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The contents of this report reflect the views of the author or authors who are responsible for 
the facts and the accuracy of the data presented herein.  The contents do not reflect the 
official views of the North Dakota Department of Transportation or the Federal Highway 
Administration.  This report does not constitute a standard, specification, or regulation. 
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Executive Summary 
 

This report summarizes the results of corrosion monitoring activities carried out at three 

bridges on I-29 in Fargo, North Dakota.  The areas being monitored are south bound spans on the 

9th Avenue South Bridge, the Texas Turn Bridge, and the 17th Avenue South Bridge. All three 

bridges are located just north of the point where I-29 intersects I-94.  These bridges are being 

monitored for corrosion of the reinforcing steel, chloride penetration into the concrete, and 

temperature changes in the top five inches of the concrete deck.  The bridge decks were 

constructed in summer of 2002 and this report contains the results of various monitoring 

activities conducted from then until June 2008. 

 A Gecor 6 instrument was used to measure corrosion rate and concrete resistivity four 

times each year.  Stainless steel inserts connected to the rebar were cast into the bridge deck to 

facilitate the Gecor 6 measurements. Temperature was measured on a continuous basis using 

cast-in-place thermocouples.  Chloride was measured by collecting concrete samples from the 

decks at various depths and analyzing for the chloride content. 

The main goal of the monitoring activities was to determine if partial replacement of 

Portland cement with an optimized quantity of locally available fly ash or GGBFS can extend the 

service life of bridge structures.  Some general information about the locations of the bridges and 

the instrumentation is contained in the following table. 
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Locations of Monitoring Instruments on I–29 Bridges in Fargo, North Dakota 
 

Bridge Name Overpass 
Location 

General Location of 
Instruments 

Type of Cement 
Replacement 

Used for Deck 

Bridge Deck 
Construction 

Date 
9th Avenue South 

Overpass 
I–29, 

Southbound 
Reference Point 

064.555 
None 6/27/02 

     
Texas Turn 
Overpass 

I–29, 
Southbound 

Reference Point  
064.129 

Fly Ash 
(38% by wt.) 

8/01/02 

     
17th Avenue South 

Overpass 
I–29, 

Southbound 
Reference Point 

064.788 
GGBFS 

(35% by wt.) 
7/19/02 

 
 

 

The following types of cementitious materials were used for the bridge decks: 

 The portland cement was Lafarge Type I/II, supplied from Exshaw, Alberta Canada.  
  

 The fly ash was Type C from the Coal Creek Station in Underwood, North Dakota. 
 

 The GGBFS was Holcim GranCem 100, from the Skyway Terminal in Chicago, Illinois. 
 

 
The concrete mix design requirements for the three bridge decks are summarized below. 

 
Concrete Mix Design Requirements for the Bridge Decks 

 
 17th Avenue S. Texas Turn 9th Avenue S. 
Cementitious Material (lb./cy) 611 611 611 
Portland Cement  (lb./cy) 397 379 611 
Fly Ash (lb./cy) 0.0 232 0.0 
GGBFS (lb./cy) 214 0.0 0.0 
Coarse Aggregate Size No.3 No.3 No.3 
Max. Water/Cement (gals./sack) 5.41 5.00 5.00 
Max. w/c Ratio 0.480 0.443 0.443 
Air Content (%) 5.0 – 8.0 5.0 – 8.0 5.0 – 8.0 
Max. Slump (inches) 3 3 3 
Design 28-Day Comp. Strength (psi) 4000 4000 4000 
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The results of chloride analyses done on the concrete samples taken from the bridges 

indicated that chloride levels are increasing over time in the top five inches of the decks.   As 

expected, the highest chloride levels were found in the top 0.5 inches.  However there were also 

measurable increases in chloride levels at depths of 3 and 5 inches into the deck.  In general, the 

highest chloride levels were measured for the 9th Avenue Bridge, the next highest chloride levels 

were measured for the 17th Avenue Bridge, and the lowest chloride levels were measured for the 

Texas Turn Bridge.  The Texas Turn Bridge was the only one of the three where the average 

chloride level in the concrete was below 1.0 lb/cu.yd. at a depth of 5 inches in the most recent 

(August 2007) samples. (See Figure 9 on page 35 of this report.) 

Based on the Icorr corrosion rate measurements, it appears that all of the rebar at the 

locations tested on the three bridge decks were in a passive (non-corroding) condition as of July 

2008.  The Icorr measurements are roughly in line with the chloride measurements in terms of 

which bridges exhibited the higher corrosion potential.  The 9th Avenue Bridge generally 

produced the highest Icorr readings and the Texas Turn Bridge produced the lowest readings.  

However, since the differences in the Icorr values measured for the three bridges were not very 

large and all of the decks were in a passive condition, it is difficult to draw any strong 

conclusions from the Icorr data when comparing the relative corrosion rates in the three decks.  

The concrete resistivities measured on the three decks varied widely.  Some of the values 

were in the range from 10 to 50 kΩ cm, which indicates moderate to high corrosion potential 

when the steel is not in a passive condition.  It should be noted however that these resistivity 

measurements do not indicate that the rebar is in danger of corroding, because the corresponding 

Icorr measurements showed that the rebar was in a passive condition.    
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The numbers of freeze/thaw cycles that occurred at various depths in each bridge deck 

were estimated from the temperature data collected.  The data was collected at three locations in 

the far left traffic lane and three locations close to the jersey barrier on each bridge deck.  In 

general, more freeze thaw cycles occurred in the traffic lane as compared to the areas closer to 

the jersey barrier, and more freeze thaw cycles occurred closer to the surface of the concrete 

deck (i.e., 0.5 inches below the surface) as compared to points deeper in the deck (i.e., 3 inches 

and 5 inches below the surface).   The results show that the number of freeze/thaw cycles that 

occurred in the decks varied significantly from year to year.  However, comparing results within 

the same year suggests that there is no clear trend to indicate that any one of the bridges 

consistently experienced more freeze/thaw cycles than the others.  

 One of the key questions that this project sought to answer was whether the addition of 

fly ash or GGBFS to the concrete reduced the rate of intrusion of environmental contaminants 

such as chloride.  Based on some of the results obtained, it appears that the concretes containing 

the mineral admixtures did perform better than the plain concrete.  The chloride data in particular 

indicates that after the first year of the project, the plain concrete consistently contained higher 

chloride levels at 0.5, 3 and 5 inches of depth into the deck.  The Icorr corrosion measurements 

indicated a similar trend, however the differences in the Icorr values were fairly small and the 

values clearly showed that all three decks were in a passive condition at all locations where the 

measurements were collected.  The temperature data collected indicated that all the bridges 

experienced similar numbers of freeze/thaw cycles during the project, so it appears that 

freeze/thaw cycles were not a major variable in terms of the overall performance of the three 

bridge decks. 
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1.0 Introduction  
This report summarizes the results of corrosion monitoring activities carried out at three 

bridges on I-29 in Fargo, North Dakota.  The areas being monitored are south bound spans of the 

9th Avenue South Bridge, the Texas Turn Bridge, and the 17th Avenue South Bridge. All three 

bridges are located just north of the point where I-29 intersects I-94.  These bridges are being 

monitored for corrosion of the reinforcing steel, chloride penetration into the concrete, and 

temperature changes in the top five inches of the concrete deck.  The bridge decks were 

constructed in summer of 2002 and this report contains the results of various monitoring 

activities conducted from then until June 2008. 

 

2.0 Background 
A major cause of deterioration of reinforced-concrete bridges is corrosion of the steel 

reinforcement caused by penetration of moisture and chloride into the concrete matrix.  

Corrosion reduces the cross-sectional area of the steel, which decreases the stiffness and strength 

of the structure.  The rust formed as the steel corrodes can also cause the concrete to crack, due 

to expansive forces inside the concrete.  In many cases, the damaging chloride comes from 

deicing salt used for controlling snow and ice on the bridge deck.  Since use of deicing salts is 

likely to continue, it is important that new bridges be designed to be resistant to chloride-induced 

corrosion.  This can be accomplished by preventing chloride from reaching the surface of the 

reinforcing steel or by making the reinforcing steel resistant to corrosion. 

The NDDOT requires the use of epoxy coated reinforcing steel in bridge decks to help 

prevent corrosion.  Coating the steel with a protective layer is an excellent means of preventing 

corrosion, but it does not prevent the movement of moisture and chloride from the deck surface 
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to the reinforcing steel.  Thus, if and when the protective layer breaks down, the steel may be 

vulnerable to attack. 

To help restrict the movement of moisture and chloride through the concrete, researchers 

must find an acceptable concrete mix design that will lower the permeability of the concrete with 

no loss in strength.  Lowering the permeability of the concrete has several beneficial effects.  

Since chloride usually has to be dissolved in water in order to migrate through the concrete 

matrix, restricting the movement of water will also help to restrict the movement of chloride.  

Moisture penetration is also a major cause of cracking in concrete.  Cracks form when moisture 

in the pores of the concrete freezes and expands.  Thus, by reducing the permeability of the 

concrete, moisture intrusion into the pores is restricted and freeze/thaw cracking is reduced. 

One method of lowering the permeability of concrete is to utilize mineral admixtures 

such as fly ash or ground granulated blast furnace slag (GGBFS) in the concrete mix design.  For 

this research, three highway bridge decks were constructed in Fargo, North Dakota to evaluate 

the use of mineral admixtures for reducing corrosion and other types of deterioration related to 

moisture penetration. One of the decks was made with conventional Portland cement concrete 

(i.e., concrete that did not contain any mineral admixtures), one was made with a modified 

concrete containing GGBFS, and one was made with a modified concrete containing fly ash.  

These bridges were monitored to evaluate corrosion of the reinforcing steel, chloride content in 

the concrete, and freeze/thaw frequency.  To do the monitoring, the decks were constructed with 

instruments embedded in the concrete to measure the temperature and also to determine 

corrosion rates in the reinforcing steel.  Additionally, samples were extracted to determine the 

chloride ion concentration in the concrete deck.  The results of these tests were used to determine 

if the durability of the concrete was enhanced by the addition of the mineral admixtures. 
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2.1  Causes of Corrosion in Concrete 

Corrosion of steel reinforcement (i.e., rebar) in concrete bridges is an electrochemical 

process, similar to what happens in a battery.  Corrosion results from a flow of electrons between 

anodic and cathodic sites on the rebar.  In order for corrosion to proceed, the anode and the 

cathode must be connected by an electron conductor.  The rebar usually serves as the conductor.  

There must also be an electrolyte present and in contact with the rebar to complete the 

electrochemical circuit.  The electrolyte is a medium capable of conducting electric current by 

ionic current flow.  Environmental constituents such as chloride and oxygen can establish a 

suitable electrolyte solution within the concrete matrix when they penetrate the concrete along 

with moisture. (1) 

Reinforcing steel in concrete does not corrode extensively under normal conditions due to 

the formation of a surface film of iron oxide.  The highly alkaline environment (i.e., pH >12) 

normally found within the concrete matrix stabilizes the oxide film on the surface of the rebar 

and tends to prevent further corrosion as long as the alkaline environment exists.  When the 

protective iron oxide film remains intact on the surface of the steel, the rebar is said to be in a 

passive condition.  However, there are two commonly occurring situations that promote the 

corrosion of rebar in concrete.  These are carbonation and chloride contamination. 

 Carbonation is a process by which carbon dioxide from the air moves into the concrete 

matrix and neutralizes the alkalinity.  Carbonation can reduce the pH within the concrete to 8 or 

9.  At this pH, the protective iron oxide film on the rebar is no longer stable.  When the 

1. Article abstracted from Corrosion Protection Association monograph, Primary author: Paul 

Lambert, at www.azom.com/details.asp?articleID=1318 
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protective iron oxide film breaks down, the surface of the steel is exposed to the surrounding 

concrete matrix.  If an adequate supply of oxygen and moisture exist at the exposed surface of 

the rebar, corrosion will occur. Carbonation is usually a slow process that is controlled by the 

rate at which carbon dioxide can penetrate into the concrete.  The rate of carbon dioxide 

penetration is controlled by the porosity and permeability of the concrete. 

Chloride ions also cause corrosion by disrupting the passive iron oxide film on the 

reinforcing steel.  Two major sources of chloride contamination to concrete are from deicing 

salts or from seawater in marine environments.  Other sources include certain concrete 

admixtures, contaminated aggregates, contaminated mixing water, air-born salts, and salts in 

ground water.  The chloride concentration required to initiate corrosion in concrete is relatively 

low.  Field experience and research have shown that on existing structures exposed to chloride 

ions, a threshold concentration of about 0.026% (by weight of concrete) is sufficient to break 

down the passive film and initiate corrosion on the reinforcing steel.  This chloride concentration 

equates to 260 parts per million or about 1.0 lb/ cu.yd. of concrete.(2)  Another reference indicates 

that a chloride content of 1.5 lb/cu.yd. would actively support corrosion.(3)  The porosity and 

permeability of the concrete are important factors relating to the penetration of chloride into the 

concrete. 

 

2.  Steven F. Daily, “Understanding Corrosion and Cathodic Protection of Reinforced Concrete 

Structures,” Corrpro Company, Concrete Services Group, 1055 West Smith Road, Medina, Ohio 

44256. 

 

3. Richard Kessler, SHARP PRODUCT 2001: “Corrosion Rate Based on Polarization 
Resistance,” http://leadstates.tamu.edu/car/shrp_products/2001.stm 
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In summary, the factors that determine the corrosion rate of steel in concrete are, (1) the 

condition of the passive oxide film on the steel; (2) the presence of ionically conducting pore 

water (i.e., an electrolyte) in contact with the steel; (3) the existence of anodic and cathodic sites 

on the steel in contact with the electrolyte; and (4) the availability of oxygen to enable the 

corrosion to proceed.  The permeability of the concrete is also an important factor in determining 

how rapidly external substances can enter the concrete to support the corrosion. 

 2.2 Methods of Monitoring Corrosion in Concrete 

Four methods were used to monitor corrosion in concrete bridge decks for this research. 

These included measurement of steel corrosion rate, concrete resistivity, concrete chloride 

content, and temperature in the concrete.  A Gecor 6 instrument was used to measure corrosion 

rate and concrete resistivity four times each year.  Stainless steel inserts connected to the rebar 

were cast into the bridge deck to facilitate the Gecor 6 measurements. Temperature was 

measured on a continuous basis using cast-in-place thermocouples.  Chloride was measured by 

collecting concrete samples from the decks at various depths and analyzing the chloride content. 

The Gecor 6 instrument measures the corrosion rate in the rebar using the linear 

polarization resistance (LPR) technique.  It has been established with laboratory studies that 

corrosion current is linearly related to polarization resistance.  The LPR measurement is done 

with a central reference electrode, surrounded by an external counter electrode.  A guard ring and 

external electrode system confines the area of the rebar tested. (4) 

4.  “Rebar Corrosion and Its Effects,” NDT James Instruments Inc., at www.ndtjames.com. 

 

 

 



6 
 

The Gecor 6 gives the corrosion rate (Icorr), which is a quantitative measurement of the 

amount of steel turning into oxide at the time of the measurement.  Icorr is defined by the 

following equation: 

Icorr     =   B/Rp 

Where:  Rp is the polarization resistance.   Rp is defined as the change in potential, 

as measured by Gecor 6, divided by the applied current.  And B is a constant 

equal to 26 mV. 

In general, the higher the measured Icorr values, the higher the corrosion rate.  Gecor 6 

measurements should be taken at strategic locations.  Corrosion rates will vary depending on 

conditions such as concrete moisture content, chloride concentration, and temperature.  Thus 

measurements should be carried out over time in order to obtain average Icorr values. 

Since corrosion is an electrochemical process, an ionic current must flow through the 

concrete for corrosion of the rebar to occur.  The electrical resistivity of the concrete affects the 

ionic flow and the rate at which corrosion can occur.  In general, a high concrete resistivity 

restricts the current flow.  Conversely, a low concrete resistivity can cause an increased corrosion 

rate when steel rebar is not in a passive condition.  Concrete resistivity is related to the moisture 

content, pore structure, and composition of the concrete.    

Concrete resistivity is also measured with the Gecor 6.  Concrete resistivity is defined 

with the following formula: 

Resistivity = 2 x R x D 

Where:  R is the electrical resistance of a pulse between the counter-electrode and 

the rebar network.  And D is the diameter of the counter-electrode. 
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Temperature has competing effects on corrosion rate.  Oxidation of steel increases as the 

amount of available heat energy increases.  In this respect, increased temperature tends to 

increase corrosion rate.  However, relative humidity also tends to decrease with increasing 

temperature.  Thus increased temperature can tend to decrease corrosion rate, since relative 

humidity influences the amount of moisture present in the concrete pores to sustain the corrosion 

reaction.  Air temperature and relative humidity were both measured with the Gecor 6 when 

corrosion rate measurements were being taken. 

Measuring the chloride ion content in the concrete is important because it indicates the 

ionic strength of the electrolyte provided by the pore water.  Samples of powdered concrete were 

collected at various locations and depths on the bridge decks.  The samples were obtained by 

drilling into the concrete and collecting the drill dust.  Most of the samples were analyzed by the 

NDDOT for chloride ion content using the procedures contained in AASHTO T 260-97 

(Procedure A Chloride content). 

Evaluating the physical condition of the concrete is also an important activity for 

monitoring corrosion potential.  The presence of cracks in the bridge deck may create routes for 

rapid entry of moisture, chloride, and oxygen; which promote the corrosion reactions.   Since 

temperature change and associated freeze/thaw activity is a major cause of crack formation in 

concrete, the temperature in the top five inches of the bridge decks was continuously measured to 

estimate the numbers of freeze/thaw cycles occurring.  In addition, visual examination of the 

concrete was done to detect the presence of cracks on the surface of the decks. 
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3.0 Experimental Procedures 

3.1 Bridge Deck Construction 

During the summer of 2002, instruments were placed in the decks of three bridges being 

constructed on southbound I-29 in Fargo, North Dakota.  The instruments were used to monitor 

corrosion rates in the reinforcing steel and temperature changes in the concrete bridge decks.  

The goal of the monitoring activities was to determine if partial replacement of Portland cement 

with an optimized quantity of locally available fly ash or GGBFS can extend the service life of 

bridge structures.  Some general information about the locations of the bridges and the 

instrumentation is contained in Table 1.  

  
Table 1:   Locations of Monitoring Instruments on I–29 Bridges in Fargo, North Dakota 

 
Bridge Name Overpass 

Location 
General Location of 

Instruments 
Type of Cement 

Replacement 
Used for Deck 

Bridge Deck 
Construction 

Date 
9th Avenue South 

Overpass 
I–29, 

Southbound 
Reference Point 

064.555 
None 6/27/02 

     
Texas Turn 
Overpass 

I–29, 
Southbound 

Reference Point  
064.129 

Fly Ash 
(38% by wt.) 

8/01/02 

     
17th Avenue South 

Overpass 
I–29, 

Southbound 
Reference Point 

064.788 
GGBFS 

(35% by wt.) 
7/19/02 

 
 

The following types of cementitious materials were used for the bridge decks: 

 The portland cement was Lafarge Type I/II, supplied from Exshaw, Alberta Canada.  
  

 The fly ash was Type C from the Coal Creek Station in Underwood, North Dakota. 
 

 The GGBFS was Holcim GranCem 100, from the Skyway Terminal in Chicago, Illinois. 
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The concrete mix design requirements for the three bridge decks are summarized in Table 2. 

 
 

Table 2:  Concrete Mix Design Requirements for the Bridge Decks 
 
 17th Avenue S. Texas Turn 9th Avenue S. 
Cementitious Material (lb./cy) 611 611 611 
Portland Cement  (lb./cy) 397 379 611 
Fly Ash (lb./cy) 0.0 232 0.0 
GGBFS (lb./cy) 214 0.0 0.0 
Coarse Aggregate Size No.3 No.3 No.3 
Max. Water/Cement (gals./sack) 5.41 5.00 5.00 
Max. w/c Ratio 0.480 0.443 0.443 
Air Content (%) 5.0 – 8.0 5.0 – 8.0 5.0 – 8.0 
Max. Slump (inches) 3 3 3 
Design 28-Day Comp. Strength (psi) 4000 4000 4000 
 

 
 

3.2 Bridge Deck Instrumentation 

To allow the use of the Gecor 6 corrosion field test instrument, electrical contacts were 

attached directly to the rebar close to the points where the corrosion rate measurements were to 

be taken.  To monitor the bridges, fifteen contacts were attached to each bridge at approximately 

equidistant intervals along the east edge of the deck.  Each contact consisted of a stainless steel 

rod attached to a small square stainless steel plate.  The rod was attached directly to the rebar and 

the plate was set level with the deck surface so that it could be accessed for the Gecor 6.  When 

the contact was attached to the rebar, a clamp was used to penetrate the epoxy coating and make 

electrical contact with the steel reinforcing bar.   A picture of a contact attached to the deck rebar 

is shown in Figure 1. 
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Figure 1:  Stainless Steel Contact Attached to Bridge Deck Rebar 

 

 
When a Gecor 6 corrosion measurement was taken on a bridge, an electrical lead from 

the Gecor 6 was attached to the contact plate on the bridge deck and another probe was placed on 

the concrete over the rebar connected to the contact.  All of the contacts were connected to rebar 

that run transverse to the length of the deck.  To take a measurement, the Gecor 6 probe was 

placed at least four inches away from the contact plate on a line with the plate and perpendicular 

to the jersey barrier.  The probe was placed on the side of the plate away from the jersey barrier.  

When a measurement was taken with the Gecor 6, the diameter of the rebar was used for the 

corrosion rate calculation.  The following rebar diameters were used for the corrosion 

calculations: 

 9th Ave. South – 5/8 inch diameter rebar 

 Texas Turn – 3/4 inch diameter rebar 

 17th Ave. South – 5/8 inch diameter rebar 
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Temperature monitoring equipment was installed in the bridge decks to record changes in 

concrete temperature over time.  Six sets of thermocouples were installed at various points on 

each of the three bridge decks.  Two sets of thermocouples were installed over the abutment at 

the north end of the deck; one set was in the shoulder of the deck close to the jersey barrier and 

the other set was in the east lane approximately 22 feet from the jersey barrier.  Two sets of 

thermocouples were installed at the midpoint of the span length, and two sets at the south end of 

the span over the north pier.  The general locations of the thermocouples on each deck are shown 

in Figure 2.  (See Table 14 on page 38 for the exact locations of the thermocouples.)  Each set 

consisted of three thermocouples placed at depths of 0.5 inch, 3 inches, and 5 inches below the 

surface of the concrete.  Two redundant thermocouples were installed at each depth in case one 

was damaged during construction.  A picture of the thermocouple arrangement is shown in 

Figure 3. 

Each Teflon-insulated thermocouple is attached to a wire that runs through a conduit to a 

data collection apparatus located below the bridge deck.  The data logger is an Omega OM-320 

microprocessor equipped with an Omega OM-320-HLIM-1 analog interface module.  The data 

logger is capable of storing > 32,000 data points.  Each data logger is housed in a steel box 

attached to a bridge pier, and a 100-watt heater is installed in the storage box to protect the 

equipment from cold temperatures.  The temperature collecting equipment is still in place and 

operating at the bridges.  Each of the units probably has enough memory left to continue 

collecting data until fall of 2008. 
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Figure 2:  General Location of Thermocouples on Bridge Deck 
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Figure 3:  Arrangement of Redundant Thermocouples 
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The data collection systems are programmed to take temperature readings in degrees 

Fahrenheit from the eighteen points where thermocouples are inserted in each bridge deck.  To 

maximize use of the computer memory in the data loggers, they have been programmed to 

collect more data as the temperature approaches freezing and as the rate of change of 

temperature increases.  When the temperature is well above freezing, data is collected every half 

hour from three thermocouples located at a single collection point at midspan in the traffic lane.  

For the rest of the thermocouples, when the temperature drops to within about five degrees of 

freezing the data loggers begin to collect data.  If the temperature is close to freezing and the rate 

of temperature change is high, the data logger can collect temperature readings as often as one 

per minute. 
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4.0 Results and Discussion 

4.1 Corrosion Rate Data 

Icorr data obtained with the Gecor 6 meter are a quantitative measure of the amount of 

steel turning into oxide at the time of measurement. The following broad criteria have been 

established to interpret corrosion information provided by the Gecor 6:(4) 

Icorr less than 0.2 µA/cm2                  Passive condition 

Icorr between 0.2 and 0.5 µA/cm2     Low corrosion rate 

Icorr between 0.5 and 1.0 µA/cm2      Moderate corrosion rate 

Icorr greater than 1.0 µA/cm2             High corrosion rate 

The average Icorr measurements taken on the bridge decks over the past five years are 

listed in Tables 3, 4 and 5.  Measurements were taken at fifteen approximately equal spaced 

locations on each bridge deck.  The locations are numbered 1 through 15, with 1 situated at the 

north end of the deck and the increasing numbers extending sequentially along the span to the 

north pier.  The locations where the measurements were taken are close to the jersey barrier on 

the east side of the deck.  The sampling plan specified that four Icorr measurements be taken at 

each location between August and June each year.  The values in Tables 3, 4 and 5 are annual 

averages of measurements taken at the bridges over the past five years.  A complete list of the 

Icorr data collected over the past five years is contained in Appendix A.  Air temperature and 

relative humidity were also recorded on the bridges when the Icorr measurements were taken.  

The temperature and humidity data corresponding to the various sampling dates are also listed in 

Appendix A.    

 All of the Icorr values in Tables 3, 4, and 5 are below 0.2 µA/cm2.  These results indicate 

that the rebar at all measurement locations are in a passive (i.e., non-corroding) state.  This is 
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reasonable because the decks were only constructed about five years ago and the rebar has an 

epoxy coating to protect it from corrosion.  

The overall corrosion rates for the rebar in the bridge decks were estimated by averaging 

the Icorr values collected from all locations on the deck for each sampling date.  The overall 

corrosion rates are listed in Table 6 and the values are plotted in Figure 4.  The trend lines on 

Figure 4 were generated by linear regression on the overall data from each bridge.  These lines 

indicate how corrosion is progressing with time.  The trend lines suggest that the corrosion rate is 

slowly increasing with time.  This is expected because environmental factors which support 

corrosion such as moisture, oxygen, and chloride, tend to diffuse deeper into the concrete over 

time.  The general pattern with respect to corrosion rates appears to be that the rate is highest in 

the 9th Ave. Bridge, next highest the 17 Ave. Bridge, and lowest in the Texas Turn Bridge. 

Even though the trend lines in Figure 4 indicate a gradual increase in Icorr values over 

the five years of the project, some of the highest average values occurred in years three and four.  

A possible reason for this is that Icorr measurements are influenced by several factors.  The most 

important of these is probably the moisture content of the concrete.   Icorr measurements were 

taken on several occasions after it had rained the night before and it appeared that, at least close 

to the surface, the concrete had relatively high moisture content.  Care was taken not to take 

measurements when the surface was actually wet, but the moisture below the surface could have 

influenced the Icorr measurements. The relative humidities recorded in Appendix A give some 

indication of the moisture conditions when the measurements were taken. 

________________________________________________________________________________________________________________ 

5 . Protection of Metals in Concrete Against Corrosion, reported by ACI Committee 222, ACI 

222R-01, American Concrete Institute, P.O. Box 9094, Farmington Hills, Michigan 48333-9094, 

2001. 
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Table 3:  9th Avenue Bridge – Annual (July through June) Icorr Corrosion Rates 
(Values Averaged for Various Measurement Locations on the Bridge Deck) 
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Table 4:  Texas Turn Bridge – Annual (July through June) Icorr Corrosion Rates 
(Values Averaged for Various Measurement Locations on the Bridge Deck) 
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Table 5:   17th Avenue Bridge – Annual (July through June) Icorr Corrosion Rates 
(Values Averaged for Various Measurement Locations on the Bridge Deck) 
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Table 6:   Overall Icorr Values Measured on Various Sampling Dates from August 2003 to 

July 2008 (Values Averaged for All Measurement Locations on Bridge) 
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Figure 4:  Overall Icorr Values Measured on the Bridges with Linear Regression Lines (Values 
Averaged for All Measurement Locations on Bridge) 
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An Icorr value can be converted to a rate of metal thickness loss using Faraday’s law 

M = ItAw/nF 

where:  M = mass of metal dissolved or converted to oxide (grams) 
I = current (Amps) 
t = time (seconds) 
Aw  = atomic weight 
n = valency 
F = Faraday’s constant (96,500 coulombs/equivalent mass) 
 

For iron in reinforcing steel, a factor of 0.492 can be used to convert Icorr values to thickness 

loss in units of mils/yr.(5)  Rates of steel loss for the rebar were calculated based on overall Icorr 

values averaged over each year of the project.   These values are compared in Figure 5. 

 
 

Figure 5:  Estimated Rate of Steel Loss from Rebar in the Bridge Decks 
 (Based on Icorr Measurements Averaged for Each Year of the Project) 
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4.2 Concrete Resistivity Data 

 
Concrete resistivity measurements were also taken using the Gecor 6 instrument.  The 

following broad criteria have been established to interpret resistivity information provided by the 

Gecor 6:(3) 

Resistivity greater than 100 kΩ cm         Very low corrosion rate even with high 
                                     chloride concentration or carbonation  

 
Resistivity between 50 and 100 kΩ cm            Low corrosion rate 

Resistivity between 10 and 50 kΩ cm              Moderate to high corrosion rate  
             when steel is not in passive condition  

 

Resistivity less than 10 kΩ cm                     Resistivity is not the controlling parameter 
       of the corrosion process 
 

The average annual concrete resistivity measurements taken on the bridge decks over the 

past five years are listed in Tables 7, 8 and 9.  Resistivity measurements were taken at the same 

locations and the same times as the Icorr measurements discussed in Section 4.1.  A complete set 

of the concrete resistivity data collected in the past five years is contained in Appendix A. 

It can be seen From Tables 7, 8 and 9 that the concrete resistivities measured on the three 

decks varied widely.  Some of the values were in the range from 10 to 50 kΩ cm, which indicates 

moderate to high corrosion rate when the steel is not in a passive condition.  Note however that 

these resistivity measurements do not actually indicate a high corrosion rate because the 

corresponding Icorr measurements showed that all the rebar tested were in a passive condition.    
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Table 7:  9th Avenue Bridge – Annual (July to June) Concrete Resistivity 

(Values Averaged for Various Measurement Locations on the Bridge Deck) 
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Table 8:  Texas Turn Bridge – Annual (July to June)) Concrete Resistivity 
(Values Averaged for Various Measuring Locations on the Bridge Deck) 
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Table 9:  17th Avenue Bridge – Annual (July to June) Concrete Resistivity 
(Values Averaged for Various Measurement Locations on the Bridge Deck) 
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4.3 Concrete Chloride Content 

Concrete samples were collected once per year from each bridge deck for chloride 

testing.  The samples were obtained by drilling into the concrete decks and collecting drill dust at 

depths of approximately 0.25 to 0.75 inches, 2.5 to 3.0 inches, and 4.5 to 5.0 inches.  Three 

samples (one at each depth) were collected at six different locations on each deck.  

Levels of chloride required to initiate corrosion in rebar are reported to be very low.  

Reference 2 states that field experience and research have shown that on existing structures 

subjected to chloride, a threshold concentration of about 0.026% (by weight of concrete) is 

sufficient to break down the passive film and subject the steel rebar to corrosion.(2)  This 

threshold chloride concentration equates to about 1.0 lb/cu.yd. of concrete.  Another reference 

indicates that a chloride content of 1.5 lb/cu.yd. would actively support corrosion. (3)  

  The results of all the chloride analyses performed on concrete samples obtained from 

the three bridge decks are listed in Tables 10, 11 and 12.  Averaged annual chloride 

concentrations of samples from the three bridge decks obtained between August 2002 and 

August 2007 are listed in Table 13.  The values in Table 13 are averages of results from chloride 

analyses performed on the sample sets collected each year at the various depths below the deck 

surface.  The results contained in Table 13 are plotted in Figures 6, 7 and 8.  Looking at the 

figures, it appears that the chloride levels in samples taken at all depths are increasing over time.  

This is expected since chlorides are applied to the bridges each winter for deicing. 

The average chloride concentrations measured in the most recently collected concrete samples 

(August of 2007) are shown in Figure 9.  Clearly, the highest average chloride levels were 

measured for the 9th Avenue Bridge.  
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Table 10:  Texas Turn Bridge Deck – Measured Chloride Content   
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Table 11:  17th Avenue Bridge Deck - Measured Chloride Content  
 
 

 
*ND – No Data
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Table 12:   9th Avenue Bridge Deck – Measured Chloride Content 
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Table 13:  Average Chloride Concentrations of Samples Collected from the Three Bridge Decks 

Each Project Year from October 2002 to August 2007 
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Figure 6:  Average Chloride Content at Various Depths in the 9th Avenue Bridge Deck 
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Figure 7:  Average Chloride Content at Various Depths in the Texas Turn Bridge Deck 
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Figure 8:  Average Chloride Content at Various Depths in the 17th Avenue Bridge Deck 
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Figure 9:  Comparison of Average Chloride Levels Measured at Three Depths in the Bridge 
Decks in August 2007 
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4.4 Temperature Data 

Collection of temperature data from thermocouples cast in the three bridge decks was 

started during the summer of 2002.  The major reason for collecting temperature data is to 

determine how many freeze/thaw cycles the concrete is subjected to over time.  Repeated 

freezing and thawing is a concern because it can cause cracks to form in the concrete.  Cracking 

can accelerate corrosion of the steel rebar if it permits entry of moisture, air, and chloride into the 

concrete matrix. 

Six sets of thermocouples were installed at various points on each of the three bridge 

decks.  Two sets of thermocouples were installed over the abutment at the north end of the deck; 

one set was close to the jersey barrier and the other set was in the left lane approximately 22 feet 

from the east barrier.  Two sets were installed at the midpoint of the span length, and two sets 

over the north pier.  The general locations of the thermocouples on the deck are shown in Figure 

10 and the exact locations are listed in Table 14.   Referring to Figure 10, the positions of 

thermocouples A1, A4, B1, B4, C1, and C4 are indicated.  These six thermocouples are 

positioned 0.5 inch below the surface of the concrete deck.  Thermocouples A2 and A3 are 

positioned directly below A1, 3 inches and 5 inches below the surface respectively.  

Thermocouples A5 and A6 are positioned below A4, 3 inches and 5 inches below the surface 

respectively.  Similar designation were used for the thermocouple sets designated B and C.  

 The thermocouples are connected to data loggers, which store the temperature data until 

it is downloaded to a portable computer.  In order to conserve storage memory, the data loggers 

are programmed to collect more data when the temperature is close to freezing.  The number of 

freeze/thaw cycles recorded with the thermocouples is determined by reading through the data 

files and counting the number of times the temperature went below 32o F and then rose above 
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32o F.   The complete temperature data files downloaded from the data loggers are contained on a 

CD included with this report. 

 

 

 

Figure 10:  Thermocouple Designations on Bridge Deck 
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Table 14:  Exact Locations of Thermocouples on Bridge Decks 
 

 
Bridge Thermocouple 

Designation 
Distance from 
North Edge of 

Deck 

Distance from 
East Edge of Deck 

9th Avenue A 1 to 3 8 ½” 14’–1½” 
 A 4 to 6 9 ½” 1’–10” 
 B 1 to 3 26’–7” 14’–0” 
 B 4 to 6 26’–¼” 1’–10½” 
 C 1 to 3 51’–6” 14’–4” 
 C 4 to 6 51’–0” 2’–0” 
    
Texas Turn A 1 to 3 1’–11” 14’–4” 
 A 4 to 6 1’–1” 1’–8” 
 B 1 to 3 23’–2” 14’–2” 
 B 4 to 6 23’–0” 1’–8” 
 C 1 to 3 50’–6” 14’–4” 
 C 4 to 6 50’–2” 1’–9” 
    
17th Avenue A 1 to 3 1’–4” 14’–4” 
 A 4 to 6  1’–3½” 1’–9” 
 B 1 to 3 25’–1½” 14’–3” 
 B 4 to 6 25’–8½” 1’–9” 
 C 1 to 3 50’–1½” 14’–4” 
 C 4 to 6 49’–8½” 1’–9½” 
 
 

   

 
The number of freeze/thaw cycles observed for the three bridge decks are listed in Tables 

15, 16 and 17.  The maximum and minimum concrete temperatures recorded for each deck at 

probes B1, B2, and B3 are listed in Table 18.  These particular probes are located at depths of 0.5 

inches, 3 inches, and 5 inches below the surface of the deck at approximately midspan in the left 

lane of each bridge.  Temperature ranges are reported for these particular probes because they are 

the only ones that continuously record data.
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Table 15:  Number of Freeze/Thaw Cycles That Occurred at Different Depths in the 9th Avenue 
Deck 
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Table 16:  Number of Freeze/Thaw Cycles That Occurred at Different Depths in the Texas Turn 
Bridge Deck 
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Table 17:  Number of Freeze/Thaw Cycles That Occurred at Different Depths in the 17th Avenue 
Deck 
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Table 18:  Maximum and Minimum Temperatures Recorded for the Bridge Decks 
 

 

Bridge 
Probe B1– Max/Min 

Temperature  (0F) 

Probe B2– Max/Min 

Temperature (0 F) 

Probe B3– Max/Min 

Temperature (0F) 

9th Avenue 

July 2003 to June 2004 
118.7/-18.2 108.5/-16.0 101.2/-14.7 

9th Avenue 

July 2004 to June 2005 
119.4/-14.0 110.5/-11.2 105.7/-9.5 

9th Avenue 

July 2005 to June 2006 
121.6/-12.3 112.8/-9.7 107.8/-8.8 

9th Avenue 

July 2006 to June 2007 
127.2/-13.0 115.2/-10.8 107.5/-9.5 

9th Avenue 

July 2007 to June 2008 
124.7/-16.4 115.4/-14.4 110.8/-13.3 

    

Texas Turn 

July 2003 to June 2004 
115.6/-15.7 106.9/-13.4 103.2/-11.6 

Texas Turn 

July 2004 to June 2005 
116.6/-9.7 107.5/-5.8 103.4/-2.9 

Texas Turn 

July 2005 to June 2006 
118.1/-9.1 108.2/-6.0 103.5/-4.0 

Texas Turn 

July 2006 to June 2007 
125.0/-10.1 111.0/-7.6 103.0/-5.4 

Texas Turn 

July 2007 to June 2008 
121.7/-10.8 111.5/-7.9 106.6/-5.8 

    

17th Avenue 

July 2003 to June 2004 
111.7/-16.5 105.6/-14.6 103.7/-12.7 

17th Avenue 

July 2004 to June 2005 
113.3/-12.9 106.4/-10.8 103.2/-8.9 

17th Avenue 

July 2005 to June 2006 
113.8/-10.2 107.2/-8.1 103.8/-6.4 

17th Avenue 

July 2006 to June 2007 
122.0/-11.0 111.4/-9.1 106.5/-7.2 

17th Avenue 

July 2007 to June 2008 
119.4/-14.1 111.4/-12.4 108.3/-10.3 
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The average numbers of freeze/thaw cycles that occurred at each bridge deck are plotted 

in Figures 11 through 16.  The numbers are averaged separately for the probes located in the left-

most traffic lane and the probes located close to the left jersey barrier.  Each plot compares 

freeze/thaw numbers for the three decks at a specific depth and location.  The figures show that 

the number of freeze/thaw cycles that occurred varied significantly from year to year.  However 

looking at all of the figures, there does not appear to be a clear trend to suggest that any one 

bridge experienced significantly more cycles than the others. 

 
 
 
 
 

Figure 11:  Average Number of Freeze/Thaw Cycles in the Bridge Decks (Samples Collected in 
the Wheel Track of the Far Left Lane at a Depth of 0.5 Inches) 
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Figure 12:  Average Number of Freeze/Thaw Cycles in the Bridge Decks (Samples Collected in 
the Wheel Track of the Far Left Lane at a Depth of 3 Inches) 
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Figure 13:  Average Number of Freeze/Thaw Cycles in the Bridge Decks (Samples Collected in 
the Wheel Track of the Far Left Lane at a Depth of 5 Inches) 
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Figure 14:  Average Number of Freeze/Thaw Cycles in the Bridge Decks (Samples Collected 
Close to the Left Jersey Barrier at a Depth of 0.5 Inches) 
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Figure 15:  Average Number of Freeze/Thaw Cycles in the Bridge Decks (Samples Were 
Collected Close to the Left Jersey Barrier at a Depth of 3 Inches) 

 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

48 
 

Figure 16:  Average Number of Freeze/Thaw Cycles in the Bridge Decks (Samples Were 
Collected Close to the Left Jersey Barrier at a Depth of 5 Inches) 

 
 

 
 
  

On some occasions in the first few years of the project, the storage space of data loggers 

filled up before the data was downloaded.  When this happened, some temperature data was lost 

and had to be estimated from daily temperature data available for the NOAA National Climate 

Data Center.  This temperature data was for Hector International Airport located a few miles 

from the project site.  
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5.0 Visual Observations on the Bridges 
 
 Each summer a visual examination of the bridge decks was made to note any obvious 

deterioration that may have occurred during the previous year.  The observations were made on 

each deck at the span where the corrosion measurement contacts were placed.  

After the first year of the project, several hair line cracks were observed in each of the 

bridge decks.  In fact, the North Dakota DOT indicated that these cracks were present soon after 

the jersey barrier was constructed. These cracks tended to radiate out from the jersey barrier into 

the left traffic lane. All of the bridge decks had cracks typically spaced 5 to 10 feet apart.  None 

of the bridges had any cracks that appeared to represent any significant structural damage.  Over 

the course of the five year project, the number of cracks on each bridge did not appear to 

increase nor did they expand in length or width.  In general, cracking did not seem to be a serious 

problem on any of the bridges. 

 
 
6.0 Summary and Conclusions 

This report summarizes the results of corrosion monitoring activities carried out at three 

bridges on I-29 in Fargo, North Dakota between 2002 and 2008.   The deck sections being 

monitored were constructed in the summer of 2002 on the south bound 9th Avenue South Bridge, 

the south bound Texas Turn Bridge, and the south bound 17th Avenue South Bridge.   

Two of the bridges used mineral admixtures for reducing corrosion and other types of 

deterioration related to moisture penetration. The 9th Avenue bridge was made with conventional 

Portland cement concrete (i.e., concrete that did not contain any mineral admixtures), the Texas 

Turn Bridge was made with a modified concrete containing fly ash, and the 17th Avenue Bridge  

was made with a modified concrete containing GGBFS.  These bridges were monitored to 
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evaluate corrosion of the reinforcing steel, chloride content in the concrete, and freeze/thaw 

frequency.  For the monitoring, the decks were constructed with thermocouples embedded in the 

concrete to measure the temperature and also to determine corrosion rates in the reinforcing 

steel.  Additionally, concrete samples were extracted to determine the chloride ion concentration 

in the deck.  The main purpose of the monitoring activities was to determine whether the 

durability of the concrete was enhanced by the addition of the mineral admixtures. 

Based on the Icorr corrosion rate measurements, it appears that all of the rebar at the 

locations tested on the three bridge decks were in a passive (non-corroding) condition as of July 

2008.  The Icorr measurements are roughly in line with the chloride measurements in terms 

which bridges exhibited the highest corrosion potential.  The 9th Avenue Bridge generally 

produced the highest Icorr readings and the Texas Turn Bridge produced the lowest readings.  

However since the differences in the Icorr values measured for the three bridges were relatively 

small and all of the decks were in a passive condition, it is difficult to draw any strong 

conclusions from the Icorr data when comparing the relative corrosion rates in the three decks.  

The concrete resistivities measured on the three decks varied widely.  Some of the values 

were in the range from 10 to 50 kΩ cm, which indicates moderate to high corrosion potential 

when the steel is not in a passive condition.  It should be noted however that these resistivity 

measurements do not indicate that the rebar is in danger of corroding, because the corresponding 

Icorr measurements showed that the rebar were in a passive condition.    

The results of the chloride analyses done on concrete samples taken from the bridges 

indicated that chloride levels are increasing over time in the top five inches of the decks.   As 

expected, the highest chloride levels were found in the top 0.5 inches.  However there were also 

measurable increases in chloride levels at depths of 3 and 5 inches into the deck.  In general, the 
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highest chloride levels were measured for the 9th Avenue Bridge, the next highest chloride levels 

were measured for the 17th Avenue Bridge, and the lowest chloride levels were measured for the 

Texas Turn Bridge.  The Texas Turn Bridge was the only one of the three where the average 

chloride level in the concrete was below 1.0 lb/cu.yd. at a depth of 5 inches in the most recent 

(August 2007) samples.   

The numbers of freeze/thaw cycles that occurred at various depths in each bridge deck 

were estimated from the temperature data collected.  The data was collected at three locations in 

the far left traffic lane and three locations close to the jersey barrier on each bridge deck.  In 

general, more freeze thaw cycles occurred in the traffic lane as compared to the areas closer to 

the jersey barrier, and more freeze thaw cycles occurred closer to the surface of the concrete 

deck (i.e., 0.5 inches below the surface) as compared to points deeper in the deck (i.e., 3 inches 

and 5 inches below the surface).   The results show that the number of freeze/thaw cycles that 

occurred in the decks varied significantly from year to year.  However, comparing results within 

the same year suggests that there is no clear trend to indicate that any one of the bridges 

consistently experienced more freeze/thaw cycles than the others.  

 One of the key questions that this project sought to answer was whether the addition of 

fly ash or GGBFS to the concrete reduced the rate of intrusion of environmental contaminants 

such as chloride.  Based on some of the results obtained, it appears that the concrete that 

contained the mineral admixtures did perform better than the plain concrete.  The chloride data in 

particular indicates that after the first year of the project, the plain concrete consistently 

contained the highest chloride levels at 0.5, 3 and 5 inches of depth into the deck.  The Icorr 

corrosion measurements indicated a similar trend, however the differences in the Icorr values 

were fairly small and the values clearly showed that all three decks were in a passive condition at 
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all locations where the measurements were collected.  The temperature data collected indicated 

that all the bridges experienced similar numbers of freeze/thaw cycles during the project, so it 

can be concluded that freeze/thaw effects were not a major variable in terms of the overall 

performance of the three bridge decks. 
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Appendix A – Summary of Icorr, Concrete Resistivity, and Temp./Humidity 

Test Results 
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Appendix B – Lab Results for Chloride Samples  
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Chloride Sample Locations and Corresponding Designations for the Minnesota Valley Testing 
Laboratories Reports 
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