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1.0 INTRODUCTION 

1.1 POJECT BACKGROUND 

Corrosion of the steel in reinforced concrete bridge decks is an important issue for structures that 
are exposed to chloride-containing de-icing chemicals or marine salts.  Once the amount of 
chloride at the steel reinforcement reaches a critical level, corrosion is likely to initiate.  Oregon 
Department of Transportation (ODOT) has a large number of bridges that are vulnerable to this 
form of deterioration.  An obvious indicator of a corrosion problem is visible damage; 
unfortunately, if corrosion damage is visible, the window for preventive action is likely closed.  
Pre-emptive actions that prevent corrosion initiation and early detection of possible deterioration 
are more cost effective than repair or replacement of bridge decks that have already experienced 
corrosion. 

ODOT uses chloride depth profiling on occasion to provide quantitative insight into the 
corrosion risk of bridge elements, but the method is time consuming and relatively expensive.  It 
is also not practical for routine monitoring of bridge decks with current limited ODOT resources.  
Other measurement technologies are at various stages of maturity and are likely to be useful 
either by themselves or when used in combination.  Whatever measures are used, the values need 
to be turned into predictions regarding time to corrosion damage and when pre-emptive actions 
should be applied.  Much valuable research is already available on detection technologies and 
models to predict corrosion. 

Every year, ODOT treats the riding surface of select bridge decks with sealers, coatings, and thin 
overlays to protect the decks from deicing chemicals.  Currently, the mitigation actions are 
selected based on the judgment of field personnel, occasionally with additional data from 
chloride profiles.  There is no routine methodology in place to select decks based on quantitative 
measurements coupled with time-to-damage predictions. 

In recent years, electrical-based methods of concrete, such as electrical resistivity measurements, 
have emerged as durability-related quantitative performance indicators.  For example, several 
investigations have shown the existence of relationships between electrical resistivity and other 
durability-related parameters such as corrosion rate of steel reinforcement and transport 
properties of concrete.  Alonso et al. (Alonso et al. 1988), Lopez and Gonzalez (Lopez and 
Gonzalez 1993) and Gowers and Millard (Gowers and Millard 1999) reported that concrete 
resistivity and corrosion rate are inversely proportional over a wide range of concrete resistivity 
values.  The literature also shows that concrete resistivity is strongly affected by the concrete 
characteristics, the degree of concrete pore saturation, and the chloride concentration (Hussain et 
al. 1995, Song and Saraswathy 2007).  Low resistivity values are associated with high water-to-
cement ratio (w/c or w/cm) and/or high moisture contents (Neville 1996; Morris et al. 2004).  

Lately, surface resistivity (SR) measurements of concrete cores have been replacing the widely 
used Rapid Chloride Permeability Test (RCPT) because both tests provide a measure of 
resistance of concrete to ionic movement under an applied electrical potential difference.  In 
most cases, RCPT and SR measurements have nearly perfect correlation (Hooton et al. 2012); 



 

2 

while RCPT takes many hours to complete, SR measurements can be taken in seconds.  Several 
researchers have also shown in studies on cores extracted from concrete structures and 
laboratory-produced cylinders that SR measurements are also strongly correlated well with water 
permeability (Kessler et al. 2005) and bulk chloride diffusion coefficient (Hamilton et al. 2007, 
Sengul and Gjorv 2008) of concrete.   

All these developments have led to increased efforts to standardize SR measurement procedures 
(AASHTO TP 095-11UL 2011, CAN/CSA A23.2 2009, ASTM WK37880 2014).  A number of 
jurisdictions even started requiring resistivity measurements as part of ongoing construction and 
maintenance procedures (FDOT FM 5-578 2004; MTO LS-444 2013).  Consequently, a number 
of companies producing SR measurement devices have been increasing, while the cost of units 
for SR measurements has been declining.  The current cost of a typical SR probe ranges from 
$3,000 to $5,000.   

Resistivity of concrete can be measured in a number of ways; however, the four-point Wenner 
probe technique is the most commonly used approach for field application because of its speed, 
simplicity, and practicality.  It can be used to measure resistivity of concrete cores extracted from 
concrete structures, but it can also be used directly on concrete surfaces without the need of 
coring or without the need for access (i.e., connect) to the steel reinforcement (as in the case of 
half-cell potential measurements).  In all cases, measurements are made in seconds.  There are, 
however, a number of gaps in the literature and practical challenges before SR data can provide 
quantitative insight into the corrosion risk of bridge decks. 

The main motivation of this research is to provide ODOT with a protocol to select bridges for its 
ongoing bridge deck treatment operations using quantitative tools that are practical and quick.  
Although SR measurements are highly correlated with water and chloride transport properties of 
concrete, they do not directly provide the actual chloride depth profiling.  However, transport 
properties that are revealed by SR measurements can be used in chloride ingress models that can 
be used to predict chloride profiles in concrete.  The accuracy of the predictions improves with 
additional easily accessible quantitative information such as concrete mixture design properties 
(e.g. water-to-cement ratio), environmental data (e.g. temperature and relative humidity), and salt 
exposure histories.  Most of these additional quantitative data are readily available for most 
locations in Oregon.  These predictions, coupled with SR data, will also indicate if additional 
chloride profiling is necessary, and if so, at which locations on the deck it should be conducted. 

1.2 PROJECT OBJECTIVES 

The main objectives of the project are summarized as follows: 

i. Conduct an experimental investigation to establish the relationship between electrical 
properties of concrete (e.g. SR or formation factor), environmental data (e.g. 
temperature and relative humidity), and chloride ingress in reduced-size reinforced 
concrete slabs simulating bridge decks commonly used in Oregon. 

ii. Investigate the effect of freeze-and-thaw (F-T) cycles on the observed relationship 
between electrical properties of concrete (e.g. SR or formation factor), environmental 
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data (e.g. temperature and relative humidity) and chloride ingress in reduced-size 
reinforced concrete slabs simulating bridge decks commonly used in Oregon.  

iii. Develop and experimentally validate a comprehensive modeling framework that 
relates the electrical properties of concrete (e.g. SR or formation factor), 
environmental data (e.g. temperature and relative humidity), and chloride ingress in 
reduced-size reinforced concrete slabs simulating bridge decks commonly used in 
Oregon. 

iv. Develop a virtual test bed using the validated modeling framework to conduct 
statistically significant number of virtual experiments to obtain closed-form 
relationships between electrical properties of concrete (e.g. SR or formation factor), 
environmental data (e.g. temperature and relative humidity), and chloride ingress for 
bridge decks in different geographical areas in Oregon.  

v. Conduct a demonstration case study to show the development of a closed-form 
equation that relates electrical properties of concrete (e.g. SR or formation factor), 
environmental data (e.g. temperature and relative humidity), and chloride ingress for 
bridge decks in a particular geographical location in Oregon. 

vi. Demonstrate how the developed closed-form equation can be used in a bridge-deck 
evaluation-protocol that can be used by ODOT in practice. 

1.3 ORGANIZATION OF THE REPORT 

The organization of this report is outlined in Figure 1.1.  Chapter 2 presents the literature review 
that was conducted as part of this research.  Chapter 3 presents the details of the experimental 
study program.  Chapter 5 presents the results of the experimental study to relate salt ingress and 
electrical properties of concrete, as well as the effect of freeze-thaw action on the observed 
relationship.  The theoretical background is also presented in Chapter 5 along with the validation 
of the developed FEM modeling framework that is later used as a virtual experiment test bed.  
Chapter 6 presents a demonstration case study to show the development of a closed-form 
equation that relates electrical properties of concrete (e.g. SR), environmental data (e.g. 
temperature and relative humidity), and chloride ingress for bridge decks in a particular 
geographical location in Oregon.  Conclusions and recommendations for ODOT are presented in 
Chapter7, followed by references and appendices.  
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Figure 1.1: Project plan and organization of the report. 
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2.0 LITERATURE REVIEW 

2.1 BACKGROUND 

There are over 350,000 reinforced concrete bridges in the United States alone, and the average 
age of these bridges is between 40 and 50 years (Mahmoodian and Alani 2015).  In order to 
manage the issue of ageing infrastructure, State and Federal regulations mandate that these 
structures are regularly inspected to ensure their safe operation — bridges, for instance, must be 
inspected one every two years in most jurisdictions, including Oregon.  Unfortunately, the large 
number of reinforced concrete structures and the limited number of qualified inspectors restrict 
the duration and quality of individual inspections, especially when inspections warrant unwanted 
traffic disruptions (Gucunski et al. 2013).  Therefore, most routine inspections are in the form of 
rapid visual surveys, which do not generally provide accurate assessments of the durability 
condition of concrete (Zhu et al. 2010, Moore 2011, Isgor 2016).  

The most significant type of deterioration in reinforced concrete bridge decks that are exposed to 
de-icing chemicals or marine salts is the corrosion of the reinforcing steel (Koch et al. 2002).  
Detecting reinforcement corrosion in bridge decks, however, can be time consuming and 
expensive.  The early stages of corrosion cannot be captured in most routine inspections.  As 
stated in ODOT Bridge Inspection Program Manual (ODOT Bridge Inspection Program Manual 
2013), “…Such an evaluation is frequently based on the personal judgment, intuition, and perhaps 
experience of each inspector.  As a result, different inspectors may assess a given bridge 
differently…”  Once the corrosion can be detected during visual surveys, the extent of 
deterioration and damage is typically already beyond the point of efficient mitigation options, 
hence the time required and the resources needed to mitigate it increase exponentially.  
Unfortunately, detailed inspections that provide mapping, sampling, and testing are not generally 
practical or feasible for most jurisdictions.  

Laboratory testing of extracted cores from the structure might provide accurate condition 
assessments, but the number of samples to be extracted to represent the entire structure and the 
time involved in testing restrict their applications to more detailed condition surveys that are only 
performed on selected structures.  For example, the  Rapid Chloride Penetration Test (RCPT), 
ASTM C1202, which is a test to measure concrete’s transport properties, can be performed on 
cores extracted from concrete structures, but each test takes about 24 hours (approximately 18 
hours for sample preparation and six hours for the actual test) (Rupnow and Icenogle 2011).  
ASTM C1152 and ASTM C1218 are used to determine the acid- and water- soluble chloride 
profiles in concrete, respectively; however, these tests require grinding the cores into powder and 
chemically analyzing the chloride contents, which can be rather time consuming and resource 
intensive.  Another example is the ASTM C856 test method for petrographic analysis of concrete 
core samples.  This test not only involves several hours to complete the sample preparation and 
analysis, but also requires a certified petrographer, which in total can be very costly. 
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The current non-destructive testing (NDT) methods used to determine the durability or service 
life of a structure are also expensive and time consuming.  In addition, the traditional NDTs, in 
most cases, do not assess the durability properties of concrete accurately (Khalim et al. 2011).  
Some of the more common, NDT methods, which can help evaluate the performance of the 
structure, include Schmidt rebound hammer test (ASTM C805 2013), which determines the 
compressive strength of the concrete, chain drag (ASTM D4580 2003) provides the location of 
delaminated areas, ultrasonic pulse velocity test (ASTM C597 2010), which provides insight on 
the quality of the concrete although the reinforcing steel of the concrete structure can affect the 
results, ground penetrating radar (ASTM D6432 2011) which supplies information of the 
subsurface, and impact echo test (ASTM C1383 2015), which uses impact waves to help identify 
internal cracks or flaws. Half-cell potential mapping (ASTM C876 2012) can be very useful in 
identifying potential corrosion in the reinforcing steel, and SR measurements can be used as an 
indicator of concrete deterioration.   

Unfortunately, there is not a single technology that can accurately provide information on 
deterioration (Gucunski et al. 2013).  Combining technologies provide the most precise 
information on deterioration of bridge decks.  A study performed at the University of Genova 
(Brencich et al. 2013) concluded that the Schmidt hammer test results were greatly affected by 
the properties of the materials and the limited area in which the test is performed which suggests 
that this test may only provide a rough estimation of the strength of concrete.  A separate study at 
the University of Malaya (Shariati et al. 2011), also determined that the use of rebound hammer 
testing alone was not enough to determine compressive strengths.  The study reiterated that 
combining the rebound hammer test with ultrasonic pulse velocity would provide a much higher 
degree of accuracy.  A study focused on detecting bridge deck deterioration by Maser et al. 
(Maser et al. 2012) analyzed the accuracy of hammer sounding, ultrasonic impact echo, half-cell 
potential and ground penetrating radar, and concluded that the combination of ground 
penetrating radar with half-cell potential was the most useful technique for detecting 
deterioration of bridge decks early on in its service life.  The findings in these studies show that 
combining test methods, for either destructive or non-destructive methods, provides more 
accurate results; this is well established and is supported by various researchers (Jianhong et al. 
2008, Khalim et al. 2011, Gucunski et al. 2013, Sadowski 2013). 

There is also a lack of documented information about a particular bridge deck that can be vital 
when it is being assessed.  As part of a study led by ODOT, Shi et al. (Shi et al. 2013) and Huang 
et al. (Huang et al. 2014) concluded that issues with data availability and quality were key.  It 
was recommended that the following information be collected about bridge decks to aid in 
assessment: deicer type and application rate, traffic volume, weather condition information, and 
bridge mix-design data.  This additional information will provide inspectors and researchers a 
better understanding of problems that may arise throughout the service life of these structures.  

In summary, there is currently no established practical protocol for evaluating the remaining 
service-life of bridge decks that is based on a system that combines computable measurements 
with time-to-damage predictions.  An established system that can predict the deterioration rate of 
these decks would be beneficial, as it would allow DOTs, in particular ODOT, to take action 
during the early stages of deterioration of the concrete, thereby saving the DOT resources.  
Whatever measures are used, data obtained during inspection needs to be turned into predictions 
about time to corrosion damage in order to provide a proactive approach to repair that would 
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optimize financial and material resources required to repair bridge decks before significant 
damage occurs. 

2.2 ELECTRICAL-BASED MONITORING OF CONCRETE 
DETERIORATION 

2.2.1 Electrical Resistivity of Concrete 

In recent years, electrical resistivity of concrete has emerged as a durability-related quantitative 
performance indicator (Andrade et al. 2013).  Many DOTs are actively investigating the use of 
resistivity measurements as a possible quality control tool or specification (TRB 2015, 2016) 
LaDOT has developed a specification while INDOT has used this in shadow specifications.  The 
Florida DOT hosted a sample exchange, as has the National Concrete Consortium, to provide 
DOTs with familiarity in the use of this test method.  TRB has hosted a workshop as well as a 
webinar on the use of resistivity-based measurements. 

Several investigations have shown relationships between electrical resistivity and other 
durability-related parameters, such as corrosion rate of steel reinforcement and transport 
properties of concrete.  Lopez and Gonzalez (Lopez and Gonzalez 1993), and Gowers and 
Millard (Gowers and Millard 1999) reported that concrete resistivity and corrosion rate are 
inversely proportional over a wide range of concrete resistivity values.  The literature also shows 
that concrete resistivity is strongly affected by the concrete characteristics, the degree of concrete 
pore saturation, and the chloride concentration (Hussain et al. 1995, Morris et al. 2004, Song et 
al. 2007).  Low resistivity values are associated with high water-to-cement ratios, high moisture 
contents, and presence of chlorides (Neville 1996, Morris et al. 2004).  All these developments 
have led to increased efforts to standardize surface resistivity (SR) measurement procedures 
(AASHTO TP 095-11UL 2011; CAN/CSA A23.2 2009; ASTM WK37880 2014).  A number of 
jurisdictions even started requiring resistivity measurements as part of ongoing construction and 
maintenance procedures (FM 5-578 2004; MTO LS-444 2013).  

Electrical resistivity of concrete can be measured in a number of ways; however, the four-point 
Wenner probe technique is the most commonly used approach for field application because of its 
speed, simplicity, and practicality.  It can be used to measure resistivity of concrete cores 
extracted from concrete structures, but it can also be used directly on concrete surfaces without 
the need of coring or without the need for access to the steel reinforcement (as in the case of 
half-cell potential measurements).  In all cases, measurements are made in seconds.  A Wenner 
probe and a functional schematic are provided in Figure 1.1.  After the probe’s four linearly 
spaced electrodes are placed on the concrete surface, an AC current, I, is induced from the outer 
two electrodes and a change in voltage, or potential difference (∆V), is measured (Gucunski 
2013, Angst and Elsener 2014, Garzon et al. 2014).  The electrical SR of concrete can be 
calculated via (Morris et al. 1996, Simon and Vass 2012, Gucunski et al. 2013, Angst and 
Elsener 20143, Garzon et al. 2014): 

𝒓𝒓 =  
𝟐𝟐𝝅𝝅𝝅𝝅𝝅𝝅
𝑰𝑰

 (2.1) 
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where s is the probe spacing.  Since SR measurements are influenced greatly by temperature, all 
measurements can be normalized to a reference temperature using the Hinrichsen-Rasch law 
(Hope 1987) which is given by:  

𝒓𝒓𝟐𝟐 = 𝒓𝒓𝟏𝟏 ∗ 𝒆𝒆𝒆𝒆𝒆𝒆 �𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐�
𝟏𝟏
𝑻𝑻𝟏𝟏

−
𝟏𝟏
𝑻𝑻𝟐𝟐
�� (2.2) 

where r1 is the measured resistivity, r2 is the normalized resistivity, T1 (K) is the temperature of 
the concrete during the measurement, and T2, is the normalized temperature. 

Equation (2.1) assumes homogeneity and isotropy of the medium, semi-infinity of the conductive 
volume, and point contact between the electrodes and the medium (Angst and Elsener 2013).  
For clarification, resistivity is a property of a material such as concrete, whereas resistance is a 
property of a dimensional material such as a concrete cylinder.  Typical electrical resistivity 
values for concrete vary from 1 to 1000 kΩ-cm depending on its composition and moisture 
content (Polder and Peelen 2002, du Plooy et al. 2013, Sadowski 2013).  To reduce noise and 
time spent when measuring electrical resistivity of concrete, commercial Wenner probes use 
frequencies greater than 10 hertz (Hz).  However, at these higher frequencies, embedded 
reinforcement provides alternate impressed current paths, because it is more conductive than 
concrete.  This path alteration can then impose error to the measured electrical resistivity of 
concrete (Millard 1991, Gowers and Millard 1999, Angst and Elsener 2014 

). 

One numerical study (Salehi et al. 2014), in particular, investigated the effect of the presence of 
rebar mesh on Wenner probe electrical resistivity measurements.  Different cover thicknesses, 
slab thicknesses, rebar mesh densities, and probe orientations with respect to the rebar mesh were 
also considered when examining effects to measurements.  From the numerical results, it was 
observed that significantly less error could be achieved by performing electrical resistivity 
measurements simply by using a different probe orientation than suggested by current guidelines. 

A parallel numerical study (Salehi et al. 2014) investigated the effect of cracks, conductive and 
insulative, and at different depths and widths, on electrical resistivity measurements using a 
Wenner probe.  Probe orientation with respect to a crack was also considered in the 
investigation.  In conjunction with observing the effect that cracks in unreinforced concrete have 
on electrical resistivity measurements, the effect of cracks in reinforced concrete was also 
considered for different rebar mesh variables.  The numerical results had shown that errors could 
derive from the presence of certain cracks where the observed resistivity was as much as two-
times or half that of true resistivity.  The effect of the presence of rebar and cracks were observed 
to act independently of one another, where rebar reduced measured electrical resistivity values.  
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(a) 

 

 
(b) 

Figure 2.1: (a) A commercial Wenner probe (Proceq 2011); (b) functional schematic of the 
probe (Salehi 2013). 
 
Morales (Morales 2015) conducted an extensive experimental investigation to supplement these 
numerical studies.  In these studies, the effects of steel reinforcement and chloride-induced 
corrosion initiation on the electrical resistivity measurements using the Wenner probe technique 
were studied experimentally on custom-designed reinforced concrete slabs.  Investigation 
parameters included (1) probe configurations with respect to rebar mesh, (2) rebar density, (3) 
epoxy coating on the rebar, (4) concrete cover thickness over embedded reinforcement, (5) 
chloride ingress, (6) corrosion of rebar, and (7) the moisture content of concrete.  It was 
determined that concrete moisture condition and concrete cover thickness played a role in the 
effect of rebar mesh and corrosion, and it was hypothesized that bound chlorides increased 
electrical resistivity measurements.  Although uncoated rebar affected resistivity measurements, 
particularly for saturated and semi-saturated concrete, it was shown that epoxy coated rebar did 
not have any effect on electrical resistivity measurements from the similar results received for 
different probe configurations with respect to epoxy coated rebar mesh.  Recommendations were 
made to minimize the measurement errors on reinforced concrete slab surfaces. 
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In addition, Morales (Morales 2015) performed an experimental study on a custom-designed 
reinforced concrete slab to investigate the effects of delamination and cracking of concrete cover 
on electrical resistivity measurements using the Wenner probe technique.  Investigation 
parameters included (1) crack and delamination properties, (2) crack locations and orientations 
with respect to the probe position, (3) density and location of embedded reinforcement, (4) 
orientation of the probe with respect to reinforcement, and (6) moisture content of concrete.  It 
was determined that insulative cracks either provide for over-measurements or under-
measurements of electrical resistivity and conductive cracks provided for under-measurements of 
electrical resistivity.  Surficial microcracking, in the form of crazing, did not affect electrical 
resistivity measurements.  Electrical resistivity detected delamination for small concrete cover 
thicknesses.  For small concrete cover thicknesses (e.g. < 25 mm), it was observed that insulative 
cracks between topmost rebar tended to create for more error than insulative cracks that were 
along bottommost rebar, especially for a saturated concrete moisture condition.  Also for small 
concrete cover thicknesses, deep conductive cracks increased the error to electrical resistivity 
measurements and errors increased as the concrete moisture condition increased.  
Recommendations to minimize the measurement errors on reinforced concrete slab surfaces 
containing cracks were suggested. 

2.2.2 Electrical Resistivity vs. Formation Factor of Concrete 

It has been shown in past research that formation factor of concrete is a unique parameter that 
can be used to characterize durability performance of concrete structures (Presuel-Moreno et al. 
2010, Spragg et al. 2011, Weiss 2014, Jenkins 2015).  The formation factor is directly related to 
critical performance indicators, such as w/cm or porosity of concrete.  It provides critical 
information about both durability and mechanical performance of structures during their service 
life (Whittington et al. 1981, Mancio et al. 2010, Wei and Xiao 2011, Bentz et al. 2014, Salehi 
2013).  The concept of formation factor was originally postulated by Archie (Archie 1942) to be 
a useful way to characterize the pore structure of porous materials (originally used to 
characterize rocks).  In concrete, the formation factor (F) is defined as the ratio of the resistivity 
of a bulk concrete (r) and the resistivity of the pore solution (ro) via (Archie 1942): 
 

𝑭𝑭 =
𝒓𝒓
𝒓𝒓𝒐𝒐

       (2.3) 
 

Since electrical resistivity of the solid phase (i.e., aggregates, hydrated or un-hydrated solids) and 
vapor phase in concrete is orders of magnitude larger than the electrical resistivity of the pore 
solution (i.e., the fluid in concrete), the formation factor is mainly dependent on the pore volume 
(φ) and pore connectivity (β) such that 
 

𝑭𝑭 =�   
𝟏𝟏
𝝓𝝓
𝟏𝟏
𝜷𝜷

 (2.4) 
 

An alternative way that the formation factor can be expressed is by using Archie’s Law, which 
establishes generic relationship for most porous materials via (Archie 1942): 
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𝑭𝑭 = 𝑨𝑨𝝓𝝓−𝒎𝒎 (2.5) 
 

where A is a factor that is related to the connectivity of pore structure and m is a coefficient that 
is related to the type of the porous medium.  

The moisture content of concrete affects electrical resistivity measurements; therefore, for the 
same concrete with the same amount of chloride ingress, different values of resistivity will be 
measured depending on the degree of saturation of concrete (Neville 1996, Hussain 2011, Ryu et 
al. 2011, Wang et al. 2014).  Since electrical conductivity is greater through a liquid phase 
compared to a solid phase, the higher the moisture content in the concrete matrix, the lower the 
electrical resistivity will be.  To obtain consistent and comparable resistivity measurements, the 
moisture content of concrete needs to be relatively similar between distinct specimens.  This can 
be achieved in extracted cores by consistently measuring resistivity after saturating the 
specimens; however, saturating bridge decks before collecting resistivity measurements will 
seldom be practical.  Therefore, a new method for correcting for the effect of moisture content of 
concrete will need to be developed to ascertain that the resistivity values measured at different 
times are comparable, even though moisture contents of the deck might differ in each 
measurement.  The concept of formation factor also resolves this issue since the effect of degree 
of saturation can be incorporated into the calculation of formation factor.  

The use of the formation factor as a performance index for hardened concrete has been 
increasing in recent years (Whittington et al. 1981, Mancio, Moore et al. 2010, Wei and Xiao 
2011, Bentz et al. 2014).  One advantage of the formation factor is that it can be determined 
rapidly and related to other more time consuming and expensive tests.  For example, it has been 
shown that the rapid chloride penetration test can be replaced using electrical resistivity 
(Presuel-Moreno et al. 2010, Spragg et al. 2011, Weiss 2014, Jenkins 2015).  While several 
empirical studies have been performed the charge passed (Q) in the RCP test can be computed 
directly to be inversely related to the resistivity of the concrete based on first principles as shown 
in equation 4 and Figure 2.2a: 
 

𝑸𝑸 = 𝑽𝑽 
𝑨𝑨
𝑳𝑳

 𝒕𝒕 
𝟏𝟏
𝝆𝝆

= 𝑽𝑽 
𝑨𝑨
𝑳𝑳

 𝒕𝒕 
𝟏𝟏
𝝆𝝆𝟎𝟎

𝟏𝟏
𝑭𝑭

 =  
𝟐𝟐𝟐𝟐𝟐𝟐,𝟖𝟖𝟖𝟖𝟖𝟖 𝑽𝑽  

𝝆𝝆𝒐𝒐 
 
𝟏𝟏
𝑭𝑭

       (2.6) 
 

where V is the voltage of the sample (60 V), R is the resistance of the sample (Ω), A is the cross 
sectional area of the sample (π∙502 mm2), L is the length of the sample (50 mm), and t is testing 
time (6 h = 21600 s). 
 

Similarly, the formation factor can be used to replace the time consuming diffusion test, which is 
used to predict the time to corrosion initiation.  To do this the diffusion coefficient D can be 
related to the formation factor, and therefore to the electrical resistivity using: 
 

𝑫𝑫 =
𝑫𝑫𝒐𝒐

𝑭𝑭
=
𝑫𝑫𝒐𝒐𝝆𝝆𝒐𝒐
𝝆𝝆𝒄𝒄

 (2.7) 
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where Do is the diffusion coefficient for a chloride ion in water (2.03x10-9 m2/sec at 25oC) ρo is 
the resistivity of the pore fluid, and ρc is the resistivity of the concrete.  The formation factor can 
be directly related to the time of corrosion (t) using Fick’s second law (equation 6 and Figure 
2.2b) for a given environmental exposure to chloride (Cs), background chloride (Co), known 
chloride content to initiate corrosion (Cx) and cover thickness (x). 
 

𝑭𝑭 =
𝟒𝟒𝒕𝒕𝑫𝑫𝟎𝟎

𝒙𝒙𝟐𝟐 �𝒆𝒆𝒆𝒆𝒆𝒆−𝟏𝟏 �
𝑪𝑪𝒔𝒔 − 𝑪𝑪𝒙𝒙
𝑪𝑪𝒔𝒔 − 𝑪𝑪𝒐𝒐

��
𝟐𝟐

 (2.8) 

 
 

 
Figure 2.2: The relationship between (a) the RCP test and the formation factor for various pore 

solution resistivities, and (b) the predicted time to corrosion as a function of cover thickness 
(Weiss et al. 2016). 

Although the benefits of using the formation factor for hardened concrete as a performance index 
are clear, historically, the use of the formation factor has been limited in practice due to 
challenges in determining the resistivity of the pore solution.  This limitation can be overcome 
using a series of approximations applied to concrete at an age greater than ~ 36 or 48 hours 
beyond which the chemical composition of the pore solution become rather stable.  However, 
during chloride ingress, the composition of the pore solution changes, affecting its electrical 
resistivity, and consequently the formation factor.  This challenge also yields an opportunity.  By 
using electrical resistivity measurements of concrete (e.g. through SR measurements using 
Wenner probe) and mechanistic modeling approaches for simulating formation factor, the 
chloride profiles can be obtained indirectly.   

2.2.3 Relationship between Electrical Properties and Chloride Transport in 
Concrete 

The most common standard for estimating the resistance of concrete to chloride ingress is ASTM 
C1202 Standard Test Method for Electrical Indication of Concrete's Ability to Resist Chloride 
Ion Penetration, also known as RCPT.  This test can provide insight on the concrete’s resistance 
to chloride ion penetration and it does so by applying a constant voltage through a two-inch by 
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four-inch diameter sample that on one side is submerged with sodium chloride and the other side 
with sodium hydroxide.  The test takes 18 hours to prepare and six hours to run.  The total 
amount of charge that passes through the concrete sample during the six hours is then compared 
to a table on the standard that indicates the penetrability of the sample.  Table 2.1 shows the 
chloride ion penetrability potential from ASTM C1202.  

Table 2.1: Chloride Ion Penetrability vs RCPT (ASTM C1202 2012) 

 
The RCPT determines the electrical conductance of the concrete sample, which inversely 
provides its resistance to chloride ion penetration.  RCPT however, has its limitations.  Since the 
test takes six hours, the conductivity and temperature of the sample may change due to the 
movement of chloride ions and the porosity of the sample.  Nevertheless, the use of electrical 
resistivity as it has been used in RCPT and SR methods seem to prove to be a good indicator for 
determining chloride penetrability.  Surface resistivity devices have emerged in the last few 
years.  These devices have proven to be more practical and reliable methods for measuring the 
electrical resistivity of concrete.  This is because, while both tests provide a measure of 
resistance of concrete to ionic movement under an applied electrical potential difference, they 
differ in terms of both precision and the time required to complete the test.  In most cases, RCPT 
and SR measurements have nearly perfect correlation (Rupnow 2011, Jackson 2013), but while 
RCPT takes 24 hours to complete and is prone to testing errors, SR measurements can be taken 
accurately in seconds. 

Electrical resistivity is deemed a reliable indicator of corrosive environments, including concrete 
suffering from chloride ingress.  Researchers have studied the detection of chlorides in concrete 
using electrical resistivity, how electrical resistivity correlates to chloride transport, as well as 
how electrical resistivity can serve as an aid in calculating and predicting diffusion coefficients 
of concrete.  Gowers and Millard (Gowers and Millard 1999) concluded that the presence of 
chloride decreases the electrical resistivity of mortar.  Electrode spacing was varied for 
measurements on a mortar specimen subjected to chloride ingress.  It was found that numerical 
results agreed with the experimental results in that measured resistivity was less than true 
resistivity for larger electrode spacing when compared to the surface layer thickness.  The 
experimental data and theoretical model results are depicted in Figure 2.3.  Although mortar with 
chlorides in its surface layer was studied, no other comments were made as to the effect of 
chloride ingress at different levels within the surface layer.  The specimens were of mortar and 
not concrete, which may affect electrical resistivity measurement results and analysis. 
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Figure 2.3: Normalized resistivity values over the ratio of probe spacing to surface layer 

thickness containing chlorides (Gowers and Millard 1999). 
 
Polder (Polder 2001) suggested recommendations and guidelines for on-site electrical resistivity 
measurements according to the RILEM TC 154-EMC technical recommendation (2000) as well 
as how to interpret those measurements.  It was stated that resistivity is inversely related to 
chloride penetration, where low resistivity equates to areas where chloride ingress will be the 
quickest in concrete.  However, Polder stated that the effect of the penetration of chloride ions on 
electrical resistivity was relatively small.  Polder reviewed the literature and emphasized the 
inverse relationship between chloride diffusion rate and concrete resistivity.  Although the 
relationship between electrical resistivity of concrete and chloride ingress was addressed, the 
effect of chloride ingress on measured resistivity considering different concrete cover 
thicknesses was not addressed. 

Polder and Peelen (Polder and Peelen 2002) readdressed the inverse relationship between 
chloride ingress and concrete resistivity determined by previous theoretical and experimental 
studies.  They stated that the chloride diffusion coefficient is also inversely related to concrete 
resistivity.  Therefore, low resistivity values will distinguish areas where concrete is more 
permeable and chloride penetration is higher.  It was mentioned again that there is a relatively 
small effect on electrical resistivity measurements due to the increased chloride content.  It was 
not discussed in detail as to the mechanics behind the effect of chloride ingress at different levels 
within the concrete cover and no original investigations were conducted to further corroborate 
the statements on the relationship between electrical resistivity measurements and chloride 
ingress. 

Morris et al. (Morris et al.  2004) proposed a relationship to be used to predict chloride threshold 
values from electrical resistivity measurements taken on the concrete surface.  The experimental 
investigation involved sixteen, 15 cm in diameter by 22 cm in height, cylindrical concrete 
specimens.  These specimens contained four rebar segments positioned so that each rebar was 
protected by a 1.5 cm concrete cover.  The reinforced concrete specimen and chloride profile 
methodology is displayed in Figure 2.4. 
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Figure 2.4: Reinforced concrete specimen geometry and chloride profile sample selection 

(Morris et al. 2004). 
 
Each cylindrical reinforced concrete specimen was exposed to 1000 days in a marine 
environment, where half of the specimens were on the seashore and the other half were 
immersed in seawater.  Periodic electrical resistivity measurements were taken over the exposure 
period.  These electrical resistivity measurements were taken on the side of and in between the 
rebar segments of each cylindrical concrete specimen.  Geometrical effects were accounted for 
when compiling electrical resistivity measurements.  It was observed that the rebar was at a 
passive behavior for resistivity values greater than 30 kΩ-cm, and at a state of corrosion for 
resistivity values lower than 10 kΩ-cm.  The best line of fit for the relationship between chloride 
content (which was assumed to be the chloride threshold value, ClTH), in terms of percent 
chlorides relative to the weight of cement, and resistivity, r, in terms of kΩ-cm, was expressed by 
(Morris et al. 2004): 

𝑪𝑪𝑪𝑪𝑻𝑻𝑻𝑻 (%) = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝒓𝒓 + 𝟎𝟎.𝟒𝟒 (2.9) 

 

From the data collected, Morris et al. (Morris et al. 2004) concluded that resistivity 
measurements were a good indicator of concrete quality, and that the inverse relationship 
between chloride ingress and concrete resistivity stands.  Because the study involved cylindrical 
specimens rather than reinforced concrete slabs where rebar mesh is present, chloride ingress for 
bridge decks is not closely simulated, and achieving more than one probe configuration with 
respect to rebar is not possible.  Therefore, results from this study may differ for reinforced 
concrete bridge decks where chloride ingress is sourced from deicing salts and is gravity fed. 

Torres-Luque et al. (Torres-Luque et al. 2014) reviewed the literature for the ability, advantages, 
and disadvantages of destructive and nondestructive test methods, including electrical resistivity, 
to measure chloride ingress in concrete in the laboratory and on-site.  The researchers 
summarized that electrical resistivity is sensitive to chloride presence.  It was reviewed that the 
presence of chloride can increase electrical current and reduces concrete resistivity, and that 
electrical resistivity measurements could be used to determine chloride diffusion coefficients by 
estimating chloride profiles.  Electrical resistivity using the Wenner probe method was found to 
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be a durable test device in that the embedded parts are manufactured with durable materials such 
as stainless steel and do not have to be embedded into the structure for testing.  Challenges for 
the development of nondestructive devices were summarized to be the independence of 
environmental actions such as temperature and moisture condition, the independence of 
geometry, such as embedded rebar and edges, multi-measurement ability to account for different 
environmental conditions, and chemical stability, durability and maintainability, as well as cost.  
Although the literature was reviewed, it was not described in detail how sensitive electrical 
resistivity is to the presence of chloride ions, or how the transport of chlorides affects 
measurements.  Further, electrical resistivity was not stated to be useful in calculation of the free 
chloride concentration. 

Andrade et al. (Andrade et al. 2014) introduced a factor to be applied to electrical resistivity 
measurements conducted with a four-point Wenner probe to account for the retardation of 
chloride penetration due to the chloride reaction or binding with hydrated phases.  This chloride-
penetration retardation-factor was presented in order to predict a more accurate diffusion 
coefficient of concrete.  An experimental investigation followed by numerical modelling was 
conducted.  The experimental investigation consisted of: 1) cylindrical concrete specimens cured 
for 28 days, 2) electrical resistivity measurements of the concrete specimens, and 3) subjecting 
the specimens to chloride ingress to determine diffusion coefficients and if any retardation had 
occurred.  Although the effect on the estimation of the diffusion coefficient was investigated 
systematically, it was not researched as to how chloride ingress affected electrical resistivity 
measurements themselves. 

2.2.4 Relationship between Electrical Properties and Corrosion in Concrete 

The four main types of general deterioration for reinforced concrete are reinforcement corrosion, 
delamination, vertical cracking, and concrete degradation (Gucunski et al. 2013).  Because 
corrosion is such a common issue in structures undergoing life span assessments, research about 
identifying corrosion using nondestructive techniques is necessary. 

Although electrical resistivity is an efficient indicator of concrete durability, the only 
standardized test method for corrosion monitoring is the ASTM C876 half-cell potential mapping 
technique.  Even though ASTM C876 provides the probability of corrosion for a certain point on 
the reinforced concrete structure, it does not provide for the corrosion rate of the reinforcement, 
which is an important piece of information when gaging the remaining service life span of a 
structure.  If the probability of corrosion is high, but the corrosion rate is very slow, the half-cell 
potential mapping is concluding a false sense of urgency for repair, when in fact the remaining 
service life span of the reinforced concrete structure is not being cut short.  In the opposite sense, 
if the corrosion rate is accelerating quickly, but the corrosion probability is read to be low, the 
half-cell potential testing provides a false indication of the remaining service life span of the 
structure.  Therefore, the appropriate maintenance actions are not taken in order to resolve the 
first signs of detrimental corrosion to insure the safety of the public, and provide potential cost 
savings due to repairs made before corrosion is destructive. 

Studies have corroborated the inverse relationship between corrosive environments in reinforced 
concrete and electrical resistivity measurements of concrete.  As the severity of reinforcement 
corrosion increases, the electrical resistivity of concrete decreases.  However, the effects of the 
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presence of corrosion on electrical resistivity measurements have not been thoroughly 
investigated.  Many researchers have stated the relationship of corrosion and electrical resistivity, 
such as Morris et al. (Morris et al. 1996) who had mentioned how electrical resistivity of 
concrete correlates with the possibility of corrosion macrocell currents of the embedded 
reinforcement. 

Carino (Carino 1999) reviewed the literature and provided an overview of nondestructive 
techniques, including concrete resistivity, in identifying the status of corrosion in reinforced 
concrete structures.  Concrete resistivity was considered one of the controlling factors for 
corrosion rate.  Thereby, the use of half-cell potential measurements and electrical resistivity 
measurements in conjunction makes it possible to examine both corrosion probability and 
corrosion rate.  The relationship between concrete corrosion rate and concrete resistivity is 
shown in Figure 2.5. 

 
Figure 2.5: Inverse relationship between corrosion current and concrete resistivity from field 

measurements (Carino 1999). 
 
It was reviewed that for a high resistivity value, even if the steel is actively corroding as 
determined by half-cell potential measurements, the corrosion rate may be low; therefore, when 
steel depassivates, concrete resistivity correlates better with corrosion rate than half-cell 
potential.  Although Carino (Carino 1999) provided a review of the correlation between 
resistivity and corrosion, no research was stated to examine the effect of corrosion initiation on 
electrical resistivity measurements. 

Polder (Polder 2001) also reviewed the literature and provided recommendations for on-site 
measurements of electrical resistivity on concrete.  Contradictory to Carino’s review, Polder 
stated that mapping resistivity measurements did not indicate whether the embedded 
reinforcement in concrete was actively corroding, and that this information was to be obtained by 
using other methods.  It was stated that resistivity mapping can show where corrosion was most 
severe.  Polder restated the inverse relationship between corrosion rate of reinforcement after 
depassivation and concrete resistivity, but this relationship could be different for different 
concrete compositions.  Polder was skeptical of the clear relationship between corrosion rate and 
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concrete resistivity, but provided a general guideline when interpreting electrical resistivity 
measurements in terms of corrosion risk when applied to ordinary Portland cement concrete at 20 
degrees Celsius, as seen in Table2.2. 

Table 2.2: Concrete resistivity and risk of corrosion of steel reinforcement (Polder 2001) 
Concrete Resistivity (kΩ-cm) Risk of Corrosion 

<10 High 
10-50 Moderate 
50-100 Low 
>100 Negligible 

 

For values less than 10 kΩ-cm, risk of corrosion was stated to be high, rather than corrosion rate.  
Although a general rule of thumb was provided for interpreting electrical resistivity values for 
concrete when assessing corrosion risk, it was not reviewed as to how corrosion initiation itself 
affects electrical resistivity and the relationship between corrosion rate and electrical resistivity is 
deemed questionable (Polder 2001). 

Morris et al. (Morris et al. 2002) evaluated the risk of corrosion of reinforcing steel using 
electrical resistivity measurement by immersing reinforced concrete specimens in a saline 
solution.  Corrosion possibilities were identified by half-cell potential measurements.  It was 
suggested that the steel reinforcement is likely to reach a corrosion state when resistivity 
measurements are lower than 10 kΩ-cm, and reach a passive state when resistivity measurements 
are higher than 30 kΩ-cm.  The corrosion state resistivity confirmed Polder’s review (Polder 
2001), but Morris et al. (Morris et al. 2002) recorded a lower passivation resistivity value than 
Polder.  Morris et al. confirms that the corrosion rate depended primarily on the concrete quality 
and initial chloride concentration, and that electrical resistivity is a good indicator of corrosion 
risk rather than of corrosion rate.  Again, the effect of corrosion initiation on electrical resistivity 
measurements was not studied and error corrections were not suggested. 

Polder and Peelen (Polder and Peelen 2002) confirmed the inverse proportionality between 
corrosion rate and concrete resistivity, and cautions that this relationship is dependent on 
concrete composition.  It was stated that low resistivity values are associated with relatively high 
corrosion rates after embedded rebar depassivate.  Polder and Peelen found that resistivity 
measurements of concrete reflect its properties in conditions such as chloride ingress, corrosion 
initiation and corrosion propagation.  Corrosion initiation was referred to as the probability of 
corrosion and corrosion propagation was referred to as corrosion rate.  This contradicted Polder’s 
(Polder 2001) previous study that resistivity is an indicator of corrosion risk and not corrosion 
rate.  Corrosion initiation with respect to electrical resistivity was indicated, but no relationship 
or effect was developed or elaborated upon.  

Gulikers (Gulikers 2005) stated how it is very likely that concrete resistivity (specifically of the 
layer directly near the steel reinforcement rather than the entire concrete cover) plays a decisive 
role in controlling corrosion rates of embedded reinforcement due to microcell geometric 
arrangements of anodic and cathodic sites.  Gulikers also suggested that concrete resistivity does 
not inherently control the overall corrosion cell resistance, but rather cathodic activation controls 
in most cases, whereas in other situations, oxygen diffusion controls where concrete is 
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continuously exposed to wet conditions.  Because alternating areas of passively and actively 
corroding reinforcement will be present in reinforced concrete, the active and passive macrocells 
will complicate interpretations of half-cell potential and corrosion rate measurements.  Gulikers 
suggested that electrical resistivity may not be the only indication of corrosion rate, but did not 
review how corrosion initiation may influence electrical resistivity readings and interpretations. 

Song and Saraswath (Song and Saraswath 2007) reviewed the literature and stated the inverse 
relationship between concrete resistivity and embedded reinforcement corrosion rate.  However, 
it was found that the evaluation of the degree of rebar corrosion was different amongst 
researchers.  They stated how electrical resistivity was an effective identifier of corrosion risk of 
reinforcement, especially when corrosion is chloride induced.  A table was provided to relate 
resistivity to corrosion risk in order to assess resistivity measurements as depicted in Table 2.3. 

Table 2.3: Concrete resistivity and risk of corrosion of steel reinforcement (Song and 
Saraswathy 2007) 

Concrete Resistivity (kΩ-cm) Corrosion Risk 
<5 Very High 

5-10 High 
10-20 Low 
>20 Negligible 

 

The relationship between corrosion risk and resistivity Song and Saraswath (Song and Saraswath 
2007) provided was different from what Polder (Polder 2001) provided where resistivity values 
were considerably lower for all corrosion risk levels, and a moderate corrosion risk was not 
provided.  Song and Saraswath (Song and Saraswath 2007) suggested that for resistivity values 
less than 5 kΩ-cm, the corrosion risk is very high, and that for resistivity values greater than 20 
kΩ-cm, the corrosion risk is negligible.  Corrosion rate and corrosion risk were both referred to 
within this review, but no clear indication of which resistivity values have a better correlation 
with was not given.  Although relationships between corrosion and resistivity were suggested, 
how corrosion initiation affects resistivity measurements was not indicated.  

Dunn et al. (Dunn et al. 2010) evaluated multiple nondestructive techniques in assessing 
concrete bridge decks including electrical resistivity.  Dunn et al. confirmed that electrical 
resistivity provides information for the potential for a corrosive environment within areas of 
reinforced concrete, but did not indicate the relationship between resistivity and corrosion rate of 
embedded reinforcement or the effect that corrosion initiation may have on electrical resistivity 
measurements. 

A commercial Wenner probe instrument manual (Proceq 2011) provided two different ways in 
which electrical resistivity measurements can be evaluated within its instruction manual for its 
four-point Wenner probe devices.  One was for the estimation of the likelihood of corrosion and 
the other is the indication of corrosion rate shown in Table 2.4.  
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Table 2.4: Concrete resistivity and likelihood of corrosion of steel reinforcement (a) and 
indication of corrosion rate (b) (Proceq 2011) 

Estimation of the Likelihood of Corrosion (a) 
Concrete Resistivity (kΩ-cm) Corrosion Risk 

≤ 10 High 
10-50 Moderate 
50-100 Low 
≥ 100 Negligible 

Indication of Corrosion Rate (b) 
Concrete Resistivity (kΩ-cm) Corrosion Rate 

<5 Very High 
5-10 High 
10-20 Low 
>20 Negligible 

 

In contrast to Song and Saraswath (Song and Saraswath 2007), the commercial probe instrument 
manual (Proceq 2011) indicated that the lower resistivity values do not relate to corrosion risk, 
but rather corrosion rate, where Polder’s values relate to corrosion risk (Polder 2001).  The 
discrepancy between the relationship between concrete resistivity and corrosion risk or corrosion 
rate is further convoluted.  No suggestions as to how to correct electrical resistivity 
measurements for errors when corrosion is present, as well as other factors, was given within the 
instruction manual. 

Du Plooy et al. (Du Plooy et al. 2013) reiterated, after reviewing the literature, how solely using 
electrical resistivity will not conclude the determination of the initiation of corrosion for a 
reinforced concrete slab due to the number of variables influencing its response.  It was 
suggested that more than one nondestructive test be used in order to garner a more accurate 
assessment of the structure under evaluation. 

Gucunski et al. (Gucunski et al. 2013) reviewed the literature on electrical resistivity and other 
nondestructive techniques for their applications and limitations.  The primary application of 
electrical resistivity was found to characterize corrosive environments within reinforced concrete 
structures and areas susceptible to chloride ingress, as well as an effective indicator of corrosion 
activity when paired with half-cell potential measurements.  Its limitations were listed that the 
interpretation of electrical resistivity measurements is challenging in that there are many 
variables that can affect measurements, such as moisture condition, salt content, etc.  How each 
specific variable affects the overall measurement was difficult to assess.  Pre-wetting of the 
concrete surface was also found to be a limitation in that added preparation was needed in order 
to conduct electrical resistivity measurements; therefore, more time was needed to conduct the 
measurements. 

Along with a review of the literature, Gucunski et al. (Gucunski et al. 2013) conducted an 
experimental investigation to assess rebar corrosion within a concrete bridge deck using three 
technologies, one of which is electrical resistivity.  The evaluation was based on how well the 
devices were able to differentiate the area constructed with new rebar and the area constructed 
with corroded rebar.  The detection of the degree of rebar corrosion was not assessed but rather 
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corrosion activity, corrosion rate and the determination of a corrosive environment.  A limitation 
was found in evaluating corrosion activity and corrosion rate of epoxy-coated rebar.  
Measurements were collected, but interpretations of measurements with regard to epoxy-coated 
rebar were not available.  It was stated that electrical resistivity is not affected by epoxy coating 
within the deck, but no further evidence is provided.  It was suggested that electrical resistivity or 
half-cell potential measurements should be used when evaluating deterioration caused by 
corrosion due to their low cost, relative speed and simplicity.  They report that the advantage that 
electrical resistivity has over half-cell potential is the lack of the need to obtain an electrical 
connection to embedded reinforcement, although the information obtained from half-cell 
potential may be of greater importance to certain agencies.  Although corrosion was detected, 
Gucunski et al. (Gucunski et al. 2013) lacks the investigation on the degree of corrosion, which, 
as they stated, is of interest when assessing corrosion in structures.  

Sadowski (Sadowski 2013) reviewed the literature and found that there were few papers that 
determined the probability of corrosion by coupling electrical resistivity and half-cell potential 
techniques to gain perspective on the degree of reinforcement corrosion in concrete.  Sadowski 
also noted that it was difficult to find a systematic methodology when assessing corrosion 
probability.  It was suggested that using electrical resistivity conducted with a four-point Wenner 
probe and half-cell potential techniques, the following methodology should be used when 
interpreting measurements as seen in Figure 2.6.  Although a systematic analysis of results was 
suggested by Sadowski, no correction factors were suggested for electrical resistivity 
measurements for corrosion conditions.  Only identifying the probability of corrosion was 
suggested when conducting a corrosion assessment (Sadowski 2013). 

 

Figure 2.6: Suggested methodology when assessing four-point Wenner probe electrical 
resistivity and half-cell potential measurements (Sadowski 2013). 

Hornbostel et al. (Hornbostel et al. 2013) reviewed the literature for the relationship between 
corrosion rate of embedded reinforcement and concrete resistivity.  They confirm the inverse 
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relationship between concrete resistivity and corrosion rate, not risk.  The discrepancies within 
the literature was summarized and included: (1) the large range and scatter for correlations 
between corrosion rate and concrete resistivity for resistivity measurements assessments, (2) 
corrections to corrosion rate measurements may not have been applied, (3) graphical data was 
not consistent between investigations to show relationships, (4) large scatter of data and few 
investigations on the effect of moisture state and temperature on the corrosion and resistivity 
relationship, (4) the lack of investigation of the effect of the cause of corrosion on the corrosion 
and resistivity relationship, and (5) the lack of knowledge on which mechanism dominates the 
corrosion process and how this influences resistivity measurements. It was suggested that more 
field data should be collected and analyzed to assess the corrosion and resistivity relationship, 
and that; overall, the relationship between corrosion rate and resistivity should be investigated 
further. 

2.3 OTHER CONSIDERATIONS 

2.3.1 Bound and Free Chlorides 

When chloride ions travel through the concrete matrix, some ions may become bound physically 
and chemically to the hydration products of the binder in the concrete.  If enough chlorides are 
present, the free chlorides can eventually reach the surface of the reinforcing steel, and once they 
reach a certain concentration on the surface, corrosion can initiate.  The ability to measure free 
and bound chloride concentrations, therefore, is crucial in understanding the corrosion risks of a 
certain structure.  Research has been done on quantifying the chloride binding process in 
ordinary Portland cement (OPC) mixtures because this would enhance the ability to predict the 
duration or service-life of concrete structures exposed to marine environments or de-icing 
chemicals, as well as find ways to decrease the amount of chlorides reaching the steel surface.  
According to Neville (Neville 1996), from “Properties of Concrete”, the main form of chemical 
binding of chloride ions is through the reaction of the cement compound tricalcium aluminate, 
C3A, and the formation of Friedel salt.  A similar reaction with the cement compound 
tetracalcium aluminoferrite, C4AF, results in calcium chloroferrite.  From the stoichiometry of 
these reactions, it can be calculated that one gram of C3A will consume 0.263 grams of chloride, 
while one gram of C4AF will consume 0.146 grams of chlorides.  The testing procedures for 
determining free chlorides are very time-consuming and intricate.  ASTM C1218 is the most 
commonly used testing procedure for finding concentrations of water-soluble chlorides, which 
can represent the amount of free chlorides.  ASTM C1152 standard provides the acid soluble 
chloride concentration, which is also known to provide the “acid soluble chloride” concentration, 
which is an indicator of total chlorides.  The values are typically shown in chloride percentage by 
weight of cement.  In a study done by Sirivivatnanon et al. (Sirivivatnanon 2012), chlorides were 
tested using both, acid soluble and water-soluble methods following ASTM C 1202 and ASTM 
C1218 respectively.  This study concluded that the extractive techniques and level of 
aggressiveness determine the type and amount of chlorides.  It was found that the aggressive 
solvents and surface area of the materials tested controlled the amount and type of chlorides 
extracted.  The use of boiling water on materials passing an 850-micron sieve offered the most 
accurate amount of free chloride content.  This is important to establish since quantifying 
chloride content, for either total or free chlorides, is a very delicate procedure.  Once the accurate 
chloride content is determined, the appropriate corrosion mitigation techniques can be made. 
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2.3.2 De-icing Solutions 

In environments where F-T action is common, DOTs can remove ice off the surface of the 
concrete by plowing, using deicers, and anti-icers (2004).  The DOTs either use anti-icing agents, 
which lower the freezing point so that when precipitation falls, it does not freeze, or use de-icing 
chemicals on the roads to decrease the freezing point, melting any ice formed on them, allowing 
vehicles to drive safely.  This practice of applying salts to roads during freezing weather was first 
implemented in the 1930s (Lord 1988), and since then, numerous types of de-icing chemicals 
have been developed to provide safe travel conditions.  Some of the more common de-icing 
chemicals used today, based on the FHWA manual of practice for an effective anti-icing 
program include sodium chloride (NaCl), calcium chloride (CaCl2), and magnesium chloride 
(MgCl2). 

While the use of de-icing chemicals has proven to be effective, these chemicals are harmful to 
the environment and to the reinforcing steel in concrete structures.  Environmental concerns 
regarding the use of de-icing chemicals, according to Lord, (Lord 1988), include drinking water 
contamination and degradation of habitats surrounding areas where salt accumulates from runoff.  
These chemicals also have a detrimental effect on structures.  The corrosion of structures, 
specifically bridge decks, has been of high concern for the last few decades.  Corrosion occurs 
when chlorides from de-icing chemicals infiltrate the concrete and reach the steel reinforcement.  
A study by Conciatori (Conciatori 2008), determined that chloride ingress was controlled mainly 
by the concentration of the de-icing chemicals the composition of the concrete, due to the density 
and permeability of the materials used (Jaegermann 1990, Hong 1999), and by the weather 
conditions.  Weather conditions are vital when analyzing the chloride ingress since cyclic 
wetting and drying environments promote a faster rate of chloride ingress (Hong 1999, Ji 2009).  
Hot weather also influences the rate of ingress.  A study performed by Yuan (Yuan 2008), 
evaluated the temperature effect on migration of chlorides.  The results showed that the greater 
the temperature of the concrete, the greater the diffusion coefficients.  They also concluded that 
the chloride penetration, while influenced by temperature, did not change the chloride profile 
trends.  Once the chlorides build to a critical level, corrosion of the reinforcing steel can initiate.  
Various studies have concluded that concrete, that is saturated with deicer solutions, undergoing 
F-T cycles shows considerable deterioration including mass change, expansion, decrease in 
dynamic modulus of elasticity, and increase in permeability (Sutter et al. 2008; Cody et al.1994; 
Cody et al. 1996; Mussato 2004; Kozikowski et al. 2007).  These studies concluded that the 
magnesium chloride (MgCl2) deicer solution physically and chemically reacted with hardened 
cement paste at a fast rate and performed poorly in various durability tests when compared to the 
other de-icing solutions.  Interestingly, samples that were saturated with MgCl2 solution did not 
show significant salt scaling, which was contrary to expectation.  These samples showed similar 
scaling to the specimens saturated with other de-icing solutions. 

2.3.3 Freeze-Thaw (F-T) Action 

Concrete exposed to F-T action can deteriorate at a rapid rate due to water expansion in the 
concrete pores.  According to the Portland Cement Association (PCA) (Kosmatka et al. 2011), 
water expands around 9% when frozen.  When the water in the concrete matrix freezes, the 
expansion provides internal tensile forces that cause cracks.  These cracks continue to escalate 
with continuous freezing and thawing action.  F-T cycles also cause scaling and spalling on the 
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surface of the concrete.  The bond between the aggregate and the paste weakens and causes the 
aggregates to separate causing “pop-outs”.  The most effective way to protect concrete from F-T 
deterioration is to develop a proper air entrainment system.  Air-entraining admixtures provide 
evenly distributed air voids throughout the concrete matrix to alleviate internal or localized 
tensile forces that create cracks in the concrete during F-T cycling.  In order to determine if a 
concrete sample has adequate protection from F-T action, the standard test method ASTM C666 
can be used to test the resistance of concrete to rapid freezing and thawing.  This test method can 
be utilized when the concrete samples undergo rapid freezing and thawing in water, or freezing 
in air and thawing in water.  Regardless of the type of environment in which the samples are 
placed, they undergo 300 F-T cycles or the number of cycles until the original relative dynamic 
modulus is reduced below 60%.  This test method states that the specimens’ mass needs to be 
recorded and tested for fundamental transverse frequency every 36 cycles.  

There is a gap in literature for relating SR to F-T action.  One group was able to use electrical 
resistivity to assess frost damage (Wang et al. 2014, 2015).  Wang showed that as temperature 
decreased, electrical resistivity increased, and as F-T cycles continued, the resistivity continued 
to increase.  This increase was attributed to frost damage that was progressively resulting in more 
micro fracturing of the concrete and thus a loss of connectivity within the specimen.  Frost 
damage was also confirmed by the loss of strength and visible cracks on their specimens.  No 
literature specifically regarding SR values with chloride ingress and F-T action was found, which 
is of great concern since de-icing chemicals are used only in environments in which F-T occurs.
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3.0 EXPERIMENTAL PROGRAM 

3.1 BACKGROUND 

This chapter presents the details of the experimental program conducted as part of this project.  It 
starts with the description of the materials and reinforces concrete slabs used in the investigation.  
The exposure conditions and F-T testing regime are presented.  The chapter is concluded with 
the test methods used to monitor the changes and environmental conditions of the exposed slabs. 

3.2 MATERIALS 

The experimental study involved continuous monitoring of SR measurements, temperature, 
relative humidity, and chloride ingress of reinforced concrete slabs that were cast at the Oregon 
State University Outdoor Exposure Site.  The slabs were designed to represent bridge decks 
commonly used by Oregon Department of Transportation (ODOT) in Oregon from 1960s to 
present.  Based on concrete mixture properties from three different periods, twenty slabs were 
cast and investigated.  Slab Type 1 (ST1), composed of twelve air-entrained slabs designed per 
1960s specifications, Slab Type 2 (ST2) consisted of three non-air-entrained slabs designed per 
1960s specifications, Slab Type 3 (ST3) were two air-entrained slabs designed per 1990s 
specifications and slab Type 4 (ST4) consisted of three air-entrained slabs designed per current 
specifications. 

3.2.1 Concrete 

The concrete mixtures were ordered from a local ready-mix concrete plant.  The six concrete 
mixtures were used to construct six different slab types.  These are representative of Oregon 
bridge decks that have been built in the past six decades.  The mixture proportions for each 
concrete type are included in Table 3.1.  Slab Type 1 (ST1) contained a Type I/II ordinary 
Portland cement (OPC) concrete mixture with no supplementary cementitious materials (SCMs) 
as per 1960s specifications.  It should be noted that 1960s specifications did not specify w/cm 
but define the mixture using specified workability requirements.  A range of w/cm values (ST1-
A, ST1-B, ST1-C) were investigated for concrete of this era and are depicted in Table 2.1.  Slab 
Type 2 (ST2) was also cast with the same OPC as the ST1 specimens but without air 
entrainment; these slabs represent non-air-entrained bridge decks from the 1960s.  Slab Type 3 
(ST3) represents bridges from the 1990s; this concrete mixture is an air-entrained concrete with 
20% Class F fly ash replacement.  Slab Type 4 (ST4) represent modern air-entrained high 
performance mixture (HPC) which contained 30% Class F fly ash and 4% silica fume.  The 
chemical compositions of OPC, fly ash and silica fume used in this study are provided in the 
appendix.  The coarse aggregate used was rounded river rock with a gradation that ranged from 
3/4-inch (1.91 cm) to 0.187 inches (.475 cm).  The fine aggregate used was natural sand with a 
fineness modulus of 3.02 and a gradation that ranged from 0.187 inches (.475 cm) to 0.0059 
inches (0.0149 cm).  Detailed information on the gradation of the coarse and fine aggregates is 
found in the Appendix. 
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Table 3.1: Fresh properties and six concrete mixture designs used in this study. 
 ST1-A ST1-B ST1-C ST2 ST3 ST4 

w/cm  0.60 0.40 0.47 0.53 0.35 0.43 

Measured slump, in (cm) 9.5 (24.1) 1.25 (3.2) 6.25 (15.9) 5.5 (14.0) 3.25 (8.3) 3.5 (8.9) 

Measured air (%) 9 3.25 5 1 3 2.5 

Measured unit weight, 132.1 145.9 142.16 148 147.52 145.88 
lb/ft3 (kg/m3) (2116.0) (2337.1) (2277.2) (2370.7) (2363.0) (2336.8) 

Cement, lb (kg) 525 528 512 515 510 461 
 (238.1) (239.5) (232.2) (233.6) (231.3) (209.1) 

Fly ash, lb (kg) 0 0 0 0 129 (58.5) 204 (92.5) 

Silica Fume, lb (kg) 0 0 0 0 0 25 (11.3) 

Water, lb (kg) 317 209 240 275 222 300 
 (143.8) (94.8) (108.9) (124.7) (100.7) (136.1) 

3/4" - No.4, lb 1693 1688 1690 1693 1753 1714 
(19.1 mm – 4.76 mm (kg) (767.9) (765.7) (766.6) (767.9) (795.1) (777.5) 

Sand, lb (kg) 1133 1456 1196 1401 1306 617 
 (513.9) (660.4) (542.5) (635.5) (592.4) (279.9) 

Total, lb (kg) 3668 3881 3638 3884 3920 3321 
 (1663.8) (1760.4) (1750.2) (1761.8) (1778.1) (1506.4) 
       

 
Fifteen 4-inch by 8-inch (10.16 cm by 20.32 cm) cylinders were cast from each one of the 
different mixture types.  These cylinders were used for additional mechanical property and 
performance testing.  The slabs and the cylinders were each cured under wet burlap for 28 days 
after casting.  Compressive strength testing \ was performed at 28 and 90 days. 

3.2.2 Reinforcement 

All slabs were reinforced with #5 (5/8 in, 16 mm) ASTM A615 carbon steel rebar.  Historical 
data on bridge decks show that most decks in Oregon are reinforced with #5 (5/8 in., 16 mm) 
rebar.  Although #4 rebar is also common, previous studies showed that resistivity measurements 
are not affected by the difference between these two bar sizes (Salehi 2013); therefore, for 
consistency #5 (5/8 in., 16mm) bars were used.  In this research, as shown in Figure2.1, an 
unreinforced zone was left in each slab for the extraction of cores to be used in bulk resistivity 
measurements, mechanical testing, and moisture content determination.  
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Most slabs were reinforced with orthogonal rebar with 8-inch (20.3 cm) center-to-center spacing.  
Two slabs with 4-inch (10.16 cm) rebar center-to-center spacing were used to verify the results 
of a parallel investigation.  The slabs in this study had either 1-inch (2.54 cm) or 2.5-inch (6.35 
cm) concrete cover thickness.  Historical data shows that a large number of bridge decks in 
Oregon have 1-inch (2.54 cm) to 2.5-inch (6.35 cm) concrete covers, and some of these bridge 
decks are exposed to de-icing chemicals.  Therefore, slabs with both a 1-inch (2.54 cm) and 2.5-
inch (6.35 cm) cover thickness were investigated.  Figure 3.1 shows typical slab dimensions and 
positioning of the reinforcement. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 3.1: (a) Geometrical details of the concrete slabs; (b) a sample slab with placed 
reinforcement before casting of concrete; (c) a completed slab ready for ponding; (d) a sample 

concrete slab during ponding with the deicing solution. The section that is unreinforced was used 
to take measurements and to extract cores for additional testing. 
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3.3 EXPOSURE REGIME 

3.3.1 Ponding Cycles 

After 28 days of wet curing, the slabs were exposed to commercially available 30% magnesium 
chloride (MgCl2) deicing solution that contained a corrosion inhibitor in alternating wet/dry 
cycles to increase chloride ingress rates.  This is the same deicing solution used by ODOT.  The 
composition and type of the corrosion inhibitor are not disclosed by the supplier; therefore, the 
inhibitor type is not reported here.  In each cycle, the slabs were ponded with the deicing solution 
for 96 hours.  After 96 hours, the deicing solution was removed by vacuum, and then the slabs 
were exposed to ambient conditions for a 10-day period.  The duration of each cycle was decided 
based on the needs of the project in addition to previous studies that showed this cycling 
approach increased chloride ion ingress but still remained reasonable compared to field exposure 
(Hong 1999).  After 7 cycles it was determined that chloride ingress was occurring at a higher 
rate than expected.  Control slabs, one for each type of concrete, also had the same ponding 
regime.  However, these slabs were ponded with tap water instead of the de-icing solution.  The 
cycles were postponed for ten weeks after the seven cycles.  During this time, the slabs were 
exposed to the ambient conditions without ponding.  After this period, the slabs were exposed to 
the deicing solution once again continuing the ponding regime. 

3.3.2 Internal and Atmospheric Conditions 

In-situ Wagner Rapid RH® probes were installed at various depths inside the slabs.  These 
probes measure temperature and relative humidity inside the concrete and data were provided at 
the time that SR measurements were taken.  All control slabs and one slab for each type of 
concrete had probes thus resulting in 12 slabs having probes.  The probes were installed at 1 inch 
(2.54 cm) and 2.5-inches (6.35 cm) from the surface of the slabs.  The depths of the probes were 
chosen based on practicality.  At 1 inch (2.54 cm), it decreased the chance of cracks near the 
surface.  At 2.5-inches (6.35 cm), it provided information regarding the change in temperature 
and relative humidity with depth compared to the 1-inch probe.  Surface temperature was 
measured with an infrared temperature gun.  In addition to these measurements, a weather station 
continuously collected weather data onsite.  This included relative humidity, wind speed, wind 
direction, precipitation, barometric pressure, etc.  This data was used to calibrate measurements 
and provide additional information for the companion modeling study. 

3.3.3 Freeze-Thaw (F-T) Exposure 

Three slabs (ST1-C, ST2, and ST4) were exposed to F-T cycling.  Slab type A (ST1-C), and slab 
type B (ST2) were slabs designed from 1960’s specifications, which used ordinary Portland 
cement (OPC) concrete with no supplementary cementitious materials.  ST2 was not air-
entrained.  Slab type C (ST4) was a modern air-entrained HPC mixture with class F fly ash with 
a CaO content of 13.94% and silica fume at a 30% and 4% replacement of Portland cement, 
respectively.  Mixtures ST1-C and ST4 did not meet the target air-content that was specified, 
which was 6 percent.  Mixture ST4 was dosed with increasing amounts of air entraining 
admixture with minimal increase in air content.  Achieving an adequate air-content in a previous 
mixture also proved difficult.  In that previous case, the air content dramatically increased to 9% 
after the final dosage.  In an effort to avoid that happening, mixture ST4 was used despite not 
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meeting the target air percentage.  Fifteen 4-inch by 8-inch (10.16 cm by 20.32 cm) cylinders 
were cast from each one of the different mixture types.  These cylinders were used for additional 
mechanical property and performance testing. 

These slabs went through eight de-icing solution ponding cycles before they were exposed to F-
T.  The concrete slabs were exposed to 300 F-T cycles commensurate with ASTM C666 
Procedure B.  The cycles were divided into five segments of 60 cycles per each segment.  Each 
F-T cycle involved 1 hour of freezing at 3.2oF (-16oC) and 1 hour of thawing at 60.8oF (+16oC) 
with a 30-minute temperature increase or decrease in between.  The goal of this regime was to 
achieve an approximate cycling range of 14oF/+50oF (-10oC/+10oC) at 1.5-inch (3.81cm) depth.  
Each F-T exposure period started at the end of a de-icing ponding cycle and lasted eight days 
before the slabs were placed back into ambient conditions where they underwent three additional 
ponding cycles in between each F-T exposure.  Concrete cylinders, made from the same concrete 
as the slabs, were subjected to F-T cycles following ASTM C666 in a Scientempt F-T chamber 
for 300 cycles and were compared to additional cylinders that were placed in the F-T 
environmental chamber with the slabs.  ASTM C666 standard provides two procedures for 
testing.  Procedure A requires that the specimens undergo freezing and thawing submerged in 
water.  Procedure B requires specimens to undergo freezing in air and thawing in water.  To keep 
the environment consistent between the slabs and the cylinders, the cylinders followed the 
ASTM C666 went through a wet thawing and dry freezing exposure (Procedure B).  The 
cylinders were conditioned by saturating them in a fog room until their saturated surface dry 
mass stopped increasing. 

3.4 TESTING METHODS 

The concrete slabs, cylinders, and cores that were extracted from the unreinforced zone of the 
slabs went through various tests throughout the duration of the project.  The tests that were 
performed on concrete slabs, cylinders, and cores are described in the following sections. 

3.4.1 Mechanical Testing 

Compressive strength of cylindrical concrete specimens was measured after 28 days and 90 days 
following ASTM C39. 

3.4.2 Moisture Content 

Moisture content of concrete cores were determined from select slabs at select times by taking 
cores with a handheld core drill and oven drying the cores to determine the free water content 
inside the concrete matrix.  In addition, a side study was performed on wet coring to determine if 
dry coring to affects the water content when using a coring drill.  Six cores 3-inches (7.62 cm) in 
diameter were taken from a concrete slab; three cores were dry cored and three were wet cored.  
The samples were then cut into 2- inch (5.08cm) sections to establish moisture-content in 
relation to depth.  The wet samples were surface dried and the mass was recorded for all the 
samples taken.  The samples were then placed in an oven at 230° Fahrenheit (110 °C) for 24 
hours and the mass was recorded once again.  The evaporable moisture content of the concrete 
samples was then determined.  Once the study was completed, cores were taken from each type 
of concrete in two different occasions to determine the evaporable moisture content of the 
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concrete slabs.  Cylinders that were cast with the slabs were also tested for moisture content.  Three 
cylinders from each type of concrete were placed in a fog room the mass did not increase.  Once the 
cylinders were fully saturated, they were placed in an oven at 230° Fahrenheit (110 °C) for 24 hours 
and the mass was recorded once again.  The evaporable moisture content of the concrete samples was 
then determined. 

3.4.3 Chloride Profiling 

Chloride profiling was performed on each slab at various ages using a field profile grinder.  
There were nine possible chloride-profiling sites on each slab due to the location of rebar and the 
unreinforced zone.  Collected powders were analyzed for acid soluble and water soluble chloride 
content following ASTM C1152 and ASTM C1218 respectively and profiles were generated for 
determination of chloride transport properties per ASTM C1556.  After each chloride profile was 
taken, the area where the grinding occurred was sealed with a commercial self-consolidating, 
shrinkage compensating, concrete repair material that is also used by ODOT. 

3.4.4 Surface Resistivity Measurements 

SR measurements were taken using a four-point Wenner probe at two locations on the slab 
surface.  Five readings were taken on the unreinforced section of the slabs and five readings were 
taken on the reinforced section.  The median value was taken for each set of measurements as 
suggested by the RILEM TC-154 (Andrade et al. 2004).  When taking SR measurements in 
sections where rebar was present, the probe was oriented perpendicular to the topmost rebar and 
parallel to the bottommost rebar.  The orientation of the probe and procedure was decided 
following the study performed on probe orientation (Morales 2015).  Because these 
measurements were rapid, they were performed weekly or bi-weekly, depending on the ponding 
cycles, they were taken when chloride profiles were performed and they were taken half way 
through the dry period of the ponding cycle for consistency. 

3.4.5 Bulk Electrical Conductivity/Resistivity 

Bulk resistivity was measured after every 36 cycles on the cylinders undergoing F-T cycles 
following ASTM C1760.  The values obtained from bulk resistivity measurements were used to 
validate and compare the SR measurements of the cylinders.  Bulk resistivity was done using the 
Giatec RCON electrical resistivity meter and manufacturer’s recommendations were followed 
when testing concrete cylinders. 

3.4.6 Resonant Frequency Test ASTM C215 

Resonant frequency, using the transverse method, was measured every 36 cycles on cylinders 
undergoing F-T cycles per ASTM C215.  Concrete’s resonant frequency is directly related to the 
dynamic modulus of elasticity, which can decrease if there is degradation of the concrete during 
F-T testing.
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4.0 EXPERIMENTAL RESULTS 

4.1 BACKGROUND 

This chapter reports the results of the experimental program.  It is divided in two major sections.  
In the first section, the relationship between chloride ingress and electrical properties of concrete 
are investigated for reinforced concrete slabs that are exposed to several ponding cycles of the 
de-icing chemical.  In the second part, the role of F-T action on such relationship is presented.  In 
both cases, water-ponded slabs were used as control cases.  The role of environment conditions 
during de-icing chemical application is discussed. 

4.2 CHLORIDE INGRESS AND ELECTRICAL PROPERTIES 

As discussed in the literature review, electrical properties of concrete (such as electrical 
resistivity of formation factor) are affected by the microstructure development, the degree of 
saturation of the pores, temperature, and the chemistry of the pore solution.  During curing, and 
in the stages of service, it is expected that the electrical resistivity of concrete increases.  During 
this stage, the electrical properties are also expected to be more sensitive to the changes in 
relative humidity and moisture content within concrete.  When chloride-containing salts start 
penetrating into concrete, some is bound into the hardened matrix and the rest remains in the 
pore solution.  The effect of chloride binding and presence of free chloride ions in the pore 
solution might affect the electrical properties differently.  For example, the former would 
increase the electrical resistivity of the matrix, while the latter would decrease the electrical 
resistivity of the pore solution.  However, in later stages, as the binding capacity of concrete is 
reached, the effect of chloride ingress into concrete should correspond to a decrease in overall 
electrical resistivity of the medium.  This experimental investigation is intended to show these 
relationships for the reinforced concrete slabs investigated in this research program.    

4.2.1 Compressive Strength 

Compressive strength of cylindrical concrete specimens was measured after 28 days and 90 days 
following ASTM C39.  Table 4.1 shows the compressive strengths of the six types of concrete 
used in this study.  

Table 4.1: Compressive strengths of the six types of concrete at 28 days and 90 days. 
 ST1-A ST1-B ST1-C ST2 ST3 ST4 
28 Day, MPa (psi) 12.3 24.4 20.9 28.3 27.8 24.6 
 (1784.0) (3539.0) (3031.3) (4104.6) (4032.0) (3567.9) 
90 Day, MPa (psi) 17.1 27.5 28.3 37.3 34.0 33.1 
 (2480.1) (3988.5) (4104.6) (5409.9) (4931.3) (4800.7) 
 
Overall, the compressive strengths of all the mixtures were lower than the design strengths.  A 
reason for this can be attributed to the temperature at the time of casting which was 45°F (7.2°C) 
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and the temperature fluctuated at around 45°F (7.2°C) by + 10°F (5.5°C) over their wet curing 
time since the slabs were cast outside.  ST2 mixture had the highest compressive strength, even 
though its w/cm was 0.53 for ST2 and it did not contain any SCMs, which can be attributed to 
the fact that it contained no air- entrainment.  The slabs with SCMs (ST3 and ST4) had greater 
compressive strengths than the ST1 mixtures that only contained OPC.  Although ST4 was expected 
to have a higher strength than ST3 due to the addition of silica fume and fly ash, ST3 had a lower 
w/cm than ST4 (0.35 vs. 0.43), which controlled the strength. 

4.2.2 Moisture Content 

The evaporable moisture content of the concrete was determined first by using a wet core and a 
dry core to determine the effect that an outside water source has on the internal moisture of the 
samples.  Table 4.2 shows the moisture content of samples cored with a wet and dry coring drill. 

Table 4.2: Comparison of moisture content using a wet coring drill and a dry coring drill. 

 
It can be observed from that the core extraction techniques did not significantly affect the 
moisture content of concrete significantly.  The moisture content of the samples remained 5 to 
6% regardless of the depth or the extraction method used.  The difference between the two 
methods was negligible and it was determined that wet coring, being the most practical method, 
was an accurate and acceptable technique to use on the concrete slabs.  Therefore, subsequent 
cores were taken from each type of concrete after five ponding cycles and after 14 ponding 
cycles using the wet coring method.  The w/cm plays an important role in the porosity and 
transport properties of the concrete and this can be seen in Table 4.3, which shows the moisture 
content from six different types of concrete. 

  



 

35 

Table 4.3: Moisture content taken from extracted cores corresponding to each type of 
concrete that underwent 5 and 14 de-icing solution ponding cycles. 

 

The moisture of the concrete after five ponding cycles decreased in order of w/cm for all cases 
except for ST4, the modern HPC concrete, which had the second lowest moisture content.  ST1-
A having a w/cm of 0.6, had the highest moisture at 8.2% and ST3, having a w/cm of 0.35, had 
the lowest at 6.0%. While the moisture content did decrease with decreasing w/cm, the 
difference between all the moistures of ST1 and ST2, which only contained OPC, is negligible. 
However, there is a clear difference when comparing the OPC mixtures with the mixtures 
containing SCMs, which show that the use of SCMs provide a less porous concrete matrix. The 
moisture of the concrete decreased in all cases as the concrete slabs continued to undergo cycling 
ponding, After 14 ponding cycles, the ST1-A specimen still contained the highest amount of 
moisture, and ST3 had the least amount of moisture, 6.5% and 4.9% respectively. The decrease 
of moisture is attributed partly to the continuing microstructure formation, high increasing 
ambient temperatures (owing to seasonal change) and the presence of Magnesium Chloride 
which absorbs water into its structure. 

4.2.3 Chloride Profiles 

Acid soluble chloride profiles were taken periodically throughout the ponding cycles. Figures 4.1 
shows the acid soluble chloride profiles for all six types of concrete at the end of the 14th and the 
20th ponding cycles. From this figure, it is clear how important of a role the w/cm and porosity 
have on chloride ingress: the higher the w/cm, the greater the chloride ingress. This can be 
supported by various studies which prove that a decrease in w/cm increases resistance to chloride 
penetration. Since the porosity of concrete is mainly governed by the w/cm, hence the effect of 
the observed w/cm on the amount of chlorides. Two types of concrete mixtures in this study 
contained SCMs. ST3 contained 20% replacement of cement with fly ash and ST4, the modern 
high performcen concrete mixture, contained 4% and 30% of silica fume and fly ash, 
respectively. From Figure 4.1, it is clear that both ST3 and ST4 have lower chloride contents 
than other mixtures which contained only ordinary portland cement (ST1 and ST2). The use of 
SCMs helped densify the concrete matrix by filling the voids in between the cement particles, 
increasing the resistance against penetrating chlorides. In this study, all the concrete slabs were 
air entrained except for ST2 and had the highest unit weight among the mxitures, which helped 
decrease the transport poporties and resulted in lower chloride ingress profils than ST1 mixtures. 
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(a) 
 

 
  (b) 

Figure 4.1: (a) Acid soluble chloride profiles are shown on the six types of concrete after (a) 14 
ponding cycles; (b) 20 ponding cycles.  ST1-W40 had a w/c ratio of 0.40, ST1 -W47 had a w/c 

ratio of 0.47, ST1-W60 had a w/c ratio of 0.60, ST2-W53 had a w/c ratio of 0.53, ST3 had a w/c 
ratio of 0.35 and ST4 had a w/c ratio of 0.43. 
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Figures 4.2 illustrates the chloride ingress into the slabs over time.  Similar conclusions are 
observed here.  It is evident that all the ST1 (Figures a, b and c) mixtures had a lower resistance 
to chloride penetration, and ST3 and ST4, as expected, due to the addition of SCMs, are more 
resistant to chloride penetration.  It is interesting to note that after 24 days from ponding 
initiation, or 2 ponding cycles, the chlorides of all ST1 had already reached at least a 
concentration of total chlorides greater than 6% by weight of cement at 2 mm depth, and went on 
to reach a maximum of 32% by the end of the 14th cycle indicating high transport of chlorides of 
the concrete mixtures containing no SCMs. Figure 4.2(c) shows the type of concrete with the 
greatest amount of acid soluble chlorides in the system, which happens to be the concrete with 
the highest w/cm and the highest air content at 9%. When performing routine ponding of the 
slabs, surface cracking began showing on this type of concrete.  The cracks presented themselves 
during the summer months.  The combination of high temperatures, low relative humidity, high 
porosity, and chlorides was attributed to the presence of these cracks, which created a direct path 
for chlorides to enter.  In neither of the two concrete mixtures containing SCMs (i.e., ST3 and 
ST4), chlirides reaced the reinforcement, which was embedded at 1 in (2.54 cm) and 2.5 in 
(6.35cm) from the concrete surface. If the concentration of chlorides that reach the surface of the 
reinforcement is high enough to disturb the passive layer, corrosion will initiate. This total 
chloride threshold can range from 0.2 to 0.6% by mass of cement. Figures 4.3(a-d) show that 
after abut 14 ponding cycles, these threshlds were exceeded in ST1 and ST2 slabs, suggesting 
possible corrosion initiation.  

As a side investigation,  comparison study was conducted to illustrate the acid and water soluble 
chloride contents in ST2 slab. Due to the low amount of powders collected from profile grinding, 
this study could not be expanded into other slabs. Figure 4.3 shows the water soluble (free) and 
acid soluble (bound) chliride contents at 0.394 in (10 mm) depth at different times.  The 
concentration of acid soluble chlorides (which include both free and bound chlorides) increases 
over time at 0.394 inch (10 mm) depth.  In the first 24 days of cyclic ponding, almost all 
chlorides at this depth were free chlorides.  Over time, the amount of bound chlorides increased, 
however, the increase in free chloride concertation was larger.  At 178 days, 25% of the total 
chlorides at this depth were bound chlorides.  Since the binding capacity of the matrix is limited, 
the ratio of bound to free chloride concertation is expected to increase over time.  As a result, in 
later stages of chloride exposure, it is also expected that chloride ingress would decrease the 
electrical resistivity of the pore solution, changing electrical properties of concrete. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.2: Acid-soluble chloride concentrations by weight of cement throughout 369 days of 
cyclic ponding with their respective apparent diffusion coefficients. (a) is ST1 with w/c ratio of 

0.40, (b) is ST1 with w/c ratio of 0.47, (c) is ST1 with w/c ratio of 0.60, (d) is ST2 with w/c ratio 
of 0.53, (e) is ST3 with w/c ratio of 0.35 and (f) is ST4 with w/c ratio of 0.43. 



 

39 

 
Figure 4.3: Free and bound chloride concentration of ST2 at 10 mm in depth over time. 

4.2.4 Internal and Atmospheric Conditions 

Because the concrete slabs were placed at an outdoor exposure site, they endured various ranges 
of temperature and relative humidity over the duration of the study, which played a key role in 
the development of concrete setting and chloride ingress so temperature and relative humidity 
were monitored both at the exposure site and within the concrete slabs.  The internal, surface and 
air temperature changes are shown inn Figure 4.4 for all types of slabs.  The increase and 
decrease in temperatures are due to the change in seasons.  The internal and surface temperatures 
seem to follow a trend.  It is noted note that, during the warm summer months, concrete retained 
heat due to its thermal mass — on average internal temperatures remained higher than the air 
temperatures.  It is important to identify this increase in temperature, especially internally since it 
affects the chloride diffusion coefficients (Qiang et al. 2008).  It is observed in Figure 4.6 that 
the internal temperature of concrete can be easily predicted from the environmental temperature 
since temperature within concrete reaches equilibrium conditions relatively quickly.  Therefore, 
in practice, the temperature effect on electrical resistivity measurements can be approximately 
accounted for using air temperature readings and existing resistivity-temperature relationships.  

Figures 4.5 and 4.6 show the relative humidity changes (in the environment and in the slabs) of 
the water-ponded and de-icing chemical-ponded concrete slabs, respectively.  Since the concrete 
slabs were relatively new when the ponding of de-icing solution began, the slabs had an internal 
relative humidity near 100%.  The figures show a decrease of relative humidity over time, and 
correlates with the decrease in moisture content measured from core samples.  The decrease in 
internal moisture and relative humidity is due to the hydration process of the concrete and the 
decrease of relative humidity in the air.  The concrete type that contained no air entrainment had 
the smallest change in relative humidity.  Since the concrete has no air-entrainment, the 
passageway for water vapor to move is very limited so the rate in which the relative humidity 
decreases is expected to be less than the rest of the concrete slabs.  It is interesting to note that all 
six slabs, regardless of the type of concrete, continued to have a relative humidity that was close 
to 100% during the entire study.  During the time that ponding stopped for 10 weeks, the relative 
humidity began to decrease.  Once the ponding continued, the relative humidity increased once 
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again.  The comparison between water-ponded and de-icing chemical ponded slabs shows some 
differences in internal relative humidity profiles.  The relative humidity in water-ponded slabs 
remained relatively high, even during the dry period, while during the dry period, the relative 
humidity in the de-icing chloride-ponded slabs went below 80%.  

The determination of internal relative humidity and the degree of saturation in concrete requires 
either measurement of these properties in-situ or simulating those using environmental data and 
concrete mixture design properties.  The measurement of relative humidity requires installation 
of sensors within the concrete.  Accurate measurement of the degree of saturation requires 
coring.  Neither approaches are practical for regular bridge deck inspections; therefore, 
simulation approach is the most feasible and practical method for determining these parameters 
within concrete.  Input data for these simulations can be obtained from public sources.  In 
Oregon (and most of Pacific Northwest), current or historical environmental data such as 
temperature and relative humidity can be directly obtained from Cooperative Agricultural 
Weather Network (AgriMet).  AgriMet provides weather data at every 15-minute intervals, 
hence, providing a very high resolution of environmental input data for typical virtual 
experiments on reinforced concrete structures. 



 

41 

 (a) 
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(f) 

Figure 4.4: Air, surface and internal temperature for concrete slabs over the 15 months of 
chloride testing: (a) ST1-A, (b) ST1-B, (c) ST1-C, (d) is ST2, (e) ST3, and (f) ST4. 
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(e) 

 
(f) 

Figure 4.5: Environmental and internal relative humidity for water-ponded concrete slabs over 
the 15 months of chloride testing: (a) ST1-A, (b) ST1-B, (c) ST1-C, (d) is ST2, (e) ST3, and (f) 
ST4. 
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 (a) 
 

(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.6: Environmental and internal relative humidity for de-icing solution-ponded concrete 
slabs over the 15 months of chloride testing: (a) ST1-A, (b) ST1-B, (c) ST1-C, (d) is ST2, (e) 

ST3, and (f) ST4. 
 
4.2.5 Surface Resistivity 

Surface resistivity was measured every week or bi-weekly throughout this study.  The 
measurements were taken on both slabs that were ponded with the de-icing solution and the 
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control slabs that were ponded with water to assess the effect of chloride ingress on SR 
measurements.  The SR measurements were taken on both reinforced sections and un-reinforced 
sections of the slabs.  Since SR measurements are influenced greatly by temperature, all 
measurements were normalized by a temperature of 77°F (25°C) using Hinrichsen-Rasch law 
(Hope 1987).  Figure 4.7 shows a comparison of SR measurements taken over the reinforcement 
and the unreinforced section on both the control slabs and the de-icing solution ponded slabs.  
Note that Figure 4.7€ contains no error bars because only one slab was ponded with de-icing 
solution and the other slab was ponded with water.  The measurements between the unreinforced 
and reinforced were nearly identical and fall well within the error bars, validating the techniques 
used to measure SR over the concrete reinforcement. 

Avoiding early corrosion initiation was imperative in this study so that the relationship between 
SR and chloride ingress could be monitored for an extended period, hence the ponding cycles 
were stopped temporarily after 7 cycles due to the high concentration of chlorides in the system.  
Figure 4.7 also shows the period during which ponding cycles did not occur.  Before the ponding 
cycles stopped, the SR was increasing in all the concrete types.  The type of concrete influenced 
the SR measurements greatly.  ST1 and ST2 slabs in Figures 4.7(a-d) all started with SR values 
much lower than SCM-containing ST3 and ST4 slabs in Figure 4.7(e and f).  As time progressed, 
the SR measurements increased in all cases even after ponding stopped.  The initial increase in 
resistivity can be attributed to a combination of factors including the changes in microstructure 
of concrete during and decrease in relative humidity observed during the dry period.  Since 
chloride ingress was limited to only the top layers from the concrete surface during these initial 
stages, the effect (that would reduce electrical resistivity) is not prominent.  These figures clearly 
show that the water-ponded control slabs also had an increase of SR measurements during this 
period.  This suggests that the microstructure changes and relative humidity governed the SR 
measurements in the early stages of chloride exposure.  



 

45 

 (a) 
 

(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 4.7: Surface resistivity measurements taken over the unreinforced section of the control 
slabs and the de -icing solution ponded slabs. (a) ST1-A, (b) ST1-B, (c) ST1-C, (d) is ST2, (e) 

ST3, and (f) ST4. Measurements are normalized for 77°F (25 °C). 
 
In later stages of chloride explore, as the chloride penetration depths increased, the effect of 
chloride ingress on SR measurements became clear.  During these later stages, there were no 
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significant changes in the microstructure of concrete, and relative humidity remained high (more 
so in water ponded samples than de-icing chemical ponded samples).  Comparison of de-icing 
chemical ponded slabs with water ponded control slabs clearly show that chloride ingress results 
in lower SR measurements in all slabs.  As shown in Figure 4.8, this relationship is dependent on 
the slab type.  The ST1 slab with a high w/cm of 0.6 had significantly larger chloride ingress 
than the modern HPC mixture slabs, ST4, with w/cm of 0.43.  The decrease in SR is larger in the 
former than the decrease in the HPC slab.  These observations provide significant support for the 
ultimate objective of this research to provide a quantitative relationship between the electrical 
properties of concrete (e.g. SR or formation factor) and chloride ingress in concrete bridge decks. 

 

  

  
(a) (b) 

Figure 4.8: The effect of chloride ingress on SR measurements (a) ST1 slab with w/cm 0.60, (b) 
ST4 slab with w/cm 0.43. 

 
It is challenging to differentiate the effect of chloride ingress in concrete using electrical 
properties of concrete during the first couple of months after pouring the concrete bridge-deck.  
This is because the electrical properties of concrete are governed by multiple processes that take 
place in concrete during curing and the early stages of service.  These include such things as 
microstructure development and evolution of the composition of the pore fluids.  However, after 
concrete matures the changes in electrical properties of concrete (e.g. SR or formation factor) are 
mainly due to changes in pore solution composition, hence, they can be used as an indicator for 
chloride ingress.  Since most bridge decks in Oregon are typically exposed to de-icing chemicals 
months after casting, the observed relationship between electrical properties of concrete (e.g. SR) 
and chloride ingress can be expedited to help predict chloride profiles in concrete.  However, 
since SR measurements depend on the type of concrete mixture (e.g. w/cm, connectivity of 
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pores, and pore solution composition) and environmental parameters (e.g. relative humidity, 
degree of saturation and temperature) within concrete, they need to be corrected/normalized for 
these factors. 

4.3 THE EFFECT OF FREEZE AND THAW (F-T) ACTION 

The purpose of this study was to develop a better understanding of the electrical resistivity of 
concrete when reinforced concrete slabs are exposed to deicer solution underwent F-T cycles.  
The de-icing solution selected is the commercial product used by ODOT and is composed of a 
30% magnesium chloride solution with a corrosion inhibitor.  While de-icing chemicals are 
effective at reducing freezing points, they are also known to damage the concrete bridge decks 
(Julio-Betancourt 2009).  A study performed by the Michigan Tech Transport Institute (2008), 
determined that the use of magnesium chloride and calcium chloride deicer solutions cause 
expansive cracking, increase in permeability, and loss of strength.  A report by ODOT also 
showed that the use of magnesium chloride deicer decreased the strength of concrete (Shi et al. 
2013, Huang et al. 2014).  Hardened air void analysis were performed on the cores following 
ASTM C457, taken from twelve bridges in Oregon and showed that half of the cores had a 
spacing factor of over .008 in. (200 microns), proving to be inadequate for good F-T resistance.  
ODOT concluded that the magnesium chloride de-icing solution combined with F-T action 
deteriorated the concrete both physically and chemically.  Interestingly, a survey taken by ODOT 
indicated that their winter maintenance managers did not agree on the severity of the damage that 
their magnesium chloride de-icing solution had on their bridge decks.  The report noted that 
some managers however, did believe that this solution caused a high level of risk to the 
structures so changes were made on concrete mixture designs and rehabilitation practices to 
address this risk (Shi et al. 2013, Huang et al. 2014). 

This background demonstrates that combined effect of F-T action and chloride ingress can be a 
critical problem for reinforced concrete bridge decks.  The question that is imposed by this 
problem for the current investigation is whether the F-T action has any effect on the relationship 
between the chloride ingress and electrical properties of concrete.  If this relationship is 
significantly affected by the F-T action, then using electrical methods to predict chloride ingress 
will be less effective.  This experimental investigation seeks answers to this question by studying 
the potential for electrical resistivity of concrete to serve as a non-destructive evaluation tool to 
assess the chloride ingress in concrete.  It is also possible that overall deterioration due to F-T 
action could also be assessed.  The study involved two stages: (1) investigation of the effect F-T 
action on concrete cylinders that are exposed to ASTM C666 Procedure B protocol, (2) 
investigation of the effect of F-T action on de-icing chemical and water ponded reinforced 
concrete slabs and accompanying concrete cylinders. 

4.3.1 Concrete Cylinders under F-T Action 

Surface and bulk electrical resistivity of concrete cylinders that underwent 300 F-T cycles 
following ASTM C666 Procedure B in a Scientempt F-T chamber were compared to additional 
cylinders that were placed in the F-T environmental chamber with the reinforced concrete slabs.  
The SR and the bulk resistivity of the cylinders are shown in Figures 4.9. 
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As illustrated in Figure 4.9, even before the F-T cycles, the electrical resistivity is well correlated 
with the type of concrete tested.  The lower the electrical resistivity, the lower the concrete 
quality and the more prone the concrete is to various durability problems.  The lowest resistivity 
before the F-T cycles was the OPC with w/cm ratio of 0.53 (ST2), which contained no air 
entrainment (air content was about 1% as reported in Chapter 3).  These concrete cylinders did 
not perform well under F-T, as expected.  All cylinders from this type of concrete began to 
deteriorate at about 72 F-T cycles and showed spalling at 108 F-T cycles.  The surface of the 
entire cylinder of this type of mixture came off in chunks and only the core of the cylinder 
remained exposing the aggregates, as shown in Figure 4.10.  The figure shows that for these 
mixtures the resistivity decreasing rapidly as the specimens deteriorated until the SR 
measurements could not be taken any more.  The performance of the other concrete mixtures was 
significantly better when compared to the mixture with no air-entrainment.  Based on SR 
measurements alone, it can be said that SR can be an indicator of F-T deterioration since the 
values decreased for the specimens that deteriorated below 5 kΩ-cm, however, SR measurements 
should be combined with other tests to verify the extent of deterioration. 
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(a) 

 
(b) 
Figure 4.9: Surface (a) and bulk (b) resistivity taken on cylinders that underwent 300 F-T cycles 
according to ASTM C666 Procedure B. Three types of concrete were tested: 1) OPC concrete 
with w/c ratio of 0.53 and no air-entrainment (ST 2) an OPC concrete w/cm ratio of 0.47 with 
air-entrainment (ST1-C) and 3) a HPC with a w/cm ratio of 0.43 that contained silica fume, fly 

ash and air-entrainment (ST4). Measurements are normalized for 77°F (25 °C). 
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(a) 

 
(b) 

Figure 4.10: Deterioration in ST2 cylinders (without air entrainment) after (a) 72 F-T cycles, (b) 
108 F-T cycles under ASTM C666 Procedure B protocol. 

 
From visual inspection, the ST1-C and ST4 specimens did not have any spalling or pop-outs.  
The air content of the OPC mixture with 0.47 w/cm (ST1-C) was 5% while the HPC mixture 
with w/cm of 0.43 (ST4) had an air content.  It was expected that the HPC concrete would 
deteriorate at a faster rate than the OPC mixture due to a low percent of air content, however the 
specimens did not show any visual signs of deterioration.  The SR of the OPC mixture with 
w/cm ratio of 0.47 (ST1-C) had a minimal change throughout the duration of the test.  The SR 
measurements decreased by about 2 kΩ-cm, where the SR of the HPC mixture decreased by over 
15 kΩ-cm throughout the duration of the test.  The bulk resistivity of the OPC and HPC mixtures 
also decreased by about 2 and 10 kΩ-cm, respectively.  The general trend for all measurements 
in both, bulk and SR seem to decrease over time, reflecting deterioration of concrete due to F-T 
action.  Because both figures follow the same trend for all three types of concrete and since 
electrical resistivity has been used in the concrete industry as an aid for durability related studies, 
a comparison between the two methods was made to validate the results obtained.  This 
comparison is important to establish since the use of bulk resistivity test may not always be the 
most convenient since it requires taking cores or cylinders from a structure and this may not 
always be an option.  Bulk resistivity and SR were plotted against each other and can be seen in 
Figure 4.11. 

Figure 4.11 shows the linear correlation coefficients (R2) between bulk resistivity and SR.  The 
coefficients are shown for each set of concrete samples as well as the overall group.  The 
coefficient for the concrete mixtures with w/cm ratio of 0.47, 0.53, and 0.43 are 0.863, 0.905, 
and 0.940 respectively.  The correlation coefficient for the overall set of points is 0.987.  These 
coefficients support a strong correlation between bulk and SR and indicate that SR alone will 
provide accurate information.  The ratio of the theoretical bulk resistivity to the SR of the data 
collected was calculated to be 0.576.  A separate study done on the relationship between bulk 
and SR supports this finding.  Ghosh and Tran showed that the two techniques were well 
correlated for different types of OPC, HPC and control mixtures over longer periods of time 
(Ghosh et al. 2015).  
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Figure 4.11: Linear regression relationship between SR and bulk resistivity taken on cylinders 

for each type of concrete. 
 

To further investigate the behavior of the cylinders going through F-T cycles, and to better 
understand the results obtained from the electrical resistivity measurements, the mass over time 
and the relative dynamic modulus of the cylinders were monitored as shown in Figures 4.12 and 
4.13, respectively. 

 

 
Figure 4.12: Percent mass change over time on cylinders that underwent 300 F-T cycles in the 

Scientempt chamber. Three types of concrete were tested: 1) OPC concrete with w/c ratio of 0.53 
and no air-entrainment, 2) an OPC concrete w/cm ratio of 0.47 with air-entrainment and 3) a 

HPC with a w/cm ratio of 0.43 that contained silica fume, fly ash and air-entrainment. 
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Figure 4.12 shows that the three types of concrete increased in mass throughout the duration of 
the F-T cycles.  The concrete mixture with no air (OPC w/cm = 0.53), while had a steep increase 
in mass compared to the other two mixtures, deteriorated under F-T cycles rather rapidly due to 
spalling.  This gain in mass could be explained by an increase in water content in the concrete 
matrix, which caused expansion when the water froze to the point that it created the surface to 
spall off and separate from the aggregates.  Literature shows contrary results when it comes to 
mass gain throughout the F-T cycles (Wang et al. 2014).  In these F-T studies, the concrete 
decreases in mass.  This is attributed to the paste on the surface separating from the aggregate due to 
the expansion of water when frozen.  However, most studies rely on procedure A from ASTM C666 
standard.  

Procedure A requires that the specimens undergo freezing and thawing submerged in water.  
Procedure B was used in this study, because it mimics the F-T cycles that the concrete slabs 
underwent.  This provides a better understanding of what could be happening in the concrete 
matrix.  While the F-T action is providing some damage to the microstructure of the concrete, the 
continuous cycles may also be driving water in the concrete further into the matrix during 
thawing phase, which is submerged in water, allowing more water to be absorbed by the cracks 
that are newly developed.  Since Procedure A of the standard requires full submersion of the 
samples, it does not provide the concrete surface to go through a wet and dry period, and it is 
well understood that wet and dry cycles provide an increase of moisture ingress into the concrete 
matrix.  This gain in moisture also helps understand why the electrical resistivity is decreasing 
over time.  The conductivity will increase with an increase in water available in the system.  The 
relative dynamic modulus (RDM) of the cylinders was also monitored in this study and can be 
found in Figure 4.13. 

 
Figure 4.13: Relative dynamic modulus of elasticity on concrete cylinders after 300 F-T cycles in 

the in the Scientempt chamber. 
 
The RDM of the air-entrained specimens essentially experiences no decrease.  This indicates that 
these mixtures produce a properly air-entrained system.  They should be expected to have 
excellent F-T resistance in the field.  This further underscores the disconnect between the 
measured air content of the 0.43 mixture and the high dosage rate, which further supports the 
need to evaluate the samples for hardened air void analysis.  The non-air entrained mixture on 
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the other hand performed poorly as was expected.  The mixture experienced a very rapid 
decrease in RDM from the beginning and it was recorded in the first 36 cycles.  After 108 cycles, 
the mixture was completely disintegrated due to the effects of F-T action. 

4.3.2 Concrete Slabs under F-T Action 

Surface resistivity measurements were taken on reinforced concrete slabs that went through 28 
ponding cycles of deicer that contained 30% MgCl2 solution with a corrosion inhibitor.  The 
concrete slabs underwent five sets of 60 F-T cycles, which started after the seventh ponding 
cycle.  A total of 300 F-T cycles were performed.  Figures 4.14 and 4.15 show the SR 
measurements taken on the reinforced and unreinforced section of the slabs, respectively.  These 
two figures show that the effect of the presence of reinforcement was negligible.  SR 
measurements were also taken on the control slabs, which were only ponded with water.  The 
control slabs did not go through F-T action.  Each set of 60 F-T cycles are illustrated with 
vertical dotted lines labeled FT1, FT2, FT3, etc.  All SR measurements are corrected for 
temperature and normalized to a 25°C reference temperature so that it did not have an effect on 
the measurements.  
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Figure 4.14: Surface resistivity measurements taken on unreinforced slabs throughout 28 
ponding cycles. Each D-T cycles is shown with vertical doted lines labeled FT1, FT2, FT3, etc. 

Figure (a) ST1-C, (b) ST2, (c) ST4. 

  

 

 

Figure 4.15: Surface resistivity measurements taken on reinforced slabs throughout 28 ponding 
cycles. Each D-T cycles is shown with vertical doted lines labeled FT1, FT2, FT3, etc. Figure (a) 

ST1-C, (b) ST2, (c) ST4. 
 

Figure 4.14 (or 4.15) shows the section in which the F-T cycles occurred.  The slab with no air 
entrainment had severe deterioration on the surface of the concrete after the initial 60 F-T cycles.  
The surface of the concrete had pop-outs and concrete paste particles on the surface had begun to 
separate from the slab, as shown in Figure 4.16(a).  SST4 slabs produced with HPC mixtures did 
not show any deterioration due to F-T action as shown in Figure 4.16(b).  

From Figure 4.13, it is evident that SR measurements are affected by the F-T cycles.  The 
measurements decreased while the slabs underwent F-T cycles.  The measurements take a steep 
decrease commensurate with F-T, however, the measurements recovered once the F-T action 
ended and then followed the trend of the slabs that did not go through F-T action.  It indicates 
that the microstructure may experience some level of recovery after F-T.  Another possibility is 
that the internal temperature decreases low enough that the correction factor for temperature may 
not appropriately normalize the readings taken.  In all three sets of F-T cycles, regardless of the 
type of concrete, the SR measurements decreased and once the cycles stopped, the measurements 
increased once again suggesting that SR measurements are not affected by the F-T action.  Since 
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the behavior observed is not conclusive, it is suggested that additional F-T cycles continue in this 
study.  The cycles should be continued until the concrete with no air-entrainment starts to fail.  
This will show how the SR values are impacted by the deterioration.  It would also show if the 
decrease in SR remains a permanent feature or if a different trend is observed once more 
widespread failure occurs. 

 

 
(a) 

 
(b) 

Figure 4.16: (a) Surface deterioration in ST2 slabs (without air entrainment) after 60 F-T cycles, 
(b)ST4 slab and accompanying concrete cylinder after the completion of the F-T study. 

 
Figure 4.17 shows the SR measurements that were taken while the cylinders went through F-T 
cycles with the concrete slabs.  The figure shows an increase in SR measurements in the two 
types of concrete that had air entrainment, which is the opposite behavior of the measurements 
from the cylinders that followed ASTM C666 in a Scientempt F-T chamber.  This can be 
attributed to the fact that the cylinders were never fully submerged under water like the ones in 
the Scientempt F-T chamber.  The increase in SR could indicate microstructural damage due to 
F-T action.  However, it may be too early to tell until the cylinders undergo the full 300 cycles.  
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The measurements on the concrete cylinders with no air entrainment seem to be consistent but 
once again, it is too early in the F-T cycle test to conclude anything. 

 
Figure 4.17: Surface resistivity taken on cylinders that underwent two sets of 60 F-T cycles in a 

controlled environmental chamber. An OPC concrete with w/c ratio of 0.53 and no air-
entrainment, an OPC concrete w/cm ratio of 0.47 with air-entrainment and a HPC with a w/cm 

ratio of 0.43 that contained silica fume, fly ash and air-entrainment. 
 
Figure 4.18 shows four chloride profiles for each type of concrete.  The control slab, which is the 
slab that did not go through F-T action, is shown with a solid black line.  After three ponding 
cycles, chloride profiles were taken and are depicted with a grey solid line.  This shows the 
amount of chloride ingress after three ponding cycles.  The same procedure was repeated for the 
slabs that underwent F-T action.  These slabs underwent 60 F-T cycles, and was then ponded for 
three cycles.  Chloride profiles were taken before any F-T action occurred and after the three 
ponding-cycles had ended.  These slabs are represented with a dotted line and are labeled FT in 
the legend.  
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Figure 4.18: Two chloride profiles for three types of concrete are showing the effect of F-T 
action on chloride ingress. An OPC concrete with w/c ratio of 0.53 and no air-entrainment, an 
OPC concrete w/cm ratio of 0.47 with air-entrainment and a HPC with a w/cm ratio of 0.43. 

From Figure 4.18 it is seen that F-T action has an impact on the amount of chlorides penetrating 
the slab with no air entrainment (ST2).  This impact was not as clear for the ST1-C.  It is seen 
that chlorides near the surface layers penetrated further into the deeper layers of concrete after F-
T cycles, but no increase in chloride content near the surface was observed.  The F-T action, on 
the other hand, did not affect the chloride ingress in the HPC slab (ST4).  The fact that SR 
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measurements did not show significant difference between control and F-T specimens for ST4 
slabs support this observation. 

4.4 SUMMARY 

This chapter reported the results of the experimental program in two sections.  In the first 
section, the relationship between chloride ingress and electrical properties of concrete were 
presented for reinforced concrete slabs that are exposed to several ponding cycles of the de-icing 
chemical.  The role of environmental conditions during de-icing chemical application was also 
discussed.  In the second part the role of F-T action on such the relationship between electrical 
properties of concrete and chloride ingress and concrete deterioration were presented.  The 
following summary represents the major outcomes of this experimental investigation. 
 

• Electrical properties of concrete are affected by the microstructure development and 
compositional changes in pore solution of concrete during curing and early stages of 
service.  As the concrete becomes more mature, the electrical resistivity of concrete 
increases, indicating stabilization of the pore solution composition and microstructure 
development (i.e., connectivity of the pores).  

• Temperature, degree of saturation, and relative humidity of concrete affect its 
electrical properties such as resistivity.  Among these factors, the temperature of 
concrete can be easily predicted from the environmental temperature since 
temperature within concrete reaches equilibrium conditions relatively quickly.  
Therefore, in practice, the temperature effect on electrical resistivity measurements 
can be approximately accounted for using air temperature readings and existing 
resistivity-temperature relationships. 

• The determination of relative humidity and the degree of saturation in concrete, on 
the other hand, requires either measurement of these properties in-situ or simulating 
those using environmental data and concrete mixture design properties.  The 
measurement of relative humidity requires installation of sensors within the concrete.  
Accurate measurement of the degree of saturation requires coring.  Neither 
approaches are practical for regular bridge deck inspections; therefore, simulation 
approach is the most feasible and practical method for determining these parameters 
within concrete.  

• It is challenging to differentiate the effect of chloride ingress in concrete using 
electrical properties of concrete during the first couple of months after pouring the 
concrete bridge-deck.  This is because the electrical properties of concrete are 
governed by multiple processes that take place in concrete during curing and the early 
stages of service.  These include such things as microstructure development and 
evolution of the composition of the pore fluids.  However, after concrete matures the 
changes in electrical properties of concrete (e.g. SR or formation factor) are mainly 
due to changes in pore solution composition, hence, they can be used as an indicator 
for chloride ingress.  
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• Since most bridge decks in Oregon are typically exposed to de-icing chemicals 
months after casting, the observed relationship between electrical properties of 
concrete (e.g. SR) and chloride ingress can be expedited to help predict chloride 
profiles in concrete.  However, since SR measurements depend on the type of 
concrete mixture (e.g. w/cm, connectivity of pores, and pore solution composition) 
and environmental parameters (e.g. relative humidity, degree of saturation and 
temperature) within concrete, they need to be corrected/normalized for these factors.  

• Deterioration due to F-T action can be observed through the electrical properties of 
concrete, particularly in low quality mixtures.  However, for HPC mixtures as in the 
case of ODOT’s current mixture used for bridge decks, little to no damage was 
observed due F-T action.  In these slabs, chloride ingress was not significantly 
affected by F-T action.  Therefore, electrical resistivity measurements were still 
related to chloride ingress.  Even in slabs produced with concrete that represent 
ODOT mixtures that were used in the past that experience, the SR measurements 
were affected during and right after the F-T cycles, but they returned to their natural 
trends shortly after.  This observation needs to be studied further with additional F-T 
studies on the same slabs, especially until the concrete with no air-entrainment starts 
to fail to see how SR is impacted by the deterioration and to see if the damage 
indicators remain after the end of the F-T cycles.   

• The HPC mixture that is currently used by ODOT provides significant protection 
against chloride ingress and F-T action.  Despite the fact that both chloride exposure 
F-T regimes were rather aggressive, these mixtures performed well in comparison to 
other mixtures that represent ODOT mixtures that were used in the past.  In 
particular, mixtures that did not contain any SCMs showed significant chloride 
ingress.  The bridge decks that have been built using similar mixtures should be 
examined in the field more closely.
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5.0 MODEL DEVELOPMENT 

5.1 BACKGROUND 

This chapter describes the theoretical background of the finite element (FEM) model 
development for relating SR measurements to chloride ingress in reinforced concrete bridge 
decks.  The FEM models developed in this project are intended for use as virtual experiments.  
They can be used to represent bridges in different geographical areas in Oregon.  The results can 
be used to derive practical, closed-form equations to be used by ODOT.  A demonstration case 
study of such an application is presented in Chapter 6. 

Since the resistivity of hydrated cement phases and of aggregate in concrete are orders of 
magnitude larger than the resistivity of concrete pore solution, the electrical resistivity of 
concrete is mainly controlled by the resistivity (or conductivity) of the concrete pore solution.  
The connectivity and the degree of saturation of the pore structure in the concrete matrix affect 
the overall conductivity; therefore, modeling electrical resistivity of concrete requires 
consideration of these parameters.  In addition, the actual resistivity (or conductivity) of the 
concrete pore solution is related to the type and amount of ionic species and temperature.  As a 
result, modeling electrical resistivity of concrete requires that we know the types and 
concentrations (or activities) of the ionic species in the matrix.  These complex dependencies 
require that relating electrical resistivity of concrete to chloride ingress should include coupled 
modeling of SR measurements with heat and moisture transfer analyses as well as multi-species 
ionic transport in concrete.  The following sections provide the details of the modeling theory 
that was used in this research.   

5.2 MODELING OF SURFACE RESISTIVITY MEASUREMENTS 

The electrical resistivity measurements of concrete using a Wenner probe are modeled through 
the solution of Laplace’s equation:   

∇�
𝝈𝝈
𝐅𝐅𝐅𝐅

∇φ�= 0 (5.1) 

where σ is the conductivity of the concrete pore solution (S/m), φ is the electrical potential (V), 
and FF is the formation factor of concrete, which is defined as the ratio of the resistivity of a bulk 
concrete (r) and the resistivity of the pore solution (ro), as shown in Equation 5.1 (Archie 1942):  

𝑭𝑭𝑭𝑭 =
𝒓𝒓
𝒓𝒓𝒐𝒐

       (5.2a) 

An alternative way of expressing the formation factor is by using Archie’s Law, which 
establishes generic relationship for most porous materials via (Archie 1942): 

𝐅𝐅𝐅𝐅 = 𝐀𝐀𝐀𝐀−𝐦𝐦 (5.2b) 
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where A and m are constants, and e is the porosity of the concrete that can be estimated by 
Equation 5.3.  [Note that Eq. (5.2b) is the same as Eq. (2.5).  Here we use e as the symbol for 
porosity because we are using φ for electrical potential.]  The coefficient A is related to the 
tortuosity [assumed 1.0 in this study], while the coefficient m is related to the cementation of the 
concrete porous medium, hence, on the type of the porous medium studied.  For example, it has 
been observed to be around 1.3 for unconsolidated sands, and between 1.8 and 2.0 for 
consolidated sandstone.  For carbonate rocks, the exponent shows higher variance (e.g. 1.7 to 
5.1) due to complex pore structures.  Similarly, variability for concrete is also high (from 1.9 to 
6); however, it is generally around 2.0.  Due to the sensitivity of the formation factor to this 
coefficient, accuracy of modeling depends highly its value.    

The porosity of concrete is approximated using a Powers-based approach (Powers and 
Brownyard 1946) to include the effect of the degree of hydration, as shown in Equation 5.3. 

e = 𝒆𝒆𝟎𝟎 − ∆𝒆𝒆 =

𝛒𝛒𝐜𝐜
𝛒𝛒𝐰𝐰
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(5.3) 

where eo is the initial porosity before hydration, ρc is the density of cement, ρw is the density of 
water, ρa is the density of aggregate, w/c is the water-to-cement ration, a/c is the aggregate-to-
cement ratio, and εair is the ratio of air entrapped and entrained in concrete.  The coefficient αc 
represents the degree of hydration of cement, which can be approximately predicted based on 
cement composition, age of the concrete and average temperature.  In reality, the degree of 
hydration can be predicted as a function of time using the Parrot and Killoh model (Parrot and 
Killoh 1984).  However, since the main goal of this study was to develop a modeling protocol for 
existing bridge decks, the change in porosity due to hydration is based on the maximum possible 
degree of hydration, which was related to w/c as per the Powers model and shown in Figure 5.1. 

 
Figure 5.1: Maximum possible degree of cement hydration based on w/c. 
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It should be noted that Equation 5.2b assumes that pores are fully saturated with the liquid phase.  
When the pores are partially saturated, electrical resistivity of concrete is significantly affected 
by the water content of the medium.  In this research, the effect of water content (or the degree of 
saturation) on formation factor is incorporated as a factor to modify Equation 5.2b such that   

𝐅𝐅𝐅𝐅 = �
𝐰𝐰𝐞𝐞

𝐰𝐰𝐞𝐞,𝐬𝐬𝐬𝐬𝐬𝐬
�
𝐧𝐧𝐬𝐬

𝐀𝐀𝐀𝐀−𝐦𝐦 
(5.4) 

where we is the water content of concrete, we,sat is the water content in saturated state of concrete, 
and ns is the saturation coefficient (assumed 3.5 in this study) (Weiss et al. 2012).  Here the ratio 
we/we,sat represents the degree of saturation of concrete.  The determination of water content of 
concrete is discussed further in the following sections. 

As shown in Equation 5.1, another important parameter that affects SR measurements of 
concrete is the conductivity of the concrete pore solution, σ, which depends on the type (e.g. 
(OH-, K+, Na+, Ca2+ and SO42-) and concentrations (or activities) of the ionic species in the 
solution.  When the type and activities of the ionic species in the concrete pore solution are 
known, the conductivity of the pore solution can be obtained via (Hovarth 1985, Snyder et al. 
2003): 

σ=�
ziλ𝒊𝒊ci

1+GiIsol
1/2

𝒏𝒏

𝒊𝒊=𝟏𝟏

 
(5.5) 

where n is the number of species considered, zi is the valance number of the species i, ci is the 
concentration (mol/m3) of species i, λi is the equivalent conductivity of species i at infinite 
dilution, and Isol is the ionic strength of the solution (mol/m3), which is further discussed in detail 
later.  The determination of the pore solution composition, ci, can be achieved through 
thermodynamic modeling (Azad et al. 2016) or simplified approaches that are based on empirical 
data (Karadakis et al. 2016).  In this study both approaches have been used; however, for 
practical reasons the latter is used in most simulations presented in this report.  Table 1 provides 
ziλi values for different species that exist in typical concrete pore solutions (Hovarth 1985).  The 
empirical coefficients Gi are chosen for best agreement with published data for the electrical 
conductivity of solutions (Snyder et al. 2003). 

Table 5.1: Equivalent conductivity at infinite dilution, zλ (cm2/ Ω-mol) (Hovarth 1985). 
Ion 0℃ 18℃ 25℃ 50℃ 75℃ 

Cl- 41.4 66.3 76.4 117.2 162.4 
Mg2+ 31.0 44.6 53.1 86.4 125.7 
OH- 105 174 197 281.11 364.5a 
Na+ 25.7 42.6 50.1 79.9 113.5 
K+ 40.3 63.7 73.2 112 152.9 

Ca2+ 30.5 50.4 59.8 96.6 138.2 
 
                                                 
1 These values were calculated by linear interpolation. 
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The solution of Equation 5.1 results in the distribution of the electrical potentials, φ, in the 
analysis domain.  Using the values of the electrical potentials on the surface, and assuming 
homogeneous, isotropic, and semi-infinite concrete domain, the SR based on the Wenner probe 
calculations can be performed via (Telford et al. 1990, Salehi 2013): 

SR=2πa 
∆φ
𝐈𝐈

 (5.6) 

where ∆φ is the potential difference between two internal electrodes of the Wenner probe (V), a 
is the distance between the electrodes (m) and I is the applied current in the domain through the 
outer probes (A) as shown in Figure 5.2.  

 
Figure 5.2: Typical configuration of Wenner probe resistivity measurement in reinforced 

concrete (Salehi et al. 2016). 

5.3 MODELING HEAT TRANSFER IN CONCRETE 

The temperature distribution within concrete is modeled through the solution of the following 
governing equation (Isgor and Razaqpur 2004): 

ρcocq
∂T
∂t

+∇ (λ ∇T)=0 
(5.7) 

where ρco is the concrete density (kg/m3), cq is the specific heat capacity of concrete (840 J/kg-K), 
T (K) is the temperature in the slab and λ is the thermal conductivity in concrete (assumed as 1.4 
W/m-K) (Neville 1995).  Boundary conditions of the heat transfer analysis are obtained from 
available weather station data or input manually.   

5.4 MODELING MOISTURE TRANSFER IN CONCRETE 

The moisture content of concrete is determined though the assumed equilibrium between relative 
humidity and water content in the pores of concrete (Xi et al. 1994).  The relative humidity 
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distribution, h, within concrete is obtained through the solution of the following governing 
equation:  

∂𝐰𝐰𝐞𝐞

∂h
∂h
∂t

+∇ (Dh ∇h)=0 
(5.8) 

where we is the water content per unit volume of concrete (m3/m3) and Dh is the modified 
humidity diffusion coefficient (m2/s).  The effects of degree of concrete hydration, temperature 
and pore relative humidity of concrete are used to modify the humidity diffusion coefficient via 
(Saetta et al. 1993): 

Dh=Dh0 f1(𝐭𝐭𝐞𝐞) f2(T) f3(h) (5.9) 

where Dh0 is the reference-humidity diffusion-coefficient at 25oC and f1, f2 and f3 are correction 
factors for the effects of concrete age, temperature and relative humidity, respectively, which are 
calculated as follows (Bažant and Najjar 1972): 

f1(𝐭𝐭𝐞𝐞) = 𝟎𝟎.𝟑𝟑 + (
𝟏𝟏𝟏𝟏
𝐭𝐭𝒆𝒆

)𝟏𝟏/𝟐𝟐 (5.10) 

f2(T) = 𝐞𝐞𝐞𝐞𝐞𝐞 (
𝐔𝐔
𝐑𝐑
𝟏𝟏
𝐓𝐓𝟎𝟎

−
𝟏𝟏
𝐭𝐭

) (5.11) 

f3(h) = 𝛂𝛂𝟎𝟎 +
𝟏𝟏 − 𝛂𝛂𝟎𝟎

𝟏𝟏 + ( 𝟏𝟏 − 𝐡𝐡
𝟏𝟏 − 𝐡𝐡𝐜𝐜

)𝟔𝟔
 (5.12) 

where te is the equivalent time of hydration, U is the activation energy of ionic diffusion (4×104 
kJ/mol), T0 is temperature of measurement of Dc0 (K), R is gas constant (8.314 J/kmol), T is the 
temperature in concrete (K), Tref is the reference temperature (296.15 K), α0 is a parameter 
representing the ratio of the minimum and maximum value of the humidity diffusion coefficient 
(assumed as 0.05), hc is the inflection point in the graph of f3(h) versus relative humidity 
(assumed as 0.75) (Bažant and Najjar 1972). The equivalent time of hydration is calculated via 
(Bažant and Najjar 1972): 

𝐭𝐭𝒆𝒆 = 𝐭𝐭𝟎𝟎 + � 𝛃𝛃𝐓𝐓
𝐭𝐭

𝐭𝐭𝟎𝟎
𝛃𝛃𝐡𝐡𝐝𝐝𝐝𝐝 

(5.13) 

𝛃𝛃𝐓𝐓 = 𝐞𝐞𝐞𝐞𝐞𝐞 [𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 �
𝟑𝟑𝟑𝟑

𝐓𝐓 − 𝟐𝟐𝟐𝟐𝟐𝟐
�
𝟎𝟎.𝟑𝟑𝟑𝟑

�
𝟏𝟏
𝐓𝐓𝐫𝐫𝐫𝐫𝐫𝐫

−
𝟏𝟏
𝐓𝐓�

] 
(5.14) 

𝛃𝛃𝐡𝐡 = [𝟏𝟏 + (𝟕𝟕.𝟓𝟓 − 𝟕𝟕.𝟓𝟓𝟓𝟓)𝟒𝟒]−𝟏𝟏 (5.15) 

Boundary conditions of the heat transfer analysis are obtained from available weather station 
data or input manually.  
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5.5 MODELING IONIC TRANSPORT IN CONCRETE 

The transport of ionic species in concrete (e.g. Cl-, Mg2+, OH-, Na+, K+ and Ca2+) is governed by 
the extended Nernst-Planck equation that couples diffusion, electrical migration, chemical 
activity and advection via (Azad et al. 2016): 

𝐰𝐰𝒆𝒆
𝛛𝛛𝐜𝐜𝐢𝐢,𝐚𝐚𝐚𝐚
𝛛𝛛𝛛𝛛

+
𝛛𝛛𝐜𝐜𝐢𝐢,𝐬𝐬
𝛛𝛛𝛛𝛛

= −𝛁𝛁(𝐰𝐰𝒆𝒆𝐃𝐃𝐜𝐜𝐜𝐜𝛁𝛁𝐜𝐜𝐢𝐢 + 𝐰𝐰𝒆𝒆
𝐃𝐃𝐜𝐜𝐜𝐜𝐳𝐳𝐢𝐢𝐅𝐅
𝐑𝐑𝐑𝐑

𝐜𝐜𝐢𝐢𝛁𝛁φ + 𝐰𝐰𝒆𝒆𝐃𝐃𝐜𝐜𝐜𝐜𝐜𝐜𝐢𝐢𝛁𝛁𝛁𝛁𝛁𝛁𝛄𝛄𝐢𝐢 − 𝐃𝐃𝐡𝐡𝐜𝐜𝐢𝐢𝛁𝛁𝐰𝐰𝒆𝒆) 
(5.16) 

where ci is the ionic concentration of species (mol/m3), ci,s is the mole amounts of solid species 
(if any) (mol/m3 of pore solution), Dci is the modified diffusion coefficient of species (m2/s), we 
is the water content, zi is the species valence number, F is the Faraday constant (96,488.46 
C/mol), φ is the electrical potential (V), γi is the chemical activity of the species, Dh is the 
modified relative humidity coefficient (m2/s).  The ionic diffusion coefficient of species is 
modified with the effects of temperature, measurement time, and relative humidity (Saetta et al. 
1993) as follows: 

Dc=Dc0.f2(T) f4(t, w/c) f5(h) (5.17) 

where Dc0 is the reference diffusion coefficient of each ion at 25oC, f4(t, w/c) is a factor for 
measurement time, and f5(h) is a factor that incorporates the effect of relative humidity on Dc 
such that: 

f4(t, w/c)=(𝐭𝐭𝟎𝟎/t)(2.5w/c-0.6) (5.18) 

f5(h)=[𝟏𝟏 + (𝟏𝟏 − 𝐡𝐡)𝟒𝟒/((𝟏𝟏 − 𝐡𝐡𝐜𝐜)𝟒𝟒)]−𝟏𝟏 (5.19) 

where t0 is the time of measurement of Dc0.  In this research, the reference diffusion coefficient 
was assumed as an empirical function of w/c as:  

Dc0 =10(-12.06+2.4(w/c)) (5.20) 

To calculate the activity of all the ionic species, the approximation method proposed by Kumar 
et al. is used via (Kumar et al. 2012):  

log 𝛄𝛄𝐢𝐢=
−𝐀𝐀𝐠𝐠𝐳𝐳𝐢𝐢𝟐𝟐�𝐈𝐈𝐬𝐬𝐬𝐬𝐬𝐬.𝟏𝟏𝟏𝟏−𝟑𝟑

𝟏𝟏 + 𝐁𝐁𝐠𝐠𝐚𝐚𝐢𝐢�𝐈𝐈𝐬𝐬𝐬𝐬𝐬𝐬.𝟏𝟏𝟏𝟏−𝟑𝟑
+ 𝐛𝐛𝐢𝐢(𝐈𝐈𝐬𝐬𝐬𝐬𝐬𝐬.𝟏𝟏𝟏𝟏−𝟑𝟑) 

(5.21) 

where γi is the activity coefficient ai and bi are the ionic specific values and are reported in Table 
5.2.  Ag and Bg in Equation 5.21 are calculated as: 

𝐀𝐀𝐠𝐠 = (𝟐𝟐.𝟕𝟕𝟕𝟕 × 𝟏𝟏𝟏𝟏−𝟔𝟔)𝐓𝐓𝟐𝟐 + (−𝟕𝟕.𝟔𝟔𝟔𝟔 × 𝟏𝟏𝟏𝟏−𝟒𝟒)𝐓𝐓𝟏𝟏 + (𝟎𝟎.𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒) (5.22) 

𝐁𝐁𝐠𝐠 = (𝟏𝟏.𝟔𝟔𝟔𝟔 × 𝟏𝟏𝟏𝟏−𝟒𝟒)𝐓𝐓𝟏𝟏 + (𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐) (5.23) 
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Table 5.2: Parameters required for the calculation of activity of species using Equation 5.21. 
Ion z a (×10-10 (m))  b (×10-10 (m)) 
Cl- -1 3.5 0.015 
Mg2+ +2 5.5 0.2 
OH- -1 10.65 0.21 
Na+ +1 4 0.075 
K+ +1 3.5 0.015 

 
The ionic strength, Isol (mol/m3) is calculated via (Azad et al. 2016): 

𝐈𝐈𝐬𝐬𝐬𝐬𝐬𝐬 = 𝟎𝟎.𝟓𝟓�𝐜𝐜𝐢𝐢𝐳𝐳𝐢𝐢𝟐𝟐
𝒏𝒏𝒔𝒔

𝒊𝒊=𝟏𝟏

 
(5.24) 

The electric potential distribution within concrete (to be used in Equation 5.16) is determined 
through the solution of the Poisson’s equation, which also requires the satisfaction of the 
electroneutrality within the system (Samson and Marchand 1999): 

𝛁𝛁(𝐰𝐰𝒆𝒆𝛁𝛁𝝍𝝍) +
𝐅𝐅
𝛆𝛆
𝐰𝐰𝒆𝒆�𝐳𝐳𝐢𝐢𝐜𝐜𝐢𝐢

𝐧𝐧𝐬𝐬

𝐢𝐢=𝟏𝟏

= 𝟎𝟎 
(5.25) 

where ε is the permittivity of the medium (7.092x10-10 C2/N/m2).  

Chloride binding by hydrated phases in concrete is modelled using the Langmuir isotherm via 
(Martin-Perez 1999): 

𝐜𝐜𝐛𝐛𝐛𝐛 =
𝛂𝛂𝐜𝐜𝐜𝐜𝐜𝐜𝐟𝐟𝐟𝐟

𝟏𝟏 + 𝛃𝛃𝐜𝐜𝐢𝐢𝐜𝐜𝐟𝐟𝐟𝐟
 (5.26) 

where αci and βci are the binding coefficients of species, which are obtained from experimental 
data.  cbi is the concentration of bound specie and cfi is the concentration of the free specie 
(mol/m3).  

The boundary conditions for salt exposure depend on the local region where the analyzed 
structure resides; therefore, they are defined manually for each analysis.  In this research, the 
surface salt concentration (percent mass of concrete) is assumed as a bilinear function as shown 
in Figure 5.3.  This assumption is consistent with other durability models/software (Ehlen et al. 
2009).  
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Figure 5.3: The boundary condition for salt on bridge deck surface. 

5.6 ANALYSIS 

The FEM models were developed and analyzed for concrete bridge decks with uniform material, 
boundary, and initial conditions.  COMSOL MultiphysicsTM was the tool used for the models.  
The coupled ionic transport and heat/moisture transfer analysis was conducted on a one-
dimensional domain, while a three-dimensional model was developed for evaluating the SR in 
order to consider the effects of unsymmetrical positioning of Wenner probes on the concrete 
bridge deck slabs.  Figure 5.4 shows the model geometry and FEM discretization of the analyzed 
zone.  Typical domain had a 1.27 m diameter and 0.165m thickness, which eliminated the 
boundary effects on the simulation results.  The electrode spacing of the Wenner probe was 
assumed to be 50 mm, which is typical in most commercial applications.  The environmental 
(temperature, relative humidity) and deicing salt boundary conditions were applied on the top 
surface as Dirichlet boundaries.  All other surfaces are assumed to have no-flux boundary 
conditions.  Linear Lagrange elements were used to discretize the domain; the discretization was 
customized based on convergence rates, computational cost, and the level of accuracy needed for 
the analysis.  All analysis cases were run to simulate 25 years of exposure, and the results were 
stored at 4-month intervals (i.e., three sets of results were saved for each year).  Each set of 
results included ionic concertation, temperature, and moisture profiles as well as electrical 
resistivity calculations for concrete and concrete pore solution.  
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(a) 

 
(b) 

Figure 5.4: (a) Domain geometry with the Wenner probe locations on top; (b) FEM 
discretization. 

5.7 EXPERIMENTAL VALIDATION 

The FEM modeling framework presented in this chapter was verified and validated by the data 
from this experimental program, other available experimental data from literature, and model 
benchmarking studies.  It should be noted that the experimental program used a rather aggressive 
approach to increase the rate of chloride ingress in concrete, using chloride ponding and drying 
cycles to increase adjective transport of chlorides.  The modeling framework was developed 
mainly for bridge decks that experience normal chloride exposure conditions, which typically 
have significantly a smaller, advective component.  Therefore, it is expected that the modeling 
framework would likely perform better in simulating actual field conditions.  Hence, the 
verification and validation of the developed transport model were conducted with experimental 
data from literature that is more representative of the field conditions as well as model 
benchmarking studies. 

The verification and validation of the transport model are not presented here for the sake of 
brevity.  Instead, the focus in this report is placed in the validation of SR predictions using the 
FEM modeling framework.  For the validation of the SR predictions sing the developed 
modeling framework, the chloride profiles obtained from the concrete slabs tested in this 
experimental program were used as input.  The SR predictions of the six different slabs (that did 
not go through F-T cycles) were computed and presented in Figure 5.5.  Note that the 
simulations involved the validation of the temperature and relative humidity predictions of the 
model as well; however, these results are not presented for the sake of brevity.  

The surface resistivity was calculated based on the input data from the experiments for each slab 
including concrete properties, temperature, relative humidity, and chloride profiles.  The 
temperature and relative humidity boundary conditions were obtained from the installed weather 
station in the outdoor exposure site.  While the concentrations of other ions in pore solution were 
assumed constant, Magnesium concentration was obtained from electro-neutrality.  The 
maximum degree of hydration was considered based on w/c (i.e. 1.0 for w/c≥0.42).  Finally, a 
regression analysis was performed to obtain the formation factor of each slab with/out salt 
exposures.  Table 5.7 shows the resulted “m” values from these regression analyses (see 
Equation 5.4). 
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Table 5.3: Regression analysis results for the calculation of formation factor coefficients m 
and A in Equation 5.2b. 
Slab Salt exposed slabs Control slabs 
 m A m A 
ST1-W40 2.0141 0.9956 2.0119 0.8642 
ST1-W47 2.1168 1.0794 2.3305 0.9115 
ST1-W60 2.4429 1.1403 2.8572 0.9913 
ST2-W53 1.7624 1.1848 1.8463 1.0098 
ST3-W35 1.8957 1.0269 2.1266 0.9571 
ST4-W43 1.9443 0.9872 2.1746 0.9169 

 
The formation factors can be obtained from the parameters in Table 5.3 and using the input data 
from the experiments at each monitored time.  Figure 5.5 shows the variations in formation 
factors from the model.  The increase in the formation factor in the early stages is related to the 
microstructure development in concrete.  During these early stages (first ~100-120 days) the 
formation factor increased similarly for both the deicing chemical exposed and water (control) 
exposed slabs.  During dry period when relative humidity (and the degree of saturation) 
decreased within concrete, formation factor increased sharply, as expected.  This illustrates the 
strength and potential of the formation factor (and other electrical based parameters) to capture 
microstructural and moisture-related changes within concrete.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.5: Comparison of the computed  formation factors for the deicing chemical exposed and 
water exposed slabs (a) ST1-W40, (b) ST1-W47, (c) ST1-W60, (d) ST2-W53, (e) ST3-W35 and 

(f) ST4-W43. 
 
More interestingly, in later stages, after chloride ingress became more prominent, formation 
factors for the deicing chemical exposed slabs were higher than those for the water exposed 
control slabs.  This difference is due to the decrease in electrical resistivity of concrete pore 
solution due to new Mg+2 and Cl- ions, as per Equation 5.2a.  When chloride-containing salts 
start penetrating into concrete, some is bound into the hardened matrix and the rest remains in 



 

72 

the pore solution.  The effect of chloride binding and presence of free chloride ions in the pore 
solution might affect the electrical properties differently.  For example, the former would 
increase the electrical resistivity of the matrix, while the latter would decrease the electrical 
resistivity of the pore solution.  However, in later stages, as the binding capacity of concrete is 
reached, the effect of chloride ingress into concrete should correspond to a decrease in overall 
electrical resistivity of the pore medium and an increase in formation factors. 

As illustrated in Figure 5.6, the model predictions of SR follow capture the range and variation 
of SR measurements made on different types of slabs.  For example the SR predictions and 
measurements of the ST1 and ST2 slabs, which represent ODOT’s past mixtures, mostly range 
within 5-20 kΩ-cm, while the HPC slab, ST4, which represent ODOT’s current mixtures for 
bridge decks, range within 10-40 kΩ-cm. the first STR measurements of hardened concrete (at 
about 28 days after casting) are marched very accurately for all slabs, which indicates that the 
develop SR prediction model can correctly incorporate concrete mixture design parameters.  It is 
also important to note that the predictions also capture changes in SR due to temperature and 
relative humidity changes.   

The FEM modeling framework developed in this project is to be used to conduct virtual 
experiments for bridges in different geographical areas in Oregon.  The results will be used to 
derive practical, closed-form equations to be used by ODOT.  A demonstration case study of 
such an application is presented in Chapter 6. 



 

73 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 5.6: Comparison of the computed and experimental SR predictions for the deicing 
chemical exposed and water exposed slabs (a) ST1-W40, (b) ST1-W47, (c) ST1-W60, (d) ST2-

W53, (e) ST3-W35 and (f) ST4-W43. 
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5.8 SUMMARY 

This chapter presented the theoretical background of the finite element (FEM) model 
development for relating electrical properties of concrete to chloride ingress in reinforced 
concrete bridge decks.  The following summary represents the major outcomes of this 
experimental investigation. 

• Since the resistivity of hydrated cement phases and of aggregate in concrete are 
orders of magnitude larger than the resistivity of concrete pore solution, the electrical 
resistivity of concrete is mainly controlled by the resistivity (or conductivity) of the 
concrete pore solution.  The connectivity and the degree of saturation of the pore 
structure in the concrete matrix affect the overall conductivity; therefore, modeling 
electrical resistivity of concrete requires consideration of these parameters.  In 
addition, the actual resistivity (or conductivity) of the concrete pore solution is related 
to the type and amount of ionic species and temperature.  As a result, modeling 
electrical resistivity of concrete requires that we know the types and concentrations 
(or activities) of the ionic species in the matrix.  These complex dependencies require 
that relating electrical resistivity of concrete to chloride ingress should include 
coupled modeling of SR measurements with heat and moisture transfer analyses as 
well as multi-species ionic transport in concrete.  In this research, such a modeling 
framework was developed, verified, and experimentally validated. 

• The increase in the formation factor during curing and early stages of service is 
related to the microstructure development in concrete.  During these early stages, 
formation factor increased similarly for both the deicing chemical exposed and water 
(control) exposed slabs.  During the dry period when relative humidity (and the 
degree of saturation) decreased within concrete, formation factor increased sharply.  
This illustrates the strength and potential of the formation factor (and other electrical 
based parameters) to capture microstructural and moisture-related changes within 
concrete.  

• In later stages, after chloride ingress became more prominent, formation factors for 
the deicing chemical exposed slabs were higher than those for the water exposed 
control slabs.  This difference is due to the decrease in electrical resistivity of 
concrete pore solution due to new Mg+2 and Cl- ions.  When chloride-containing salts 
start penetrating into concrete, some is bound into the hardened matrix and the rest 
remains in the pore solution.  The effect of chloride binding and presence of free 
chloride ions in the pore solution might affect the electrical properties differently.  
For example, the former would increase the electrical resistivity of the matrix, while 
the latter would decrease the electrical resistivity of the pore solution.  However, in 
later stages, as the binding capacity of concrete is reached, the effect of chloride 
ingress into concrete should correspond to a decrease in overall electrical resistivity 
of the pore medium and an increase in formation factors.
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6.0 DEMONSTRATION CASE STUDY 

6.1 BACKGROUND 

The potential practical use of the developed FEM modeling framework developed is presented in 
this chapter in the form of a case study.  It is demonstrated in this chapter that the developed 
modeling framework can be used as a virtual test bed using to conduct statistically significant 
number of virtual experiments to generate data to obtain closed-form relationships between 
electrical properties of concrete (e.g. SR or formation factor), environmental data (e.g. 
temperature and relative humidity) and chloride ingress for bridge decks in different 
geographical areas in Oregon.  For this demonstration, a hypothetical bridge near Bend, Oregon 
was selected.  The chapter is concluded with a demonstration on how the developed closed-form 
equation can be used in a bridge-deck evaluation-protocol that can be used by ODOT in practice.   

6.2 VIRTUAL EXPERIMENTS 

The validated modeling framework allows the conducting large number of virtual experiments 
that would otherwise be unfeasible due to time, cost, and resource limitations.  The generated 
data can be used to develop qualitative or quantitative relationships among several parameters 
and measurable properties of a reinforced concrete structure.  As discussed in previous chapters, 
several factors affect electrical properties, chloride ingress and heat and moisture transport in 
concrete.  Any effect of any these parameters on any of the properties can be investigated 
numerically using virtual experiments.  

In this demonstration case study, a hypothetical bridge deck near Bend, Oregon was investigated.  
The following sections present some of the important parameters that affect electrical properties, 
ionic transport, and heat and moisture transport in concrete. 

6.2.1 Concrete Mixture Design Parameters 

As shown in Chapter 4, the type of concrete (i.e. mixture deign properties) significantly affects 
the electrical and transport properties of concrete.  Most of these concrete mixture design 
properties are incorporated in the modeling framework; therefore, their effects on different 
electrical and transport properties can be studied though virtual experiments.  These properties 
include (i) water-cement-ratio (w/cm), (ii) cement and SCM content, (iii) aggregate-cement ratio 
(a/cm), and (iv) air content.  Since these properties have a direct effect on porosity and pore 
connectivity in concrete, as well as the chemical composition of the pore solution, they affect the 
electrical (e.g. formation factor and electrical resistivity) and transport properties (chloride 
diffusion coefficient, moisture transport coefficient, or heat conductivity) of concrete.  In most 
cases, these data are known for investigated bridge decks.  Reasonable, educated assumptions 
can be made even when some of these data are not known. 
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In this demonstration case study, a parametric study was conducted to study the effects of major 
concrete mixture design parameters on electrical and transport properties of concrete bridge 
deck.  The ranges of parameters of this investigation are presented in Table 6.1. 

Table 6.1: Concrete Mixture design parameters that are used in the virtual experiments. 
Parameter Value(s) 
w/cm 0.35, 0.45, 0.55 
a/cm 3 
OPC content 350 kg/m3 
SCM content 0 
Air content 0, 2%, 4%, 6% 
 
6.2.2 Environmental Parameters and Deicing Chemical Exposure 

Bridges in different geographical areas experience different temperature, relative humidity, 
moisture, and deicing chemical exposure profiles.  Virtual experiments can be used to generate 
chloride ingress and/or SR data for any given bridge for a desired service life.  In Oregon (and 
most of Pacific Northwest), current or historical environmental data such as temperature and 
relative humidity can be directly obtained from Cooperative Agricultural Weather Network 
(AgriMet).  AgriMet provides weather data at every 15-minute intervals, hence, providing a very 
high resolution of environmental input data for typical virtual experiments on reinforced concrete 
structures.  Figure 6.1 illustrates the locations of current AgriMet weather stations, which cover 
most regions of interest in Oregon and Pacific Northwest.     

Although AgriMet database allows high resolution data (collected every 15 minutes), for a 
typical analysis for which the changes in chloride profiles and electrical properties within a 
concrete bridge deck over multiple years are investigated, lower resolution of the environmental 
data (e.g. hourly or daily) is more appropriate to minimize computational expense and 
uncertainties associated with high resolution data.  For the current virtual experiments, the 
environmental data were obtained from BEWO weather station, which is located at 44.0475 N 
latitude, 121.32027 W longitude, 3620 ft. elevation.  The BEWO weather station has been in 
operation since 5/1/2003; therefore, it has multiple year data at the location, allowing multi-year 
averages to be obtained.  In this study, the environmental data resolution was 1 day, and periodic 
annual average environmental boundary conditions were used.  The first day of the analysis was 
January 1, and the simulations were performed for 25 years of bridge deck service.  Figures 6.2 
presents the average annual temperature and relative humidity profiles obtained from the BEWO 
weather station. 
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Figure 6.1: AgriMet weather station locations in Oregon and Washington. 

(http://www.usbr.gov/pn/agrimet/) 
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(a) 

 
(b) 

Figure 6.2: The average data for environmental boundary conditions from BEWO-AgriMet 
weather station (near Bend, Oregon): (a) average daily temperature and (b) average daily relative 

humidity. The first day of the year is January 1. 
 
The amounts of de-icing chemical usage in different parts of Oregon are documented by ODOT 
(Shi et al. 2013, Huang et al. 2014).  From this data, salt exposure profiles can be obtained for 
use in virtual experiments.  In the present virtual experiments, the bilinear chloride exposure 
model as shown in Figure 5.3 was used.  The maximum surface salt (MgCl2) concertation, Cs, 
was selected for the location to range from 0.8 to 1.2 % (by mass of cement).  The maximum salt 
concertation was assumed to be reached in 10 years.  
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6.2.3 Modeling Parameters 

As described in Chapter 5, the FEM modeling framework has a number of modeling parameters 
that are needed as input.  The modeling parameters that are listed in Table 6.2 were used in the 
virtual experiments.  Note that the effect of changing the formation-factor porosity-coefficient, 
m, was investigated.  It is documented in the literature that the formation factor is highly 
sensitive to this parameter and there is a relatively large variability in the reported values.  

Table 6.2: Modeling parameters that are used in the virtual experiments. 
Parameter Value(s) 
A, tortuosity coefficient (Eq. 5.2a)  1.0 
m, cementation coefficient (Eq. 5.2b) 1.8, 2.9, 2.2 
ns, saturation coefficient (Eq. 5.4) 3.5 
Dh0, reference humidity diffusion coefficient at 25oC 2×10-10 m2/s 
αci, chloride binding coefficient* 0 
βci, chloride binding coefficient* 0 
ρco, density of concrete 2,400 kg/m3 
ρc, density of cement 3,150 kg/m3 
ρa, density of aggregate 2,700 kg/m3 
ρw, density of water 1,000 kg/m3 
cq, specific heat capacity of concrete 840 J/kg-K 
λ, thermal conductivity in concrete 1.4 W/m-K 
(*) For the present virtual experiments it was assumed that there was no chloride binding 
 
6.2.4 Analysis and Parametric Investigation 

Using the modeling framework, a total of 243 virtual experiments were performed to simulate 
chloride ingress and surface electrical resistivity measurements in the hypothetical reinforced 
concrete bridge located near Bend, Oregon. Simulations were performed to cover 25 years of 
service and exposure to the elements and deicing chemical. Figures 6.3 and 6.4 show the chloride 
profile and SR predictions, respectively, for a sample analysis case from one of the virtual 
experiments conducted in this study.  The bridge deck in this case had a w/c of 0.35, and the 
surface MgCl2 contrition, Cs, was 1.0% (by mass of cement). 

Figure 6.3 shows the chloride profiles in the bridge deck after 5, 10 and 25 years of 
service/exposure. Figure 6.4 presents the SR for this case, which represent what an inspector 
would measure on the bridge surface. Note that these SR data are not temperature normalized; 
i.e., they show the seasonal fluctuations within each year. The yearly decrease in SR data, as 
shown by the dotted line in Figure 6.4, clearly shows the effects of chloride ingress in the bridge 
deck. While the SR has big periodic changes during a typical year, its average value decreases 
over time because of chloride ingresses.  
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Figure 6.3: Chloride profiles of the example case over bridge deck thickness after 5, 10 and 25 

years of exposure. 

 

 
Figure 6.4: SR predictions of the example case over time (not normalized for temperature). 

The results of the virtual experiments presented here can also be used to conduct a parametric 
study. Here this approach is used investigate the effects of a number of concrete mixture design 
parameters on SR. For example, Figure 6.5 shows the effect of w/c, air content on SR over time. 
As shown in the plot, the lower w/c and the air content leads to denser concrete and larger SR. 
From the Figure 6.5(a), it can be seen that the increase of w/c from 0.35 to 0.55 has decreased 
the average SR by approximately 50%. Figure 6.5(b) shows that change in air content from a 
theoretical 0% to 6% results in almost 100% change in SR measurements. In both cases, the 
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overall decrease in average SR resistivity is related to chloride ingress. The seasonal variations 
within each year due to changes in temperature and relative humidity are also clearly observed. 

 
(a) 

 
(b) 

Figure 6.5: (a) Effect of w/c on SR over bridge deck age. (The considered values for w/c were 
0.35, 0.45 and 0.55 for min, mean and max w/c, respectively); (b) Effect of air content on SR 

over bridge deck age. (The considered values for air content were 0%, 4% and 6% for min, mean 
and max air contents, respectively). 
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Similar parametric studies can also be conducted on modeling parameters. For example, Figure 
6.6 shows the effect of the variations in the modeling parameter, m, which is used in the 
calculation of the formation actor, on SR. It is clear that a variation from 1.8 to 2.2 results in 
significant changes in SR predictions, as much as threefold increase in SR is observed. As 
before, the average decrease in SR is related to the chloride ingress, and seasonal variations are 
due to fluctuations in temperature and relative humidity within each year.  This example shows 
another benefit of conducting virtual experiments in that modeling parameters that cannot be 
practically studied experimentally can be studied in virtual experiments rather easily.  

 

Figure 6.6: Effects of formation factor coefficient, m, on SR over bridge deck age. The 
considered values for m were 1.8, 2.0, and 2.2 for min, mean and max values, respectively. 

Another benefit of virtual experiments shows itself in dealing with uncertainty.  For example, if 
the surface chloride concertation, Cs, for a given bridge deck is not accurately known, as in the 
case of most bridges, but an assumption on the range can be made, the virtual experiments can be 
used to obtain a range of results to evaluate for better decision making. An example of such an 
approach is shown in Figure 6.7, where Cs is assumed to have a ±20% uncertainty over the 
average values. Similar uncertainty analysis can be performed for any other parameter, including 
weather station data.  
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Figure 6.7: Effects of surface chloride concentration uncertainties on SR over bridge deck age. 
The surface chloride concertation was assumed to have ±20% uncertainty over the average 

values. 

6.3 PROPOSED BRIDGE INSPECTION PROTOCOL 

6.3.1 Closed-form Equation for Predicting Chloride Profiles 

Chloride profiles along the depth of a concrete bridge deck can be calculated using the closed-
form solution of the Fick’s Second Law via: 

𝐶𝐶𝐶𝐶𝐶𝐶(𝑥𝑥, 𝑡𝑡) = 𝐶𝐶𝑠𝑠 + (𝐶𝐶𝑠𝑠 − 𝐶𝐶𝑜𝑜) 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑥𝑥

�4𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡
� 

(6.1) 

where Ccl is the chloride concentration at depth x and age t., Cs is the surface chloride 
concentration, Co is the initial (background) chloride concentration in concrete, and Dapp is the 
apparent chloride diffusion coefficient. 
 The developed modeling framework was used to conducts virtual experiments, as 
discussed in the previous section.  These virtual experiments yielded chloride profiles (over a 25-
year service life) for hundreds of virtual bridge decks with different mixture design properties. 
The collected data are analogous to data that could be collected from hundreds of real 
experiments that last 25 years, which is not a practically feasible. Conducting nonlinear 
regression analysis on the collected data from the virtual experiments, the flowing equation for 
apparent diffusion coefficient was obtained for the inspected bridge deck near Bend, Oregon:  
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Dapp = ��a11  
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(6.2) 

where Dapp is the apparent chloride diffusion coefficient (m2/s), w/c is the water-to-cement ratio, 
εair is the air content of concrete, SR is the temperature normalized surface resistivity of concrete 
bridge deck at 25oC, and ta is the age of concrete (years), and aij are coefficients of the equation 
that were obtained from the regression analysis. The coefficients of the equation, aij

, are provided 
in Table 6-3. The adjusted R2 of the regression analysis was 0.897. 

Table 6-3: aij values for the calculation of apparent diffusion coefficient for a bridge deck 
near Bend, Oregon. 

i ↓, j→ 1 2 3 4 
1 0.2145 -0.1052 0.0446 -0.0851 
2 6.74 ×10-6 0.1176 -0.2378 -0.1487 
3 0.0233 -5.02 ×10-6 -1.1689 0.4977 
4 0.0101 0.5308 -7.82 ×10-5 1.2567 

 
Equation (6.2) is to be used as part of a bridge-deck inspection-protocol, which includes 

SR measurements.  During a typical bridge inspection several SR and surface temperature 
measurements and can be made within minutes.  Average SR measurements can be normalized 
to 25oC using Eq. (2.2), Hinrichsen-Rasch Law (Hope 1987), to obtain the SR value to be used in 
Eq. (6.2). Since apparent diffusion coefficient, Dapp, was obtained from regression analysis of the 
virtual experimental data, there are likely to include bridge-specific uncertainties that need to be 
accounted for by providing a maximum and minimum bounds such that 
Dapp,min = (1 −∝𝑐𝑐)Dapp (6.3) 
Dapp,max = (1 +∝𝑐𝑐)Dapp (6.4) 
where ∝𝑐𝑐 is an uncertainty correction factor, which can be determined from: 

∝𝑐𝑐= (SRcalc − SR)
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(6.5) 
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where SRcalc is the calculated theoretical surface resistivity of the bridge deck, which is obtained 
from separate nonlinear regression analysis of the virtual experimental data. Therefore, (SRcalc −
SR) represents the difference between theoretical (regression) and measured (during inspection) 
SR values. In Eq. (6.4), DOY is the day of the year when the SR inspection is made. The 
calculated theoretical surface resistivity of the bridge deck, SRcalc, can be calculated as: 

SRcalc = �b11 
w
c

+ a12 εair + a13 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷 + a14 CorrCs + a15 �
3
𝑡𝑡𝑎𝑎3

+ �b21 
w
c
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𝑡𝑡𝑎𝑎2
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w
c
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(6.6) 

where bij are the coefficients that are obtained from the regression analysis, given in Table 6.4, 
and CorrD and CorrCs are the correction factors on apparent diffusion coefficient and surface 
chloride concentrations. Note that if there is no uncertainty, they will be taken as 1.0. The 
adjusted R2 of the regression analysis was 0.964. 

Table 6-4: bij values for the calculation of SRcalc for a bridge deck near Bend, Oregon. 
 

 

 

 

 

 

6.3.2 Demonstration Study 

In order to illustrate the proposed bridge-deck inspection-protocol that includes the prediction of 
the chloride profile at the time of inspection, a hypothetical example is presented here. The 
sample bridge deck is considered to be close to Bend, Oregon, where the derived closed-form 
equations for apparent diffusion coefficient and surface resistivity are valid. The bridge deck 
concrete is known to have a w/c of 0.43 and air content of 6%. The bridge deck was inspected at 
the age of 10 years from casting. The filed inspector measured a number of SR measurements on 
the deck; the average of the measurements was 55 kΩ-cm, and the local temperature at the 
measurement time was 30oC. The temperature normalized SR was 40 kΩ-cm (at 25oC). 

  

i ↓, j→ 1 2 3 4 5 
1 -0.1308    0.41067  -2.2794   -0.76151 -1.0725 
2 0.0271 -0.060823  0.038056 -0.030681 -0.1175 
3 -0.0892    0.19312 -0.39604  -0.5519 -0.2811 
4 -1.6536     3.9353  -14.33  -7.3428 -4.3478 
5 0.2069   -0.47401  1.2717  1.1205   0.6170 
6 0.1109   -0.18851  -0.103  1.4508   0.9602 
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The procedure for determining the chloride profile is as follows: 

(1) Calculate the apparent diffusion coefficient, Dapp: From Eq. (6.2), the apparent 
diffusion coefficient is obtained as 6.307×10-12

 m2/s. 

(2) Calculate the uncertainty coefficient, ∝𝑐𝑐: From Eq. (6.5), the uncertainty coefficient 
is calculated as 0.21. 

(3) Determine the minimum and maximum apparent diffusion coefficients using 
Equations 6.3 and 6.4, respectively: 

Dapp,min = (1 − 0.21)6.307 × 10−12 = 5.607×10-12 m2/s (6.3) 
Dapp,max = (1 + 0.21)6.307 × 10−12 = 6.93×10-12 m2/s (6.4) 

 
(4) Calculate the predicted chloride profiles at the time of the inspection (10 years): Use 

Eq. (6.1) with Cs = 1% (percent mass of cement) and Co = 0%.  These are assumed 
values for this bridge deck and can be modified as needed.  Figure 6.8 shows the 
chloride maximum and minimum ranges of the chloride profiles. 

 
Figure 6.8: Chloride profiles at the time of the inspection (10 years from casting) for the 

demonstration study example for a hypothetical bridge near Bend, Oregon. 
 

(5) Conduct service life predictions: Using a similar approach to Steps 1 through 4, 

inspectors can be used to obtain chloride profiles in the future years (e.g. at 20 years) 

as a tool for service life predictions or time-to-damage calculations.  

It should be noted that due to the large number of bridges in Oregon, it is not practical or feasible 
to generate a closed-form equation for every single bridge.  However, it is well known that 
Oregon is divided into several distinct climatic districts or zones, and bridges within each 
district/zone experience similar environmental conditions (temperature and relative humidity) 
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and deicing chemical exposure regimes. Therefore, separate closed-form equations can be 
developed for bridges in each climatic district/zone.  These closed-form equations will also be 
functions of (a) concrete mixture properties of the deck (w/c, air content, and age) and (b) 
surface resistivity of concrete, which can be measured in rapidly in regular bridge inspections. 
Bridge inspectors can use these closed-form equations after bridge inspections to predict chloride 
profiles, make time-to-damage predictions, and decide if additional chloride profiling is 
necessary, and if so, at which locations on the deck it should be conducted.  Such a future work 
plan is presented in Chapter 7.
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

7.1 PROJECT SUMMARY 

Corrosion of the steel in reinforced concrete bridge decks is a critical issue for structures that are 
exposed to chloride-containing de-icing chemicals or marine salts. Oregon Department of 
Transportation (ODOT) has a large number of bridges that are vulnerable to this form of 
deterioration. An obvious indicator of a corrosion problem is visible damage; unfortunately, if 
corrosion damage is visible, the window for preventive action is likely closed. Pre-emptive 
actions and early detection of potential problems are more cost effective than repair or 
replacement of bridge decks that have already experienced corrosion.  

In recent years, electrical-based methods have emerged as durability-related performance 
indicators for reinforced concrete structures. Several investigations have shown the existence of 
relationships between electrical resistivity (or formation factor) of concrete and other durability-
related parameters such as corrosion rate of steel reinforcement and transport properties of 
concrete. The main motivation of this research is to provide ODOT with a protocol to select 
bridges for its ongoing bridge deck treatment operations using quantitative tools that are practical 
and quick. Although rapid SR measurements are highly correlated with water and chloride 
transport properties of concrete, they do not directly provide the actual chloride depth profiling. 
However, transport properties that are revealed by SR measurements can be used in chloride 
ingress models that can be used to predict chloride profiles in concrete. The accuracy of the 
predictions improves with additional easily accessible quantitative information such as concrete 
mixture design properties (e.g. water-to-cement ratio), environmental data (e.g. temperature and 
relative humidity), and salt exposure histories. Most of these additional quantitative data are 
readily available for most locations in Oregon. These predictions, coupled with SR data, will also 
indicate if additional chloride profiling is necessary, and if so, at which locations on the deck it 
should be conducted.  

To achieve the project goals, the following tasks have been performed:  

(1) An experimental investigation was conducted to establish the relationship between 
electrical properties of concrete (e.g. SR or formation factor), environmental data 
(e.g. temperature and relative humidity), and chloride ingress in reduced-size 
reinforced concrete slabs simulating bridge decks commonly used in Oregon.  

(2) The effect of F-T action on the observed relationship was investigated.  

(3) A comprehensive modeling framework that relates the electrical properties of 
concrete, environmental data and chloride ingress was developed, verified, and 
validated.   

(4) A virtual test bed using the validated modeling framework was developed to conduct 
statistically significant number of virtual experiments to obtain closed-form 
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relationships between electrical properties of concrete, environmental data and 
chloride ingress for bridge decks in different geographical areas in Oregon.  

(5) A demonstration case study was performed.  This case study showed the development 
of a closed-form equation.  The use of the equation in a bridge-deck evaluation-
protocol was also demonstrated. 

7.2 MAJOR CONCLUSIONS 

Major conclusions of this research can be summarized as follows. 

• Electrical properties of concrete are affected by the microstructure development and 
compositional changes in pore solution during curing and early stages of service. As 
the concrete becomes more mature, the electrical resistivity of concrete increases, 
indicating stabilization of the pore solution composition and microstructure 
development (i.e., connectivity of the pores).  

• Temperature, degree of saturation, and relative humidity of concrete affect its 
electrical properties such as resistivity. Among these factors, the temperature of 
concrete can be easily predicted from the environmental (air) temperature since 
temperature within concrete reaches equilibrium conditions relatively quickly. 
Therefore, in practice, the temperature effect on electrical resistivity measurements 
can be approximately accounted for using air temperature readings and existing 
resistivity-temperature relationships. 

• The determination of relative humidity and the degree of saturation in concrete, on 
the other hand, requires either measurement of these properties in-situ or simulating 
those using environmental data and concrete mixture design properties. The 
measurement of relative humidity requires installation of sensors within the concrete. 
Accurate measurement of the degree of saturation requires coring. Neither approaches 
are practical for regular bridge deck inspections; therefore, simulation approach is the 
most feasible and practical method for determining these parameters within concrete.  

• During the first couple of months of casting the concrete bridge deck, since the 
electrical properties of concrete are governed by a multiple processes that take place 
in concrete such as microstructure development and compositional changes in pore 
solution of concrete during curing and early stages of service, it is challenging to 
differentiate the effect of chloride ingress in concrete using electrical properties of 
concrete. However, after concrete matures the changes in electrical properties of 
concrete (e.g. SR or formation factor) are mainly due to changes in pore solution 
composition, hence, they can be used as an indicator for chloride ingress.  

• Since most bridge decks in Oregon are typically exposed to de-icing chemicals 
months after casting, the observed relationship between electrical properties of 
concrete (e.g. SR) and chloride ingress can be expedited to help predict chloride 
profiles in concrete. However, since SR measurements depend on the type of concrete 
mixture (e.g. w/cm, connectivity of pores, and pore solution composition) and 
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environmental parameters (e.g. relative humidity, degree of saturation and 
temperature) within concrete, they need to be corrected/normalized for these factors.  

• Deterioration due to F-T action can be observed through the electrical properties of 
concrete, particularly in low quality mixtures. However, for HPC mixtures as in the 
case of ODOT’s current mixture used for bridge decks, little to no damage was 
observed due F-T action. In these slabs, chloride ingress was not significantly 
affected by F-T action.  Therefore, electrical resistivity measurements were still 
related to chloride ingress.  Even in slabs produced with concrete that represent 
ODOT mixtures that were used in the past that experience, the SR measurements 
were affected during and right after the F-T cycles, but they returned to their natural 
trends shortly after. Since the behavior observed is not conclusive, it is suggested that 
additional F-T cycles continue in this study.  The cycles should be continued until the 
concrete with no air-entrainment starts to fail.  This will show how the SR values are 
impacted by the deterioration.  It would also show if the decrease in SR remains a 
permanent feature or if a different trend is observed once more widespread failure occurs. 

• The HPC mixture that is currently used by ODOT provides significant protection 
against chloride ingress and F-T action. Despite the fact that both chloride exposure 
F-T regimes were rather aggressive, these mixtures performed well in comparison to 
other mixtures that represent ODOT mixtures that were used in the past. In particular, 
mixtures that did not contain and SCMs showed significant chloride ingress.  The 
bridge decks that have been built using similar mixtures should be examined in the 
field more closely. 

• Since the resistivity of hydrated cement phases and of aggregate in concrete are 
orders of magnitude larger than the resistivity of concrete pore solution, the electrical 
resistivity of concrete is mainly controlled by the resistivity (or conductivity) of the 
concrete pore solution.  The connectivity and the degree of saturation of the pore 
structure in the concrete matrix affect the overall conductivity; therefore, modeling 
electrical resistivity of concrete requires consideration of these parameters. In 
addition, the actual resistivity (or conductivity) of the concrete pore solution is related 
to the type and amount of ionic species and temperature. As a result, modeling 
electrical resistivity of concrete requires that the types and concentrations (or 
activities) of the ionic species in the matrix are known. These complex dependencies 
require that relating electrical resistivity of concrete to chloride ingress should include 
coupled modeling of SR measurements with heat and moisture transfer analyses as 
well as multi-species ionic transport in concrete. In this research, such a modeling 
framework was developed, verified, and experimentally validated. 

• During curing or early stages of service, it was observed that formation factor 
increased due to the microstructure development in concrete. During these early 
stages, formation factor increased similarly for both the deicing chemical exposed and 
water (control) exposed slabs. During the dry period when relative humidity (and the 
degree of saturation) decreased within concrete, formation factor increased sharply. 
This illustrates the strength and potential of the formation factor (and other electrical 
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based parameters) to capture microstructural and moisture-related changes within 
concrete.  

• When chloride ingress becomes more prominent, formation factor increases further 
due to the decrease in electrical resistivity of concrete pore solution due to new 
ingresses ions. When chloride-containing salts start penetrating into concrete, some is 
bound into the hardened matrix and the rest remains in the pore solution. The effect of 
chloride binding and presence of free chloride ions in the pore solution might affect 
the electrical properties differently. For example, the former would increase the 
electrical resistivity of the matrix, while the latter would decrease the electrical 
resistivity of the pore solution. However, in later stages, as the binding capacity of 
concrete is reached, the effect of chloride ingress into concrete should correspond to a 
decrease in overall electrical resistivity of the pore medium and an increase in 
formation factors. 

• The validated modeling framework allows the conducting large number of virtual 
experiments that would otherwise be unfeasible due to time, cost, and resource 
limitations. The generated data can be used to develop qualitative or quantitative 
relationships among several parameters and measurable properties of a reinforced 
concrete structure. Several factors affect electrical properties, chloride ingress and 
heat and moisture transport in concrete. Any effect of any these parameters on any of 
the properties can be investigated numerically using virtual experiments.  

• It was demonstrated that the developed modeling framework can be used as a virtual 
test bed using to conduct statistically significant number of virtual experiments to 
generate data to obtain closed-form relationships between electrical properties of 
concrete (e.g. SR or formation factor), environmental data (e.g. temperature and 
relative humidity) and chloride ingress for bridge decks in different geographical 
areas in Oregon. For this demonstration, a hypothetical bridge near Bend, Oregon was 
selected. It was concluded with a demonstration on how the developed closed-form 
equation can be used in a bridge-deck evaluation-protocol that can be used by ODOT 
in practice. 

7.3 RECOMMENDATIONS FOR FUTURE WORK 

The following two thrusts of future work are recommended to ODOT in the form of problem 
statements. 

7.3.1 Problem Statement 1 

Development of improved bridge deck inspection protocols for different climatic 
districts/zones in Oregon 

A comprehensive modeling framework that relates the electrical properties of concrete, 
environmental data and chloride ingress was developed, verified, and validated as part of SPR 
780.  This modeling framework can be used to develop improved bridge deck inspection 
protocols for any given bridge as long as (1) concrete mixture properties of the deck (w/c, air 



 

93 

content, and age), (2) environmental properties (temperature and relative humidity), which can 
be obtained from a nearby AgriMet weather station, and (3) amount of deicing chemical 
exposure are known or can be estimated. Once the required input (1-3) are collected, the 
modeling framework can be used to develop a closed-form equation for chloride diffusion 
coefficient for the bridge deck as a function of (a) concrete mixture properties of the deck (w/c, 
air content, and age) and (b) surface resistivity of concrete, which can be measured rapidly 
during regular bridge inspections. This chloride diffusion coefficient, which is specifically 
developed for the specific bridge under consideration (under the aforementioned environmental 
and deicing chemical exposure conditions), can be used to predict chloride profiles using the 
well-known solution of Fick’s Law equation (also closed form) after each bridge inspection.  
These profiles can be used to make time-to-damage predictions and will indicate if additional 
chloride profiling is necessary, and if so, at which locations on the deck it should be conducted. 
This is a significant improvement in ODOT’s bridge-deck inspection-protocol.  

Due to the large number of bridges in Oregon, it is not practical or feasible to generate a closed-
form equation for every single bridge.  However, it is well known that Oregon is divided into 
several distinct climatic districts or zones, and bridges within each district/zone experience 
similar environmental conditions (temperature and relative humidity) and deicing chemical 
exposure regimes. Therefore, separate closed-form equations can be developed for bridges in 
each climatic district/zone.  These closed-form equations will also be functions of (a) concrete 
mixture properties of the deck (w/c, air content, and age) and (b) surface resistivity of concrete, 
which can be measured in rapidly in regular bridge inspections. Similarly, bridge inspectors can 
use these closed-form equations after bridge inspections to predict chloride profiles, make time-
to-damage predictions, and decide if additional chloride profiling is necessary, and if so, at 
which locations on the deck it should be conducted.   

The following activities are the main tasks of this problem statement: 

Task 1: Identify different climatic zones/districts in Oregon with similar environmental 
conditions (temperature and relative humidity) and deicing chemical exposure regimes. Note that 
a preliminary work toward this has already been performed by ODOT (Huang et al. 2014); 
however, a more refined zoning would be necessary so that developed closed-form chloride 
diffusion equations are representative of the environmental conditions and deicing chemical 
usage for all bridges in a given district/zone. It is expected that there will be fewer than 20 
distinct climatic zones/districts within Oregon.  

Task 2: For each district/zone, using the developed modeling framework, develop closed-form 
equations for making chloride-profile and time-to-damage predictions. These closed-form 
equations will be functions of concrete material properties, unique for each bridge, and surface 
resistivity measurement, which can be performed quickly during regular bridge inspections.  

Task 3: Write a bridge-deck inspection-protocol that reflects the improved methodology for 
bridge inspections. It is anticipated that the Bridge Design and Drafting Manual will also be 
revised to identify corrosion mitigation actions for different levels of chloride exposure. 

It is expected that these tasks can be completed within one year from the start date of the 
recommended work. 
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7.3.2 Problem Statement 2 

Selected experimental studies on the existing reinforced concrete slabs representing 
ODOT’s current bridge deck inventory 

As part of the experimental program performed under SPR 780, several reinforced concrete slabs 
were cast. The slabs were designed to represent bridge decks commonly used by Oregon 
Department of Transportation (ODOT) in Oregon from 1960s to present. Based on concrete 
mixture properties from three different periods, twenty slabs were cast and investigated. Slab 
Type 1 (ST1) contained a Type I/II ordinary Portland cement (OPC) concrete mixture with no 
supplementary cementitious materials (SCMs) as per 1960s specifications. A range of w/cm 
values (ST1-A, ST1-B, ST1-C) were investigated for concrete of this era. Slab Type 2 (ST2) was 
also cast with the same OPC as the ST1 specimens but without air entrainment; these slabs 
represent non-air-entrained bridge decks from the 1960s. Slab Type 3 (ST3) represents bridges 
from the 1990s; this concrete mixture is an air-entrained concrete with 20% Class F fly ash 
replacement. Slab Type 4 (ST4) represent modern air-entrained high performance mixture (HPC) 
which contained 30% Class F fly ash and 4% silica fume. 

During the experimental program of SPR 780, some of these slabs were exposed to ODOT’s 
deicing chemical (MgCl2 with corrosion inhibitor) for approximately two years. Control slabs 
were exposed to water and MgCl2 (without corrosion inhibitor). Some of the slabs have started to 
corrode (1960s slabs) and some are still performing well (modern mixtures). Some of the deicing 
chemical exposed and water exposed (control) slabs were also subjected to 300 freeze-and-thaw 
(F-T) cycles.  

With this setup already in place, ODOT has an opportunity to study many other aspects of bridge 
deck deterioration. The following activities are the main tasks for this problem statement: 

Task 1: Investigate the role of deicing chemical application on the properties and durability of 
concrete.  It is well known and documented that magnesium ions can deteriorate hydrated phases 
of concrete. This task will involve mechanical, spectroscopic and microscopic testing of concrete 
(both deicing chemical exposed and control) to investigate the reactivity of ODOT’s deicing 
chemical with concrete.  

Task 2: Investigate the effectiveness and side effects of the corrosion inhibitor used in ODOT’s 
deicing chemical. This task will involve monitoring corrosion rates of steel in slabs that are 
exposed to ODOT’s deicing chemical (MgCl2 with corrosion inhibitor) and regular MgCl2 
solution. In this task, the differences in concrete properties from both exposure cases will also be 
compared to investigate if the corrosion inhibitor has any side effects on concrete. 

Task 3: Investigate possible bridge-deck repair-strategies on slabs that are at different stages of 
deterioration. Since some of the slabs have already started to corrode (1960s slabs) and some are 
still performing well (modern mixtures), the effectiveness of different repair strategies can be 
explored for different levels of bridge deck deterioration. This task may include the study of the 
effectiveness of patch repairs, the use of sacrificial embedded anode systems or migrating 
corrosion inhibitors. 
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Task 4: Expand the F-T investigation of SPR 780 for slabs produced with ODOT’s modern HPC 
mixture.  As reported in SPR 780, modern HPC mixtures did experience significant deterioration 
due to F-T action. This task will expand the F-T study to develop a stronger understanding about 
the long-term performance of these mixtures and the effects of F-T action on chloride ingress. 

It is expected that these tasks can be completed within one to two years from the start date of the 
recommended work.  The duration of the work depends on which tasks are pursued and if 
additional slabs need to be cast.
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CHEMICAL ANALYSIS DATA SHEETS OF OPC AND SCMS 

 
Figure 9-1: Chemical analysis of Type I/II OPC  
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Figure 9-2: Chemical analysis of silica fume  
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Figure 9-3: Chemical analysis of fly ash 
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COARSE AGGREGATE SIEVE ANALYSIS 

Table 9-1: Coarse aggregate sieve analysis 

 
 

FINE AGGREGATE SIEVE ANALYSIS 

Table 9-2: Fine aggregate sieve analysis (batch 1) 

Sieve Percent Sample Percent Cumulative 
Opening Retained Weight Passing Percent 

(mm)    Retained 
9.525 0.00 0.0 100.00 0.00 
4.75 4.55 59.5 95.45 4.55 
2.36 18.71 244.5 76.74 23.26 
1.18 13.74 179.5 63.00 37.00 
0.6 12.53 163.7 50.47 49.53 
0.3 34.51 451.0 15.96 84.04 
0.15 14.10 184.2 1.86 98.14 
Pan 1.86 24.3  100.00 

 100.00 1306.7 403.47  
  Fineness 2.97  
  Modulus   
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Table 9-3: Fine aggregate sieve analysis (batch 2). 

Sieve Percent Sample Percent Cumulative 
Opening Retained Weight Passing Percent 

(mm)    Retained 
9.525  0.00 0.0 100.00 0.00 
4.75  5.29 68.0 94.71 5.29 
2.36  20.63 265.2 74.08 25.92 
1.18  13.95 179.3 60.13 39.87 
0.6  12.42 159.7 47.70 52.30 
0.3  33.70 433.2 14.00 86.00 
0.15  12.35 158.8 1.65 98.35 
Pan 1.65 21.2  100.00 

  100.00 1285.4 392.27  
   Fineness 3.08  
   Modulus   
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MISCELLANEOUS 

 
Figure 9-4: Slabs in ponding cycle at the OSU outdoor exposure site. Deicer containers can be 
seen at the far end. 

 
Figure 9-5: Installed weather station at the OSU outdoor exposure site. 
 



 

A-7 
 

 
Figure 9-6: Reinforced concrete slabs in the F-T chamber. 
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