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Measuring resistivity as a method to calculate formation factor is becoming a 

popular way to evaluate transport properties of concrete. Resistivity measurements 

are dependent on multiple factors including the resistivity of the pore solution, 

leaching effects, the degree of saturation of the specimen, the age of the specimen 

(degree of reaction), the microstructural properties of the pore network (porosity and 

pore connectivity), and temperature. Temperature affects the bulk resistivity 

measurements of concrete specimens by changing the mobility of the ions in the pore 

solution. In addition to multiple fitting equations and temperature corrections, 

numerous values for temperature correction parameters have been proposed for a 

wide range of materials (i.e., solutions, pastes, mortars, and concretes at different 

degrees of saturation). In this study, a linear approach (using an α temperature 

coefficient) and an activation energy type approach (using an Ea-cond temperature 

coefficient) are examined. These approaches were compared with each other 

numerically and their predictive capabilities were studied using measured resistivity 

data from several concrete mixtures. An equation is developed to convert a linear 

correction (α) to an activation energy type correction, (Ea-cond), given the testing 

temperature. Using a linear approach might be suitable for solutions and for saturated 

concrete, which have low values of α and Ea-cond. However, the use of Ea-cond provides 

better predictive capabilities in sealed concretes, which have higher values of α and 



 

 

 

Ea-cond, especially at low temperatures. An analysis of literature reveals that Ea-cond 

values vary from 9 to 39 kJ/mol, for pore solutions, pastes, mortars and concretes 

with a variety of saturation states. In order to select an appropriate Ea-cond for a 

specific specimen type, it is important to understand the factors affecting Ea-cond of 

cementitious materials. Ea-cond increases as degree of saturation of the specimen is 

reduced with a minimum Ea-cond when the specimen is saturated. This is not due to the 

dilution of the pore solution, as pore solutions with different ionic strengths have 

similar Ea-cond. Rather, the increase of Ea-cond upon drying is because of a change in the 

connectivity of the fluid filled pores. Under certain circumstances, changes in ionic 

mobility caused by changes in viscosity, may also affect Ea-cond. While it is better to 

directly measure the Ea-cond of every concrete mixture, this is not always feasible. In 

such cases, for pore solutions a value of 13.9 kJ/mol can be used, for saturated 

concretes a value of 15.8 kJ/mol can be used and for sealed concretes a value of 29.8 

kJ/mol can be used. For concretes with a varying degree of saturation, the Ea-cond can 

be estimated if the degree of saturation (DOS) is known using the equation: Ea-cond = 

33.3 – 16.3∙DOS.  
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1. Introduction 

The construction industry has seen a push for high performance concrete 

(HPC) in the past 50 years. HPC is obtained using lower water-to-cementitious 

materials ratio (w/cm) along with various chemical admixtures to improve concrete 

properties. HPC is not only concrete with higher strength but also lower permeability 

and thus higher durability. Concrete with greater service life has become highly 

desirable in pavements and bridge decks, and for such applications, durability is 

perhaps more important than strength. As such, there is a need to provide adequate 

specification to describe the durability of concrete as a material property. The 

American Association of State Highway Transportation Officials (AASHTO) is 

currently developing a specification for concrete pavements bride decks which deals 

with several durability issues such as salt damage, freeze thaw damage, corrosion and 

volume change.  

A number of durability issues are related to the transport properties of the 

concrete. As an example, the time to corrosion is largely influenced by the transport 

of chloride ions diffusing to the depth of the rebar. As such, the transport of chloride 

in the concrete may be studied using direct methods, such as chloride ponding testing 

(ASTM C1556). However, this method has some drawbacks - it is a very time-

consuming process, and it is a destructive test meaning multiple specimens are 

needed (otherwise the results give only a snapshot of one specific sample at a specific 

age).  

Electrical measurements are a good alternative to evaluate transport properties 

of concrete. Although electrical testing for concrete has been around for several 
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decades (1–4), rapid and accurate use for concrete testing is a relatively recent 

development (5–7). 

A commonly used electrical test to assess chloride penetration resistance is the 

rapid chloride penetration test (RCPT). This is a standard test (ASTM C1202) and has 

generally been the main alternative to directly measuring chloride penetration. While 

the test is relatively quick and easy to perform, it has several issues associated with it 

(as an example from heating due to the Joule effect) (8–10). Therefore, other ionic 

diffusion tests (such as the SIMCO Stadium approach) (11) have also been 

developed.  

Recently much work has been done on electrical resistivity measurements of 

concrete as they are a quick and rapid method to evaluate transport properties (12, 

13). In addition, they are accurate, with single laboratory variation reported between 

3-6% and multi-laboratory variation reported as 6-17% (14). Resistivity can be 

measured using surface, bulk and embedded sensors (15) but needs to be corrected 

using geometry factors which can determined experimentally or numerically (16–18). 

In addition to geometrical effects, other factors influence resistivity 

measurements. Differences in the resistivity of the pore solution have an effect of the 

bulk resistivity of the specimen (19). In addition, alkali leaching impacts the 

resistivity of the pore solution inside the specimen (20). Degree of saturation (3, 4, 

21, 22) and temperature (23–25) have been shown to effect the resistivity of concrete. 

The porosity and the connectivity of the pore network also affect the resistivity of 

concrete specimens (26).  
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Formation factor (F), obtained from resistivity measurements, has been 

proposed as a parameter to evaluate the microstructural and transport properties of 

concrete specimens. Formation factor is based on Archie’s law (27) and is inversely 

proportional to the porosity and the connectivity of the pore network. Formation 

factor is calculated by dividing the bulk resistivity of the specimen by the resistivity 

of the pore solution (28). Formation factor is given by Eq. 1-1 

0

1
F    



 
            (1-1) 

 where ρ is the bulk resistivity of the specimen (Ohm-m), 𝜌0 is the resistivity 

of the pore solution (Ohm-m), ϕ (unitless) is the porosity of the specimen, and β 

(unitless) is the connectivity of the pores. 

 When determining formation factor, the pore solution resistivity can be either 

assumed as 0.10 Ωm (29), calculated from the alkali content of the cementitious 

materials (30), or can be measured experimentally from extracted pore solution (31). 

Formation factor and RCPT are mathematically related, based on first principles, as 

the charge passed in RCPT is inversely related to the resistivity of the concrete (18, 

29). Additionally, an apparent diffusion coefficient can be calculated from formation 

factor using the Nernst-Einstein equation (29, 32). 

Formation factor can be used in the specification of concrete durability 

because it is independent of the resistivity and chemical composition of the pore 

solution (28). Although formation factor is typically measured for fully saturated 

systems, this saturation state is not representative of field conditions. Air voids are 

typically not saturated in the field whereas in vacuum saturated specimens, the air 

voids are also fluid-filled. It has thus been proposed that a sealed condition is 
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representative of a concrete with its capillary and chemical shrinkage pores filled 

(32). A formation factor for a sealed condition (which has been shown to be a 

repeatable saturation state (33)) is commonly specified (29) and is given by Eq. 1-2 

𝜌𝑇𝑟𝑒𝑓
= 𝜌0 ∙  𝐹 ∙ 𝑓(𝐷𝑂𝑆) ∙ 𝑓(𝑇) ∙ 𝑓(𝐿𝑒𝑎𝑐ℎ)     (1-2) 

where 𝜌𝑇𝑟𝑒𝑓
 is the bulk resistivity at a room temperature (Ohm-m), 𝜌0 is the 

resistivity of the pore solution (Ohm-m), 𝐹 is the formation factor (unitless), 𝑓(𝐷𝑂𝑆) 

is the function to correct for saturation state, 𝑓(𝑇) is the function to correct for 

temperature, 𝑓(𝐿𝑒𝑎𝑐ℎ) is the function to correct for leaching. 

This thesis focuses on the effect of temperature on resistivity measurements 

and the development of a correction protocol that can be used to accurately predict 

resistivity measurements of concrete specimens at different temperatures. The 

development of a temperature correction is essential for the implementation of 

formation factor and its use as a specification as temperatures can show considerable 

variation in the field.  

Temperature affects resistivity by changing the kinetics of ionic transport in 

solution. The effects of temperature on electrical measurements have been studied in 

literature (8, 23–25, 34–36). Multiple corrections have been proposed, including a 

linear correction and an activation energy based correction. These corrections have 

parameters (α and Ea-cond respectively) that describe how sensitive resistivity 

measurements are to temperature. Throughout literature a wide range of fitting 

parameters have been reported. These parameters have been reported for solutions, 

pastes, mortars, and concretes at varying moisture contents. There is a lack of 

consistency regarding the appropriate temperature correction and fitting parameter. 
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This thesis will provide guidance on selecting the appropriate temperature correction 

and in addition, explain the factors that affect these temperature corrections. 

 

1.1  Research Objectives 

The objectives of this study are: 

• To review the wide range of temperature correction fitting parameters in 

literature and to compare these values to measured data; 

• To compare linear and activation energy temperature corrections and to ensure 

the appropriate one is used; 

• To provide an equation to convert a linear temperature correction to an 

activation energy based correction; 

• To provide guidelines on the determination of the correct fitting parameter 

based on the material tested (i.e. pore solutions vs. concrete specimens) and 

saturation sate of that specimen (i.e. saturated vs. sealed); 

• To provide guidelines on measurement of a temperature correction specific to 

a concrete mixture at a certain saturation state; and 

• To understand the physical mechanisms that affect these fitting parameters; 

 

1.2  Thesis Organization 

This thesis is composed of four chapters consisting of an introduction, two 

journal articles, and a conclusion. 

Chapter 1 is an introduction to the thesis and provides background to the 

topics discussed. The introduction describes the current state of electrical resistivity 
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measurements used to determine formation factor as an approach to evaluate service 

life. The introduction discusses the importance of electrical measurements and 

describes the factors influencing resistivity measurements (including temperature). 

The objectives of the study and the organization of the thesis are outlined in Chapter 

1. 

Chapter 2 contains the first article: Comparison of Linear Temperature 

Corrections and Activation Energy Temperature Corrections for Electrical Resistivity 

Measurements of Concrete. This article compares two approaches to temperature 

correction of resistivity commonly found in literature: a linear temperature correction 

approach and an activation energy correction approach. These approaches are 

compared to each other numerically as well as compared using measured 

experimental data. 

Chapter 3 contains the second article: Factors Affecting Activation Energy of 

Conduction of Cementitious Materials. This article describes the factors affecting 

activation energy values for concretes and provides guidance on selecting appropriate 

values. 

Chapter 4 presents the main conclusions from this thesis. 
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2. Comparison of Linear Temperature Corrections and 

Activation Energy Temperature Corrections for Electrical 

Resistivity Measurements of Concrete 

2.1 Abstract 

Electrical resistivity measurements are being increasingly used as 

measurements for concrete acceptance in practice.  It has been shown that these 

measurements are sensitive to temperature.  This paper examines the influence of 

temperature on electrical resistivity measurements in concrete. Two commonly used 

approaches for temperature corrections were evaluated: a linear temperature 

correction approach (α) and an activation energy based temperature correction 

approach (Ea-cond). These approaches were compared with each other and their 

predictive capabilities were assessed using measured data from various concrete 

mixtures. It was found that for cases of low temperature sensitivity, the predictions 

obtained with α and with Ea-cond were very similar. However, the Ea-cond approach was 

found to provide more accurate corrections than corrections using α for measurements 

conducted at lower temperatures and for systems with higher temperature 

sensitivities. For saturated concrete specimens, both the linear (α) and activation 

energy (Ea-cond) approaches are acceptable while the use of Ea-cond approach provides 

better predictive capabilities in sealed concrete specimens, especially at low 

temperatures. Average values for Ea-cond were found to be 29.8 kJ/mol for sealed 

specimens and 15.8 kJ/mol for saturated specimens, and corresponding average 

values of α are 3.25 %/°C and 2.00 %/°C, respectively. The saturated values are 

closer to what may be expected of a pore solution on its own.  
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2.2 Introduction 

Electrical measurements are a convenient method to evaluate the transport 

properties of concrete (5, 6, 37). Electrical measurements are easy to perform and can 

be performed rapidly (7). As such these methods are becoming more widely used (5–

7, 32, 38). Electrical measurements can be used to calculate formation factor, which 

is a material property describing the volume and connectivity of the pore network 

inside a porous material (27), and can be used to relate to the ionic transport 

properties, such as an effective diffusion coefficient (32, 33, 39). The resistivity of a 

porous medium with a single conductive phase consisting of ionic pore solution can 

be described by the modified parallel law shown in Eq. 2-1 (40). 

0 0

1
   F


           (2-1) 

where ρ is the total bulk resistivity (Ωm), ρ0 is the resistivity of the pore solution 

(Ωm), ϕ is the fluid filled porosity (unitless), β is the connectivity of the pores 

(unitless), and F is formation factor (unitless). 

Electrical measurements of concrete specimens are dependent on factors such 

as temperature (8, 14, 34, 35, 41), sample geometry (18), degree of saturation (3, 22, 

32, 33), storage conditions (14, 20, 42), and ionic concentration of the pore solution 

(32, 43, 44).  

Bulk resistivity measurements are affected by the temperature of the specimen 

as temperature changes the mobility of ions in the pore solution. Higher temperatures 

increase ionic mobility and result in a lower pore solution resistivity ρ0. The effect of 

temperature on electrical measurements on concrete has been studied previously and 

different corrections have been proposed. In this study, a linear correction as shown 
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in Eq. 2-2 (23), and an activation energy based correction as shown in Eq. 2-3 (24, 

35) are examined. 

 
1

1
00

ref

Tref T

T T
   






 
 
 
 

        (2-2) 
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     (2-3) 

where ρT and ρTref are the resistivities of concrete (Ωm) at temperatures T (°C) and 

Tref (usually 23°C) respectively, α (%/°C) is the linear coefficient, Ea-cond (kJ/mol) is 

the activation energy of conduction, and R (8.314 J/(mol K)) is the universal gas 

constant. The fitting parameters α and Ea-cond describe the temperature dependency of 

electrical measurements. Higher values of these parameters correspond to resistivity 

measurement being more sensitive to temperature. 

 

2.3 Research Objectives 

While several temperature corrections have been proposed in literature, a 

detailed ‘head to head’ comparison of these corrections has not been performed to the 

best of the authors’ knowledge. Clarification on the temperature corrections is needed 

as specifications develop. In this study, temperature corrections are performed on a 

wide range of commercially produced concretes using both a linear correction and an 

activation energy approach. The first objective of this study is to compare the use of 

these two corrections. The second objective is to compare the predictions of these two 

approaches for measured data using both sealed and saturated concrete mixtures. 
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2.4 Materials 

This study was conducted using specimens from a multi-laboratory study. The 

specimens were standard 102 x 203 mm (4 x 8 in) concrete cylinders that were cast at 

different locations across the United States. Each mixture represents a different 

pavement or bridge deck mixture design with the water-to-cementitious materials 

ratio (w/cm) ranging from 0.37 to 0.45. The mixture designs along with the 

equivalent alkali content of the cementitious materials are provided in Table 2-1. 

Specimens were cast onsite and left in their cylinder molds then sealed by 

double bagging with two 6 mil (0.15 mm) plastic bags. After being received at the 

laboratory, they remained sealed until a total age of 180 days, an age chosen to be 

representative of mature concrete. Sealed curing was chosen to minimize alkali 

leaching, which can introduce complexities in understanding pore solution properties 

(20). Additionally, it is a curing conditioning that can be easily specified and 

achieved (32). After 180 days of sealed curing, the specimens were subjected to the 

testing program described in detail in the Experimental Techniques section.  
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Table 2-1 Mixture proportions of the concretes used in this study. 

Mixture 

ID 
w/cm 

Water 

(kg/m3) 

Cement* 

(kg/m3) 

Fly 

Ash* 

(kg/m3) 

Slag* 

(kg/m3) 

Silica 

Fume* 

(kg/m3) 

Air 

(%) 

Aggregate 

(kg/m3) 

OPC-1 0.42 141 
335 

[0.76] 
- - - 6.5 1828 

OPC-2 0.41 161 
390 

[1.09] 
- - - 6.5 1738 

1P-11 0.40 135 
335 

[0.64] 
- - - 7.3 1790 

FA-1 0.39 122 
248 

[0.60] 

62 

[2.78] 
- - 6.8 1906 

FA-2 0.37 154 
332 

[0.52] 

82 

[0.92] 
- - 5.0 1749 

FA-3 0.44 143 
279 

[0.73] 

43 

[1.11] 
- - 7.0 1817 

FA-4 0.42 142 
273 

[0.52] 

68 

[1.38] 
- - 6.5 1837 

S-1 0.43 141 
247 

[0.58] 
- 

82 

[0.83] 
- 6.0 1820 

1S-12 0.40 131 
262 

[0.54] 

66 

[1.30] 
- - 6.0 1805 

TER-1 0.43 136 
205 

[0.55] 

47 

[1.90] 

65 

[0.84] 
- 

5.5-

8.0 
1878 

TER-2 0.39 151 
249 

[0.58] 

98 

[1.80] 

39 

[0.83] 
- 

5.5-

8.0 
1786 

TER-3 0.30 169 
366 

[0.53] 

113 

[1.33] 

85 

[0.84] 
- 8.7 1518 

TER-4 0.42 145 
263 

[0.70] 
- 

69 

[0.84] 

15 

[0.40] 
9.2 1658 

1 denotes a 1P(25) cement (45) 
2 denotes a 1S(20) cement (45) 

*The values in the square brackets denote the Na2O equivalent alkali contents from mill certificates 

 

2.5 Experimental Techniques 

2.5.1 Measurement of Resistivity at Varying Temperatures 

The concrete specimens were prepared for measurements by applying a 

conductive nickel coating to the top and bottom surfaces after first scarifying the 

surfaces with a 20 grit concrete sanding block to improve adhesion. The nickel 

coating forms an electrode on the sample as typically seen in uniaxial resistivity 

measurements (46, 47). The direct attachment of the electrode eliminated the need for 
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a saturated sponge and the associated effects of measurement uncertainty due to the 

sponge drying over time (48). The Giatec RCON2™ and the Proceq Resipod 

resistivity meters (in its uniaxial configuration) were used to measure the resistivities 

of the samples. Tests on selected concrete specimens revealed that the resistivity 

values measured using the two meters were nearly identical (less than 1% variation). 

Leads from the resistivity meter were attached to the coated ends of the cylinders with 

aluminum tape to ensure a consistent electrical connection. Additionally, the outer 

circumference of the specimen was wrapped with two layers of plastic to minimize 

moisture loss during the test. While monitoring the resistivity of the specimens, the 

temperature was cycled. A range of temperatures from 5°C to 30°C was selected as it 

represents a range at which the majority of field resistivity measurements are 

typically performed. Additionally, this temperature range ensures that freezing does 

not occur (46). 

For sealed samples, temperature was controlled and changed using the 

thermoelectric cold plate shown in Figure 2-1a. The specimen was placed upright on 

top of a 3 mm thick, thermally conductive pad (ThermaCool TC3008) to provide a 

thermal connection. An insulated aluminum shell thermally connected to the cold 

plate was used to isolate the sample from the exterior environment and promote 

uniaxial heating and cooling. This setup is similar to that described in previous work 

(46). 

To enable a greater number of samples to be tested simultaneously a cooling 

coil device was built to control the specimen temperatures of the saturated specimens. 

Figure 2-1b shows the apparatus used to cycle the temperature. It should be noted this 
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device can also be used for sealed specimens as well. The testing device consisted of 

copper cooling coils surrounding the concrete cylinders connected to a water bath to 

control and vary the temperature of the specimens. A thermistor with an accuracy of 

0.1°C was embedded into an additional, well-hydrated, concrete cylinder that was 

used to quantify the representative temperature of all specimens. Six specimens were 

placed in the remaining coils where their temperature was lowered to 5°C. The 

temperature was then raised in 5°C increments. It took approximately 90 minutes for 

a typical specimen to reach uniform temperature. After the specimens were at a 

uniform temperature, the resistivities were measured, the temperature was increased, 

and the process was repeated. Although the two apparatuses have different 

mechanisms for cooling the samples, the temperature cycles the specimens undergo 

were identical. 
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Figure 2-1 Temperature control apparatuses a) Cold plate, and b) Cooling coil. 

 

2.5.2 Changing Concrete Degree of Saturation 

The resistivities of the specimens in sealed conditions were measured at 180 

days. It should be noted that the degree of saturation for sealed samples varies, 

depending on factors such as w/cm, paste content, and air content (32). To bring the 

samples to 100% degree of saturation the following approach was used. The mass of 

the sealed sample was measured. Specimens were then dried in a 110 ± 5°C oven 

until their mass equilibrated. They were then placed in a vacuum chamber with an 

absolute pressure of 10 ± 3 torr (1.33 ± 0.4 kPa) for three hours. While still under 

vacuum, deaerated saturated calcium hydroxide solution was added and specimens 

were soaked for one hour before removing from the vacuum chamber. The specimens 

remained under solution for an additional 24 hours before testing. This vacuum 

saturation procedure is outlined elsewhere (49).  
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2.6  Results and Discussion 

2.6.1 Numerical Comparison of Temperature Corrections 

The linear temperature correction (Eq. 2-2) and the activation energy 

correction (Eq. 2-3) can be numerically compared to each other by solving for ρTref/ρT 

in Eq. 2-2 and 2-3 and setting them equal to each other resulting in Eq. 2-4  
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     (2-4) 

where Ea-cond is the activation energy of conduction (kJ/mol); for the purpose of this 

analysis, Ea-cond is a variable, ranging from 0-40 kJ/mol. Tref is the reference 

temperature (23°C). T is the temperature at which resistivity is (theoretically) 

measured, it is a variable, ranging from 5-45°C. The relationship between these two 

corrections can be shown graphically (Figure 2-2) for five values of T. 

The results show that in general as α increases the activation energy Ea-cond 

increases. At low values of Ea-cond (0-15 kJ/mol), a strong correlation exists between 

Ea-cond and the value of α. For low values of Ea-cond, the relationship between Ea-cond and 

α is relatively independent of T, and the two corrections have similar predictive 

capabilities. For high values of Ea-cond (15-45 kJ/mol), the relationship between Ea-cond 

and α is highly non linear with temperature (which ranges from approximately 2-

9 %/°C) which increases as T increases. Therefore, there is not a unique relationship 

between Ea-cond and α.  
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Figure 2-2  Comparison of Ea-cond and α at different temperatures. 

 

Throughout literature, a range of values of α have been reported for 

cementitious materials (23, 50). Eq. 2-4 could be used to convert an α value to an 

Ea-cond value so that the corrections may be compared. However, in order to do this 

accurately, the range of measured temperature should be taken into account. 

Consider a scenario in which Tref is 23°C and the Ea-cond is 25 kJ/mol. For 

these conditions, an Ea-cond of 25 kJ/mol corresponds to multiple values of α (2.68, 

3.53, and 4.63 %/°C) depending on the second temperature T at which resistivity was 

measured (5, 25, 45°C). The comparison is illustrated in Figure 2-3a, 2-3b, and 2-3c 

respectively. These figures are obtained by plotting Eq. 2-3 and Eq. 2-2 as a function 

of temperature. 

It is observed from Figure 2-3 that the absolute difference between the two 

corrections is relatively small (below 10%) between the theoretical temperature 

values used in Eq. 2-4. It should be noted that at temperatures outside this range, the 
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difference between the two corrections continually increases. It can also be noted 

from the figure that temperature corrections outside the range of values for which α 

was originally calculated should be considered with caution. This is especially true at 

lower temperatures where the increase in error is greater. In addition, at lower 

temperatures, the difference between the two corrections increases as α increases.  

This is especially apparent in Figure 2-3c where the quantity ((T-Tref )α)/(100) 

reaches a value of -1 and the equation yields an error. Based on Figure 2-3, one could 

state that Ea-cond is a more stable temperature correction compared to α. 
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Figure 2-3 a) Temperature corrections with Tref = 23°C, Ea-cond = 25 kJ/mol showing 

a) α = 2.68 %/°C b) α = 3.53 %/°C, and c) α = 4.63%/°C. 

 

2.5.2 Changing Concrete Degree of Saturation 

Comparing α and Ea-cond values to measured data enables the differences 

between these corrections to be observed. This is shown using resistivity measurements 
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on sample FA-3 (sealed cured condition and Tref = 23°C). Eq. 2-2 can be rewritten to 

solve for α as 
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        (2-5) 

There are multiple ways to fit α to a set of measured data. One method would 

be to take two points and plug them into Eq. 2-2. Another method would be to obtain 

an average α of all points measured by taking the slope of 1/ρ vs. T and normalizing 

to 1/ρTref. 

Both cases were examined using two points with three different temperatures 

points for reference (i.e., Tref = 23°C and T = 7°C, 15°C, 33°C), and a slope of the 

entire range of measurements. Figure 2-4a shows a comparison of the measured data 

with these four fits and Figure 2-4b shows the error between the measured data and 

these four fits. The error is calculated as the difference between the measured and 

fitted value divided by the measured value. From Figure 2-4a it is apparent that at 

lower temperatures, the four different fits deviate from each other and errors may 

increase, consistent with the interpretation of the results from Figure 2-3. The results 

shown in Figure 2-4b indicate that the maximum error values range from -5% to 35%.  

When corrections using two discrete temperature points are considered, the 

error at the two points is zero by definition. Between the two temperatures, the error 

is relatively small and negative. Outside this range the error is positive and increases. 

This can be seen when considering error at low temperatures when T = 33°C. This is 

due to corrections using α being unstable at lower temperatures, as shown in Figure 2-
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3. Therefore, when using two point corrections, the second temperature should be 

selected within the range of interest.  

When using the slope correction, the error is averaged through the entire 

testing temperature range, instead of being minimized at specific temperatures. The 

errors obtained with the slope correction lie between the errors obtained using T = 

7°C and 33°C. 
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Figure 2-4 a) Temperature correction using three methods to determine α, and b) 

Error between measured data and fitted curves, with zero error at the reference of 

23 °C. 

 

 The process is repeated by fitting the same set of measured data using an 

Ea-cond approach. Eq. 2-3 can be rewritten to solve for Ea-cond. 

   ln ln
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       (2-6) 

The slope correction is performed by plotting ln(ρ) vs. 1/T, taking the average 

slope, and multiplying it by the universal gas constant R. The discrete temperature 

corrections were performed using three cases, taking the slope of points at Tref = 23°C 

and a variety of second temperatures (T = 7°C, 15°C, 33°C). Figure 2-5a shows a 

comparison between these four approaches and Figure 2-5b shows the associated 

error, calculated as the difference between the measured and fitted value divided by 

the measured value.  
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Figure 2-5a shows that the different correction methods fit the data more 

closely than the corrections using α regardless of the method used. This is confirmed 

by Figure 2-5b, where the errors are lower than with α (between -7% and 2%). The 

errors show similar trends to those seen with errors in α though these trends are less 

pronounced. These results suggest that Ea-cond is an overall better temperature 

correction than α. The different correction methods all result in low values of error 

(e.g. using a two point correction has similar error to using slope). 
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Figure 2-5 a) Temperature correction using three methods to determine Ea-cond, and b) 

Error between measured data and fitted curves. 

 

2.6.3 Temperature Corrections for Saturated Samples 

A comparison was made between the α and Ea-cond fits for saturated samples 

(for the thirteen concretes shown in Table 2-1). For these samples the fitting was done 

by using the average value of the temperature corrections for the entire set of data 

(using Tref = 25°C). Figures 2-6a and 2-6b show a comparison of the data with the 

fits. Percent error is plotted on the secondary axis (shown as the average error along 

with error bars representing ± one standard deviation). 

It can be seen from these figures that for saturated specimens using average α 

and Ea-cond values results in good fits for the entire data set with error below 10%. 

These errors slightly increase at lower temperatures and over the range of 

temperatures, the fit using Ea-cond is marginally better than the fit with α. 
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Figure 2-6 Temperature corrections of saturated specimens with an average a) α = 

2.00 %/°C b) Ea-cond = 15.75 kJ/mol. The average error between measured data and 

the fits is shown with ± one standard deviation. 
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2.6.4 Temperature Corrections for Sealed Specimens 

In a manner similar to that done for saturated specimens, a comparison was 

made to evaluate the fits using α and Ea-cond for a set of specimens in sealed conditions 

by using the average values for the entire set of data (using Tref = 25°C). Figures 2-7a 

and 2-7b show a comparison of the data with the fits. Percent error is plotted on the 

secondary axis (shown as the average error along with error bars representing ± one 

standard deviation). 

Using an α temperature correction at higher temperatures results in lower 

errors (average error less than 10%) however, there is increasing error in the fits at 

lower temperatures. The average error ranges from 5% to 20% when using the α 

correction. The errors when using the Ea-cond correction are lower than when using the 

α correction, ranging from 0% to 5%. 
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Figure 2-7 Temperature corrections of sealed specimens with an average a) α = 

3.25 %/°C b) Ea-cond  = 29.79 kJ/mol. The average error between measured data and 

the fits is shown with ± one standard deviation. 

 

The associated temperature correction and error values for sealed and 

saturated specimens are summarized in Table 2-2. The average, the standard 

deviation, and the coefficient of variation of the values of Ea-cond and α for the 

measurements are also shown in Table 2-2. 

Saturated specimens have lower values of Ea-cond and α. For saturated 

specimens, both corrections Ea-cond and α exhibited low error (2.78% for Ea-cond and 

4.72% for α). For saturated samples, Ea-cond had a lower coefficient of variation (CoV) 

than α (4.39% compared to 8.21%). This suggests that in cases of low temperature 

sensitivity (low values of α or Ea-cond), both temperature corrections provide similar 

predictive capabilities with similar error values. This is a possible explanation for 

why α is a popular temperature correction for solutions, which typically have lower 
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temperature sensitivities (51–54). Another study has also noted that saturated 

concrete specimens did not show much variation in their Ea-cond values (25). 

The electrical measurements of sealed specimens are more temperature 

sensitive, and have higher values of Ea-cond and α than saturated specimens. For sealed 

systems, the errors are higher (2.41% for Ea-cond and 16.42% for α). Using α in this set 

of data results in larger errors at lower temperatures. This suggests that Ea-cond is a 

better representation of the resistivity-temperature dependence and is a more stable 

and reliable correction method and the authors suggest that resistivity data should be 

fit with Ea-cond (especially for sealed specimens) especially since α provides no other 

advantages and is just as time consuming to compute. 

 

Table 2-2 Summary of temperature corrections for saturated and sealed samples. 
 Saturated Specimens Sealed Specimens  

Ea-cond (kJ/mol) 15.75 29.79 

Error (%) 2.78 2.41 

Standard deviation (kJ/mol) 0.69 3.22 

CoV (%) 4.39 10.8 

   

𝛂 (%/°C) 2.00 3.25 

Error (%) 4.72 16.42 

Standard deviation (%/°C) 0.16 0.29 

CoV (%) 8.21 8.97 

 

2.6.5 Determining Ea-cond and α 

Without any other information provided apart from the saturation state of the 

sample, it is suggested based on the results that using the following values of Ea-cond 

and α would be reasonably acceptable: a) for saturated conditions, Ea-cond = 15.8 

kJ/mol and α =2.00 %/°C; and b) for sealed conditions, Ea-cond = 29.8 kJ/mol and α 

=3.25 %/°C. For specimens with an unclear saturation state, Ea-cond values from 
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literature have been reported to be 15 – 22 kJ/mol in one study and 16 – 30 kJ/mol in 

another study. Both of these ranges are consistent with the results reported here (8, 

55). 

 

2.7  Conclusions 

This study assesses the influence of temperature on the electrical resistivity of 

concrete and discusses a procedure to correct for temperature. A linear temperature 

correction approach (α) and an activation energy correction (Ea-cond) approach were 

evaluated. These approaches were compared to each other and with measured data. 

The results indicate that for systems where resistivity has a low temperature 

sensitivity, Ea-cond (0-15 kJ/mol), predictions using the two approaches were 

mathematically comparable and related to each other nearly linearly. However, for 

systems with a higher Ea-cond (15-45 kJ/mol), the relationship between Ea-cond and  

are non linear and predictions using an Ea-cond approach were more accurate over a 

wide temperature range. These corrections were studied for sealed and saturated 

concretes with a variety of mixture designs. Average values for Ea-cond were found to 

be 29.8 kJ/mol for sealed samples and 15.8 kJ/mol for vacuum saturated samples. As 

such, the linear temperature correction α may be acceptable for saturated concrete 

specimens or extracted pore solutions. However the Arrhenius temperature correction 

Ea-cond is more accurate for a wide range of conditions and particularly for higher 

performance concrete and concrete tested in a sealed condition. Ea-cond is more 

representative of the actual resistivity-temperature relationship. Based on this study it 

is recommended that Ea-cond should be used instead of α since the use of α is less 
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accurate over the range of temperatures and it provides no particular advantage, is 

measured using the same process (cycling the temperature of a concrete specimen 

while measuring its resistivity), and is just as time consuming to compute. 
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3. Factors Affecting Activation Energy of Conduction of 

Cementitious Materials 

3.1  Abstract 

This paper examines factors that influence the accuracy of temperature corrections for 

electrical conductivity/resistivity measurements of concrete. The Arrhenius equation 

is used to describe the behavior of resistivity as a function of temperature using an 

activation energy of conduction (Ea-cond). This parameter has been measured on a wide 

variety of materials and specimen geometries in the literature including pore 

solutions, pastes, mortars, and concretes (with a variety of saturation states) with 

reported values typically ranging from 9 to 39 kJ/mol. In order to select an 

appropriate Ea-cond, it is important to understand the factors affecting Ea-cond of 

cementitious materials. In this study, the Ea-cond was determined from data measured 

on various concrete mixtures used in transportation infrastructure applications as well 

as extracted and simulated pore solutions. It was found that Ea-cond increases as the 

degree of saturation of the specimen is reduced with an averageEa-cond
 value of 15.8 

kJ/mol when the specimen is saturated. The Ea-cond was measured on pore solutions 

with a wide range of ionic strengths. It was found that Ea-cond of pore solutions 

remains relatively constant (an average value of 13.9 kJ/mol ± 1.5 kJ/mol) in the 

typical ranges of pore solution ionic strength and was similar to, albeit slightly lower 

than Ea-cond of saturated samples. Drying increases the ionic concentration of the fluid 

in the pores and decreases the connectivity of the fluid filled pores. The changes in 

Ea-cond due to drying were determined to be primarily due to a change in the 

connectivity of the fluid filled pores as opposed to concentrating the pore solution. 

Under certain circumstances, changes in ionic mobility due to changes in viscosity, 
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may also affect the measured Ea-cond. While it is better to directly measure the Ea-cond 

of every single concrete mixture, this is not always feasible or practical. In such 

cases, for pore solutions a value of 13.9 kJ/mol can be used and for saturated 

concretes a value of 15.8 kJ/mol can be used. For concretes with a varying degree of 

saturation, the Ea-cond can be estimated if the degree of saturation (DOS) is known 

using the equation:  

 33.3 –  16.3a condE DOS    

 

3.2  Introduction 

The formation factor is a material property that is equal to the inverse of the 

connectivity and volume of the pore network in a porous media (27). For concrete, 

the formation factor describes the transport of ions through the concrete and can be 

related to an effective diffusion coefficient (32, 33, 39). For a given material, the 

formation factor is given in Eq. 3-1:  

0

1
 F



 
           (3-1) 

where F is formation factor (unitless), ϕ is the fluid filled porosity (unitless), β is the 

connectivity of the pores(unitless), ρ is the total bulk resistivity (Ωm), and ρ0 is the 

resistivity of the pore solution (Ωm).  

 The formation factor of concrete materials is typically determined from 

electrical resistivity measurements of the bulk specimen and its corresponding pore 

solution. Resistivity measurements are popular and widely used primarily for their 

ease of use and ability to perform rapid, instantaneous measurements (5, 6, 32, 37). 
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However, these measurements are dependent on several factors such as temperature 

(8, 14, 34, 35), specimen geometry (18), conditioning (3, 20, 22, 32, 33), and the pore 

solution composition (32, 43, 44).  

It is vital to correct resistivity measurements for temperature especially when 

examining specimens from the field, where conditions may not be controlled (56). 

The effect of temperature on resistivity measurements on cementitious materials has 

been detailed in prior work and different corrections have been proposed (23, 24, 35) 

including a linear correction and an activation energy of conduction (Arrhenius) type 

of approach. A method of converting the linear correction to an activation energy of 

conduction (Ea-cond) has been outlined in the literature (56). 

An Ea-cond correction has been chosen for this study as it has been shown to 

have advantages over a linear correction (56). The specimen resistivity can be 

corrected to a resistivity at a reference temperature using Eq. 3-2. 

1 1
exp

273 273

a cond
Tref T

E

R T Tref
   

  
   

   
    (3-2) 

where ρT and ρTref are the resistivities of concrete (Ωm), T and Tref (typically 23°C in 

the U.S.) are the temperatures of the concretes (°C), Ea-cond is the activation energy of 

conduction, kJ/mol, and R is the universal gas constant, 8.314 J/(mol K). 

Higher values of Ea-cond correspond to a higher sensitivity to temperature with 

respect to resistivity measurements. Previous studies on temperature corrections in 

cementitious materials have produced a wide range of fitting parameters (8, 23–25, 

34–36). These results are summarized in Table 1 and show the reported values of Ea-

cond, specimen type (i.e., concrete, mortar, paste), storage condition and degree of 
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saturation (DOS), and water-to-cementitious material ratio (w/cm). 

 

Table 3-1 Reported values of Ea-cond from various studies. 

Source  Ea-cond 

(kJ/mol) 

Type Condition w/cm 

Whittington et al. 

(1981) (23) 

 17.7a Paste Saturated 0.40-0.80 

Elkey and 

Sellevold (1995) 

(25) 

 14.0a Concrete Saturated  0.40,0.60 

 39.0a  25% DOS  

McCarter et al. 

(1995) (24) 

 19.4 Mortar Saturated 0.40 

Chrisp et al.  

(2001) (34) 

25.7 Concrete  Saturated 0.40-0.44 

39.1 Concrete 50% RH 0.40-0.44 

Julio Bentancourt 

et al.  (2004) (8) 

19.7a Concrete Saturated (RCPT) 0.25-0.79 

Sant et al. (2008) 

(35) 

25.6-27.6 Paste Sealed 0.30 

8.9-13.5 Pore Solution Simulated - 

Castro et al. 

(2010) (36) 

9.7-10.2 Pore Solution Extracted from 

sealed paste 

0.36-0.50 

a indicates reported originally in units of K from Hinrichson-Rash law 

According to these results, values of Ea-cond for pore solutions range between 

8.9 to 13.5 kJ/mol. For concretes, the corresponding range is 14.0 to 39.1 kJ/mol, 

depending on the moisture state of the specimen. Choosing an incorrect Ea-cond can 

lead to errors in the temperature correction curves, therefore, it is important to select 

an Ea-cond appropriate for a given scenario. 

 

3.3  Research Objectives 

While studies in literature have explored temperature corrections in electrical 

measurements for concrete, numerous values of temperature correction coefficients 

have been reported. While it is better to measure temperature correction coefficients 

on a certain specimen subject to specific conditions, this is not always feasible, 
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especially when using temperature corrections in modeling. Therefore the objectives 

of this paper are to: 

• Describe why there is a large variation reported in literature for Ea-cond values 

• Outline the physical mechanisms behind the differences in Ea-cond values 

• Provide guidance on choosing correct Ea-cond values 

 

3.4  Materials 

As part of a multi-laboratory study, cylindrical concrete specimens (100 mm 

diameter by 200 mm length) representing different pavement or bridge deck mixture 

designs were cast and shipped from several locations across the United States. The 

mixture designs are summarized in Table 3-2.   

Specimens were sealed during curing to avoid alkali leaching (20), because it 

is a more consistent curing condition than either moist curing or fogging, and for ease 

of storage and transportation. The specimens were cast and remained in their original 

plastic molds, and were additionally double bagged with plastic bags after being cast. 

The specimens were kept sealed at room temperature after being received until an age 

of 180 days, at which time the specimens were subjected to the testing program. 
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Table 3-2 Mixture proportions of the concretes used in this study with Na2O 

equivalent available alkali contents from mill certificates indicated in square brackets. 

Mixture 

ID  
w/cm 

Water 

(kg/m3) 

Cement 

(kg/m3) 

Fly 

Ash 

(kg/m3) 

Slag 

(kg/m3) 

Air 

(%) 

Aggregate 

(kg/m3) 

M1 0.41 161 
390 

[1.09] 
- - 6.5 1738 

M2 0.40 135 
335b 

[0.64] 
- - 7.3 1790 

M3 0.39 122 
248 

[0.6] 

62 

[2.78]d - 6.8 1906 

M4 0.37 154 
332 

[0.52] 

82 

[0.92] 
- 5.0 1749 

M5 0.44 143 
279 

[0.73] 

43 

[1.11] 
- 7.0 1817 

M6 0.42 142 
273 

[0.52] 

68 

[1.38] 
- 6.5 1837 

M7 0.43 141 
247c 

[0.58] 
- 82 6.0 1820 

M8 0.40 131 
262 

[0.54] 

66 

[1.30] 
- 6.0 1805 

M9 0.43 136 
205 

[0.55] 

47 

[1.90] 
65 

5.5-

8.0 
1878 

b denotes an ASTM C595 IP(25) cement (45) 
c denotes an ASTM C595 IS(20) cement (45) 
d denotes total alkali content 

 

3.5  Experimental Techniques 

3.5.1 Concrete Testing Apparatus: Resistivity and Temperature Cycle 

After preparing the top and bottom surfaces of the concrete cylinders for 

proper adhesion with a #20 grit concrete sanding block, a conductive nickel coating 

was applied to the top and bottom surfaces. The nickel coating serves as a permanent 

electrode to be used in uniaxial bulk resistivity measurements (46, 47) eliminating the 

need for a saturated sponge and the associated effects of the sponge drying over time. 

The impedance and phase angle of the specimens were measured using a Giatec 

RCON2™ resistivity meter. 
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The outer circumferences of the cylindrical specimens were covered in plastic 

to prevent moisture loss while tests were being performed. Additionally, aluminum 

tape was applied to the top and bottom of the sample to prevent moisture loss as well 

as to ensure a connection between the leads of the resistivity meter and the electrodes. 

An apparatus consisting of copper cooling coils connected to a water bath was 

constructed allowing for six 100 by 200 mm concrete cylinders to be tested 

simultaneously. The copper coils surround the specimen controlling temperature from 

the outside. Additional details of the setup are described in a prior study (56). A well-

hydrated spare concrete cylinder was cast with an embedded thermistor with an 

accuracy of 0.1 °C and is used as a representative quantifier of the temperature of all 

the specimens. The concrete specimens were placed in the remaining coils. The 

temperature of the water bath was first lowered and kept at 5°C until the specimen 

temperature equilibrated. Resistivity measurements were taken between temperature 

steps, at the time of equilibrium. The temperature was increased at specified set-

points from 5°C to 30°C in 5°C increments. This range represented a range of 

temperature typically found in the field and ensured there were no effects from 

freezing (46, 57). 

 

3.5.2 Degree of Saturation (DOS) 

The DOS of a specimen is defined as the ratio of liquid in a specimen to the 

total volume of liquid the specimen can hold, or the percentage of voids that are filled 

in a porous specimen. At the testing age of 180 days, samples were first dried in a 

110°C ± 5°C oven until their mass equilibrated and was recorded as mod. The 
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specimens were placed in a chamber under a vacuum at an absolute pressure of 10 ± 3 

torr for three hours. While still under vacuum, deaerated saturated calcium hydroxide 

solution was added and samples were soaked for one additional hour before removing 

from the vacuum chamber. Samples remained under water for an additional 24 hours 

before testing. Samples were removed from the solution and their masses measured, 

defined as msat at DOS=100 %. The vacuum saturation process is outlined in prior 

work (49). 

After measuring Ea-cond (using the cooling coils and the resistivity meter) at the 

saturated state, the samples were left to dry in open air until a desired mass was lost. 

The specimens were sealed and double bagged for a period of one week to allow the 

moisture to equilibrate. The specimens were then debagged, their masses were 

recorded as mi, and they were placed into the cooling coil apparatus to measure Ea-

cond. This process was repeated for multiple DOS values. The DOS for each specimen 

was calculated as shown in Eq. 3-3. 
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        (3-3) 

where mi is the mass of the specimen measured immediately before being placed in the 

cooling coil (g), mod is the oven dried mass (g), and msat is the mass of the specimen 

after it has been vacuum saturated (g). 

 

3.5.3 Pore Solution Extraction and Measurement 

Paste specimens were cast with raw materials from each of the mixtures in 

Table 3-2 using the paste portions of the mixture designs. Pastes were prepared in a 

vacuum mixer and cast into 35.8 by 55.4 mm canisters and sealed cured. Specimens 
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were placed on a rotating jar mill for the first 24 hours to prevent bleeding, and then 

subsequently cured under ambient conditions (23 °C). Pore solutions were extracted 

at 7 and 14 days to quantify the impact of the ionic composition on Ea-cond. Pore 

solution compositions at 14 days showed only slight variation from 7 day 

compositions and are therefore not discussed. Approximately 250 g of paste was 

crushed using a mortar and pestle to obtain fragments no larger than 10 mm. Pore 

solution was extracted using a high pressure steel die as described in prior literature 

(31). The pieces were loaded to 2220 kN with the load rate between 444 kN/min to 

890 kN/min. 

The resistivity of the extracted pore solution was measured using a 

conductivity cell constructed of a polycarbonate tube with a diameter of 9.53 mm and 

a length of 25.4 mm fitted to two electrodes made of brass similar to that described in 

literature (36, 58). The pore solution resistivity cell is connected to a Giatec 

RCON2™ resistivity meter where its impedance is measured at a selected 7 kHz 

frequency in order to ensure a low phase angle (57). 

Activation energy was measured by first filling the pore solution cell with 

pore fluid and placing it in a 5°C chamber where the temperature was allowed to 

equilibrate. Once the temperature reached equilibrium, the cell was taken out and a 

thermistor was placed into the filling port of the cell to measure the temperature of 

the fluid. Temperature and impedance were measured as the temperature of the pore 

solution was allowed to equilibrate up to room temperature.  

Additionally, the extracted pore solutions were fused into beads using a fusion 

device and then the ionic compositions of these solutions were measured using a 
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calibrated X-ray fluorescence (XRF) device in a method outlined in literature (59). 

Since the age of the pore solution is after one day and the sulfate is depleted, it is 

assumed that the significant ions in solution are sodium, potassium, and hydroxide 

ions (19). Sodium and potassium were measured using the XRF and the 

concentrations of hydroxide ions was calculated based on it balancing the ionic 

strength of potassium and sodium. The ionic strength and resistivities of the pore 

solutions were calculated using a method outlined elsewhere (30). The calculated 

resistivities from the XRF agree well with measured resistivities and are not discussed 

in detail here.  

 

3.6  Results and Discussion 

3.6.1 Role of Degree of Saturation 

From Table 3-1, it is apparent that there is a large variation reported in 

literature for Ea-cond values. This variation can be attributed to two reasons. First, the 

moisture condition, or DOS, affects Ea-cond (25, 34). Second, reported Ea-cond values of 

pore solutions have lower values than that of pastes, mortars or concretes. 

The effect of DOS on Ea-cond is shown for the mixtures M6, M7, and M8 in 

Fig. 1. The different DOS values were obtained by vacuum saturating specimens to 

achieve a maximum DOS and subsequent drying to achieve different DOS values 

followed by sealing to allow for moisture to equilibrate, as outlined in earlier 

sections. Ea-cond was measured at each DOS value. Additionally, the measured Ea-cond 

of the corresponding pore solution is plotted as a dotted line for these samples (as 

pore solutions do not have a DOS).  
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Figure 3-1 Ea-cond for various DOS where the red dashed line represents the Ea-cond of 

the expressed pore solution and the black dotted line is a linear fit to illustrate at 

higher degrees of saturation, Ea-cond of concrete approaches the value of the pore 

solution, for Mixtures (a) M6, (b) M7, (c) M8. 

 

Fig. 1 shows that a decrease in the DOS of the concrete results in an increase 

in Ea-cond. There is an approximate linear trend, however, the slopes of these lines are 

different for each of these mixtures and scatter in the data exists. The slopes, 

intercepts at 0 and 100% DOS, and R2 values are summarized in Table 3-3. 

 

Table 3-3 Summary of Ea-cond fitted to DOS. 

Mixture ID Slope Ea-cond at 0% 

DOS 

Ea-cond at 

100% DOS 

R2 

M1 13.4 32.0 18.7 0.39 

M2 29.8 46.2 16.4 0.89 

M3 19.0 35.4 16.4 0.78 

M4 32.6 48.9 16.3 0.77 

M5 15.7 32.6 16.9 0.91 

M6 14.4 31.0 16.6 0.43 

M7 15.1 29.9 14.8 0.83 

M8 16.4 33.7 17.3 0.71 

M9 21.7 37.6 16.0 0.88 
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The slopes of the lines for all the mixtures range from -13.4 to -32.6. The 

correlations of these fits vary with ranges between 0.4 and 0.9. It should be noted that 

M1 and M6 have a weaker linear relationship with an R2 less than 0.5. This may be 

due to the small sample size where one outlier will throw off the R2 value as seen in 

Fig. 3-1a. 

The measured Ea-cond value of the pore solution was generally equal to or 

lower than that of the saturated specimens. As the pore solution is extracted from 

sealed paste samples, its ionic composition may be different from the ionic 

concentration of the pore solution in the saturated concrete. In addition, the concrete 

has a tortuous pore network which may change the Ea-cond. These factors can help to 

explain differences between the Ea-cond values of the extracted pore solution and the 

saturated concrete, but the general trend is observed that as the concrete becomes 

closer to full saturation, the temperature sensitivity with respect to electrical 

measurements approaches the behavior seen in extracted pore solutions. 

The same process is repeated for all the specimens in the set of mixtures. The 

measured Ea-cond values of all specimens are plotted together in a single plot at their 

respective DOS in Fig. 3-2. 
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Figure 3-2 Ea-cond of all mixes plotted for various DOS. 

 

Fig. 3-2 shows a similar trend to Fig. 3-1, where, as DOS increases, Ea-cond 

decreases. However, this trend is not as strong as the individual relationships for each 

mixture (with an average R2 of 0.7) and has a lower R2 value of 0.6. The average Ea-

cond value of the pore solutions was 13.9 kJ/mol which is lower than that of the 

average Ea-cond values of saturated specimens, 15.8 kJ/mol. The equation of the line is 

shown in Eq 3-4. 

 33.3 –  16.3a condE DOS          (3-4) 

Eq. 3-4 and Fig. 2 are a good starting point in determining a unique Ea-cond for 

a specimen if the DOS is known. A similar relationship between Ea-cond and DOS has 

been shown in literature with values of around 24 kJ/mol at 57% DOS and 14 kJ/mol 

at full saturation (25). 

Simply stating that Ea-cond is a function of DOS is useful from a practical 

perspective. It is however of scientific interest to understand the underlying 
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mechanisms behind this relationship, as DOS has complex effects on the specimen 

resistivity. Eq 3-1 shows that bulk resistivity is a function of the pore solution 

resistivity (ρ0) and the porosity and connectivity of the pores (ϕ β). As the pores 

empty, the ions remain in the pores and the pore solution becomes more concentrated. 

This effectively decreases the pore solution resistivity (ρ0) and could potentially 

affect Ea-cond. As the pores empty, the fluid filled porosity (ϕ) is reduced, the 

connections between the fluid filled pores are modified and the connectivity of the 

pores (β) decreases. Therefore, the effects of DOS on Ea-cond must be due to a change 

in the pore solution resistivity or due to a change in the connectivity of the pores.  

 

3.6.2 Role of Ionic Strength of Pore Solution 

The effect of increasing ionic strength on Ea-cond was studied by measuring the 

resistivity of various ionic solutions using a solution cell while varying the 

temperature. Pore solutions were extracted from sealed paste samples of the same 

material as the concretes. The ionic compositions were measured with XRF (59) to 

determine their ionic strength as explained earlier (30). For these solutions, the Ea-cond 

is plotted as a function of their ionic strength in Fig. 3-3. In addition, solutions of 

0.25, 0.5, 1, and 2 mol/L NaOH (representative of a simulated pore solution 

undergoing drying) were prepared, measured, and their Ea-cond values are also shown 

in Fig. 3-3. 
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Figure 3-3 Effect of solution ionic strength on Ea-cond using extracted pore 

solutions and simulated solutions consisting of NaOH.  

 

The measured data shows that there is no appreciable change in Ea-cond with 

respect to ionic concentration in the range of 0.25 to 2 mol/L. This holds true for 

extracted pore solutions and for simulated pore solutions. At approximately the same 

ionic strength, there is a slight scatter in the Ea-cond values, which could be attributed 

to potential interactions between multiple ionic species that are present in the pore 

solution, including potassium, sodium, calcium, hydroxide, and sulfate ions. The 

artificial solutions were made using only sodium hydroxide, and show less scatter. 

These results contradict a study in literature showing that an increase in pore solution 

ionic strength results in a decrease in Ea-cond ranging between 9 kJ/mol and 14 kJ/mol 

(35), however, as several solutions and simulated solutions of a range of ionic 

strength have been tested, the obtained conclusion seems reasonable. These results 

suggest that a change in the pore solution ionic strength is not the main reason why 

Ea-cond changes with DOS and there is another dominating factor. 
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3.6.3 Role of Connectivity of the Fluid Filled Pores 

An alternate reason why DOS affects Ea-cond would be due to a change in the 

fluid filled porosity (ϕ) or connectivity of the pores (β). As DOS decreases, pores start 

to empty and this results in a more tortuous path that ions travel through. It is possible 

that ionic conduction with a longer path length will show a higher temperature 

dependence than ionic conduction through a shorter path length as there is more area 

affected by the pore wall.  

The connectivity of the fluid filled pores (β') can be derived from Eq. 3-1 for a 

concrete specimen and is shown in Eq. 3-5 (60): 

0 sat

sat

DO

DOS
 

S


 
 

 
 

0 sat

sat

 


 



       (3-5) 

where β' is the connectivity of the fluid filled pores (unitless), ϕsat is the total fluid 

filled porosity at saturation (unitless), ρ0-sat is the resistivity of the pore solution at 

saturation (Ωm), and ρ is the total bulk resistivity (Ωm). 

On drying, both the fluid filled porosity and the pore solution resistivity 

decrease linearly (the latter due to an increase in the pore solution ionic concentration 

(43)) as a function of DOS. Therefore, on drying, the parameter ρ0-sat/ϕsat remains 

constant for different DOS conditions.  

The effect of the connectivity of the fluid filled pores can be observed by 

plotting Ea-cond against β' as seen in Fig. 3-4. A log relationship between Ea-cond and β' 

is apparent in the concrete specimens when plotting on a log scale. As samples 

increase in β', the Ea-cond decreases. Pore solutions have a β' value of one by 

definition. The Ea-cond of the pore solution represents a theoretical minimum value as 
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concretes with a β' of over one cannot exit. The correlation slightly improves and a 

higher R2 value (0.7) is obtained when plotting Ea-cond against β' as opposed to DOS 

suggesting this is a stronger relationship. 

 
Figure 3-4 Ea-cond of all mixtures plotted as a function of β' on a log scale.  

 

The correlation between Ea-cond and β' suggests that a change in the 

connectivity of the fluid filled pores dominates the effect of concentration of the pore 

solution and explains the increase in Ea-cond as DOS decreases. This may be due to 

restricted ionic mobility confined to a small layer of fluid on the surface (43) of the 

pore as drying occurs and can be considered a constricting effect. 

An analogy may be drawn to cases when freezing occurs in a specimen (46, 

57). As ice forms, a liquid–solid meniscus forms between the ice and the pore wall.  

Two distinct Ea-cond values occur before and after freezing due to a constricting effect 

as ice forms rapidly in the bulk of the capillary pores (46, 57). The Ea-cond after 

freezing may represent the maximum Ea-cond value that may be achieved. 
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3.6.4 Role of Ionic Mobility  

The movement of ions in solution subject to an electric field is known as 

migration. The velocity of an ion under an electrical field, and therefore the ionic 

mobility, is related to the electrical force and an opposing frictional force that it 

experiences in the medium. This frictional force is defined in Eq. 3-6 as: 

(6 )dragF a s         (3-6) 

where η is viscosity (Pa∙s), a is the Stokes radius of the ion (m), and s is the drift 

velocity of the ion(m/s). 

Fdrag may be affected by connectivity of the fluid phase as there may be some 

drag due to edge effects of the pore walls. This could effectively change the Fdrag in a 

similar manner to that when viscosity is changed. While edge effects of pore walls are 

quite hard to study in practice, it is much easier to study the effect of viscosity on the 

Ea-cond. The viscosities of solutions have been shown to have an Arrhenius 

relationship with respect to temperature and therefore can be described using an 

activation energy of viscosity (Ea-visc) (61, 62). 

The effect of this viscosity on Ea-cond was studied by measuring resistivities of 

conductive solutions with different viscosities. Solutions of 1 mol/L NaOH were 

made by diluting a 2 mol/L NaOH solution with varied amounts of DI water and 

glycerol. The viscosities (and thus Ea-visc) of the different glycerol water mixtures are 

calculated at specific temperatures using an online calculator (63) based on equations 

found in literature (64). The ionic solution was assumed to have the same viscosity as 

pure water in this case. The temperature dependence of the viscosity was calculated 
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using different values of viscosity as determined by the calculator and applying Eq. 3-

2. A plot of Ea-cond vs Ea-visc is shown in Fig. 3-5 and it shows a linear relationship 

between Ea-cond and Ea-visc.  

 

 
Figure 3-5 Effect of viscosity on Ea-cond. 

 

While these results show that a change in the viscosity affects the Ea-cond, the 

viscosity of NaOH solutions have been shown to vary little with concentration (65), 

therefore, it is unlikely that viscosity directly explains the observed change in Ea-cond 

with DOS. Tests are being carried out to further elucidate the role of ionic mobility 

and edge effects at the pore wall on the Ea-cond.  
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3.7  Conclusions 

The factors that affect Ea-cond were studied on a range of concrete specimens 

and pore solutions. This was done in an effort to explain the wide range of reported 

Ea-cond values reported in the literature (from 9 kJ/mol to 39 kJ/mol). Saturated 

specimens with an average Ea-cond of 15.8 kJ/mol approached a theoretical minimum 

attainable activation energy represented by the Ea-cond of the pore solutions (13.9 

kJ/mol). Ea-cond increases proportionally to a reduction in DOS. The trend was 

stronger for individual mixtures as compared to the trend when all measured 

specimens were considered. Behavior at low values of DOS is similar to that of a 

frozen specimen, where only a thin layer of fluid remains between the ice and pore 

wall. As such, a maximum achievable Ea-cond is conceptually similar to the Ea-cond of a 

specimen after freezing. 

A change in the DOS affects the resistivity of the specimen by changing fluid 

filled porosity, concentration of ions in the pore solution, and the connectivity of the 

fluid filled pores – therefore, these are possible reasons that explain the effect of DOS 

on the Ea-cond. It was shown that changes in ionic concentration have little effect on Ea-

cond. This was shown on several extracted pore solutions as well as on a wide range of 

simulated pore solutions.  

The effects of Ea-cond from a reduced moisture content were determined to be 

due to a change in the connectivity of the fluid filled pores (β'). This could be an ionic 

mobility effect due to an edge effect of the pore wall.  

Ideally, being able to measure Ea-cond for every concrete specimen or 

characterizing an Ea-cond for a specific mixture at a specific moisture content would 
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produce the best results. This is however not always feasible especially in the case of 

modeling. If moisture content is known, a relation of Ea-cond = 33.3 – 16.3∙DOS may 

be used. 

 

3.8  Future Work 

There are aspects of this work that have yet to be explored to their fullest. 

Further progress may be made in the following areas: 

 

• Ea-cond was studied on a wide range of concrete paving mixtures from across 

the states containing various amounts of supplementary cementitious 

materials, however w/cm only ranged from 0.37 to 0.44. It would be 

interesting to see what effects a wide range of w/cm displays on the 

relationships of Ea-cond against DOS and β’.  

• Ea-cond was found to be dependent of the fluid filled tortuosity of the specimen 

β’. It may be of interest to measure Ea-cond of materials that have known and 

well defined microstructural properties. This may include siltstone or other 

porous rock that are used as embedded pore solution resistivity meters. In 

particular it would be interesting to study Ea-cond with values of β’ between 

0.05 and 1. 

• Ea-cond was determined for specimens at moisture contents as low as 50% 

DOS. When at this DOS and when at a temperature of 5°C, the electrical 

resistivity was too high for the setup used in this study to measure and yielded 

an error reading. It may be possible to measure resistivity at a DOS lower than 

50% if measuring at temperatures higher than what was prescribed in this 
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study. It would be interesting to see if the trend of Ea-cond vs DOS remains 

linear throughout lower values of DOS. It would also be interesting to see if 

Ea-cond at low DOS corresponds well with Ea-cond of a specimen that has 

undergone freezing. 

• It was discussed that concrete specimens undergoing freezing experience a 

rapid increase in Ea-cond corresponding to the rapid formation of ice and 

subsequent loss of conductive fluid. This observation is similar to the 

observed gradual increase of Ea-cond as drying occurs and moisture content is 

reduced. An extension of this discussion could be to examine how Ea-cond 

changes as it undergoes a well controlled thawing process. 

• Ea-cond was measured for different solutions with varied viscosities η. 

Although there was a clear correlation between the effects of temperature on 

both viscosity and electrical conduction, and the relation between ionic 

mobility and viscosity of solutions has been shown, it was unclear if viscosity 

contributes to the change in Ea-cond seen with decreasing DOS.  
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4. Conclusions 

This thesis examined temperature corrections for resistivity measurements in 

concrete. It explored the hypothesis that an activation energy approach along with 

careful consideration of Ea-cond values should be implemented as a standard way to 

correct for measuring resistivity of concrete specimens at different temperature. Such 

corrections can enable the accurate use of resistivity measurements in the 

determination of formation factor as using an incorrect temperature correction can 

produce significant errors. It is proposed that an activation energy based correction be 

used as opposed to a linear correction, and that care should be taken when choosing a 

value of Ea-cond.  

The main conclusions from this study are: 

• Predictions using an activation energy and a linear approach were linearly 

related and mathematically comparable at low temperature sensitivities (Ea-cond 

of 0-15 kJ/mol). This range is comparable to values obtained for typical pore 

solutions. Predictions at higher temperature sensitivities (Ea-cond of 15-45 

kJ/mol) showed a nonlinear relation between using an activation energy and 

linear approach. These values correspond to a range of activation energies 

found in concrete specimens.  

• An activation energy approach produced smaller errors than a linear approach 

when compared to measured data. This finding was more pronounced in 

sealed specimens. 

• An equation is given to convert an α correction to an Ea-cond correction if the 

testing temperatures of the specimens are known. 
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• Ea-cond for concrete specimens was highly dependent on the moisture condition 

of the specimen. Extracted pore solutions typically have Ea-cond values slightly 

lower than vacuum saturated specimens. 

• The effect of moisture condition and degree of saturation on Ea-cond was shown 

to not be an effect of dilution. Solutions of different ionic strength have 

similar Ea-cond values. The effect of degree of saturation was due to a change in 

the connectivity of the fluid filled pores. 

• Viscosity of a solution can greatly impact the Ea-cond value. 

• Pore solutions represent a minimum achievable Ea-cond value for concrete 

specimens and the Ea-cond of a frozen specimen represents a maximum 

achievable value. 

• Saturated specimens have Ea-cond of 15.8 kJ/mol with low COV (4.39%). 

Sealed specimens have Ea-cond of 29.8 kJ/mol with a higher COV (8.21%) due 

to a wider range of degree of saturation. For extracted pore solutions, a Ea-cond 

value of 13.9 kJ/mol was obtained. 

• If the moisture content of the specimen is known, the equation Ea-cond = 33.3 – 

16.3∙DOS may be used. 
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