plan and 3-D views, 
as well as a limited dimensional analysis of ‘shorted’ No. 3 sensor and the 
two environmentally characterized (Nos. 1 and 2) resulted in a rethinking 
regarding the previously held view of the sensor functionality. The com-
ments regarding the physical appearances of the sensors are being made 
with limited discussions with the supplier and therefore may be modified 
at a later date. 
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A preliminary summary report1 concluded: a) the three sensors yielded 
quite different Electrochemical Impedance Spectroscopy (EIS) spectra and 
responses to changes in the relative humidity (RH) of the ‘test air’, b) one 
of the sensors (No. 3) exhibited an electrical  ‘short circuit’ response, c) the 
low frequency impedance values of the remaining two sensors in a dry en-
vironment were considerably higher than the previously determined re-
sults generated using the LPR measurement and analysis system and d) 
further experimental testing of the two ‘good’ sensors was required. 

The two ‘good’, uncoated, sensors were exposed to three levels of relative 
humidity for normally one week followed by heatless drying by exposure in 
a closed vessel containing ‘molecular sieves’.  This drying approach had 
been previously used to completely dehydrate various engineering poly-
mers without subjecting the polymers to excursions into the glass transi-
tion temperature range, thus assuring the polymer(s) remain in the ‘as-
received’ condition.  The electrochemical (EC) response to changes from 
‘dry’ to ‘wet’  and vice versa was found to be quite rapid and suggests a sur-
face water adsorption/desorption process controls the first-day, sensor 
condition and therefore the EIS data.  The subsequent change in EC per-
formance is then a function of water absorption within the polymer as well 
as the steel finger corrosion processes, then dependent on the level of rela-
tive humidity. 

The EIS experiments were performed and involved 4 drying/wetting cycles 
as presented in Table 2. The sensors were positioned approximately 10 cm 
above the controlling environments.  Complete dryness was attained with 
Type 13X molecular sieves beads. The 33 % RH condition was that over a 
saturated MgCl2•6H2O solution3, 38 – 55 % RH was normal for the lab 
during the time-frame and the 100% RH condition was via commercially 
available distilled water. 

Two topics are addressed below; the first is the documented surface ex-
amination of mainly Sensor #3, which had not been exposed to the cyclic 
humidity experiments but with some views included from the rusted sen-
sors, Nos. 1 & 2. The second topic is a summary of the EIS testing. 
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RESULTS AND DISCUSSION 

Physical Evaluation  

The imaging system used for  physical evaluation of the sensor combines 
digital ‘photography’ with microscope viewing of a sample positioned on a 
precisely controlled x,y,z  table.  After an initial plan view of the sample is 
recorded, the z-position is incrementally changed several times as defined 
by the analyst with only the in-focus information stored in the computer.  
The software then reassembles/overlays all the x-y data resulting in a 3-D 
‘reconstruction’ of the object’s ‘surface’.  This data file (or surface) can sub-
sequently be rotated by the analyst.  Section slices can be dimensionally 
analyzed as well as areas and surface volumes for data of particular inter-
est.   

Figure 1 is a schematic of the sensor, comprised of interdigitated steel fin-
gers on top of a polyimide support film.  Starting with the untested but 
electrically shorted, sensor (No. 3), a typical plan view is presented as Fig-
ure 2 where three different sets of stripes can be seen, the gray areas being 
the top surfaces of the sensor, interdigitated steel ‘fingers’ (F), and  the yel-
low-brown areas being the exposed top surface of the adhesive/polyimide 
support polymer (P).  The width of the ‘fingers is quite close to that stated 
by the supplier, namely the narrower ‘active’ finger being  145 μm (6 mils) 
wide and the counter/reference finger width being 460 μm (18 mils).  The 
upper plane separation between the fingers ranges from 170 to 185 μm 
(6.5 to 7 mils).  The exposed polyimide widths ranged from 65 to 75 μm. 

The upper surface of the steel fingers is seen to lay above the adhe-
sive/polyimide surface and the steel finger sides are confirmed to be ta-
pered.  The image appears to be skewed and with the complete software, 
this can be corrected and ‘made’ planer.  The demo software can come 
closer to showing the taper nature of the fingers. Two artifacts are appar-
ent at the top edge of the wider finger and these were retained rather than 
removed. 

The thickness of the steel was determined to be between 55 and 60 μm (2 
– 2.1 mils) based on the section thickness profile feature of the imaging 
software and this value agrees with the thickness of the steel stated by the 
supplier.  The general appearance indicates that the steel fingers are not 
permanently, significantly imbedded within the polymer.  Whether the 
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moisture absorption/desorption cycling for Sensors 2 & 1 contribute to a 
detachment of the steel from the polymer is not determined at this point.  
As the imaging system never “sees” the bottom plane of the polyamide 
floor, this thickness and any disbondings could not be documented. 

In subsequent examinations, additional general features were seen.  The 
upper metal finger surface showed what appeared to be polish or scratch 
lines running across the finger widths and roughly 6 rust areas were also 
evident on the counter/reference finger.  Again the corrosion was most 
evident along the tapered sides of the fingers.  The dimensional analysis 
from the plan view(s) is summarized in Table 1. 

The appearance of Sensor 1 was somewhat distinct in that the taper sides 
oxide layer seemed more pronounced and ‘organized’/dense.  Also the 
scratch/polish lines seemed to be more pronounced.  The upper surface 
rust was evident and somewhat more spread out than seen with Sensor 2.  
The finger width dimensions are included in Table 1. 

Previously, the supplier had stated that the metallic sensor fingers were 
imbedded into the polyimide base.  As seen in Figure 2, clearly this is not 
the case.  Following that non-destructive evaluation of the thickness of the 
steel fingers height(s) and width(s), during the subsequent QA/QC visit to 
the supplier, the sensor fabricator disclosed more of the fabrication proc-
ess detail.  Essentially, an approximately 25 μm thick layer of a high tem-
perature melt adhesive is applied to one side of the 25 μm thick polyimide 
film.  The 50 µm thick metal (in this case AISI 1010 steel shim stock) is 
then hot pressed onto the adhesive layer.  The pattern for the steel fingers 
etc. is then established by photo engraving and leaching the unwanted 
metal, rinsing and finally drying the sensor element.  Although not dis-
cussed, this might be accomplished by starting with a 50 μm thick adhe-
sive layer.  Following the metal removal and washing/drying step, it may 
be possible to re-hot-press the steel fingers, the adhesive then possibly 
flowing into the acid created channels, with temperature, pressure and 
time being the controls to stop the process when the adhesive ‘just fills’ the 
void. 

Thus it appears that the actual configuration of the sensor is not as had 
previously envisioned.  While this does not affect the sensor serving to ac-
tivate when exposed to corroding conditions, questions as to the amount 
as well as location of active metal involved in the process do remain.  Re-
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solving those questions appears to be necessary to fabricate a set of sen-
sors with reasonably close operating characteristics as well as to improve 
operation in combination with whatever limitations exist within the LPR 
measurement and analysis system.  This should be accomplished by im-
plementing a quality control procedure to insure that the actual configura-
tion of the LPR sensor is in accordance with the original design, i.e., that 
the fingers of the sensor are embedded in the polyimide film. 

EIS and Moisture Cycling of the Sensors 

As discussed previously1, the EIS data from the two uncoated functional 
sensors were distinct with Sensor #1 having a low frequency impedance 
limit of approximately 1 x 1012 Ω compared to that seen for #2 of 4.2 x 
109Ω.  The wetting and drying segments were performed on both sensors 
within the same test vessel.  However, for brevity, as both sensors re-
sponded in the same general fashion the discussion will be limited to the 
‘behavior’ of Sensor #2.   

The EIS response for a change from dryness  to the 33% RH condition is 
shown as Figure 3a. where the low frequency impedance drop from 3.1 x 
1010 Ω to 7.3 x 109 Ω is seen to occur within 6 minutes.  The impedance 
magnitude decreased 50% over the following 7 days.  The sensor basic ca-
pacitance did increase very slightly during the week as expected, the in-
crease attributable to an increase in absorbed water from 0.24 to 0.6 v/o 
(volume percent).  Although the low frequency range of the Bode Magni-
tude plot might be suggestive of the development of a second time con-
stant, the Phase Angle plot does not support that notion as can be seen in 
Figure 3b taken at 1 week exposure.   

A more dramatic initial (6 minute) drop of impedance during the dried 
sensor exposure to the lab ambient 53% RH is seen in Figure 4.  Here the 
decrease was from 5.7 x 1010 Ω to 2.7 x 109 Ω .  Again a small increase is ob-
served in the sensor capacitance and attributable to the absorbed water 
rise from 0.6 v/o to 0.93 v/o.  The EIS model also remained as a one time-
constant model, this also being verified with the phase shift information. 

There were two 100% RH environment exposures made, the first having 
been presented previously1.  There, the drop in impedance in 6 minutes 
exposure decreased from roughly 4 x 109 Ω to 107 Ω and the impedance 
data were “two time-constant” type response.  As indicated in Table 2, the 
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second 100% RH exposure came as Segment 11, the 4th (and last) wet/dry 
cycle.  The impedance data (Figure 5) dropped down to 2 x 104 Ω.  In addi-
tion to seeing ‘rust’ on about 50% of the bare upper metal finger surfaces 
and on 90+ % of the finger electrical feeder strips, rust on the finger un-
dersides and distortions to the polyimide indicate that considerably more 
than the upper metal surface was electrochemically active.  Whether this 
additional corrosion “is” the cause of the 2nd time constant remains to be 
demonstrated.   

The one week exposure, impedance data from the uncoated Sensor #2 are 
summarized as a function of the test RH as Figure 6.  Included in the fig-
ure are two limit lines showing the current operating range for the LPR 
measurement and analysis system.  The limits assume that the LPR meas-
urements correspond to the low frequency EIS values, due to the relatively 
slow speed at which the LPR measurements are taken.  The small decrease 
of the high impedance value of the uncoated steel sensor exposed to indoor 
exposures to between “0” and 50% RH is in agreement with many previous 
atmospheric corrosion studies and common experience.  For example, de-
tergent washed, towel dried, carbon steel knives remain rustless in con-
ventional kitchens for very long periods of time.   

In Mattsson’s classical review4 which covered the basics regarding atmos-
pheric corrosion, he notes that (water) “adsorption occurs above a certain 
relative humidity, called the critical relative humidity.”  He gives no spe-
cific value for the ‘critical RH” but does note that the amount of water that 
does absorb increases by 100 fold from that point to 100% RH. The ensu-
ing problems that occur outdoors following water absorption are discussed 
for the 4 common metals (steel, zinc, copper and aluminum).  Consider-
able additional detail regarding the atmospheric corrosion mechanism(s) 
for iron and steel are provided by Graedel and Frankenthal5.  They repeat 
Mattsson’s comment regarding a critical level of RH and add that at 60% 
RH, an equivalent of two monolayers are on an iron/steel surface, but 
much in clusters rather than as a uniform layer.   

Using the (then) newly available quartz microbalance, which can detect as 
low as approximately 1/3 of a water monolayer adsorbing onto a gold sur-
faced quartz crystal, Dante and Kelly6 present water adsorption data.  
Starting from 4 water ‘monolayers’ on gold at 15% RH, the water thickens 
to 10 ‘monolayers’ at 50% RH and approximately 43 ‘monolayers’ at 85% 
RH.  For gold, which does not react at room temperature under normal 
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conditions, the adsorption and desorption steps were quite rapid and re-
producible, this being seen here with the uncoated steel sensor.  Roughly 
70 % of the crystal response occurred within 5 minutes after a step from 
15% to 85% RH or vice versa.  Lee and Staehle7 repeated the gold/quartz 
microbalance study, evaluating the effects of RH in the experimental tem-
perature range from 7 to 90 C.  Their results were similar to the Dante re-
sults with, however, the significant increase in absorbed water occurring 
more towards the 70% RH level.  Their data also show the desorption rate 
to be about 3 times faster than the adsorption rate.  The effort was ex-
panded to include iron8 as well as copper and nickel.  The complexities of 
having a surface (Fe) that can electro-oxidize without oxygen present and 
the influence of the oxide film(s) on the adsorption characteristics are pre-
sented.  Their data suggest that the least amount of water was adsorbed on 
the iron surface, although the applied surface roughness ‘correction’ may 
not have been as rigorous as one would like.  

The response of the LPR sensor is consistent with these results, as it exhib-
its a slow decrease in impedance magnitude with increasing RH and then a 
much more rapid decrease in impedance magnitude as the RH  (and thus 
the adsorbed moisture) increases beyond 50% upwards to 100%. 

Sensors on Glass Plates 

Painted Sensor Drying. Four linear polarization resistance sensors from 
the supplier were adhered to two glass plates by epoxy 5 cm (2 in.) from 
each other.  Two of these linear polarization resistance sensors were then 
coated with two coats of Sherwin Williams B73 W111/V100 paint and al-
lowed to dry.  Two similar sensors were coated with three coats of the 
same paint and also allowed to dry.  Using the LPR measurement and 
analysis system from the supplier, corrosion rates were monitored over the 
course of three weeks along with relative ambient humidity in the labora-
tory space.  This three-week period began with painting the sensors with 
the first coat of paint, followed by a second coat a week later, and a final 
coat of paint was applied to the sensors in the third week.  Measurements 
during the drying time of all sensors appeared be above the upper limit of 
the LPR measurement and analysis system.  All data points from every 
sensor registered at 7.5 X 107 ohms. 
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Humidity Exposure.  The four sensors attached to two glass plates were 
then suspended 10 cm (4 in.) over an enclosed trough of water while read-
ings were taken by the LPR measurement and analysis system.  After two 
weeks of measurement, a scratch was cut 0.84 cm (0.33 in.) away from 
one sensor and 4.22cm (1.66 in.) away from the other on each plate (See 
Fig 7).  The sensors were then placed back over the water bath for two 
more weeks.  Measurements were taken during this time.  Measurements 
were again at a consistent maximum of 7.5 X107 ohms even with the con-
sistent 100% humidity.  Scribing the paint did not make any difference in 
any readings of the sensors. 

UV/Salt Fog Exposure.  The remaining LPR sensors were adhered by ep-
oxy to specifically designed glass slides the correct dimensions to insert 
into UV/Salt Fog ASTM D 5894 Test.  Over the course of 12 weeks the sen-
sors will be monitored every 10 minutes by LPR measurement and analy-
sis system. This experiment is still currently underway.  Due to the harsh 
nature of the test and its duration, measurable results are expected. 

Sensors on Glass Plates UV/CON  Exposure.  Finally, three LPR sensors 
were adhered by epoxy to specifically designed glass slides the correct di-
mensions to insert into UV/CON ASTM D 4587-05 Test Standard Practice 
for Fluorescent UV-Condensation Exposures of Paint and Related Coat-
ings.  Coated sensors were tested over the course of 12 weeks the corrosion 
rates were recorded every 10 minutes. Figure 8 shows some of the panels 
with the sensors under the coating.  The UV/CON exposure simulated cor-
rosion rate under coating due to coating degradation for cycles of 4 hr UV 
@ 60 deg F followed by 4 hr Condensation @ 40 deg F.  

The results are shown in Figure 9a, 9b, and 9c.  It is seen that the corro-
sion rate follows the wet and dry cycles for all three LPR sensors, consis-
tently through out the 12 weeks, with a slight lag at the beginning of both 
the wet and dry cycles in the first week, but tracking the onset of wet and 
dry cycles without delay by the sixth week. .It is also seen that the maxi-
mum corrosion rate decreased consistently throughout the test. The inter-
pretation of these somewhat surprising results were that the paint had 
performed well as a corrosion barrier and was in the process of “drying 
out” as it cured over time and UV exposure.  Note that the corrosion rate, 
which initially showed initial corrosion rates at 10-3 mm/yr had stabilized 
to 8 X 10-5 mm/yr by the twelfth week of UV/condensation exposure.  
Laboratory tests are continuing to determine if the sensors will show 
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higher corrosion rates eventually if the paint is subjected to more cycles of 
UV.  Also, similar LPR sensors have recently been installed under water-
born epoxy paint on a metal roof at an Army Installation in Okinawa, Ja-
pan, in a severely corrosive coastal environment located within 1 km of the 
ocean. The corrosion rate data will be measured at 15 minute intervals and 
transmitted remotely to our laboratories to determine long term field per-
formance of the sensors over the next year.  

CONCLUSIONS 

The uncoated steel (LPR) corrosion sensor shows an expected low fre-
quency impedance response as a function of exposure to the RH.  The high 
impedances seen at low RH values via the EIS system are considerable 
higher than the measuring capability of the LPR measurement and analy-
sis system. At the high humidity ranges, the LPR measurement and analy-
sis system can measure LPR values as low as 2.5 x 104 Ω, which for a steel 
sensor, may be approaching the higher corrosion current measuring limits.  
While this may be unsatisfactory to some who prefer more complete 
knowledge regarding the state of steel in a potentially corroding environ-
ment, the fact that the LPR measurement and analysis system  provides 
“safe” vs. “unsafe” condition ‘measurement’ may be sufficient.  This lim-
ited study also showed two additional problems.  The widely different elec-
trochemical response of these three manufactured sensors is obviously a 
QA/QC problem. An independent evaluation of a set of at least 8 sensors is 
warranted to see the response spread of the current manufacturing vari-
ances.  And although not discussed, but perhaps observable from the drop 
in impedance via the EIS data and post test visual examinations, the sen-
sor deterioration during or following the fourth moisture adsorb/desorb 
cycle may be indicative of a disbonding of the steel ‘fingers’ from the adhe-
sive.  This potential problem may be resolved if the sensor manufacturer 
can ‘truly’ imbed the fingers within the polymer layer.   

Conclusions for the first two experiments, viz., EIS/moisture cycling and 
humidity exposure are that there was either no degradation of the sensor 
due to corrosion or, more likely, the upper limit on the LPR measurement 
and analysis system is set too low.   

From the UV/CON experiments, it was concluded that the coated glass 
plated subjected to UV/CON to simulate measure of corrosion rate under 
coating due to coating degradation at 4 hr UV @ 60 deg F/ 4 hr Condensa-
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tion @ 40 deg F showed initial corrosion rates at 10-3 mm/yr. decreasing 
over a period of 6 weeks and then stabilizing to 8 X 10-5 mm/yr. Corrosion 
rates were consistent with UV/CON test cycles:  increasing with condensa-
tion (moisture laden environment) and decreasing with UV exposure.  The 
investigation is on-going to determine if this is due to the curing of the 
paint. These LPR sensors are now being tested in the field, and are being 
interfaced with a system which will allow transmission of data via the 
internet using satellite uplink/downlink. 
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TABLE 1 
Width Dimensions of Steel Fingers and Exposed Adhesive/Polyimide 

(microns; (mils)) 
 

Polyimide  Working  Polyimide Counter/Ref Polyimide Working 
      ‘floor’    Finger    ‘floor’      Finger    ‘floor’     Finger 
 
Sensor 3*       75       145        75         460                      75         NA 
        (3)        (6)        (3)         (18)               (3)           “ 
   (From Excel           73       137        68         434        NM         NM 
     Software) 
 
Sensor 2       NA        NA        NA         425         70          120 
         “         “          “        (16.5)       (2.5)          (4.5)
          
 
Sensor 1       75       115        80         415          70          NA 
      (3)       (4.5)        (3)         (16)         (2.5)           “  

 
NA =  Not Available in viewed segment 

NM = Not measured 
* no scale bar available; values averaged from ‘finger’ specs.  

TABLE 2 

Chronology of Sensors Runs 

Segment # Dry(D)/Wet(W) RH(%) Dates 
1 - ~30 3/9 – 3/10 
2 - ~30 3/10 – 3/11 
3 D 0 3/11 – 3/23 
4 W 100 3/23 – 4/18 
5 D 38 4/18 – 4/28 
6 D 0 4/28 – 6/5 
7 W 53 6/5 – 6/13 
8 D 0 6/13 – 7/12 
9 W 33 7/12 – 7/19 

10 D 0 7/19 – 7/26 
11 W 100 7/27 -  8/3 
12 D 0 8/3 -   8/4 
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FIGURE 1 - Linear polarization sensor on polyimide film with inter-

digitated fingers (2X). 

 

FIGURE 2 - Plan view of electrically shorted, sensor (No. 3), a typical 

plan view and profile along line AB (F- top surfaces of the sensor, in-

terdigitated steel ‘fingers’; P- exposed top surface of the polyimide 

support polymer).  
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FIGURE 3a - Sensor No. 2, EIS response(s), segment 9, 33% RH. 

FIGURE 3b - Sensor No. 2, EIS of 33% RH at 168 hours of exposure. 

Impedance Magnitude 

 

Phase Shift 
 

Dry 
+ 6 min 

+168 hr. 

33% RH = Sat. MgCl2.6H20 
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FIGURE 4 - EIS response (s), segment 7, 53% RH. 

 

 
FIGURE 5 - Sensor No.2, EIS response(s), segment 11, 100% RH. 

+6 min. 

+ 168 hr. 

Dry 

+ 168 hr

Dry 

+ 6 min

+ 24 hr. 

+ 6 hr. 
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FIGURE 6 - Log sensor impedance vs. relative humidity. 
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FIGURE 7 - Sensor set up on painted glass for 100% humidity and 

scribe testing. 
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Sensors Under Coatings: 1st Week UV/Condensate LPR Sensors
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FIGURE 8 - Test panels consisting of water-borne 

epoxy coating painted over LPR sensors. 

FIGURE 9a - Corrosion Rate vs. Time for LPR sensor  

under paint subjected to UV/CON Exposure for 1 Week. 
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FIGURE 9b - Corrosion Rate vs. Time for LPR sensor under paint 

subjected to UV/CON Exposure during Week 6. 

FIGURE 9c - Corrosion Rate vs. Time for LPR sensor under paint 

subjected to UV/CON Exposure during Week 12. 
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Appendix B: Description of LPR Sensors and 
Testing in the Contractor’s Laboratory 

Analatom micro-machined LPR corrosion sensor 

The micro-machined LPR corrosion sensor is built on well-established lin-
ear polarization resistor (LPR) technology and it is designed to output an 
exact corrosion rate for the structure on which it is placed. The device is 
fabricated using semiconductor production techniques that allow for a 
high quality product that is low cost and robust. The sensors are available 
for most metals. 

The sensor shown in Figure 1 can be placed on bare metal and all standard 
coatings applied. Typical applications are: 

• Aerospace 
• Bridges 
• Pipeline 
• Automotive 
• Air Conditioning systems. 

 
Figure 1. Typical corrosion on a 1010 steel LPR 

Sensors are connected to a central data node, shown in Figure 2, that proc-
esses the sensors output, stores the data and communicates serially with a 
PC. The node is also capable of recording data from most standard off the 
shelf sensors. Nodes can be battery powered and have a typical life of 5 
years between battery changes when used for corrosion monitoring. Solar 
and bus powered systems are also available. 
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Figure 2. An unpackaged node connected to four sensors 

The electrochemical technique commonly referred to as Linear Polariza-
tion Resistance allows for measurement of rates of corrosion directly, in 
real time. The polarization resistance of the material is defined as the slope 
of the potential-current curve at the free corrosion potential. The rate of 
corrosion is determined by the change in the properties of the metal-
environment interface due to reactions taking place on the metal surface, 
which influence the corrosion current density. How the corrosion rate is 
calculated is detailed in Appendix H. 

Micro LPR corrosion monitor technical specifications 

Table 1 gives the technical specifications for the Analatom LPR corrosion 
sensor system. 

Table 1. Analatom Micro Machined LPR Corrosion Sensor Technical Specifications 

Spec Value Units 

Temperature 

min -40 °C 

max 85 °C 

Voltage 

min 2.7 volts 

max 3.6 volts 

Current Drain 

data download (RS-232) 3 mA 

data measurement 1 mA 

between measurements 8 µA 

with 802.11b module 500 mA 
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Spec Value Units 

data download (ZigBee) 45 mA 

Data Transfer 

download speed (RS-232) 4,800 baud 

download speed (ZigBee) 115,200 baud 

Data Storage 

size 55,000 bytes 

number of measurements 1,700 --- 

External Sensors 

extra A/D channels for external off-the-shelf sensors 4 --- 

Detectable Corrosion Rates (304 Steel) 

min 0.0001 mm/year 

max 10 mm/year 

 

Data-gathering electronics, software, and GUI 

Figure 3 shows pictures and illustrations of the data gathering electronics, 
how the sensors are linked into the system, a software output example, 
and a picture depicting the relative size of the LPR sensor. 



ERDC/CERL TR-09-30 B4 

 

  

 

 

Figure 3. Illustration of data-gathering electronics, software, and GUI. 
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Laboratory tests representing Torii island environment 

In order to evaluate the paint that was used for the sensor node test and to 
ensure that the LPR corrosion sensors were able to take data while under-
neath the paint coating, laboratory tests were conducted to represent con-
ditions that would exist when the sensors were placed in the field. 

Tests were performed to evaluate the compatibility of the LPR corrosion 
sensors and the Sherwin Williams epoxy paint and primer that were used 
as a test coating at Torii Station. Four metal panels of identical size, two 
made of aluminum and two of 1010 steel, were prepared. On each metal 
panel, two square areas that were 4 inches on a side were taped off, and a 
sensor attached to the middle of each square. Each panel had two sensors, 
for a total of eight sensors. Following the directions for the primer, the 
catalyst was mixed with the epoxy primer, and each square area with sen-
sor was painted over. The primer was then allowed to cure for 24 hours. 

After curing, each square test area on the panel was then painted over with 
the epoxy-based paint, using a wet-coating thickness gauge to make sure 
that the coating was even and within the specifications that came with the 
paint. The paint was then allowed to cure for 24 hours. 

After the paint had cured, one steel panel and one aluminum panel each 
were placed into two Rubbermaid containers, one filled with 1.5 inches of 
salt water (standard concentration 3.5% NaCl) and the other with 1.5 
inches of tap water. Lids were then placed on the containers, and sealed so 
that no moisture could escape. The sensors were then connected to the 
sensor node, and data recording was initiated. Figure 4 depicts this test 
setup. 

For the first 3 days, the sensor node collected data every minute; after-
wards, the data collection frequency was reduced to once every hour. Data 
logging was then done for approximately 1 month.  
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Figure 4. Lab setup used to simulate conditions at Okinawa. 

Within a minute of placing the test panels in a humid environment, as 
shown in Figures 5 and 6, one sensor in each of the test chambers immedi-
ately started showing detectable corrosion and, over the next 9 hours, all 
eight sensors started indicating corrosion. As the moisture slowly pene-
trated through the coating, the reported corrosion rates continued to rise 
at a fast rate over the next 24 hours, at which point the corrosion rates lev-
eled off to some degree. The corrosion rates then cycled up and down over 
the next 3 days with a slight trend upward, presumably due to the rise and 
fall of temperature between night and day in the laboratory, and perhaps 
from the continued curing of the paint. 

This test was primarily done to see if the LPR corrosion sensor would be 
able to detect corrosion underneath the epoxy paint that was going to be 
applied on top of the sensors at Torii Station. Therefore, no attempt was 
made to keep either temperature or humidity at a constant value. 
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Figure 5. LPR corrosion sensor in tap water humid environment. 

 
Figure 6. LPR corrosion sensor in salt water humid environment. 
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Appendix C: Redesign of Waterproofing 
Enclosures for System Components 

Installation of the electronics for the sensors in this humid environment 
required special waterproof packaging to make the system more robust 
and waterproof. In order to meet these requirements, the components 
used were carefully chosen. The electronics enclosure shown in Figure 1 is 
a Pactec OD45, which uses a rubber gasket to provide a waterproof seal. 
The connectors used are Binder 620 series and are shown in Figure 2. 
They where chosen for both their IP-67 rating (Ingress Protection rating, a 
measure of water tightness), and their small size allows them to fit in the 
Pactec enclosure. In order to securely mount the printed circuit board 
(PCB) without drilling holes in the enclosure (the holes would compromise 
the water tightness of the enclosure), a carrier PCB was designed. This car-
rier board had holes that aligned with both the Pactec enclosure and the 
PCB of the sensor node. The sensor node PCB is attached to the carrier 
PCB, which in turn is connected to the Pactec enclosure. 
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Figure 1. Waterproof Pactec OD 45 LPR System Electronics Node Enclosure 

 
Figure 2. Binder 620 Series Connectors 

The second enclosure involved is used to house the serial communications 
cable that was attached to the sensor node on the roof. However, the sec-
ond enclosure, which is shown in Figure 3, is mounted on the side of the 
building so that a technician can periodically download data collected by 
the sensor node without having to climb to the roof. This enclosure also 
had to be waterproof, with a waterproof RS-232 serial connector. 
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Figure 3. Waterproof communications cable enclosure. 

The previous enclosure, shown in Figure 4a, was not waterproof. The 
screw holes, electrical connector holes, and back plate were not watertight. 
The new box introduced in this project, shown in Figure 4b, uses a water-
proof gasket, and the screws are outside of sealing area, making it a reli-
able waterproof case. 

 

Figure 4. a) Current enclosure electronics, b) Waterproof enclosure electronics for this project 

a) b) 
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Figure 5. a) Current connector and b) Connector for this project. 

The previous connector, shown in Figure 5a, was not sealed at all and also 
did not seal to the enclosure. The previous connector was also susceptible 
to accidental unplugging. The new connector, shown in Figure 5b, is wa-
terproof and the connection through the box is sealed as well. The new 
connector is also stronger physically and is more resistant to accidental 
disconnection. All these changes make for a very tough and reliable corro-
sion monitoring system. Figure 5b is only an example; it has many pins 
whereas we only use a 3-pin model. 

a) b) 
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Appendix D: Corrosion Monitoring Techniques 
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Appendix E: Corrosion Control, Inc., Report on 
Coupon and Electrical Resistance Sensor 
Tests 
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Atmospheric Corrosion Tests at Torii Station, Okinawa, Japan 

 
Background 

Due to such close proximity to the ocean, structural materials and appur-
tenances at Torii Station, Okinawa, are potentially susceptible to severe 
atmospheric corrosion damage.  Such degradation can affect buildings and 
mission-critical equipment, increase direct maintenance and operational 
costs, and impact personnel safety.  The primary factors contributing to 
atmospheric corrosion in marine environments include: airborne salt 
(specifically chloride) transported from the ocean by wind and wave ac-
tion, time of wetness, high relative humidity, and temperature.  Frequent 
rainfall can have a beneficial effect on boldly exposed (e.g. skyward-facing) 
surfaces if the chloride is washed off. In contrast, corrosion can be worst 
on sheltered (e.g. groundward-facing) surfaces not subjected to rain wash-
ing.  While corrosion typically connotes attack on metallic surfaces, non-
metals can also suffer degradation; for example embrittlement, chalking 
and cracking of organic coatings and polymeric materials due to UV/solar 
radiation, swelling associated with water absorption, and so on. Although 
many advances have been made in conducting corrosion tests on bare 
metal and coated specimens in the laboratory, the “gold standard” for es-
tablishing performance in atmospheric environments continues to be out-
door exposures at representative locations. This approach was also used 
for evaluating performance of selected systems at Torii Station under Task 
6 of this contract. 

Bushman & Associates (B&A) was contracted to by Mandaree Enterprise 
Corporation on behalf of US Army ERDC-CERL (Mandaree-CERL) to pre-
pare and expose two (2) atmospheric test racks containing test panels of 
the following materials: bare carbon steel, galvanized steel, zinc-rich ep-
oxy-coated steel, phenolic coated steel and bare Type 410 stainless steel.   

Preparation and Exposure of Test Panels  

B&A used a subcontractor (KTA-Tator, Inc., Pittsburgh, PA) for material 
acquisition and preparation of test panels of the five aforementioned can-
didate materials. Replicate test panels of each type were prepared by the 
vendor.  The test panels were nominally 1/8 x 4 x 6 inches.  All of the steel 
panels were A36 steel, grit-blasted to SSPC-SP5 “white metal” finish with 
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an anchor profile of 2 to 3 mils.  For coated panels, the following coating 
systems were used: 

1. Galvanized System - Hot-dip galvanized (Zn coating thickness ~  
3–5 mils). 

 
2. Zinc Rich Primer System - Carboline Carbozinc 859 epoxy zinc 

primer (3–5 mils) with Carboguard 893SG epoxy topcoat finish  
(5–7 mils).  

 
3. Phenolic System - Carboline Phenoline 300 primer (8 mils) with 

Phenoline 302 top coat (8 mils). 

The non-coated system used were: 

1. Stainless Steel – ASTM Grade 410 with No. 1 mill-finish 
 
2. Carbon Steel – ASTM Grade A-36 with mill-finish 

 
One side of each coated panel was scribed to simulate mechanical damage 
commonly encountered in service. Each scribe was ~ 4 inches long and ~ 
30 mils wide.  The scribed side was exposed facing the ocean.  

The Type 410 stainless steel panels were exposed in the No. 1 mill-finish 
condition. 

Hot-dip galvanized steel test racks for mounting the panels, porcelain in-
sulators, and associated fasteners were also purchased from KTA-Tator. 
The test racks and test panels were shipped to Torii Station, Okinawa in 
December, 2006. B&A mounted the test panels on the racks during its first 
visit the same month. 

CERL had requested that one rack be exposed 100 feet from the ocean and 
the other 500 feet from the ocean to determine corrosion resistance as a 
function of distance.  It became apparent from B&A’s tour of Torii Station 
and discussions with base personnel that there was no suitable location for 
exposure at 100-ft. After review with various parties, it was decided to ex-
pose the racks in secure areas; one rack ~ 500-ft and the other ~ 2000-ft 
from the ocean. 

Figure 1a – 1c show the test racks mounted on a chain-link fence behind 
building No. 360, facing the ocean in westerly direction and ~ 500-ft from 
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it.  Figures 2a – 2c show the test racks exposed ~ 2000-ft from the ocean.  
These racks were mounted on a chain-link fence outside building No. T-
113, and also faced the ocean (westerly direction).  B&A followed the rec-
ommendations of the base personnel at Torri Station regarding the need 
for very sturdy rack mounting to withstand typhoons that frequently strike 
Okinawa. Appendix 1 contains a mapsheet of the panels.   

Removal and Inspections of Test Panels 

Triplicates of each type of panel were removed after the following exposure 
periods from each exposure location and shipped back to B&A for inspec-
tion.  

Rack Location Date exposed Removal dates Exposure (days) 

~ 500-ft from ocean 12/11/06 2/28/07 79 

~ 500-ft from ocean 12/11/06 5/4/07 144 

~ 500-ft from ocean 12/11/06 7/12/07 213 

~ 500-ft from ocean 12/11/06 8/15/07 247 

 

Racks Date exposed Removal dates Exposure (days) 

    

~ 2000-ft from ocean 12/12/06 2/28/07 78 

~ 2000-ft from ocean 12/12/06 5/4/07 143 

~ 2000-ft from ocean 12/12/06 7/12/07 212 

~ 2000-ft from ocean 12/12/06 8/15/07 246 

 

The test panels were examined visually for overall corrosion resis-
tance/susceptibility; and especially at areas of steel exposed at the scribes. 
The appearance of unexposed control panels is depicted in Figure 3 for 
reference; i.e. when making visual comparisons with panels removed from 
the exposure tests.     
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Results 

1st Removal 

Bare steel 

The appearance of the bare steel panels from the first removal is 
shown in Figures 4a – 4d.  The panels were completed covered with 
brown rust. The rust was surprisingly adherent on panels exposed 
at both locations; no significant difference in the rust was apparent 
on the front and backsides or as a function of distance from the 
ocean. The adhesion of the rust may be ascribed to small amounts 
of copper, often present in A36 steel. Steels capable of generating 
protective corrosion products in atmospheric environments are 
known as “weathering” steels. 

Galvanized steel 

Figures 5a – 5d depict the appearance of the galvanized steel pan-
els. There was no discernible difference between panels removed 
from both exposure locations; or the front and backsides of the 
panels. There was no evidence of rust at the scribes, indicating that 
the steel exposed by the scribe cut through the zinc coating was 
non-the-less was fully protected galvanic anode action provided by 
the adjacent zinc affording cathodic protection for the exposed 
steel.  

Zn-rich epoxy-coated steel 

The appearance of the Zn-rich epoxy-coated panels is illustrated in 
Figures 6a – 6d. No differences were observed either between the 
front and backside; or between the ~500-ft and ~2000-ft expo-
sures. The yellowish/brown color at the scribes signifies incomplete 
galvanic corrosion protection. 

Phenolic epoxy-coated steel  

Figures 7a – 7d show the appearance of the phenolic epoxy-coated 
steel panels.  Again, no differences were apparent between the pan-
els from the two exposure locations or between the front and back-
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sides. Reddish brown coloration at the scribe indicated corrosion of 
the steel substrate but there was no evidence of undercutting of the 
coating.  The “bubbles” in the coating on the backside of panel #27 
(see Figure 7b) are from the original application and not blisters 
due to exposure at the test site. 

Type 410 Stainless steel 

The appearance of the Type 410 stainless steel panels is portrayed 
in Figures 8a – 8d. The original reflective surface of the panels had 
changed to a more dull appearance with initiation of localized cor-
rosion leading to rust staining. The most notable difference was the 
greater degree of localized rusting on the backsides of the panels 
compared to the front.  This is attributed to the following phe-
nomenon: 

Although the front side of the panels is subject to more chlo-
ride from the ocean, it also benefits more from the effects of 
rain washing capable of removing salt deposits.  Conversely, 
the backside of the panels receives less chloride deposition 
but also less washing by rain. 

The difference in corrosion behavior between the ~500-ft and 
~2000-ft exposure locations was minimal compared to the differ-
ence between the front and backside of the Type 410 stainless steel 
panels at either location.    

2nd Removal 

The appearance of the test panels is depicted in Figures 9 – 13.  The overall 
corrosion behavior of the panels was quite similar to that described above 
for the 1st removals. The rust staining on the front side of the panels ex-
posed at ~500-ft was slightly greater than that at ~2000-ft. The rust stain-
ing on the backside of the panels at the two locations was similar but 
greater than the front side of the panels as discussed earlier.  

3rd Removal 

Figures 14 – 18 illustrate the appearance of the panels.  Again, the overall 
appearance was quite similar to that described above for the 2nd removal.  
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4th Removal 

The appearance of the final sets of test panels removed from both locations 
is shown in Figures 19 – 23. The overall appearance was similar to that de-
scribed above for the 3rd removal. Corrosion of the Type 410 stainless steel 
panels had progressed slightly more since the 3rd removal.   

Corrosion rate of steel 

The average thickness of an unexposed steel control panel, determined 
with the aid of micrometer, was 0.129 inches (SD 0.0005). Representative 
test panels from the final removals ~500-ft and ~2000-ft exposure loca-
tions were chemically cleaned using inhibited HCl (per ASTM Standard G-
1) to remove corrosion products; and their average thickness measured to 
determine corrosion loss.  The average thickness of the panel exposed at 
~500-ft was 0.126 inches (SD 0.0009); and the panel exposed at ~2000-ft 
was also 0.126 inches (SD 0.0006).  Thus the average thickness loss for 
each panel was 0.003 inches or 1.5 mils per side in 246 days which corre-
sponds to a corrosion rate of ~2.2 mpy (mils per year).      

Discussion 

The ~7-month duration of the tests indicated that the corrosion products 
on the bare steel panels were surprisingly quite protective. This is based on 
the following factors: 

1. The corrosion products were adherent; they were not flaky or easily 
removed when scratched. 

2. Based on thickness loss measurements for the panels exposed for 
the longest duration (~ 8 months), the corrosion rate at both ~500-
ft and ~2000-ft from the ocean was low and similar (~2.2 mpy). 

3. While weathering steels (e.g. copper-containing A36) find consider-
able application in many mild atmospheres, extreme caution is nec-
essary when considering their use in marine atmospheres. 

4. High chloride deposit concentration and long times of wetness in-
crease the risk of not developing sufficiently protective corrosion 
products. 

5. As discussed previously, frequent rainfall can be beneficial in reduc-
ing chloride deposits.  However, this only applies to boldly exposed 
surfaces.  Sheltered surfaces where chloride deposition occurs but 
which do not benefit from rain washing can incur considerably 
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higher rates of corrosion. Such surfaces would need to be protected, 
e.g. with coatings. 

6. If weathering steels are to be considered for use at Torii station, it is 
essential to conduct long-term tests, e.g. 2 years or longer. Also, the 
several locations at Torii Station should be characterized, e.g. for 
chloride deposition by ASTM Standard G-140(1) “wet candle” 
method; and rapid corrosivity assessment (via % mass loss) by 
wire-on-bolt method(2).  

Galvanized steel exhibited good performance with complete protection at 
the scribe areas since no red rust was observed.  Historically, galvanized 
steel has been found to provide good protection to steel in marine envi-
ronments. The mechanism of protection is often attributed to a combina-
tion of barrier and sacrificial properties. The life of the galvanized coating 
is related to the local environment and original coating thickness. The con-
sumption rate of the coating is usually determined from average loss of Zn 
on test specimens exposed to the atmosphere.  It has been shown(3) that 
skyward-facing side of zinc-coated test specimens incurs considerably 
more corrosion than the groundward-facing side – attributed to removal 
of protective corrosion products by rain washing (this is opposite to the 
case for case for weathering steels where the groundward-facing side often 
suffers from more corrosion due to lack of rain washing). Thus, the aver-
age Zn-metal loss determination overestimates the life of the galvanized 
coating. In unpolluted marine environments the consumption rate of the 
coating is estimated to be ~ 0.15 mpy. In polluted marine environments, 
the consumption rate may be increased by the factor of 2 to 3. Galvanized 
coatings are a good candidate for protection of steel in the atmosphere at 
Torii Station. However, sufficient coating thickness is necessary to obtain 
long life. For components and structures that cannot be hot-dip galva-
nized, thermal spraying (metallizing) is a very attractive method, espe-
cially in field applications. Thermal sprayed coatings of Zn, 6-mils thick, 
have been shown to provide 50+ years life in unpolluted aggressive marine 
environments.(4) 

The zinc-rich coating evaluated in this program exhibited slight loss of 
gloss but provided good protection to the steel where the coating was un-
damaged. However, at scribed areas, which represented simulated coating 
damage, rust coloration was observed even on the 1st set of panels removed 
after ~ 2 months’ exposure; there was undercutting of the coating system. 
The galvanic protection provided by the zinc-rich coating was incomplete 
compared to the hot-dip galvanized coating. Zinc-rich primers topcoated 
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with a non-conductive coating have been reported(5) to interfere with sacri-
ficial action of the zinc although the mechanism has yet to be elucidated. 
Long-term testing is essential to compare the performance of a zinc-rich 
primer, with and without a topcoat, to determine suitability of such coat-
ing systems at Torii Station.  Without further testing, this coating system 
should not be considered for use at Torii Station. 

The overall performance of the phenolic-epoxy coating was good although 
there was slight reduction in gloss. Red rust at the scribed areas indicated 
corrosion; however, no undercutting of the coating was evident. Damaged 
areas would need to be protected in service, e.g. by touch-up maintenance 
painting as needed, say, during yearly inspections. Again, long-term test-
ing is necessary to determine the suitability of a phenolic-epoxy coating at 
Torii Station. This coating system cannot be recommended on the basis of 
satisfactory performance in the ~8-month test conducted in the present 
program. 

The localized corrosion and rust staining of the Type 410 stainless steel 
panels exposed at Torii Station was not surprising. Type 410 is a marten-
sitic Fe-Cr alloy (UNS S41000) containing ~ 11.5 % Cr. This lean composi-
tion means that its corrosion resistance in aggressive marine environ-
ments is very low. After a number of years exposure, it has the appearance 
of rusty carbon steel. However, unlike carbon steel, the corrosion products 
on Type 410 stainless steel are generally not as voluminous and thus are 
less likely to cause “pillowing”. Pillowing can induce large stresses on adja-
cent surfaces due to expansion associated with voluminous corrosion 
products. Martensitic stainless steels are susceptible to pitting and chlo-
ride stress corrosion cracking in marine atmospheres. They are also prone 
to hydrogen embrittlement in marine atmospheric applications where 
electrical contact with active metals, e.g. Al, Zn, or Cd is present. A 26-year 
exposure study(6) reported the following data for Type 410 stainless steel 
panels at Kure Beach, NC: (i) pit depths ~2 mils and ~0.4 mils deep on 
bold surfaces exposed at 80-ft and 800-ft from the ocean, respectively; (ii) 
crevice corrosion depths of ~8 mils and ~6 mils deep at spot-welded lap 
joints on panels exposed at 80-ft and 800-ft from the ocean, respectively.  

Although many other grades of stainless steel with higher alloying addi-
tions are more resistant than Type 410, they are not immune to corrosion 
in aggressive marine atmospheres over long exposure times unless they 
are kept clean. For example, 18/8 or 300-series (e.g. Type 304 and 316) 
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which are sometimes referred to as “marine” grades can incur pitting and 
staining(6). The following corrosion data were reported(6) for panels ex-
posed for 26 years at Kure Breach, NC: (i) Type 304 – bold surface pit 
depths < 0.4 mils deep on panels exposed at 80-ft and 800-ft from the 
ocean, respectively; (ii) crevice corrosion depths of ~4 mils and ~2 mils at 
80-ft and 800-ft from the ocean, respectively; (iii) Type 316 – bold surface 
pits < 0.4 mils deep  at 80-ft and 800-ft from the ocean, respectively; (iv) 
crevice corrosion depths of ~6 mils and <0.4 mils at 80-ft and 800-ft from 
the ocean, respectively. Without cleaning, surfaces subjected to chloride 
deposition will stain during prolonged exposures. However, staining does 
not necessarily represent failure. Thus, functionality can still exist even 
though the material may no longer be “stainless” in appearance. Stainless 
steels with very high resistance to marine atmospheres include 6%-Mo-
containing austenitic grades (e.g. AL-6XN, 254 SMO, 20Mo-6), duplex 
grades (e.g. 2507), and ferritic grades (e.g. 29-4C). All of these grades also 
have high resistance to chloride stress corrosion cracking. One caveat 
about stainless steel fasteners is their propensity to galling. A suitable lu-
bricant or coating can alleviate this problem. 

Conclusions 

The following conclusions can be drawn from the ~7-month marine at-
mospheric exposure program on candidate material at Torii Station. 

1. A-36 steel appeared to develop protective corrosion products, ex-
hibiting behavior similar to that of weathering steels. Based non av-
erage thickness loss measurements, the corrosion rate of steel was ~ 
2.2 mpy, both ~ 500-ft and ~ 2000-ft from the ocean. 

2. Hot-dip galvanized coating exhibited good performance, including 
complete protection (by sacrificial action) at scribed areas that 
simulated mechanical damage to the coating. This coating is an ex-
cellent choice for Torii Station provided sufficient coating thickness 
is used for long life.  To assure that the desired coating thickness is 
provided by vendors, it is paramount that the required surface 
preparation and minimum zinc coating thickness be specified and 
then tested on all products delivered for use at Torii Station.  With-
out both steps, poor quality and too thin zinc coating will almost 
surely be provided on occasion.  The instrumentation necessary to 
test this thickness costs typically $200 to $500 and can be used 
without any specialized training. 
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3. A zinc-rich primer coating with an epoxy topcoat provided good 
protection overall; but sacrificial protection at scribed areas was in-
complete.  

4. A phenolic-epoxy coating provided good protection overall; but 
there was no protection at scribed areas. 

5. There was no undercutting of the coating systems tested. 

6. Type 410 stainless steel exhibited localized corrosion and rust stain-
ing within the first few months of exposure. Corrosion on the back-
side was greater than the front side of the panels. Exposure at 
~500-ft was not significantly greater than at ~2000-ft. This mate-
rial is not considered suitable for marine atmospheric applications. 

7. Long-term testing, e.g. 2 years or more is essential, to establish 
suitability of candidate coating systems for use at Torii Station. The 
resulting data can then be incorporated into the Materials Selection 
Guide.  
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Figure 1a – View of location behind building No. 300 where one set of test 

racks was exposed ~500-ft from the ocean 

 
Figure 1b – View of racks exposed at ~500-ft location (another rack was 

exposed to the right – not in view). 
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Figure 2a – View of location outside building No. T-113 where second set 

of test racks was exposed ~2000-ft from the ocean 

 
Figure 2b – Closer view of racks exposed at ~2000-ft location  
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Figure 3 – Unexposed controls 

• Top Row: Left – grit-blasted bare carbon steel, Center – hot-dip 
galvanized steel, Right – Zn-rich primer with epoxy topcoat.  

• Bottom row: Left – phenolic epoxy, Right – Type 410 stainless steel. 
 

 
Figure 4a – Carbon steel: 1st removal (79 days); ~500-ft, front face  

Bare A36 steel Galvanized steel      Zn-rich epoxy  

Phenolic epoxy 410-SS  

Scribes 

CS-1 CS-5 CS-9 
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Figure 4b – Carbon steel: 1st removal (79 days); ~500-ft, backside  

 
Figure 4c – Carbon steel: 1st removal (78 days); ~2000-ft, front face  

 
Figure 4d – Carbon steel, 1st removal (78 days); ~2000-ft, backside 

CS-1 CS-5 CS-9 

CS-13 CS-17 CS-21 

CS-13 CS-17 CS-21 
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Figure 5a – Galvanized steel, 1st removal (79 days); ~500-ft, front face  

 
Figure 5b – Galvanized steel, 1st removal (79 days); ~500-ft, backside 

 
Figure 5c – Galvanized steel, 1st removal (78 days); ~2000-ft, front face  

GS-1 GS-5 GS-9 

GS-1 GS-5 GS-9 

GS-13 GS-17 GS-21 
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Figure 5d – Galvanized steel, 1st removal (78 days); 2000-ft, backside 

 
Figure 6a – Zn-epoxy coated steel, 1st removal (79 days); 500-ft, front face 

 
Figure 6b – Zn-epoxy coated steel, 1st removal (79 days), 500-ft, backside  

Zn-Epoxy-1 Zn-Epoxy-5 Zn-Epoxy-9 

Zn-Epoxy-1 Zn-Epoxy-5 Zn-Epoxy-9 

GS-13 GS-17 GS-21 



ERDC/CERL TR-09-30 F18 

 

 
Figure 6c – Zn-epoxy coated steel, 1st removal (78 days); 2000-ft, front face  

 
Figure 6d – Zn-epoxy coated steel, 1st removal (78 days); 2000-ft, backside  

 
Figure 7a – Phenolic-epoxy coated steel, 1st removal (79 days); 500-ft, front face 

Zn-Epoxy-13 Zn-Epoxy-17 Zn-Epoxy-19 

Zn-Epoxy-13 Zn-Epoxy-17 Zn-Epoxy-19 

Phenolic epoxy-27 Phenolic epoxy-31 Phenolic epoxy-35 
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Figure 7b – Phenolic-epoxy coated steel, 1st removal (79 days); 500-ft, 
backside; the “bubbles” in the coating on panel #27 are drips from the 
original application and blisters due to coating deterioration   

 
Figure 7c – Phenolic epoxy coated steel, 1st removal (78 days); 2000-ft, front face  

 
Figure 7d – Phenolic epoxy coated steel, 1st removal (78 days); 2000-ft, backside  

Phenolic epoxy-27 Phenolic epoxy-31 Phenolic epoxy-35 

Phenolic epoxy-39 Phenolic epoxy-43 Phenolic epoxy-47 

Phenolic epoxy-39 Phenolic epoxy-43 Phenolic epoxy-47 
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Figure 8a – Type 410 Stainless steel, 1st removal (79 days); 500-ft, front face  

 
Figure 8b – Type 410 Stainless steel, 1st removal (79 days); 500-ft, backside  

 
Figure 8c – Type 410 Stainless steel, 1st removal (78 days); 2000-ft, front face  

410-SS-09 410-SS-05410-SS-01 

410-SS-01 410-SS-05 410-SS-09 

410-SS-13 410-SS-17 410-SS-21 
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Figure 8d – Type 410 Stainless steel, 1st removal (78 days); 2000-ft, backside  

 
Figure 9a – Carbon steel, 2nd removal (144 days); ~500-ft, front face  

 
Figure 9b – Carbon steel, 2nd removal (144 days); 500-ft, backside  

410-SS-13 410-SS-17 410-SS-21 

CS-2 CS-6 CS-10 

CS-2 CS-6 CS-10 
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Figure 9c - Carbon steel, 2nd removal (143 days); ~2000-ft, front side  

 
Figure 9d - Carbon steel, 2nd removal (143 days); ~2000-ft, backside 

 
Figure 10a - Galvanized steel, 2nd removal (144 days); ~500-ft, front face  

CS-14 CS-18 CS-22 

CS-14 CS-18 CS-22 

GS-2 GS-6 GS-10 
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Figure 10b – Galvanized steel, 2nd removal (144 days); ~500-ft, backside 

 
Figure 10c – Galvanized steel, 2nd removal (143 days); ~2000-ft, front face  

 
Figure 10d – Galvanized steel, 2nd removal (143 days); ~2000-ft, backside  

GS-2 GS-6 GS-10 

GS-14 GS-18 GS-22 

GS-14 GS-18 GS-22 
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Figure 11a – Zn-epoxy coated steel, 2nd removal (144 days); ~500-ft, front face  

 
Figure 11b – Zn-epoxy coated steel, 2nd removal (144 days); ~500-ft, backside  

 
Figure 11c – Zn-epoxy coated steel, 2nd removal (143 days); ~2000-ft, front face 

Zn-Epoxy-2 Zn-Epoxy-6 Zn-Epoxy-10 

Zn-Epoxy-2 Zn-Epoxy-6 Zn-Epoxy-10 

Zn-Epoxy-14 Zn-Epoxy-18 Zn-Epoxy-22 
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Figure 11d – Zn-epoxy coated steel, 2nd removal (143 days); ~2000-ft, backside  

 
Figure 12a – Phenolic epoxy coated steel, 2nd removal (144 days); ~500-ft, front face  

 
Figure 12b – Phenolic epoxy coated steel, 2nd removal (144 days); ~500-
ft, backside; the “bubbles” in the coating on panel #28 are drips from the 
original application and not blisters due to coating deterioration 

Zn-Epoxy-14 Zn-Epoxy-18 Zn-Epoxy-22 

Phenolic epoxy-28 Phenolic epoxy-32 Phenolic epoxy-36 

Phenolic epoxy-28 Phenolic epoxy-32 Phenolic epoxy-36 
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Figure 12c – Phenolic epoxy coated steel, 2nd removal (143 days); ~2000-ft, front face  

 
Figure 12d – Phenolic epoxy coated steel, 2nd removal (143 days); ~2000-ft, backside  

 
Figure 13a – 410 Stainless steel, 2nd removal (144 days); ~500-ft, front face 

Phenolic epoxy-40 Phenolic epoxy-44 Phenolic epoxy-48 

Phenolic epoxy-40 Phenolic epoxy-44 Phenolic epoxy-48 

410-SS-10 410-SS-06410-SS-02 
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Figure 13b – 410 Stainless steel, 2nd removal (144 days); ~500-ft, backside  

 
Figure 13c – 410 Stainless steel, 2nd removal (143 days); ~2000-ft, front face  

 
Figure 13d – 410 Stainless steel, 2nd removal (143 days); ~2000-ft, backside  

410-SS-02 410-SS-06 410-SS-10 

410-SS-14 410-SS-18 410-SS-22 

410-SS-14 410-SS-18 410-SS-22 
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Figure 14a – Carbon steel, 3rd removal (213 days); ~500-ft, front face  

 
Figure 14b – Carbon steel, 3rd removal (213 days); ~500-ft, backside  

 
Figure 14c – Carbon steel, 3rd removal (212 days); ~2000-ft, front face  

CS-3 CS-7 CS-11 

CS-3 CS-7 CS-11 

CS-15 CS-19 CS-23 
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Figure 14b – Carbon steel, 3rd removal (212 days); ~2000-ft, backside  

 
Figure 15a – Galvanized steel, 3rd removal (213 days); ~500-ft, front face 

 
Figure 15b – Galvanized steel, 3rd removal (213 days); ~500-ft, backside 

CS-15 CS-19 CS-23 

GS-3 GS-7 GS-11 

GS-3 GS-7 GS-11 
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Figure 15c – Galvanized steel, 3rd removal (212 days); ~2000-ft, front face 

 
Figure 15d – Galvanized steel, 3rd removal (212 days); ~2000-ft, backside 

 
Figure 16a – Zn-epoxy coated steel, 3rd removal (213 days); ~500-ft, front face 

GS-15 GS-19 GS-23 

GS-15 GS-19 GS-23 

Zn-Epoxy-3 Zn-Epoxy-7 Zn-Epoxy-11 
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Figure 16b – Zn-epoxy coated steel, 3rd removal (213 days); ~500-ft, backside 

 
Figure 16c – Zn-epoxy coated steel, 3rd removal (212 days); ~2000-ft, front 

 
Figure 16d – Zn-epoxy coated steel, 3rd removal (212 days); ~2000-ft, backside 

Zn-Epoxy-7 Zn-Epoxy-11 

Zn-Epoxy-15 Zn-Epoxy-19 Zn-Epoxy-23 

Zn-Epoxy-15 Zn-Epoxy-15 Zn-Epoxy-15 

Zn-Epoxy-3 
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Figure 17a – Phenolic epoxy coated steel, 3rd removal (213 days); ~500-ft, front face  

 
Figure 17b – Phenolic epoxy coated steel, 3rd removal (213 days); ~500-ft, backside. 
The “bubbles” in the coating on panel #29 are drips from the original application and not blisters due 
to coating deterioration.  

 
Figure 17c – Phenolic epoxy coated steel, 3rd removal (212 days); ~2000-ft, 
front face; indentations on the coated panels were present before exposure  

Phenolic epoxy-29 Phenolic epoxy-33 Phenolic epoxy-37 

Phenolic epoxy-29 Phenolic epoxy-33 Phenolic epoxy-37 

Phenolic epoxy-41 Phenolic epoxy-45 Phenolic epoxy-49 
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Figure 17d – Phenolic epoxy coated steel, 3rd removal (212 days); ~2000-ft, backside. 
The “bubbles” in the coating on panel #45 are drips from the original application and not blisters due to 
coating deterioration   

 
Figure 18a – 410 Stainless steel, 3rd removal (213 days); ~500-ft, front face  

 
Figure 18b – 410 Stainless steel, 3rd removal (213 days); ~500-ft, backside 

Phenolic epoxy-41 Phenolic epoxy-45 Phenolic epoxy-49 

410-SS-3 410-SS-7 410-SS-11 

410-SS-3 410-SS-7 410-SS-11 
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Figure 18c – 410 Stainless steel, 3rd removal (212 days); ~2000-ft, front face 

 
Figure 18d – 410 Stainless steel, 3rd removal (212 days); ~2000-ft, backside 

 
Figure 19a – Carbon steel, 4th removal (247 days); ~500-ft, front face  

(Panel CS-12 – After cleaning) 

CS-4 CS-8 CS-12 

410-SS-15 410-SS-19 410-SS-23 

410-SS-15 410-SS-19 410-SS-23 
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Figure 19b - Carbon steel, 4th removal (247 days); ~500-ft, backside 

(Panel CS-12 – After cleaning) 

 
Figure 19c - Carbon steel, 4th removal (246 days); ~2000-ft, front face  

(Panel CS-24 – After cleaning) 

 
Figure 19d - Carbon steel, 4th removal (246 days); ~2000-ft, backside 

(Panel CS-24 – After cleaning) 

CS-4 CS-8 CS-12 

CS-16 CS-20 CS-24 

CS-16 CS-20 CS-24 
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Figure 20a - Galvanized steel, 4th removal (247 days); ~500-ft, front face 

 
Figure 20b – Galvanized steel, 4th removal (247 days); ~500-ft, backside 

 
Figure 20c – Galvanized steel, 4th removal (246 days); ~2000-ft, front face 
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Figure 20c – Galvanized steel, 4th removal (246 days); ~2000-ft, backside 

 
Figure 21a – Zn-epoxy coated steel, 4th removal (247 days); ~500-ft, front face 

 
Figure 21b – Zn-epoxy coated steel, 4th removal (247 days); ~500-ft, backside 
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Figure 21c – Zn-epoxy coated steel, 4th removal (246 days); ~2000-ft, front face 

 
Figure 21d – Zn-epoxy coated steel, 4th removal (246 days); ~2000-ft, backside 

 
Figure 22a – Phenolic epoxy coated steel, 4th removal (247 days); ~500-ft, front face 

Zn-Epoxy-16 Zn-Epoxy-20 Zn-Epoxy-24 

Zn-Epoxy-16 Zn-Epoxy-20 Zn-Epoxy-24 
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Figure 22b – Phenolic epoxy coated steel, 4th removal (247 days); ~500-ft, backside 

 
Figure 22c – Phenolic-epoxy coated steel, 4th removal (246 days); ~2000-ft, front face 

 
Figure 22d – Phenolic-epoxy coated steel, 4th removal (246 days); ~2000-ft, backside. 

The “bubbles” in the coating on panel #46 are drips from the original application and not blisters due to coating deterioration. 

Phenolic epoxy-42 Phenolic epoxy-46 Phenolic epoxy-50 

Phenolic epoxy-42 Phenolic epoxy-46 Phenolic epoxy-50 

Phenolic epoxy-30 Phenolic epoxy-34 Phenolic epoxy-38 
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Figure 23a – 410 Stainless steel, 4th removal (247 days); ~500-ft, front face 

 
Figure 23b – 410 Stainless steel, 4th removal (247 days); ~500-ft, backside 

 
Figure 23c – 410 Stainless steel, 4th removal (246 days); ~2000-ft, front face 
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Figure 23d – 410 Stainless steel, 4th removal (246 days); ~2000-ft, backside 

410-SS-16 410-SS-20 410-SS-24 
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Appendix G: LPR System Components and 
Site Installation Details 

Components and Test Materials for the Corrosion Sensor Moni-
toring System Test at Torii  

Enclosures for 1) sensor electronics and 2) junction box to access the sys-
tem: 

Waterproof electronics enclosure 
Waterproof RS-232 jacks 
Waterproof RS-232 connectors 
IP-67 waterproof connectors 
Custom gum com carrier board 
AA battery holders 
Custom front panel 
Waterproof junction box 
50’ outdoor RS-232 cable 
3/16” Masonry drill bit 
¼” Masonry Anchor bolts 

Sensors assembly parts in addition to the LPR corrosion sensors such as: 

IP-67 waterproof plugs 
Spool of 500’ 22/2 shielded cable 

Supplies paint compatibility quality control experiment to be performed 
before shipping: 

Water based Tile-Clad® Epoxy Primer 
Water based Tile-Clad® Epoxy Finish 
Two 2 gallon paint buckets 
5 minute 2 part epoxy 
2’X2’ 1010 steel sheet metal 
Two Rubbermaid plastic tubs with lids 
Wet coating thickness gauge 
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Supplies for Torii Station Okinawa Japan installation supplies: 

Water based Tile-Clad® Epoxy Primer 
Water based Tile-Clad® Epoxy Finish 
Nylon/Polyester paint brushes 
5 minute 2 part epoxy 
Cable tie downs 
Zip ties 
Tape 
Two 2 gallon paint buckets 
Paint mixer 
Wet coating thickness gauge 

Building Where Monitoring System is Installed and Schematics 

 
Figure 1: Facility identification number on building where tests occurred 
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Figure 2: View of building T-125 
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Figure 3. LPR corrosion sensor layout for roof installation. 
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Figure 4: Analatom LPR corrosion sensor system node schematic. 
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Figure 5: Cross Section of the Side Wall to Strap the RS232 Data Cable to the Drain Pipe 
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Description of Installation of Corrosion Sensor System 

A photo of the roof before installation of the sensors is shown in Figure 6. 

 
Figure 6: Roof of building where LPR corrosion sensors were installed. 

The first step involved determining the cable lengths needed to connect 
the Analatom corrosion sensors to the data acquisition box. It was deter-
mined that the sensors should be placed in close proximity to six ER 
probes and two corrosion coupon racks that had previously been installed 
by Corrosion Control, Inc. 

The sensor leads were then cut to the correct length, and the sensors were 
fixed in place on the roof using an epoxy. The sensor cables were securely 
fastened to the roof. 

Tape was then applied around the sensors in order to mask off a painting 
area, as shown in Figure 7. Primer was applied, and allowed to dry for 24 
hours. The primer was a two-part epoxy primer that required mechanical 
agitation, and was applied using a wet coating thickness gauge to a thick-
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ness suggested by the manufacturer. The primer adheres very well to 
metal, in addition to paint. 

 
Figure 7: LPR corrosion sensor ready for coating. 

After the primer was allowed to dry, the paint was applied over it, again 
checking with a wet coating thickness gauge to ensure a proper coating 
layer thickness. A final coated LPR corrosion sensor is shown in Figure 8. 

Next, the LPR corrosion sensor system node was installed onto the roof of 
the building, and all LPR corrosion sensor system cables attached to it, as 
shown in Figure 9. A long serial cable was also attached to the unit; this 
cable would eventually run down to a junction box on the side of the build-
ing, to allow personnel to communicate with the unit at ground level using 
a laptop computer. 
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Figure 8: LPR Corrosion sensor after coating. 

 
Figure 9: LPR corrosion sensor system data acquisition unit. 



ERDC/CERL TR-09-30 G10 

 

A junction box was then installed on the side of the building, as shown in 
Figure 10. The purpose of the junction box is to house the other end of the 
serial cable in a waterproof environment. This allows personnel the option 
of downloading data collected by the corrosion monitoring system on a pe-
riodic basis, if so desired. 

 
Figure 10: LPR corrosion sensor system serial interface box. 

Finally, the serial cable was run from the sensor node to junction box, and 
connected. The cable was securely fastened to the top and sides of the 
building to withstand wind forces. Using a laptop at the junction box end, 
the data acquisition node on the roof was queried, a series of functional 
tests were run, and then data collection and storage was enabled. The unit 
was programmed to collect and store data once an hour, for a period of 
over one year. 
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Corrosion Monitoring System Material List for Building T-270 
Test Roof 

Table 1: Material List Corrosion Monitoring Building T-270 Torii Station, Okinawa, Japan. 

MATERIAL LIST 
CORROSION MONITORING COMPARISON 

BUILDING T-270 
TORII STATION, OKINAWA, JAPAN 

 
Item Quantity Unit Description 

01  8 
 

Each  LPR sensor: Sensor and cable assembly, ip67 rated connec-
tors. 

02  1 Each  Monitoring tool: Model 5-603, collects sensor data and com-
municates with PC. 

03  50 Feet RS-232 cable: Connects monitoring tool on roof to junction 
box at ground level. 

04  1  Each  2 part epoxy: Used to adhere sensor to roof. 
05  1 Each  Denatured Alcohol: Used to clean area where sensors are to 

be installed. 
06  1 Each Junction box: Used to protect RS-232 cable used for monthly 

data downloads 
07  16 Each Strain relief: Used to hold sensor cable in place 
08  1  Gallon  Paint 
09 1 Bag Large zip ties: Used to run RS-323 cable to drain pipe 
10 1 Bag Small zip ties: Used to attach sensor cables to strain relieves. 
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Appendix H: Calculation of Corrosion Rate 
From Sensor Data 

Corrosion occurs when a metal or alloy is exposed to any fluid of sufficient 
oxidizing power. In Figure 1 Appendix B, we see a corroding device that 
gives good signal levels. At the interface, metal ions will escape from the 
metal surface leaving a surplus of electrons. This excess electron flow, 
from the anodic sites on the metal surface (where they are generated) to 
cathodic sites, where they are consumed, constitutes a corrosion current. 
This current is a measure of the loss of the metal from the surface. The 
corrosion current (Icorr) can be calculated from the linear polarization re-
sistance and then used to estimate the corrosion rate. As the anodic and 
cathodic sites continually shift and change their positions, Icorr cannot be 
directly measured from the metal surface. A small potential drop (ΔE) has 
to be applied externally to induce a measurable current flow (ΔI) at the 
corroding surface. At given values of ΔE, Icorr is directly proportional to the 
induced current ΔI and the relationship is given as: 

1. 
( )bacorr

ba

II
E

ββ
ββ

+××
×

=
Δ
Δ

303.2
 Equation 1 

Where, βa and βb are the Tafel constants. The Analatom system shown in 
Figure 2 Appendix B is effectively a multiplexed potentiostat used to 
change the potential on the metal surface in a controlled manner so that 
the corresponding current values can be measured as a function of the po-
tential. The relationship between ΔE and ΔI is linear at values of ΔE close 
to that of the equilibrium potential (Eo), assumed by the metal in absence 
of any induced potential ΔE. The slope of this line has the value ΔE/ ΔI 
and has the units of resistance. The slope is therefore called polarization 
resistance, Rp. The value of Rp obtained from a potential sweep over a 
range can then be used to determine Icorr, as shown by the relation above. 
The Tafel constants can be obtained from Tafel plots of the system under 
consideration. Furthermore, the rate of corrosion can be calculated from 
the corrosion current by using Faradays relation that correlates current 
flow to mass loss, given as, 

2. 
Ad
EWkICR corr

×
××

=  Equation 2 
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Where; CR = corrosion rate, EW = equivalent weight of the material 
in grams/ equivalent, k = constant, d = density, A = sample area. 
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Appendix I: Comparison of Wireless 
Technologies for Remote Monitoring of 
Cathodic Protection Systems 

COMPARISON OF WIRELESS TECHNOLOGIES FOR REMOTE 
MONITORING OF CATHODIC PROTECTION SYSTEMS 

Ashok Kumar  
and 

 Larry D. Stephenson 

U.S. Army Corps of Engineers  
Engineer Research and Development Center 

Construction Engineering Research Laboratory,  
P. O. Box 9005, Champaign, IL 61826-9005 

 
 
 

ABSTRACT 
 
Impressed current cathodic protection (CP) systems for water storage tanks must be 
periodically tested in order to ensure proper performance.  Wireless remote monitor-
ing technologies provide the ability to monitor CP system performance data from re-
mote locations using modem-equipped personal computers.  Data can be provided to 
a central location through an existing supervisory control and data acquisition 
(SCADA) systems or through other wireless monitoring systems that can be installed 
economically.  The technology provides capabilities to remotely monitor the cathodic 
protection system’s current and “instant-on” and “instant off potentials,” allowing 
allowed continuous monitoring of CP systems from a central location, and provide 
personnel with immediate warning of potential corrosion hazards.    

Case studies are presented for three Army Installations and one Air Force Installation, 
each with different approaches to remote monitoring of cathodic protection systems 
for potable water storage tanks and buried pipelines.  The benefits of implementation 
of remote monitoring are the cost avoidance of traveling to remote sites to check each 
rectifier, and the added capability of instant notification of a malfunction in the ca-
thodic protection system, thus increasing the life of the structures being protected. 

KEYWORDS:  impressed current, cathodic protection, ceramic anodes, remote moni-
toring, SCADA 
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INTRODUCTION 

Many Military Installations are spread over large areas and have many wa-
ter storage tanks that use corrosion protection systems known as “cathodic 
protection (CP)” systems, which protect the internal or “water-side” of the 
tank. The outer surfaces of underground pipes, such as water, or gas dis-
tribution systems, also must be protected from corrosion in the soil using 
similar CP systems.  In either case, CP systems need to be monitored in 
order to make sure that they are providing enough voltage and current to 
maintain the cathodic protection.   

Impressed current CP systems work by connecting an anode to the struc-
ture, and applying a negative potential to the structure and a positive po-
tential to the anode through a current from an external source, controlled 
by a rectifier.  In recent years, ceramic-coated anodes, usually made by de-
positing mixed metal oxides onto titanium substrates, have been used as 
an alternative to the silicon-iron and graphite anodes. The ceramic anode 
makes corrosion protection available at much less than the life cycle cost 
of previous technologies and in a size-reduction that permits installation 
in areas previously too small.  

Current cathodic protection monitoring procedures require highly skilled 
engineer/technician personnel and are extremely burdensome for the 
maintenance staff. These procedures are often deficient, and do not iden-
tify all areas where corrosion protection is either inadequate or non-
existent.  Furthermore, these locations generally increase with time and 
remain undetected, until structure perforation and failure. (CP) systems 
for water storage tanks must be periodically tested in order to ensure 
proper performance. 

REMOTE MONITORING TECHNOLOGY 

Remote monitoring technology 1,2,3,4 allows “on-demand” monitoring of CP 
systems: (1) from a central location, such as the Office of the Chief of Op-
erations & Maintenance (O&M), or (2) from out in the field by simply driv-
ing within 1,000 feet of the CP monitoring station for a given cathodically 
protected structure, whereupon the CP system status information is in-
stantly up-loaded into a portable computer or personal digital assistant 
(PDA), and will provide personnel with  immediate warning of potential 
corrosion hazards.      
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Historically remote monitoring of cathodic protection levels has under-
gone several evolutions. In the 1980’s a system using ground transmitters 
and receivers placed in aircraft that routinely flew over the pipeline for in-
spections was promoted. The fly-by system proved uneconomical and inef-
fective due to communications frequency issues, low transmitter power, 
and the cost of the monitoring hardware. The remote monitoring systems 
in use today are: (1) cellular telephone based systems, (2) Supervisory 
Control and Data Acquisition (SCADA) based systems, and (3) “drive-by” 
remote monitoring units. These remote monitoring systems both greatly 
increase the accuracy, frequency, and number of monitoring locations to 
assure that complete protection is maintained on all the protected struc-
tures. Remote monitoring systems also automate the data storage and 
analysis to identify any areas needing remediation and repair before any 
significant corrosion occurs. 

CASE STUDIES 

Case Study 1: Cell Phone Based Remote Monitoring at Army In-
stallation #1 

Remote monitoring units (RMUs) installed on two elevated wa-
ter storage tanks at a large Army Installation in the Southwest. 
They are identified as Structure #1- 1.5 MMG Elevated Water 
Tank, and Structure #2– 2.0 MMG Elevated Water Tank.  It was 
anticipated that any Pentium based system with at least 64 
Mbytes of RAM, 5 Gigabytes of unused hard drive capacity, 56K 
modem directly accessing commercial telephone lines and using 
Microsoft’s Windows 95, 98, NT or 2000 would be sufficient 
(later to include Windows XP) for the projects needs.  Each of 
the two water tank sites was visited and basic data gathered re-
garding the cathodic protection system operating parameters.  
These data are shown in Tables 1 and 2. It should be noted that 
although the cathodic protection system on the Tank #2 was be-
having somewhat erratically, it appeared to be providing effec-
tive corrosion protection to the tank. 

Based on the photos and site inspection, it was determined that 
the RMU for the Tank #1 could be installed directly on or adja-
cent to the CP Rectifier unit mounted on the tank support leg, 
while the other RMU for the tank #2 would be mounted either 
inside on the exterior of the equipment building in which the CP 
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rectifier was installed at the RMU contractors preference. (See 
Figures 1a and 1b). Two prospective manufacturers were identified 
as having relatively inexpensive RMUs (less than $1000/RMU 
equipment cost) with the desired operating parameters.  These pa-
rameters are shown in Table 3. 

TABLE 1. CATHODIC PROTECTION SYSTEM BASIC DATA FOR WATER TANK #1 

Structure  1 1.5 MMG Elevated Wa-
ter Storage Tank 

    

AC Input 120V/60Hz/1phase - 
3.37A 

DC Volts Max. 30 
DC Amps Max. 8 

Current Output Shunt 
Rating 100 mV = 10 Amperes 

  
  
  
  
  

Operating Data Rectifier Meter Test Meter 
Volts:  2.1 2.149 

Amps:  
0.15 1.5 mV where 10 mV = 1 Amp 

IR Free Potential  
(mV):  -980 -980 

Potential Set Point 
(mV) -980   

"On" Potential  (mV):    -1151 
Note: This unit is a single circuit unit with no 

separate riser protection circuit  
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TABLE 2. CATHODIC PROTECTION SYSTEM BASIC DATA FOR WATER TANK #2 

Structure 2: 2.0 MMG Elevated Water Stor-
age Tank 

AC Input 120V/60Hz/1phase - 3.37A 
DC Volts Max. 30 
DC Amps Max. 8 

Current Output Shunt Rating 100 mV = 10 Amperes 

  
  
  
  

Operating Data Rectifier Meter Test Meter 
Volts: 1.8 - 1.9 2.149 

Amps: 
0.02 - 0.03 

0.0 mV where 10 
mV = 1 Amp 

IR Free Potential  (mV): varied -969 to -987 -980 

Potential Set Point (mV) -978   
"On" Potential  (mV):   -1028 

Note: This unit has a rheostat controlled secondary output circuit to 
protect the riser pipe 

 
 

 
Figure 1a – Elevated 2 MMG potable 
water storage tank  at Army Installa-
tion #1. 

 
Figure 1b – Typical RMU installed 
on  water storage tanks at Army 
Installation #1 
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TABLE 3. RMU OPERATING PARAMETERS 

Characteristic Description of Requirement 

No. of Data Monitoring Channels 2 

Ampere Monitor 

mV drop across rectifier current 
shunt with resolution of 0.1 millivolt 
and minimum RMU channel input 
impedance of 1 megohm. 

Voltage Monitor 

Voltage at output terminals of Recti-
fier with resolution of 0.1 volts and 
minimum RMU channel input im-
pedance of 1 megohm. 

Structure to Electrolyte Potential 

Ability to measure both “On” and 
“Instant Off” potentials using exist-
ing permanently installed reference 
electrode with resolution of 1 mil-
livolt and minimum RMU channel 
input impedance of 10 megohm. 

Options 

With 2 monitoring channels, choice 
would have to be made as to whether 
(1) system voltage and amperage 
would be monitored or (2) system 
amperage and structure to electrolyte 
potential would be monitored 

Installation requirements 
System would have to be furnished 
and installed complete by the same 
supplier. 

The RMU chosen for installation communicated by cell phone mo-
dems with two channels of data acquisition plus the control chan-
nel.  It was considered preferable to be able to measure all three 
parameters of CP system operating voltage, current and potential 
(both “On” and “Instant-Off”).  The cell-phone based RMU hard-
ware and its software were installed and commissioned at Tank #1 
and Tank #2.  It took over 6 hours to complete the first installation 
(including gaining familiarity with local telephone communications 
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requirements), but only 3 hours to complete the second installa-
tions and even less time for the software installation including set-
ting parameters for site identification, data acquisition, values to be 
measured, and alarm limits for each channel. 

Data accuracy was determined by simultaneously acquiring data 
using the RMUs and personnel at each site using a precision volt-
meter at each site to measure the same data.  As can be seen from 
the data in Table 4, the accuracy of the system during the initial 
field tests was extremely good and well within the 2% accuracy lim-
its set by the specifications.  It should be noted that there were 
some communication problems with the Tank #2.  This occurred 
due to problems with the telephone company and were immediately 
resolved by re-setting the RMU at the site.  The ability to “log” data 
on a continuing “real time” basis was also demonstrated 

TABLE 4. RESULTS OF POST-INSTALLATION RMU TESTING 

Site Parameter Voltmeter Value RMU Value 
Tank 1 Current (in amperes 0.28 - .30 0.28 – 0.29 
Tank 1 Potential “On” (in -mV) 1.140 – 1.145 1.140 – 1.140 
Tank 1 Potential “Instant Off” 

(in -mV) 0.970 – 0.980 0.960 – 0.980 

Tank 2 Current (in amperes 0.04 - 0.04 0.04 – 0.04 
Tank 2 Potential “On” (in -mV) 1.063 – 1.097  1.050 – 1.145 
Tank 2 Potential “Instant Off”

(in -mV) 0.970 – 0.980 0.960 – 0.980 

 

Case Study 2: SCADA Based Remote Monitoring System at 
Air Force Installation 

Many military Installations use Supervisory Control and Data Ac-
quisition (SCADA) systems (5) to monitor water levels in potable 
water storage tanks and to monitor the performance parameters of 
sewage lift stations.5  The SCADA system is wireless; it transmits its 
data to a central control and monitoring station and receives con-
trol signals via radio frequency transmission.  Control information 
for the water pumps and sewage lifts station can also be transmitted 
to the equipment from a central location through the SCADA.   
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One U.S. Air Force Base in the Southeast is already monitoring im-
pressed current cathodic protection (ICCP) systems on 4 of 5 ele-
vated water potable storage tanks using their existing Supervisory 
Control and Data Acquisition (SCADA) system. By installing 3 new 
deep well anode beds, the number of rectifiers in the CP system for 
underground pipes will be reduced from 40 to 20. The AFB existing 
SCADA system will be extended by installing 20 additional SCADA 
transmitting stations at a cost of $10,000 each, at the locations 
where the 20 additional rectifiers will be installed and they will be 
interfaced to SCADA units. The SCADA system will transmit the CP 
data to a central location upon request. The SCADA also provides 
control of the rectifiers, from a central location at any given time.  

The staff has utilized the services of their SCADA system sole source 
supplier to implement the first CP monitor system at their base on 
an elevated water storage tank. A schematic diagram of the SCADA 
based system is shown in Fig. 2a-d. This system can automatically 
read the rectifier voltage, amperage and the structure potential at 
the SCADA location. The SCADA Transmitter broadcasts line of site 
to an antenna on top of a water tower. The signal is re-broadcast to 
the main SCADA system and then can be stored in and displayed on 
computers in maintenance staff offices. 

A typical SCADA system and cathodic protection system rectifier are 
shown in Figures 3a and 3b.  The rectifier fine control taps are serviced by 
relays on the SCADA control board, which allow fine voltage control. The 
rectifier potentials are read directly from the rectifier into the SCADA elec-
tronic board. Also, a Hall Effect device (Figure 3b) provides rectifier cur-
rent readings to the SCADA.  From this “proof of concept” system, the Air 
Force Base has successfully replicated the first system at 3 other water 
tank locations 
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FIGURE 3a – SCADA system 
to which CP data acquisition 
system is interfaced at a USAF 
Base.  Note antenna for wire-
less transmission of data.   

 

 
FIGURE 3b – Typical rectifier 
for CP system installed on 
elevated water storage tanks at a 
USAF Base. 

CP data will be stored in the Air Force’s Geographical Information System 
(GIS) database and be accessible through standard USAF GeoBase soft-
ware.  The SCADA system will allow condition based display of data at a 
central location to allow for graphical display of any CP problems within 
the GIS.  For example, a point with questionable readings could be made 
to display the problem in yellow or red indications. Analysis software in 
the GIS will provide the capability to visualize any utility infrastructure 
endangered by a failure of the CP system.  For example, a user could click 
on a “bad” point and see a display highlighting portions of the utility infra-
structure at risk, along with an explanation of system maintenance needs. 

The cost of implementation of the SCADA based CP monitoring/control 
system is very different for locations where existing SCADA already exists 
versus those locations where such is not the case.  For example, at their 
water storage sites, this AF Base already has a SCADA to control the water 
level in each tank and to turn various pumps on and off.  However, it will 
cost $10,000 per location to install the SCADA at locations where it does 
not currently exist. 

The only method the USAF Base has for monitoring test stations is by hard 
wiring the test station leads back to the nearest SCADA system.  They have 
acknowledged that currently, this limits them to measuring only test 
points within a few hundred feet of the SCADA system.  They have also ex-

RF Antenna 

Hall Effect 
Transducer for 

current  
measurement 
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pressed concerns that with the fact that these systems are limited to line of 
site radio frequency (RF) transmissions, and that in some cases the RF 
signals are attenuated by leaves on trees during the summer, in which case 
no CP data can be transmitted.  

Case Study 3: Drive by Remote Monitoring Units at Army Instal-
lation 2 and Army Installation 3 

Army Installation 2.  At a second Army Installation, impressed current ca-
thodic protection (ICCP) rectifiers and groundbeds were installed on one 
natural gas main, one steam main, one water storage reservoir, and three 
separate water supply mains. Selection of sites for ICCP installations in-
cluded input by the Directorate of Public Works staff.  This project demon-
strated and implemented 6 deep anode impressed current cathodic protec-
tion systems (ICCP), 106 drive-by type remote monitoring units (TSDMU) 
for existing test stations, and 26 drive-by type remote monitoring units 
(RDMU) (See Figure 4) for existing and new rectifiers. Also, impressed 
current CP rectifiers and groundbeds were installed on one natural gas 
main, one steam main, one water storage reservoir, and three separate wa-
ter supply mains. The six new rectifiers and deep anodes are capable of 
providing their full rated current output of 30 Amperes DC.  

Based on the results of problems with cell phones and expense of installing 
the SCADA systems, the “drive-by” remote monitoring units (RMU) were 
installed at Army Installation 2. They were buried in the ground at about 
200 impressed current CP monitoring stations. The units were pro-
grammed to “wake up” once a month, whereupon they transmit CP data 
using a low power RF signal.  During the time window that the drive-by 
RMUs are transmitting, CP system maintenance personnel drive by within 
0.1 mile of the remote monitoring points, guided by a global positioning 
system (GPS) map displayed on a laptop or PDA. Since each RMU is tied 
into the GPS, it broadcasts its location along with its data to the PDA.  
Once back in the office, the operator can down load the data into a com-
puter where the CP files are stored and further trending analysis can be 
performed.6  

The contractor who maintains the ICCP systems said that previously it 
would take him 2 months to obtain readings from the 106 ICCP test sta-
tions and 26 rectifiers that supply the cathodic protection current for nec-
essary corrosion protection of those utilities. Now he can accomplish the 
same task in 2 days, with automated data saved in a format that allows 
him to establish trends for early signs that there may be a problem with 
the system that needs immediate attention.   
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Army Installation 3.  At a third Army Installation, a similar drive-by re-
mote monitoring system was implemented for a new state-of-the art ICCP 
system on natural gas piping, which included the use of a self-monitoring, 
self regulating constant output DC power supply energizing ceramic tubu-
lar shaped energy emitters (commonly referred to as cathodic protection 
anodes) buried deep into the earth (deep anode beds).  In addition, the 
drive-by remote monitoring units were implemented for an ICCP system 
installed in a new 2 million gallon elevated water storage tank, which is 
this Installation’s only source of potable water.   

The battery operated remote monitoring system uses 10 – 15 year life re-
placeable batteries.  Installation maintenance personnel drive through the 
Installation once a month with a standard PC portable computer con-
nected to a small radio transmitter/receiver with a magnetic antenna tem-
porarily mounted on a pickup truck roof (see Figure 5).  A GPS unit moni-
tors both the vehicle location and shows all 106 monitoring points 
distributed around the base on map displayed on the PC screen.  Six of 
these monitor locations measure the output of the six DC power supplies 
used to energize the ICCP systems, while the other 100 units monitor the 
corrosion control effectiveness at key locations throughout our buried gas 
piping system throughout the installation. It is anticipated that it will take 
as little as 2 hours to accomplish the entire ICCP survey, compared to the 
5-10 days that it would take for a trained technician’s time to do the same 
work.  As an additional benefit, the data is then automatically transferred 
in to an Excel spreadsheet where it is automatically analyzed on a 
“pass/fail” basis.   

  
FIGURE 4 – (Left) Typical Pipe Protection Remote Monitoring Units Installed to 
Interrogate the Pipeline and Transmit System Corrosion Control Effectiveness 
Data.  (Right) Remote Monitor Unit with Cap Removed Showing Terminal Con-
nection Points. 
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FIGURE 5 – Army Installation personnel can use laptop PC to automatically interro-
gate and record CP protection levels while being driven by each monitoring station. 

 
At both of these installations, for the rectifier sites where no existing 
SCADA exists (e.g., at rectifier units protecting piping, well casings, etc.), 
the SCADA would have to be installed first which had an estimated cost of 
$10,000 per location.  This makes the system uneconomic at this Army 
Installation.  As the CP systems only require monitoring once a month at 
Army Installations #2 and #3, it has been confirmed that personnel can 
obtain data for the same number of points at a cost of less than $12,000 
annually.   

Given that these Army Installation have more than 100 monitoring points 
where no existing SCADA is located (and where none is anticipated to be 
required for other measurement purposes), the “drive by” system is cur-
rently the only economically justifiable system available for automating 
the data acquisition and recording process  

In some cases, direct burying of CP Test Station and monitor unit with 15 
year nominal battery life at select locations is possible to prevent damage 
by normal grounds maintenance work particularly including lawn mowing 
work.  These locations would be “marked” by easily locatable “magnetic” 
sensors. Implementation of “Drive by” Test Stations that can automatically 
acquire and transmit both “On” and “Instant-Off” potentials without inter-
rupting impressed current CP system rectifier(s).  A further development 
may allow the measuring of polarization decay where the -850 mV poten-
tial criteria is not being satisfied (this is under current development but 
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may or may not be ready during the time of this project implementation, 
and would not require any new hardware (only software download into CP 
system test station units). 

COMPARISON OF WIRELESS CORROSION MONITORING 
TECHNOLOGIES 

Hardwired RMUs for CP systems require running miles of wiring between 
the central control system to each monitoring station, and are not practical 
for military installations.  In cases where the SCADA system is not a viable 
option, cell phone based RMU systems are best used when it is not practi-
cal or cost effective to use drive by systems, or when the data must be 
taken more often than once a month. For example, a remote location many 
miles way from the central monitoring station would constitute a hardship 
for maintenance personnel to drive by the location to acquire data. Of 
course, in order to use the cell phones, it must be established that the cell 
phone signals for these systems are highly reliable in those locations.  

Satellite-based systems provide another alternative. They can usually pro-
vide CP data readings anywhere and at anytime through the Internet. 
Their initial cost is only about $500-$700 per location, but the data cost 
per reading per location is generally $5-$10. For a large number of loca-
tions to be monitored, this fee could become rather expensive.   Also, the 
satellite based systems are limited to line of site.  If a small number of re-
mote locations are to be monitored, the satellite-based monitoring systems 
may be suitable, however, if a very large number of locations need moni-
toring, the satellite monitoring system may not be cost effective. A com-
parison of the attributes of each system is presented in Table 5. 
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TABLE 5. COMPARISON OF REMOTE MONITORING 
TECHNOLOGIES 

 SCADA-Based System Drive-by System Cell phone-Based 
System 

Satellite Based 
System 

Initial Cost 
 

$10,000 per monitoring 
station 

$2,000 per 
monitoring station 

$2,000 per monitoring 
station 

$500-700 per 
station 

Maintenance  
Requirements 

Moderate Low Low Very low 

Complexity High Low Low High 
Advantages -Takes advantage of 

existing wireless system 
 
-can take readings at any 
time 
 
-can control remotely 
from a central location at 
any time 
 
-can interface with GIS 
system 
 

-Low installation cost 
 
- can easily be 
installed  
 
- broadcast 
frequencies are pre-
approved 

-Low installation cost  
 
- can easily be installed 
 
- can take readings at 
any time 
 
- broadcast frequencies 
are pre-approved 
 
- can control remotely 
any location at any 
time 

-Monitor CP 
system virtually 
anytime, any where 
in the world 
through the internet 

Disadvantages  High cost 
-Signal path must be 
properly planned for 
adequate transmission –
Signals must be line of 
site (LOS) 
-Signals are sometimes 
lost if there are 
impediments to LOS 
-FCC approval is needed 
for new SCADA 
frequencies 

-Can not monitor 
from central location; 
must drive by within 
0.1 mile of 
monitoring station 

-Cost of cell phone 
services 
 
-Cell phone signals are 
sometimes lost in 
certain locations  

-Charges 
fee/reading/location
 
-Line of site 
limitations 
 
 

Recommendation -Use where existing 
SCADA system is 
available, such as water 
tanks 
-Do not install additional 
SCADA systems 

-Use where there are 
no existing SCADA 
systems 
 
-Use when drive by 
systems are viable 

Use where there are no 
existing SCADA 
systems 
 
-Use where drive by 
systems would not be 
viable-  very  remote 
areas 

Use where there are 
no existing 
SCADA systems 
 
-Use where drive 
by systems would 
not be viable- very 
remote areas 
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CONCLUSIONS 

The benefits of implementation of the RMUs along with upgrade of CP sys-
tems are the cost avoidance of traveling to remote sites to check each recti-
fier and test station, and the added capability of instant notification of a 
malfunction in the cathodic protection system.  If SCADA systems are al-
ready available where the RMUs are to be installed, then the CP monitor-
ing systems should be interfaced to the SCADA system. If the SCADA sys-
tem is not readily available, either cell phone-based systems, satellite 
downlinked data systems, or drive-by systems should be implemented.  
The choice of whether to use cell phones based systems or drive-by sys-
tems depends on the reliability of the cell phone signals at those particular 
locations.  By implementing remote monitoring for cathodic protection 
and ceramic anode-based impressed current cathodic protection systems, 
the life of the tank, water distribution, or gas system is expected to be ex-
tended by 30 years, while reducing the work load of Installation mainte-
nance personnel.  

Based on the results of these projects, recommendations are being pro-
vided for revisions to Unified Facilities Guide Specifications (UFGS) 
13111A “Cathodic Protection System (Steel Water Tanks)” and UFGS 
13112A “Cathodic Protection System (Impressed Current).” These revi-
sions include the specifications and instructions for installing the ad-
vanced impressed current cathodic protection systems in conjunction with 
the “drive-by” remote monitoring units for cathodic protection systems. 

REFERENCES 

1. Vicki L. Van Blaricum, William R. Norris, Michael J. Szeliga, and James 
B Bushman, Demonstration of Remote Monitoring Technology for Ca-
thodic Protection Systems, ERDC/CERL Report Number 97/76 (1997).  

2. Vicki L. Van Blaricum, Jack T. Flood, Michael J. Szeliga, and James B. 
Bushman , Demonstration of Remote Monitoring Technology for Cathodic 
Protection Systems: Phase II , ERDC/CERL Report Number 98/82 (1998).  

3. Vicki L. Van Blaricum and William R. Norris, Remote Monitoring 
Equipment for Cathodic Protection Systems, ERDC/CERL Report Number 
97/75 (1997).  



ERDC/CERL TR-09-30 I16 

 

4. Vicki L. Van Blaricum, User Guide for Remote Monitoring Equipment 
for Cathodic Protection Systems: Phase II, ERDC/CERL Report Number 
98/77 (1998).  

5. "Harnessing SCADA Without Undermining Security," Journal of the 
American Water Works Association (AWWA), July 2004.  

6. A. Kumar, L. D. Stephenson, and J. Bushman, “Remote Monitoring of 
Cathodic Protection and Cathodic Protection Upgrades for Tanks and 
Pipelines,” ERDC/CERL TR-07-25, U. S. Army Corps of Engineers, Engi-
neer Research and Development Center, Construction Engineering Re-
search Laboratory,  Champaign, IL (2007).  

 



ERDC/CERL TR-09-30 J1 

 

Appendix J: Wireless Connection for LPR 
Sensor Data Transmittal 

Analatom LPR Sensor System with wireless communication  

The current sensor node installed at Torii communicates serially over RS-
232 with a PC running data collection software. To download data col-
lected by a group of nodes, an operator must take a laptop with a serial 
port and go from node to node, connecting a serial cable to each unit and 
querying it for its stored data. In order to make it easier to monitor the 
nodes and collect data from them, hardware and software was designed 
and developed in the lab to enable the user to wirelessly communicate with 
each node. A daughter card, containing a wireless transceiver, was de-
signed to attach to the existing sensor node, and the existing sensor node 
was modified to interface with the daughter card. Instead of climbing to 
the roof of a structure, a user within sufficient range of the sensor nodes 
will be able to communicate with each node as if the nodes were physically 
connected to the PC. 

The type of wireless network designed is based on the ZigBee standard. 
This is a wireless technology developed as an open global standard to ad-
dress the unique needs of low-cost, low-power, wireless sensor networks. 
The standard is based upon the IEEE 802.15.4 physical radio specification, 
and operates in unlicensed bands worldwide at the following frequencies: 
2.400–2.484 GHz, 902-928 MHz and 868.0–868.6 MHz. 

This technology has ultra-low power consumption promoting a long life-
time for battery-operated devices. ZigBee networks are designed to con-
serve the power of the slave nodes on the network. For most of the time, a 
slave mode is in deep-sleep mode and wakes up only for a fraction of a 
second to confirm its presence in the network. 

Another key component of the ZigBee protocol is the ability to support 
mesh networks. In a mesh network, nodes are interconnected with other 
nodes so that at least two pathways connect each node. Connections be-
tween nodes are dynamically updated and optimized to work under diffi-
cult conditions. In some cases, a partial mesh network is established, with 
some of the nodes only connected to one other node. 
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Mesh networks are decentralized in nature; each node is self-routing and 
able to connect to other nodes as needed. The characteristics of mesh to-
pology and ad-hoc routing provide greater stability in changing conditions 
or failure at single nodes. This results in a robust, stable network. 

Since the mesh network topology is very robust, it is clear that the wireless 
solution designed should include the ability to easily support mesh net-
works. That and the requirements for low-power consumption and small 
form factor lead to the choice of a ZigBee-based product. 

This wireless base station that communicates with a PC (either serially or 
otherwise) will be provided in the continuation of this project. The data 
collection software will communicate with this base station, which in turn 
will communicate wirelessly with each sensor node. In this manner, the 
user can communicate with the sensor nodes remotely, from an office or 
vehicle within range of the sensor array. Follow on testing on this wireless 
method is planned for the next phase, including the upgrading of capabili-
ties to link via satellite. This is discussed in the “Recommendation” sec-
tion. 
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Appendix K: Possible Applications of the 
Corrosion Monitoring System 

Building metal roofs and air conditioning systems 

Besides on roofs as demonstrated on this project, the LPR Corrosion Sen-
sors could also be used to monitor and evaluate the new coatings being 
applied to protect air conditioning systems against corrosion. This is sug-
gested for parts of the air conditioning system that are not easily accessible 
for visual inspection. Using the wireless implementation all the Torii Sta-
tion buildings air conditioning systems could be monitored from a console 
placed in one location thereby obtain warning for early less costly repairs 
and also maintenance cost savings due to significant savings of manpower 
inspection time. 

Communication dish stalks 

The dish antennas that were inspected at Torii have recently been over-
hauled and coated. They provided an excellent window into the onset of 
corrosion on the structures. Corrosion initiation sites are already clearly 
visible. Despite the relatively new coating, any area that has been exposed 
to any form of wear or metal particle contamination seems to suffer virtu-
ally instant corrosion. 



ERDC/CERL TR-09-30 K2 

 

 
Figure 1: The hub of the dish is located on the edge of the stalk and difficult to access for 

inspection 

All the dish stalks fittings and boons are fitted with access points, but these 
do not allow visual inspection without specialist equipment. An example is 
given in Figure 1, where we see an access hole leading into a support pylon. 
Specialist equipment such as an endoscope would be needed to inspect 
such locations for corrosion. Such scenarios offer an excellent opportunity 
for sensing corrosion using the LPR Corrosion Sensor technique. 

Where the components are visible and not safety critical their deteriora-
tion can be monitored visibly and components can be replaced. In other 
locations where access is limited the components can be effectively moni-
tored using sensors. On some of the main framework of the antenna, cor-
rosion is already in an advanced state. This section of the structure was on 
the back of the main dish. It was difficult to access and inspect and had 
probably not been properly coated. LPR Corrosion Sensors could also 
monitor such areas. 

Fencing 

The fences on the perimeter of the base, and inside base to enhance secu-
rity of sensitive areas represent a significant financial investment. All 
fences are made from galvanized steel. On the fences inspected the zinc 
coating protects them well in the first few years of use. 
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Figure 2: The relative corrosion rate of stainless steel and galvanized steel is striking, but 
stainless steel fences are economically unpractical at ten times the cost of galvanized steel 

In terms of LPR Corrosion Sensor application, the uses are limited. The 
deterioration of the fences is reasonably evenly spread and visual inspec-
tion near the end of the fences life is sufficient to determine if the fence 
needs replacement. 

LPR Corrosion Sensors could be used to measure the background corro-
sion rate in an area and advise that a remote fence needs inspection. This 
is particularly applicable nearer the ocean where accelerated corrosion 
rates cause fence fixings to corrode at greater rates. LPR Corrosion Sen-
sors on the fence fixings could warn of this phenomenon and alert engi-
neers to inspect and replace the failing components. 

Metal buildings 

There are numerous metal buildings used on the island by the US military. 
The buildings are favored as they are quickly constructed and fair well in 
Typhoons. Due to the high corrosion rates on the island, these structures 
tend to suffer from severe corrosion. 

Metal buildings that are not maintained to a high standard pose a number 
of safety hazards. In particular, the risk of overhanging structures collaps-
ing poses a health risk as well as a financial risk of damage to operations or 
stored equipment. An excellent example of safety issues is the complete 
overhang structure. Failure of such structures posses a real risk to human 
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life. Inspection of the structure showed that its interface to the main build-
ing was not a continuous joist, but a bolted-on section. The condition of 
the interface could not be ascertained as it was too remote to view without 
the appropriate scaffolding. This sort of interface posses an excellent ap-
plication for LPR Corrosion Sensor sensing technology, where we have a 
safety critical, high value structure that is difficult and expensive to inspect 
and suffering aggressive corrosion. 

 

Figure 3: Safety critical buildings suffer degradation due to corrosion and are neglected 

Metal containers 

On more detailed inspection of Torii Station and the surrounding bases it 
was clear that there are a significant amount of shipping and storage con-
tainers used by the U.S. military on the island. These containers appear to 
be completely overlooked despite the fact that they represent a significant 
capital investment. Inspection of these containers shows some corrosion is 
rife all over the structures. In Figure 4 we see that interfaces between 
doors and locking gear have completely failed. This failure on the door in-
terfaces was common to nearly all the containers inspected. These con-
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tainers are not double skinned; as such, the contents are exposed to the 
elements once the outer skin has failed. 

Container monitoring also offers an excellent opportunity for using LPR 
Corrosion Sensors as generally the structures are not inspected or well 
maintained and failure is an expensive and mission inhibiting event. In the 
case of containers, sensors can be fitted inside the structure along the 
doors and on the roofs. Any failure of the container, e.g., exposure of the 
inside to the elements can be instantly monitored and appropriate warn-
ings generated to protect the contents of the container. This scenario may 
also offer the best ROI as the systems are easily fitted and maintained, 
and, military containers tend to hold high value contents such as ammuni-
tion or weaponry. 

 

Figure 4: The containers tend to corrode at the bottom, on hinges and on their roofs 
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Fire containment water supply pipes (for fuel dumps) 

 

Figure 5: In some cases, the corrosion has been so severe that the pipe has failed 

As the U.S. military presence on the island is that of a forward post there 
are significant fuel supplies on the island. These represent the reserves 
that would be used in any conflict and must be well maintained. All of the 
supplies have a fire suppression system that consists of 6” bore piping pro-
viding water to automatic water jets. An elaborate piping system supplies 
all of these water jets. 

As there is no pre-requisite to define corrosion locations, the only effective 
method of monitoring corrosion on the pipe in all areas is to have a high 
sensor density. Considering that high sensor densities relate to higher 
costs, a detailed ROI calculation has to be performed in order to recom-
mend this application of the LPR Corrosion Sensors.  
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Appendix L: Specifications for LPR Corrosion 
Sensors and Monitor 

Model 1010-150 

Linear Polarization Resistor 

  

Notes:
1/The devices are to be made from 100um thick Aluminium and steel.  Due to the nature of the device knowing the exact 
material properites of ther source 'shim' are essential.
2/Interdigitated dimensions are fixed the outer widths (9.6x20) can be altered to suit process capability.
3/Chemical or mechanical cutting of the fingers is prefered over any system (laser) that produces heat (alters mat'r prop's).

 
 
The Analatom Inc. corrosion sensor is a Linear Polarization Resistor (LPR) 
that works on the same principle as macro LPR systems do. It is a device 
that corrodes at the same rate as the structure on which it is placed. The 
sensor is made up of two micro machined electrodes that are interdigitated 
at 150μm apart. The corrosion reaction – both oxidation and reduction – 
produces a corrosion current that can be pre determined empirically for 
each sensor type, this I/V (Current/Voltage) form is called a Tafel plot. 

The sensor itself is made from shim stock of the same material as the 
structure that is being monitored. The shim is usually 25μm thick (0.001”) 
and is attached to a Kapton backing sheet of similar thickness. This gives 
the sensor a total thickness in the 50μm range, although a thickness of up 
to 200μm is possible if required. The shim is machined (pattered) using a 
photolithography technique, this allows for a varied design layout so that 
sensors can be fitted deep into tight structures such as bridge cables and 
lap joints. 

The sensor can be placed directly on the metal surface of the structure to 
be monitored. Painting and other surface preparations can be performed 
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on top of the sensor with no damage to the sensor or coating. In operation 
the sensors are unobtrusive and require no maintenance or inspection. 
The system that monitors the sensor is low powered and both sensors and 
system are robust. The system is designed to be easily installed and oper-
ated with an indefinite operating life. The autonomous battery powered 
version of the system can run for over a decade without need for replace-
ment. A solar powered unit will also be available. The GUI and user inter-
face all load onto a standard Windows PC and are easy to use and interface 
with other sensors and systems. 

Analatom, Inc. 
www.analatom.com | support@analatom.com 

562 E Weddell Drive Suite 4 ♦ Sunnyvale, CA 94089-2108, USA. 
Tel: **1 (408) 734 9392  Fax: **1 (408) 734 8335 
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Model 5-603 

Corrosion Monitor  

   
Sensors are connected to the Corrosion Monitor, a central data node, that 
processes the sensors output, stores the data and communicates serially 
with a PC. The node is also capable of recording data from most standard 
commercial-off-the-shelf sensors. The corrosion monitor can be battery 
powered and have a typical life of 5 years between battery changes when 
used for corrosion monitoring. Solar and bus powered systems are also 
available. 

The enclosure box is a waterproof gasket, and screws will be outside of 
sealing area, making a reliable waterproof case. 

Analatom, Inc. 
www.analatom.com | support@analatom.com 

562 E Weddell Drive Suite 4 ♦ Sunnyvale, CA 94089-2108, USA. 
Tel: **1 (408) 734 9392  Fax: **1 (408) 734 8335 
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Appendix M: Health and Safety Plan 

Overview 

Industrial injury accidents create a no-win situation for everyone involved. 
Employees experience pain, suffering and incapacitation while the com-
pany suffers from the loss of the injured person's contributions. This 
document provides information and guidance for the establishment and 
maintenance of an accident-free work environment. 

Procedures 

Analatom directive contains guidance for safety procedures to be followed, 
and forms to be used. Supervisors are expected to integrate the procedures 
into the appropriate work activity and employees are expected to apply 
them on the job. The directive sample forms are to be used if they apply to 
the job concerned. 

A copy of the statement will be issued to all supervisory and management 
personnel. A copy of the policy statement will give to each employee. 

Regulations 

A copy of the following documents will be maintained on each job site: 

• Analatom Incorporated Safety Manual  
• OSHA Safety and Health Standards (29 CFR 1926 - Construction and 

29 CFR 1910 – General Industry) 

Safety and health policy 

The purpose of this policy is to develop a high standard of safety through-
out all operations of Analatom Incorporated and to provide guidelines so 
employees are not required to work under conditions that are hazardous 
or unsanitary. 

Employees have the right to derive personal satisfaction from their jobs. 
The prevention of occupational injury or illness is central to this belief that 
it will be given top priority at all times. 
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It is Analatom Incorporated’s goal to initiate and maintain complete acci-
dent prevention and safety training programs. Each individual is responsi-
ble for the safety and health of those persons in their charge and co-
workers around them. By accepting mutual responsibility to operate 
safely, we will all contribute to the well being of personnel. 
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Appendix N: Quality Control Plan 

LPR sensor calibration 

The Gamry 600 EIS Portable was used to enhance the production of the 
sensors. It was used to determine the Tafel Constant of new metals. Upon 
receiving this equipment, it was installed and a quick check out and cali-
bration of the unit was made to make sure it was functioning properly. 
Figure 1 shows the calibration setup. 

 

Figure 1. Gamry Calibration Setup. 

Quality control 

Before assembling the sensors for the experiment a quality control test was 
performed using a QUV Accelerated Weathering Tester chamber shown in 
Figure 2. 

The quality control process is used to weed out malformed and malfunc-
tioning sensors prior to sensor assembly. 
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Figure 2: Sensor Quality Control Test. 

Sensor system production process 

In order to get a good bonding to the sensors, the bonding pad on the sen-
sors was carefully cleaned first. Sand paper was used to slightly abrade the 
surface of the bonding pad to remove the oxide layer to insure a strong and 
reliable bond. Figure 3 shows the process of making the sensors. 

After finishing the wire bonding process, Figure 4, the sensors are ready to 
have a connector, which it connects to the corrosion monitoring unit for 
testing, installed. 
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Figure 3: Attaching Wires to the Sensors. 

 

Figure 4: Sensors Are Ready to Connect to the Corrosion Monitoring Unit. 

Once the sensors are done, the corrosion unit shown in Figure 5, is cali-
brated. This part of the quality control is to make sure everything is func-
tioning properly. The LPR sensors can only be read with the Analatom cor-
rosion monitoring unit. The unit electronics have been very carefully 
designed such that the reading does not destroy the LPR sensor. Appropri-
ate training and processing procedure to ensure accuracy of the collected 
data is needed. 
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Figure 5: Analatom Corrosion Monitoring – Data Gathering Unit 
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Appendix O: Project Management Plan for 
CPC Project FAR-04 
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