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1. EXECUTIVE SUMMARY  

Formation factor has been identified as one of the main properties related to concrete transport 
properties. Conditioning specimens in solution, such as the default conditioning in ASTM C1876 
has been proposed as a means to obtain the formation factor. However, this conditioning has been 
criticized as it requires large solution amounts of the solution, which is typically regulated as 
hazardous waste and requires proper handling and disposal. Moreover, the equilibrium between 
the pore solution and the conditioning solution is not always achieved, even after 90 days of 
conditioning, resulting in inaccurate formation factors. 
In this study, an extensive experimental program was carried out where the effect of different 
concrete conditionings on bulk resistivity, formation factor, microstructure and service life was 
evaluated. The effect of materials and mixture proportions on bulk resistivity and formation factor 
was also assessed. 
It was found that the conditioning method may affect the reaction kinetics and the pore structure. 
This subsequently affects the bulk resistivity and the formation factor, and, as a result, impacts the 
predicted service life of the concrete. 
Based on the results of this study, the most practical means for determining formation factor was 
found to be using sealed specimens in the mixture qualification stage. Then, the bulk resistivity of 
specimens cured in limewater can be used for quality control purposes.
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2. INTRODUCTION 

The Federal Highway Administration has been promoting a shift from a prescriptive to a 
performance-based approach to concrete-mixture design for pavement applications. Among the 
selected performance requirements, transport properties, how easily fluids and ions move through 
the hardened concrete, occupy an important role as they are directly related to the durability of 
concrete. The related interest in being able to quickly assess the transport properties of concrete 
mixtures has brought the community to focus on electrically-based tests [1], [2], [3], [4]. There 
has been a growing interest in implementing concrete electrical resistivity and formation factor 
(FF) as performance requirements in State DOTs specifications. Requirements based on electrical 
resistivity have been incorporated in several specifications and applied as a quality 
control/assurance method both in the United States and abroad [5], [6], [7]. 
However, there are several concerns regarding implementing either concrete electrical resistivity 
or FF on the specifications. Concrete electrical resistivity is affected not only by the concrete 
microstructure, i.e., porosity, pores connectivity and distribution, but also by the degree of 
saturation and ionic concentration of the pore solution. Therefore, two different concretes with the 
same resistivity may have very different microstructures and thereby, different durability related 
properties. As a result, concrete resistivity may not be a good indicator of concrete transport 
properties.  
On the other hand, FF considers the contribution of the pore solution resistivity to the overall 
resistivity of the concrete, so that the porous network and transport properties of the concrete can 
be inferred. FF is inversely proportional to the product of concrete porosity and concrete pore 
connectivity and directly proportional to the concrete diffusion.  
However, the biggest challenge when using FF is determining the pore solution electrical 
resistivity, as the pore solution needs to be extracted from the concrete for its resistivity to be 
determined. This extraction requires special equipment and skills, is time-consuming and is 
normally carried out only for research purposes. 
In an effort to streamline the FF calculation, in 2019, ASTM C1876 and later in AASHTO TP 119 
(version 2020) proposed immersing the specimens in a designed conditioning solution of Na+, K+, 
Ca2+, OH-, instead of a standard lime-saturated water bath or moist room. This alkaline solution is 
now the default method for conditioning specimens (DC). It assumes that an equilibrium between 
pore solution and conditioning solution is achieved, so that the resistivity of the pore solution can 
be considered the same as the known resistivity of the conditioning solution. The electrical 
resistivity of the conditioning solution is then used to calculate FF, instead of the experimentally 
obtained resistivity of the pore solution.  
Nevertheless, there are several concerns regarding this type of conditioning, including: 

• Does the concrete pore solution really equilibrate with the conditioning solution? If not, 
what is the impact on the FF? 
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• The DC does not allow cylinders from different batches to be conditioned together. 
Consequently, a significant number of separate containers is needed, requiring a large 
laboratory footprint for storage during testing. 

• The DC requires a constant ratio between the volume of concrete specimens and the 
volume of the conditioning solution. Moreover, since conditioning solutions used in 
previous tests already contain ions that leached from the other specimens, these solutions 
should not be reused. Inevitably, State DOTs and the industry are apprehensive regarding 
the logistics and costs of using large quantities of solution. They are also concerned about 
the practicality of the proper preparation, handling, and disposal of large quantities of 
conditioning solution, which has high pH. 

3. RESEARCH NEED STATEMENT 

There is a need to overcome the practical challenges that FF implementation poses.  

4. RESEARCH OBJECTIVES 

• Characterize WisDOT mixtures and determine the range of concrete electrical resistivity 
and pore solution electrical resistivity; 

• Evaluate the effect of different conditionings on concrete and pore solution electrical 
resistivities, as well as in the resulting FF values for WisDOT mixtures; 

• Evaluate if equilibrium between conditioning solution and pore solution is reached for 
WisDOT mixtures; 

• Investigate the impact on FF values when equilibrium between pore solution and 
conditioning solution is not reached; 

• Investigate alternative conditioning methods; 
• Investigate alternative means to obtain FF for WisDOT mixtures; 
• Create a database of pore solution resistivity, bulk resistivity, and FF for WisDOT materials 

and mixtures.  

5. LITERATURE REVIEW 

5.1.1.1. Concrete Electrical resistivity 
Because of its practicability, concrete electrical resistivity has been used as an indicator of 
concrete’s transport properties by several States, including FDOT, ITD, KDOT, LADOT, MDOT 
(Montana), MaineDOT, NHDOT, NJDOT, NVDOT, PenDOT, RIDOT and VDOT [5], [6], [7]. 
Other States, such as IowaDOT, MDOT (Michigan), MNDOT, NCDOT, NYDOT, WisDOT are 
in the process of implementation or planning to implement concrete electrical resistivity in their 
specifications. 

Several studies have shown different correlations between concrete resistivity and durability 
related properties. For example, the relationship between surface resistivity and the results of the 
rapid chloride penetration test (ASTM C1202[8]) vary from study to study, as shown in Figure 1 
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[6], [9], [10]. The reason for such a difference is not testing age or mixture proportions or materials 
[10], [11]; some have argued that, instead, it is the specimen-limewater volume ratio, which affects 
the leaching of the alkalis [12]. 

 

Figure 1 – Relationship between surface resistivity and RCPT in three studies[10].  

Although concrete electrical resistivity is related to concrete’s microstructure and durability, by 
itself, resistivity is not a direct measure of either of them.  Rather, it indicates how easily ions move 
within concrete when an electric field is applied. This movement of ions occurs through the most 
conductible (lower resistance) phase of a composite material. In the case of concrete, this is the 
liquid phase in the pores because the electrical conductivity of the solid phases (aggregates, 
unhydrated and hydrated cementitious materials, as well as vapor phases) are several orders of 
magnitude lower than that of the pore solution [13].  
In summary, concrete electrical resistivity is not a function exclusively of the concrete’s 
microstructure, i.e., the volume, size, and connectivity of the pores, but it is also related to the 
pores‘ saturation and the ionic concentrations in the pore solution [14]. A schematic representation 
of the factors affecting resistivity is shown in Figure 2. 

    

Figure 2 – Factors affecting concrete resistivity; (a) Porosity and solids; (b) saturation, (c) ionic 
concentration of the pore solution, (d) pores connectivity. (Adapted from Spragg et al.[15] and 
Tanesi et al.[16]).  

Solid 

Ions in 
pore 

solution Porosity Pores 
connectivity 

Partially 
saturated 

High ionic 
concentration (b) (c) (a) (d) 

Fully 
saturated 
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It is intuitive that a higher porosity and a higher pore connectivity will result in lower resistivity, 
because of the ease of the ionic movement (higher conductivity). Also, the higher the degree of 
saturation (more water present in the system), the lower the resistivity, provided the ionic 
concentration is the same.  
Because of the role the pore solution plays in the concrete electrical resistivity, two different 
concretes with the same resistivity may have very different microstructures and thereby durability 
related properties (Figure 3). Only if one considers the contribution of the pore solution resistivity 
to the overall measured resistivity of the concrete, the porous network and transport properties of 
the concrete can be inferred. In order to do so, the concept of formation factor (FF) has been 
introduced [17]. 

 
 

 
Figure 3 – (a)Poorer concrete microstructure leads to lower concrete resistivity (concrete A), (b) 
concrete higher degree of saturation and higher ionic concentration of the pore solution lead to 
lower resistivity (concrete B), (c) combination of microstructure and pore solution result in the 
same resistivity for concretes A and B [1]. 

5.1.1.2. Formation Factor 

FF, on the other hand, is a fundamental property that provides information on the fluid-filled pore 
volume and how the fluid-filled pores are interconnected among each other [13]. These parameters 
are directly related to the concrete’s ionic diffusion coefficient, permeability, and water absorption 
(Equation 1) [2], [11], [16], [17]. Moreover, FF can be implemented in a life cycle assessment to 
estimate the service life of a concrete structure [18]. 

AASHTO R 101 [19] (previously known as AASHTO PP 84 [20]) presents performance 
requirements for transport properties and freeze-thaw resistance as a function of FF of specimens 
subjected to the DC for 91 days. 

(a) (b) 

(c) 
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Equation 1 shows that FF is calculated by dividing the concrete resistivity by the resistivity of the 
pore solution. The biggest challenge is determining the pore solution resistivity, as the pore 
solution needs to be extracted from the concrete. This extraction requires special equipment and 
skills (Figure 4a), is time-consuming and is normally carried out only for research purposes. After 
obtaining the pore solution, its resistivity can be directly obtained (Figure 4b) or calculated from 
the measured ionic concentrations in the pore solution.  

𝐹𝐹𝐹𝐹 =
ρ
ρ0

=  
1

ϕ . β
=  
𝐷𝐷𝑏𝑏
𝐷𝐷0

 Equation 1 

  
Where:  
FF = Formation factor ϕ = Concrete porosity 
ρ = Concrete resistivity, (Ω•m) β = Concrete pore connectivity  
ρ0= Pore solution resistivity, (Ω•m) 𝐷𝐷𝑏𝑏= Concrete diffusion coefficient of a defined ion, (m2/s) 
 𝐷𝐷0= self-diffusion coefficient of defined ion, (m2/s). 
 

 
 

Figure 4 – (a) Schematics of the pore solution expression apparatus; (b) Resistivity cell for 
pore solution measurements [21]. 

In an effort to streamline the FF calculation, alternative means to the pore solution expression have 
been proposed. The first one is the use of mathematical models to estimate the pore solution 
electrical resistivity.  
The most popular one was developed by Bentz et al. [22] at National Institute of Science and 
Technology (NIST), which is a model based on the mixture proportion, the cementitious material’s 
alkali composition, the degree of reaction and a free alkali factor. The default free alkali factor is 
75% for portland cement and fly ash, and zero for slag. The model then estimates the K+, Na+ and 
OH- concentrations, which are applied to the electrochemical model developed by Snyder et al.[23] 
and calculates the pore solution electrical conductivity, which is the inverse of electrical resistivity.  

 

(b) (a) 



7 
 

To assess the performance of the NIST pore 
solution calculator, literature studies on pore 
solutions were collected and analyzed [24], 
[25], [26], [27], [28], [29], [30], [31], [32], 
[33], [34], [35], [36], [37], [38], [39]. The ionic 
concentrations reported in the literature 
studies were input to the electrochemical 
model developed by Snyder et al. [23] to 
calculate the pore solution electrical 
resistivity. Simultaneously, the NIST pore 
solution calculator was used to estimate the 
pore solution electrical resistivity based on the 
mixture proportions and the oxide 
composition provided in literature studies and 
applying the Snyder et al. model [23]. For 
these estimations, since the age of the pore 
solution was known from the studies, a model 
from Parrot and Killoh [40] was adopted to 
improve the estimation of the age-dependent 
degree of reaction of the cementitious 
materials. 
Figure 5 compares the NIST calculator 
estimations with the resistivity calculated from 
ionic concentrations data in literature. This 
comparison comprises about 700 mixtures in 
the literature, out of which 135 were ordinary 
portland cement mixtures (OPC), 100 were fly 
ash binary mixtures and 130 were slag cement 
binary mixtures. Figure 5b shows that the 
NIST model is not a good predictor of the pore 
solution resistivity for fly ash mixtures. So, 
Montanari modified the NIST model. The 
solver function was applied to the fly ash in 
order to find the free alkali ion factor value that would minimize the average absolute error on the 
estimations. The degree of reaction of the system was again estimated with the Parrot and Killoh 
model [40]. It was found the optimal value stays the same for the cement (0.75) and becomes 0.07 
for the fly ashes. These estimations are represented as blue circles in Figure 5b. An overview of 
this model can be found in Appendix A. 
Following the same procedure, the pore solution resistivity was estimated using the NIST 
calculator for the slag cement. The optimal value for free alkali was found to be equivalent to 
0.096. These estimations are represented as blue circles in Figure 5c. 

 

 

 
Figure 5 – Pore solution resistivity (a) OPC 
mixtures, (b) Binary mixtures with fly ashes, 
and (c) Binary mixtures with slag cement. 
Values in y-axis were calculated based on the 
ionic concentrations of species. 

(a) 

(b) 

(c) 
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Another well-known model to estimate ionic concentration is the Gibbs Energy Minimization 
Selektor (GEMS). This approach has been vastly used in recent years by the research community 
[29], [38], [41], but its use has yet to expand to industry, due to the complexity of the required 
inputs. 

Nevertheless, it is important to highlight that these models can only be applied if there is no 
leaching of ions, i.e., if the concrete is cured in a sealed condition because lime-saturated water 
only prevents leaching of Ca2+ ions, allowing alkalis to leach out from the concrete’s pore solution. 
Consequently, the pore solution concentration (and resistivity of both the pore solution and the 
concrete) can change significantly. Spragg et al. [12] has shown that the pore solution resistivity 
can change by a factor of four, Montanari et al. showed it can change by a factor of two [42].  

Moist room storage also promotes leaching due to the water that condenses on the surface of a 
specimen [12]. Obla and Lobo showed that the pore solution resistivity decreased 78%, while the 
concrete resistivity decreased 23%, when moist room was used [43]. On the other hand, concrete 
cured in sealed conditions may cause self-desiccation, affecting the degree of reaction and the 
resulting microstructure. 

In 2019, ASTM C1876 [44], and later in AASHTO TP 119 (version 2020), a second alternative 
method to expressing pore solution for the calculation of FF was proposed. It consists of immersing 
the specimens in a designed conditioning solution of Na+, K+, Ca2+, OH-, with an electrical 
resistivity of approximate 0.127 Ohm·m, instead of a standard lime-saturated water bath or moist 
room. The reason that only NaOH, KOH, and Ca(OH)2 are used in the conditioning solution is that 
they are the main contributors to the pore solution electrical conductivity (the inverse of the 
resistivity) after the sulfate depletion, which typically occurs during the first 24 hours of hydration. 
Due to the similar ionic mobility and equivalent conductivity of K+ and Na+ ions [23], the 
respective concentration of the two ions in the conditioning solution are less important than that 
of the hydroxyl anion (OH-). This means that K+ and Na+ can be combined with different 
concentrations if the target hydroxyl ion concentration and solution resistivity is obtained.  

This is the default conditioning (DC) in AASHTO TP 119 [45] and ASTM C1876. The idea is that 
after the immersion in the conditioning solution (Figure 6a), the paste pores absorb the 
conditioning solution (Figure 6b) and the ions diffuse between pore solution and conditioning 
solution, until the equilibrium between them is reached (Figure 6c). Based on the assumption that 
such equilibrium is reached, the pore and the conditioning solutions have the same known 
composition and, consequently, the same electrical resistivity, so the FF is calculated by dividing 
the concrete resistivity by the resistivity of the conditioning solution. 

However, depending on the mixture, previous research has shown that such equilibrium is not 
reached [42], [43]. The pore solution resistivity, after 56 days of conditioning, varied from 0.147 
Ohm·m for a plain cement mixture to 0.163 Ohm·m to a fly ash binary mixture and to a 0.209 
Ohm·m to a slag binary mixture. The difference between the FF calculated using the standard 
conditioning solution resistivity of 0.127 Ohm·m and that calculated using the value obtained from 
the expressed pore solution varied from 16% for the plain concrete mixture to 46% to the slag 
binary mixtures.  
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 Pores Filled with 
Pore Solution 

Pores Partially Filled 
with Pore Solution 

Pores Filled with Pore 
Solution and Designed 
Conditioning Solution  

 Air Voids Voids Filled with 
Designed Conditioning 
Solution 

Designed Conditioning 
Solution 

Figure 6 – Schematic of the concentrated alkali conditioning solution procedure on a concrete 
cylinder specimen. Red-dash dots are gel pores saturated with the mixture’s original pore 
solution (at the time of specimen immersion); half-red-dash dots are matrix pores partially 
filled with the original pore solution; red-blue dash dots are matrix pores filled with the alkali-
concentrated conditioning solution and partially filled with the original pore solution; blue dots 
indicate pores filled with the alkali-concentrated conditioning solution; and big white dots 
represent non-filled entrained air voids. 

6. RESEARCH PLAN 

6.1. Materials 
Five cementitious materials were chosen for the initial evaluation: Alpena Type 1L cement, 
Continental type 1L cement, Elm Road class C fly ash, Marissa class F fly ash, Ottumwa reclaimed 
ash, and St Mary’s slag, and three coarse aggregates: a dolomitic limestone from Lannon Stone, a 
basalt from Earl quarry, and an altered basalt from Dresser Trap Rock. The oxide composition of 
the cementitious materials was obtained according to ASTM C114 by XRF and available alkalis 
were determined according to ASTM C311/C311M.  

6.2. Phase I – Effect of Conditioning on the Electrical Resistivity and Formation 
Factor 

In Phase I, the effect of three different conditionings or curing (sealed, limewater and C1876 
default conditioning) on the resistivity and the FF was studied. Figure 7 gives an overview of Phase 
I. 
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Figure 7 – Project plan for Phase I. 

 
6.2.1. Mixture Selection  

A 565 lb/yd3 mixture was used as baseline. Then the modified NIST model (Montanari model) 
was applied to estimate the pore solution resistivity varying the w/cm between 0.37 to 0.45 and 
the percent cement replacement from 15% to 30%. A total of 832 iterations (estimations) were 
performed, according to Figure 8.  
The mixtures with an estimated pore solution resistivity that differed the most from the resistivity 
of the default conditioning, i.e., from 0.127 Ohm·m, were selected for the first phase of batching 
(Table 1).   

 
Figure 8 – Variables for the determination of the pore solution resistivity. 
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Table 1 – Mixture Proportions for Phase I. 

 Elm Road Coal Creek Slag Reclaimed Ash 
Alpena Cement, lb/yd3 395 395 395 395 
SCM Elm Road Coal Creek Slag Reclaimed Ash 
SCM, lb/yd3 170 170 170 170 
Lannon Stone Coarse agg., lb/yd3 1,650 1,650 1,650 1,650 
Sand, lb/yd3 1,435 1,430 1,450 1,430 
Water, lb/yd3 254 254 254 254 
w/cm 0.45 0.45 0.45 0.45 
Polychem Paver Plus, oz/100lb 3.7 3.7 3.7 3.7 
MAPEI, oz/100lb 1.0 1.0 1.0 1.0 

6.2.2. Phase I - Mixture Preparation and Conditioning 
The coarse aggregate was a #67 from Lannon quarry, with 2.77 specific gravity and 0.94% 
absorption, while the fine aggregate was a natural sand with a 2.66 specific gravity and 0.90% 
absorption. Alpena Type IL cement was used. The mixture proportions are found in Table 1. 
Four concrete mixtures were batched and twenty-seven 4-in by 8-in. concrete cylinders were cast 
according to ASTM C192 for each mixture or a total of one hundred and eight cylinders. Fresh 
properties were also determined according to AASHTO T 119M/T 119-23 (slump)[46], unit 
weight according to AASHTO T 121M/T 121-23 [47], and air according to AASHTO T 395-22 
[48]. In addition, nine 2-in by 4-in. paste cylinders were cast for each mixture, according to ASTM 
C305 for each mixture, or a total of twenty seven paste cylinders. They were conditioned the same 
way as the concrete cylinders. The slag mixture did not have any paste specimens prepared as all 
the slag had been used by the time the paste mixtures were prepared. 
The cylinders of each mixture were cured or conditioned in three different ways: 
Sealed Conditioning (SC): The concrete cylinders were not demolded. The lids were sealed with 
tape, placed in double bags, and placed in the moist room until they reached testing age. 
Limewater Curing (LW): The concrete cylinders were demolded after 24 hours and placed in 
lime-saturated water, according to ASTM C511, until testing age. 
Default Conditioning (DC): The concrete cylinders were demolded after 24 hours and placed in 
the simulated pore solution, as specified in ASTM C1876, until testing age.  

6.2.3. Phase I - Testing 
Bulk resistivity according to ASTM C1876 was performed at ages 28, 56 and 91 days on three 
specimens per age. The compressive strength at 28 days was determined on specimens cured in 
limewater. 
In order to calculate FF, the pore solution resistivity was determined by different means (Figure 
9). 
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Figure 9 – Determination of the pore solution resistivity. 

6.2.3.1. Pore Solution Expression 
At the testing age, the concrete specimens were first split into two with a compression machine, 
similar to the ASTM C496, procedure, but with a loading rate to approximately 2450 N/s. One 
half of the split cylinder was then divided into two quarters by using the sharp edge of a geological 
hammer. The cylinders’ quarters were crushed with a modified electrical hammer (equipped with 
a 65-mm-diameter flat head and sieved through a 3/8-in.sieve, then transferred into the expression 
apparatus for testing. This procedure followed Montanari et al. [21]. 
Pore solution was expressed from the concrete using an apparatus similar to the one use by 
Montanari et al. [21] The maximum normal pressure applied was at a loading rate of 551 lbf/s (174 
psi/s). Then, the maximum load was maintained for 3 min, after which the entire load was instantly 
removed. 
After being expressed, the pore solutions were frozen to minimize the potential for evaporation 
and carbonation of the ionic species. Afterwards, each frozen pore solution was thawed, and its 
ionic concentration or resistivity were determined experimentally. 

6.2.3.2. Ionic Concentration 
The ionic concentration of the pore solution of some of the samples was measured by ion 
chromatography. 

6.2.3.3. Calculation of the Resistivity of the Expressed Pore Solution from   the 
Dissolved Alkalis 

The electrical resistivity was calculated from the ionic concentration using the Snyder et al. model 
[23].  

6.2.3.4. Pore Solution Electrical Resistivity 
The solution was moved to a syringe and let rest until the temperature reached 75 ± 2 °F. Then, 
the pore solution was injected into the polycarbonate tube and impedance and phase angle were 
obtained using a resistivity cell connected to an impedance meter. Then, resistivity was calculated 
according to Equation 2. 
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The procedure followed what is described in Montanari et al. [21]. The cell used is shown in Figure 
10. 

ρ0 =  𝑍𝑍 × 𝑐𝑐𝑐𝑐𝑐𝑐(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(θ)/180) × 𝑘𝑘 Equation 2 

 
Where:  
𝑍𝑍 = impedance 𝑘𝑘 =  geometric factor 
θ = phase angle  

The geometric factor for the cell was calculated according to Equation 3. 
 

𝑘𝑘 =  
𝐴𝐴
𝐿𝐿

 Equation 3 

Where:  
𝑘𝑘 = geometric factor 𝐿𝐿 = length of the polycarbonate tube  
𝐴𝐴 = cross-sectional area of the polycarbonate tube  
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Stainless Steel Plates of Resistivity Cell 

 

 

Polycarbonate Tube of Resistivity Cell 

 

 

 

       

Figure 10 – Pore solution resistivity. (a) resistivity cell, (b) resistivity set up, (c) dimensions of 
the stainless-steel plates of the resistivity cells, and (d) dimensions of the polycarbonate tube of 
the resistivity cell. 

6.2.3.5. Degree of Reaction 
The degree of reaction is an input for the NIST model. The paste cylinders were crushed and 
Thermogravimetry Analysis (TGA) was performed to obtain non-evaporable water. 
The degree of reaction calculation was based on the non-evaporable water [49], [50], [51]. The 
methodology was proposed by Meziani et al. [52].  The non evaporable water is calculated 
according to Equation 4. 

𝑊𝑊𝑛𝑛 = 𝐿𝐿𝑑𝑑ℎ + 𝐿𝐿𝑑𝑑𝑑𝑑 + 0.41 × (𝐿𝐿𝑑𝑑𝑑𝑑 − 𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑) Equation 4 

(milled out 1.6 
mm to 2.5 mm 
depth) 

1.7 mm 

12.85 mm 

 
(milled out 1.6 
mm to 2.5 mm 
depth) 

M4 x 20 mm 

φ12.70 mm 

9.53 mm inner φ 
12.70 mm outer φ 

Holes to fill 
solution,  

φ1.59 mm 

(a) (b) 

(c) 

(d) 
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Where: 
𝑊𝑊𝑛𝑛(%) = Amount of non-evaporable water 
𝐿𝐿𝑑𝑑ℎ(%) = Mass loss between 105 °C and 400 °C due to the dehydration of the hydrates 
𝐿𝐿𝑑𝑑𝑑𝑑(%) = Mass loss between 400 °C and 600 °C due to the dihydroxylation of calcium 

hydroxide 
𝐿𝐿𝑑𝑑𝑑𝑑(%) = Mass loss between 600 °C and 800 °C due to the decarbonation of calcite 
𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑(%) = Mass loss between 600 °C and 800 °C/ mass at 105 °C due to the decarbonation of 

anhydrous samples 
 

𝑤𝑤∞ =
𝑤𝑤𝑛𝑛 × (𝑡𝑡 + 𝑘𝑘)

𝑡𝑡
 

Equation 5 

Where: 
𝑘𝑘 = constant 
t = time in hours 

The degree of hydration is calculated according to Equation 6: 

𝛼𝛼 =
𝑤𝑤𝑛𝑛
𝑤𝑤∞

× 100 Equation 6 

Where: 
𝑊𝑊𝑛𝑛(%) = Amount of non-evaporable water at a specific age, in this study 56 days. 
𝑤𝑤∞ (%) = Amount of non-evaporable water at full hydration. 

6.2.3.6. Porosity 
In order to determine if the different conditionings had an effect on the microstructure of the 
concrete, the porosity of paste cylinders was determined using mercury intrusion porosimetry. The 
pore size distribution and porosity analysis of the sample(s) was conducted on a mercury intrusion 
porosimeter with a working range of approximately 1 psia to 60,000 psia or approximately 0.004 
µm to 200 µm. The instrument measured the volume of mercury, a non-wetting liquid, as it 
intrudes into a sample at increasing pressures to probe increasingly smaller pores. The Washburn 
equation was used to calculate the inner equivalent cylindrical pore diameter based on the pressure 
applied. Other parameters can then be derived. 
It should be noted that mercury fills the interstices between particles (interparticle voids) as well 
as pores within particles (intraparticle voids). Closed pores cannot be measured by this technique 
as they are inaccessible to mercury. Results reported over the entire analytical range include both 
intra-particle and inter-particle void spaces. 

6.3. Phase 2 – Mixtures’ Preparation and Testing  
The second phase of concrete batching consisted of modifying the mixtures or conditionings from 
the first phase and assessing their effect on the concrete electrical resistivity and formation factor.  
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6.3.1. Phase II - Mixture Preparation and Conditioning 
In this phase, a total of fifteen mixtures were prepared and two hundred and fifty 4-in. by 8 in. 
cylinders were cast, according to ASTM C192. Fresh properties were determined according to 
AASHTO T 119M/T 119-23 (slump)[46], unit weight according to AASHTO T 121M/T 121-23 
[47], and air according to AASHTO T 395-22 [48]. 
Compressive strength at 28 days in LW curing was determined according to AASHTO T 22M/T 
22-22[53], and bulk resistivity according to ASTM C1876-24[44]. 
In Phase II, surface resistivity was determined according to WTM T358[54], a WisDOT modified 
version of AASHTO T 358-22[55], with the exception of the correction factor, since specimens 
were 4-in. by 8 in. cylinders. The calculation of surface resistivity is shown in Equation 7. 

𝑆𝑆𝑆𝑆 =  𝑆𝑆𝑆𝑆𝑇𝑇358 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶.× 0.512 Equation 7 
Where: 
Sr      = surface resistivity 
SrT358 = apparent surface resistivity determined according to AASHTO T 358 
Cond  = correction factor for conditioning. 1.1 for LW, DC and EPS, 1.05 for PS2 and 1.0 for AC 
0.512  = geometric correction factor for 4 by 8 in. cylinders 

Additionally, in phase II, chloride penetrability was determined according to ASTM C1202-22e1 
(RCPT). Table 2 presents the acronyms for the conditionings used in Phase II. 
Table 2 – Conditioning Acronyms. 

LW Limewater: cylinders were cast and demolded after 24 hours and 
placed in lime-saturated water, according to ASTM C511 until time 
of testing. 

DC Default conditioning: cylinders were cast and demolded after 24 
hours and placed in simulated pore solution saturated with calcium 
hydroxide, according to ASTM C1876 until time of testing.  

EPS Estimated pore solution: the resistivity of the pore solution of each 
mixture was estimated using the Montanari model and a solution 
with the same resistivity was prepared. Cylinders were cast and 
demolded after 24 hours and placed in the EPS until time of testing. 

AC Accelerated curing: cylinders were cast and demolded after 24 hours 
and placed in limewater until age of 7 days at 73 ± 3 °F until age of 
7 days. Then, the temperature increased to 100 ± 3 °F, until the age 
of 28 days. 

SL Sealed: cylinders were not demolded. The lids were sealed with tape, 
placed in double bags, and placed in the moist room until time of 
testing. 
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PS2 Pore Solution 2: the average of the pore solution resistivity of the 
sealed specimens of all mixtures of Phase I was calculated. A 
solution with composition of 111.29 g NaOH, 66.91 g of KOH and 
6.9 g of Ca(OH)2 reflecting this electrical resistivity was prepared 
and used and conditioning solution 2. Cylinders were cast and 
demolded after 24 hours and placed in this solution until time of 
testing. 

 
6.3.2. Effect of Coarse Aggregate 

From phase 1 of concrete testing, the Elm Road mixture was chosen as baseline. Then the coarse 
aggregate was replaced either by Earl quarry or by Dresser Trap Rock (Figure 11). 

• LW: At 28 days, three cylinders were 
tested according to ASTM C39/C39M. At 91 
days, three cylinders were tested according 
to ASTM C1876, three cylinders according 
to ASTM C1202, and three cylinders 
according to WTM T358. 
• DC: At 91 days, six cylidners were 
tested according to ASTM C1876, and 
ASTM C1202. For the mixture containing 
Earl aggregate, three extra cylinders were 
cast, pore solution was expressed at 91 days 
and the solution resistivity determined. 

6.3.3. Effect of w/cm 
From phase 1, Elm Road and Coal Creek 
mixtures were prepared with a w/cm = 0.37, 
instead of 0.45. Each of the mixtures was 
conditioned and tested as follows (Figure 
12): 

 
Figure 11 – Influence of aggregates testing 
matrix. BR stands for bulk resistivity (ASTM 
C1876), SR stands for surface resistivity ( WTM 
T358), RCPT stands for rapid chloride 
penetrability test (ASTM C1202), and PS stands 
for pore solution. 
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• LW: At 28 days, three cylinders were 
tested according to ASTM C39/C39M. 
At 91 days, three cylinders were tested 
according to ASTM C1876, ASTM 
C1202, WTM T358. 

• DC: At an age of 91 days, three cylinders 
were tested according to ASTM C1876.  

• Estimated Pore Solution (EPS): At the 
age of 56 days, three cylinders were 
tested according to ASTM C1876. At the 
age of 91 days, three cylinders were 
tested ASTM C1876, ASTM C1202, and 
WTM T358. 

To determine the estimated pore solution 
composition, first the Montanari model was 
applied to estimate the resistivity of the pore 
solution for each mixture. Then, using the 
Snyder et al.[23] model, the proportions of 
each ingredient were determined to result in the required solution resistivity.  The Coal Creek 
mixture, used 254.38 g of NaOH, 141.24 g of KOH and 6.9 g of Ca (CO)2 in 13.25 L of distilled 
water and the Elm Road mixture used 185.50 g of NaOH, 111.51 g of KOH and 6.9 g of Ca(CO)2. 
The estimated resistivity of the pore solutions were 0.076 ohm-m and 0.097 ohm-m for Coal Creek 
and Elm Road respectively. 

6.3.4. Effect of Cement Replacement 
From phase 1, Coal Creek, Elm Road and Slag mixtures were chosen as baseline. Each of the 
mixtures was prepared with 15% cement replacement, instead of 30%. Each of the mixtures was 
conditioned and tested as follows (Figure 13): 

• LW: At 28 days, three cylinders were tested according to ASTM C39/C39M. At 91 days, three 
were tested according to ASTM C1876, ASTM C1202, and WTM T358. 
• DC: At 56 and 91 days, three were tested according to ASTM C1876. For the Coal Creek and 
Elm Road mixtures, three additional cylinders were cast, pore solution was expressed and the pore 
solution resistivity determined. 
 

 
Figure 12 – Influence of w/cm testing matrix. BR 
stands for bulk resistivity (ASTM C1876), SR 
stands for surface resistivity (WTM T358), and 
RCPT stands for rapid chloride penetrability test 
(ASTM C1202). 
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• Accelerated Curing (AC): Three cylinders were tested according to ASTM C1876, ASTM 
C1202 and WTM T358. 
Additionally, for the Elm Road and Coal Creek mixtures, at an age of 91 days, two cylinders 

had pore solution expressed, and the solution resistivities determined.  

6.3.5. Effect of Cement  
From phase 1, the same four mixtures were prepared but the cement was replaced by the 
Continental cement. Each of the mixtures was conditioned and tested as follows (Figure 14).  

• LW: At 28 days, three cylinders were 
tested according to ASTM C39/C39M. At 56 
and 91 days, three cylinders were tested 
according to ASTM C1876. 

• DC: At the age of 56 and 91 days, three 
cylinders were tested according to ASTM 
C1876. 
• Sealed: At 56 and 91 days, three cylinders 
were demolded and tested according to 
ASTM C1876.  

6.3.6. Effect of Conditioning 
From phase 1 of concrete testing, all the 
mixtures were rebatched but exposed to 
different conditioning regimes. Each of the 
mixtures was conditioned and tested as 
follows (Figure 15): 

 
Figure 13 – Influence of cement replacement testing matrix.   BR stands for bulk resistivity 
(ASTM C1876), SR stands for surface resistivity (WTM T358), RCPT stands for rapid chloride 
penetrability test (ASTM C1202), and PS stands for pore solution. 

 
Figure 14 – Influence of cement testing matrix. 
BR stands for bulk resistivity (ASTM C1876), 
and RCPT stands for rapid chloride 
penetrability test (ASTM C1202). 
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Figure 15 – Influence of SCM testing matrix. BR stands for bulk resistivity (ASTM C1876), SR 
stands for surface resistivity (WTM T358), RCPT stands for rapid chloride penetrability test 
(ASTM C1202), and PS stands for pore solution. 

 
• LW: At 28 days, three cylinders were tested according to ASTM C39/C39M. At 91 days, and 

three were tested according to ASTM C1876, ASTM C1202, and WTM T358. 
• EPS: At ages of 56 days and 91 days, three cylinders were tested according to ASTM C1876. 

The estimated pore solution composition, first the Montanari model was applied to estimate 
the resistivity of the pore solution for each mixture. Then, using the Snyder et al.[23] model, 
the proportions of each ingredient was determined to result in the required solution resistivity.  
The solution proportions are below (per 13.25 L): 
 NaOH, g KOH, g Ca (CO)2, g Resistivity, oh-m 

Coal Creek 164.29 74.34 6.9 0.118 

Elm Road 123.48 72.85 6.9 0.142 

Slag 68.36 56.50 6.9 0.213 

• Accelerated Curing (AC): Six cylinders were tested according to ASTM C1876 and ASTM 
C1202. 

• Pore Solution 2 (PS2): At an age of 56 days, three cylinders were tested according to ASTM 
C1876. At an age of 91 days, the same three cylinders were tested according to ASTM C1876. 
followed by WTM T358. Then, they were tested according to ASTM C1202. 

Additionally, for the Coal Creek and Elm Road mixtures, conditioned in accelerated conditions or 
in PS2, at an age of 91 days, three cylinders had pore solution expressed, and the solution resistivity 
was determined.   
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7. RESULTS 

7.1. Materials’ Testing 
Table 3 and Table 4 present the chemical composition of the cements and SCMs, respectively. 
Table 3 – Chemical Composition of Cements. 

Chemical Composition, % mass Alpena Continental 

Silicon as (SiO2) 19.81 19.05 

Aluminum as (Al2O3) 4.37 4.52 

Iron as (Fe2O3) 2.62 2.99 

Sulfur as (SO3) 2.44 3.47 

Calcium as (CaO) 63.85 62.53 

Magnesium as (MgO) 2.74 2.16 

Sodium as (Na2O) 0.16 0.11 

Potassium as (K2O) 0.47 0.60 

Total Alkali as (Na2Oe) 0.47 0.50 

Titanium as (TiO2) 0.20 0.21 

Phosphorus as (P2O5)  0.08 0.12 

Zinc as (ZnO) <0.01 0.07 

Manganese as (Mn2O3) 0.08 0.46 

Chromium as (Cr2O3) <0.01 <0.01 

Strontium as (SrO) 0.06 0.04 

Loss on Ignition (LOI) 3.34 3.44 
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Table 4 – Chemical Composition of SCMs. 

Chemical 
Composition, % 
mass 

Elm Road Coal Creek Reclaimed Ash St. Mary’s Slag 

Silicon as (SiO2) 39.46 50.96 33.83 33.25 
Aluminum as 
(Al2O3) 19.69 15.69 19.27 13.53 

Iron as (Fe2O3) 9.54 5.74 5.52 0.82 

SUM (SiO2+ 
Al2O3+ Fe2O3) 68.69 72.39 58.62 - 

Sulfur as (SO3) 2.16 0.78 1.56 1.8 

Calcium as (CaO) 18.21 14.64 22.4 42.9 

Sulfide Sulfur (S) - - - 0.47 
Magnesium as 
(MgO) 4.2 4.2 4.1 6.12 

Sodium as (Na2O) 1.37 4.03 2.62 0.22 

Potassium as (K2O) 0.89 2.18 0.48 0.41 
Total Alkali as 
(Na2Oe) 1.96 5.46 2.94 - 

Moisture Content: 0.06 0.09 2.53 - 
Loss on Ignition 
(LOI) 0.65 0.27 5.38 0.62 

7.2. Phase 1 Testing 
7.2.1. Bulk Resistivity 

Figure 16 show the bulk resistivity of the different mixtures over time. The resistivity increase 
over time for Coal Creek was more pronounced than for the other three mixtures.  
A one factor Analysis of Variance (ANOVA) test followed by a Tukey Honestly Significant 
Difference (HSD) with a 95% confidence was performed. 
For the specimens conditioned in limewater, at 28 days, Elm Road presented the highest resistivity, 
at 56 days Coal Creek and Elm Road are statistically the same, and at 91 days, Coal Creek 
presented the highest resistivity. This clearly shows that due to different hydration kinetics, the 
comparison among mixtures can be misleading, depending on the age. Reclaimed Ash presented 
the lowest at all ages.  
For the specimens in default conditioning, at 28 days, slag showed the highest resistivity. At 56 
and 91 days, Coal Creek showed statistically the highest resistivity, while Reclaimed Ash showed 
always the lowest.  
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For the sealed specimens, at 28 and 56 days, Slag and Elm Road had statistically the same 
resistivity. At 56 and 91 days, Coal Creek showed the highest resistivity, followed by Elm Road. 
Reclaimed Ash showed the lowest resistivity at all ages.  
  

  

  
Figure 16 –Bulk resistivity over time for (a) Coal creek mixture, (b) Elm Road mixture, (c) Slag 
mixture, and (d) Reclaimed Ash mixture. LW stands for limewater, DC for default conditioning 
(pore solution), and SL for sealed. Error bars indicate ±1 standard deviation. 

In terms of conditionings, at 28 days, the different conditionings yielded statistically different 
resistivities for all mixtures, except for reclaimed ash.  
At 56 days, for the Coal Creek mixture, the resistivity of the specimens in limewater was 
statistically the same as those in default conditioning. For the Elm Road mixture, there was no 
statistical difference in resistivity among the different conditionings, while for the Slag and 
Reclaimed Ash mixtures, the resistivity of the limewater specimens was statistically the same as 
those sealed.  
At 91 days, the effect of conditioning changed again. For Coal Creek, the resistivity of the 
limewater and the default conditioning were statistically the same, for Elm Road each conditioning 
yielded statistically different resistivity from each other, for Slag the resistivity of the limewater 
specimens was statistically the same as those sealed, and for the Reclaimed Ash, the only 
statistically different resistivities were the ones for default conditioning compared to those sealed.  
It is clear that the effect of conditioning varies from mixture to mixture and from age to age. 
However, in most cases, conditioning played a role in the bulk resistivity. As a trend, the specimens 

(a) (b) 

(c) (d) 
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in default conditioning tended to show the lowest resistivity. At 28 days, limewater tended to show 
the highest due to leaching of alkalis, but at 91 days, the sealed specimens tended to show the 
highest, probably due to the self-desiccation of the specimens. A previous study [56] showed that 
the degree of saturation at 56 days for limewater cured specimens was 80%, while for sealed 
specimens it was 63%. Despite the self-desiccation, sealed may be more realistic of field 
conditions, since it is unlikely the pavement will be saturated most of the time. In addition, sealed 
is the only conditioning that allows the pore solution resistivity to be estimated. Both at 56 and 91 
days, limewater and sealed conditionings were more effective in differentiating the mixtures, i.e., 
the different SCMs resulted in different resistivities. 
Table 5 shows the ratio between the default conditioning and limewater bulk resistivities and the 
sealed and limewater bulk resistivities. With exception of Elm Road, it is clear that the BRDC/BRLW 
resistivities increase with age. At 91 days, the ratio seems to be around 92% for the fly ashes and 
79% for the slag. For BRsealed/BRLW, the ratio increase seems to occur only between 28 and 56 
days and then stabilizes. The ratio at 91 days seems to be different for each mixture. 

Table 5 – Ratio of Bulk Resistivities. 

 BRDC/BRLW BRsealed/BRLW 
 28 days 56 days 91 days 28 days 56 days 91 days 
Coal Creek 63% 97% 93% 80% 146% 141% 
Elm Road 52% 105% 92% 69% 113% 119% 
Slag 68% 71% 79% 84% 103% 105% 
Reclaimed Ash 73% 86% 92% 86% 106% 103% 

 
7.2.2. Pore Solution Resistivity obtained through Modeling 

In order to refine the modified NIST model (Montanari model) for the determination of the pore 
solution resistivity, it was necessary to first determine the degree of reaction (DOR) of the 
mixtures. Although only the sealed conditioning was needed for the model, DOR was obtained in 
pastes at 56, and 180 days and subjected to the same conditioning conditions as the concrete (Table 
6). Due to unavailability of slag, the DOR of the slag mixture was not determined.  
Table 5 shows that for Coal Creek and Elm Road, the DOR varies with the conditioning. This 
suggests that conditioning procedure might have an impact on kinetics of the reactions and 
possibly on the microstructure. Table 5 also shows that the DOR increases with time, which was 
expected. 
The Montanari model was refined using the data obtained in this study. For fly ash mixtures, the 
free alkali ion factor value for the cement was found to be 0.77 and for the fly ash 0. Since there 
was only one slag mixture, it was not possible to refine the model for slag mixtures.  
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Table 6 – Degree of Reaction 

  Degree of Reaction, % 

  
Sealed Limewater Default 

Conditioning 

Coal Creek 
56 days 89.8 91.3 93.9 
180 days 96.6 97.1 98.0 

Elm Road 
56 days 95.1 100 75.2 
180 days 98.4 100 90.7 

Reclaimed 
Ash 

56 days 100 100 100 
180 days 100 100 100 

 
7.2.3. Pore Solution Electrical Resistivity Obtained Experimentally  

Figure 17 presents the pore solution resistivity obtained experimentally and estimated by the 
revised Montanari model. Figure 17 shows the effect of different conditionings on the resistivity 
of the pore solution. The resistivity obtained using IC was similar to the resistivity obtained using 
the resistivity cell, indicating the two methods can be used interchangeably. The Montanari model 
seemed to overestimate the pore solution resistivity of the Coal Creek mixture and underestimate 
the one for the Slag mixture. For the Elm Road and Reclaimed Ash mixtures, the model estimation 
was close to the resistivity obtained experimentally. 

 
Figure 17 – Pore solution resistivity obtained using the resistivity cell, by determining the 
chemical composition by ion chromatography (IC) and then calculating the pore solution 
resistivity (Snyder et al. [23]) or estimated by the revised Montanari model. Pore solution 
resistivity was determined at 91 days for limewater and default conditioning, and at 56 days for 
sealed condition.  
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For all the mixtures, the pore solution resistivity was the highest for specimens conditioned in 
limewater due to leaching. The pore solution of specimens in default conditioning tended to be the 
lowest. When comparing the different mixtures, the resistivity of the pore solution of the Slag was 
the highest, and Coal Creek the lowest. 
For the default conditioning, the pore solution obtained experimentally was significantly different 
than the default value of 0.127 ohm-m for the Coal Creek and Slag mixtures, indicating that the 
equilibrium between the pore solution and the conditioning solution was not achieved. For the 
Reclaimed Ash mixture the pore solution resistivity was about the same as the default value and 
for the Elm Road mixture, it was slightly higher than the default value. Equilibrium between the 
pore solution and the conditioning solution for these mixture might have been achieved.  
For fly ash mixtures, the three methods of obtaining the pore solution resistivity yielded 
comparable results, showing the validity of all of them, confirming the findings of an earlier study 
[21]. 

7.2.4. Porosity 
Table 7 presents the median pore diameter and the total porosity for selected mixtures conditioned 
three different ways: sealed, limewater and default conditioning. The pore size and the total 
porosity of the Coal Creek mixture is considered different among the three conditionings. This 
means that the conditioning affected the microstructure of the paste.  For the Elm Road mixture, 
the porosity of the limewater and the default conditioning samples can be considered similar, but 
the pore sizes are considered different among the three conditionings. For the Reclaimed Ash 
mixture, the pore size of the default conditioning and the sealed samples is the same. The porosity 
of the sealed and the limewater samples are also considered the same. Overall, the effect of the 
conditioning on the porosity and pore size depends on the mixture. 

Table 7 – Porosity. 
 

Total Pore Area, m2/g Median Pore Diameter, 
µm Porosity, % 

Elm Road Sealed 35.47 0.02106 23.0 
Elm Road LW 38.62 0.01655 21.2 
Elm Road DC 32.97 0.01924 21.4 
Reclaimed Ash Sealed 60.79 0.01537 32.2 
Reclaimed Ash LW 75.88 0.01405 33.8 
Reclaimed Ash DC 77.43 0.01557 35.3 
Coal Creek Sealed 32.20 0.02326 21.5 
Coal Creek LW 45.28 0.02007 26.3 
Coal Creek DC 57.60 0.02269 34.7 
LW- limewater DC – default conditioning 
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7.2.5. Formation Factor 
Figure 18 presents the formation factor calculated based on four different pore solution 
resistivities:  
Cell: bulk resistivity divided by the resistivity of the pore solution that was obtained by using the 
cell (Figure 10a), 
IC: bulk resistivity divided by the resistivity of the pore solution that was determined by calculating 
the resistivity (Snyder et al. [23]) based on chemical composition obtained with IC measurements, 
Def.: bulk resistivity divided by the default value of the resistivity of the simulated pore solution, 
i.e., 0.127 ohm-m. 
Est: bulk resistivity divided by the resistivity of the pore solution estimated by using the revised 
Montanari model. 

The horizontal lines indicate AASHTO R 101 requirement for mixtures that are not exposed to 
freezing and thawing (≥500) and mixtures exposed to freezing and thawing and deicing salts 
(≥1,000). 

 
Figure 18 – Formation factor calculated using different means of obtaining pore solution 
resistivity. Cell indicates formation factor calculated using pore solution resistivity obtained 
using the pore solution cell, IC indicates that chemical composition was determined by ion 
chromatography and formation factor was calculated using pore solution resistivity obtained by 
the Snyder et al. [23] model, and Def, formation factor was calculated using the default value 
for the pore solution resistivity. 

A one factor Analysis of Variance (ANOVA) test followed by a Tukey Honestly Significant 
Difference (HSD) with a 95% confidence was performed. 
With the exception of Reclaimed Ash, the FF calculated using the experimentally obtained pore 
solution resistivity was statistically different than that using the default value of 0.127 ohm-m. For 
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the Slag and Elm Road mixtures, the FF using the default value was higher than that obtained using 
experimental values, while for Coal Creek, it was the opposite. This is because for Coal Creek, the 
pore solution resistivity obtained experimentally was 0.093 ohm-m, compared to the default value 
of 0.127 ohm-m, and for the Slag the experimentally obtained pore solution resistivity was 0.164 
ohm-m. In these cases, it is clear that the assumption that there is equilibrium between the pore 
solution and the conditioning solution is not valid, even after 90 days of conditioning. It is 
important to highlight that ASTM C1876 allows cores to be conditioned for as little as 6 days, 
which is expected to result in even bigger differences between the pore solution resistivity and the 
default conditioning solution resistivity, increasing the error of the FF.  The inability to achieve 
equilibrium in the default conditioning solution was also observed in other studies [42], [43]. 
The statistical analysis showed that there was a significant difference in FF for different 
conditionings. In general, the DC yielded the highest FF and limewater the lowest. 
As mentioned previously, FF is a fundamental property that provides information on the fluid-
filled pore volume and how the fluid-filled pores are interconnected among each other, i.e., a 
measure of the microstructure of the concrete. Therefore, it is reasonable to expect that the FF to 
be about the same, independent of the type of conditioning. However, this is not what was 
observed. There was a statistical difference in FF among the conditionings. For all the mixtures, 
except for the Slag, the default conditioning resulted in the highest FF. The difference in FF, as a 
function of conditioning indicate that the conditioning itself affects the reaction kinetics, as seen 
with the results of the DOR and the reaction products, resulting in differences in microstructure, 
as shown by the results of the mercury intrusion porosimetry (section 7.2.4). 
AASHTO R 101 requires a minimum FF of 500 for mixtures not exposed to freezing and thawing 
and 1,000 for mixtures exposed to freezing and thawing and deicers. Interestingly, despite the 
historical good performance in the field of mixtures containing Elm Road and Slag, neither of 
these mixtures nor the Reclaimed Ash mixture met the requirement for freeze-thaw exposure.  

The Coal Creek mixture presented the highest formation factor when comparing each conditioning. 
This indicated that it possesses a denser microstructure than the other mixtures. 

7.2.6. Service Life 
The formation factor is related to the diffusion coefficient by the Nermst-Einstein relationship [57] 
(Equation 8): 
 

𝐹𝐹𝐹𝐹 =
𝐷𝐷0
𝐷𝐷

 Equation 8 

Where: 
𝐷𝐷0 = self-diffusion coefficient, which describes how the ionic species move through water (Table 
7). 
D   = concrete effective diffusion coefficient. 
Table 8 presents the self-diffusion coefficients for some ionic species.  
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Table 8 – Self Diffusion Coefficient [58] 

Ionic Species Self-Diffusion Coefficient, 10-10 m2/s 
32 °F 64 °F 77 °F 

OH- 25.6 44.9 52.7 
Cl- 10.1 17.1 20.3 
SO4

2- 5.0 8.9 10.7 

Hence, with the FF results, the diffusion coefficient for each of the mixtures and conditionings can 
be calculated using Equation 8 (Table 9). From Table 9, with the exception of Coal Creek, there 
was no significant difference between the diffusion coefficient of the default conditioning 
determined experimentally and that calculated using the default value. Furthermore, for all 
mixtures but the Coal Creek mixture, there was no significant difference in diffusion coefficient 
across all types of conditioning.  

Table 9 – Calculated Effective Concrete Chloride Diffusion Coefficient. 

Mixture Effective Concrete Chloride Diffusion Coefficient m2/s at 77 °F 

Sealedcell* Sealedest.* Limewater** Default 
Conditioningcell** 

Default 
Conditioningdef** 

Coal Creek 7.35 x 10-13 9.17 x 10-13 1.08 x 10-12 6.68 x 10-13 9.12 x 10-13 
Elm Road 1.16 x 10-12 1.08 x 10-12 1.85 x 10-12 1.14 x 10-12 1.08 x 10-12 
Slag 1.68 x 10-12 1.48 x 10-12 *** 1.68 x 10-12 1.30 x 10-12 
Reclaimed 
Ash 

1.53 x 10-12 1.31 x 10-12 1.83 x 10-12 1.28 x 10-12 1.35 x 10-12 

* At 56 days ** At 91 days *** Not determined 

The error function solution to Fick’s second law (Equation 9) can then be used to determine the 
time to initiate corrosion, assuming C(x,t) 0.05% by mass of concrete, C0 as 0.02% by mass of 
concrete, cover as 2 in., Cs 0.1% and that effective chloride diffusion coefficient is equal to the 
apparent chloride diffusion coefficient. 

𝐶𝐶(𝑥𝑥, 𝑡𝑡) − 𝐶𝐶0
𝐶𝐶𝑠𝑠 − 𝐶𝐶0

 = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑥𝑥

2√𝐷𝐷𝐷𝐷
� 

Equation 9 

Where: 
C(x,t) = ionic concentration at a depth x at an exposure time t 
C0      = background chloride content 
Cs      = surface concentration, which depends on the level of chloride exposure 
D       = apparent chloride diffusion coefficient 
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x        = depth 
t         = time 
Table 10 shows the time of corrosion initiation. However, it appears that the calculated service life 
varies depending on the conditioning. For example, for Coal Creek, limewater would result in 46 
years, while the default conditioning would result in 75 years, a difference of 29 years. More 
interestingly is that for the same default conditioning, if FF was calculated based on experimentally 
obtained value of the pore solution resistivity, the service life would be 19 years higher than if the 
FF was calculated based on the pore solution resistivity default value of 0.127 ohm-m. This 
exemplifies the inadequacy of using a default value for the pore solution resistivity. 

Table 10 – Calculated Time for Corrosion Initiation. 

Mixture Corrosion Initiation, years 

Sealedcell* Sealedest.* Limewater** Default 
Conditioningcell** 

Default 
Conditioningdef** 

Coal Creek 68 56 46 75 56 
Elm Road 43 47 27 44 47 
Slag 30 34 *** 30 36 
Reclaimed 
Ash 

33 39 28 40 37 

* At 56 days ** At 91 days *** Not determined 

FF also relates to freeze-thaw durability, assuming that the aggregates are freeze-thaw durable. 
AASHTO R 101 defines that concrete is freeze-thaw durable as long as the saturation of the 
concrete is below the critical degree of saturation (DOScrit) (Equation 10). The DOScrit is assumed 
to be 85%. 

𝑆𝑆(𝑡𝑡) =  𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝑆𝑆2√𝑡𝑡 ≤ 𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Equation 10 
Where: 
S(t)  = saturation as a function of time 
Snick = degree of saturation for a concrete where the gel and capillary pores are filled. 
t     = time 
S2   = a parameter related to the rate of saturation (Equation 11) 

𝑆𝑆2 = 0.581�
1
𝐹𝐹𝐹𝐹

+ 0.021 
Equation 11 

Table 11 shows the calculated S2 based on the FF for each mixture and conditioning type.  
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Table 11 – Calculated S2. 

Mixture  
 

S2 

Sealedcell* Sealedest.* Limewater** Default 
Conditioningcell** 

Default 
Conditioningcell** 

Coal Creek 0.0362 0.0380 0.0395 0.0355 0.0380 
Elm Road 0.0402 0.0395 0.0452 0.0400 0.0395 
Slag 0.0440 0.0426 *** 0.0440 0.0413 
Reclaimed 
Ash 0.0430 0.0413 0.0450 0.0411 0.0416 
* At 56 days ** At 91 days *** Not determined 

 
In order to determine the effect of conditioning on the calculated time to reach the DOScrit, the 
following ratio was calculated (Equation 12): 

𝑅𝑅𝑡𝑡 =  
𝑡𝑡𝑛𝑛

𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
 Equation 12 

Where: 
tn       = calculated time to reach DOScrit for each conditioning type 
tDCdef. = calculated time to reach DOScrit for default conditioning, using the default value for the 
pore solution resistivity (0.127 ohm-m). 
Table 12 presents the ratio R. Assuming that the Snick is the same for all conditionings, as can be 
seen, the time to achieve critical saturation is different depending on the conditioning type. For 
example, for Coal Creek, the calculated time to reach DOScrit in the default conditioning using the 
pore solution resistivity obtained experimentally is 14% higher than that for the same conditioning 
but using the default value for pore solution resistivity. On the other hand, for Elm Road, this 
difference in time is only 2% lower. This shows that the error in calculating FF using a default 
value for the pore solution resistivity to infer freeze-thaw durability will depend on the mixture, 
i.e., the higher the difference of the pore solution resistivity obtained experimentally and the 
default value of 0.127 ohm-m, the higher this error.  
If the calculated time to reach DOScrit for specimens cured in limewater is compared to the time 
for specimens in default conditioning (DCcell), the time for limewater cured specimens would be 
up to 22% lower than those in the default conditioning. This is probably due to the effect of the 
conditioning on the microstructure, as shown in section 7.2.4. 
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Table 12 – Ratio R. 

Mixture Sealedcell* Sealedest.* Limewater** Default 
Conditioningcell** 

Coal Creek 10% 0% -8% 14% 
Elm Road -3% 0% -24% -2% 
Slag -12% -6% *** -12% 
Reclaimed Ash -6% +1% -15% 2% 
* At 56 days ** At 91 days *** Not determined 

Nevertheless, it is important to highlight that none of the conditionings studied represent field 
conditions, so using FF to estimate service life, no matter which conditioning is selected, results 
in an approximation with an inherent error associated with it.  

7.3. Phase 2 Testing 
7.3.1. Effect of Conditioning 

The Coal Creek, the Elm Road, and the Slag mixtures prepared in Phase 1 were rebatched. The 
conditionings used were limewater (LW), estimated pore solution (EPS), accelerated curing (AC), 
and pore solution 2 (PS2). Figure 19 shows the effect of conditioning on bulk resistivity, including 
Phases I and II of testing. 
A one factor Analysis of Variance (ANOVA) test followed by a Tukey Honestly Significant 
Difference (HSD) with a 95% confidence was performed.  
For Coal Creek mixture, it was observed that there was no significant difference in bulk resistivity 
between limewater and accelerated curing, neither between default conditioning and accelerated 
curing. EPS and PS2 also yielded statistically the same bulk resistivity. Bulk resistivity of sealed 
specimens was much higher than the other conditionings. All conditionings were classified as low 
penetrability. 
Elm Road mixture EPS and PS2 also yielded statistically the same bulk resistivity. In addition, 
default conditioning and limewater were also considered statistically the same. All the other 
conditionings resulted in different bulk resistivities. Bulk resistivity of sealed specimens was 
higher than that for the other conditionings. All conditionings were classified as low penetrability. 
Interestingly, the Slag mixture behaved differently. The only significant differences were between 
limewater and default conditioning and EPS, default conditioning and accelerated curing and 
default conditioning and PS2. All the other conditionings resulted in bulk resistivities that were 
statistically the same. The bulk resistivity of specimens in default conditioning was much lower 
than the other conditionings. All conditionings, with exception of default conditioning, were 
classified as low penetrability. 
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For Reclaimed Ash mixture, there is not a single conditioning that outperforms or underperforms 
significantly the other conditionings. 
For each specific conditioning, there was a significant difference among the different SCMs, 
indicating that bulk resistivity can be used to differentiate mixtures. 
The bulk resistivity of the AC specimens was lower than those in limewater, yet this difference 
was less than 10%. 

 
Figure 19 – Bulk resistivity of sealed specimens at 56 days. Bulk resistivity of AC at 28 days 
and all other conditionings at 91 days. 

Figure 20 shows the effect of conditioning on the FF. The horizontal lines are thresholds from 
AASHTO R 101: for concrete not subjected to freezing and thawing FF ≥ 500 and for concrete 
exposed to freezing and thawing and deicing salts FF ≥ 1000. 
For the Elm Road mixture, the default conditioning seemed to reach equilibrium since the FF 
obtained experimentally was similar to that using the default value of 0.127 ohm-cm. The same 
way, PS2 seemed to have reached equilibrium, since the FF calculated using experimental values 
was similar to that using the default value for the resistivity of the pore solution (0.152 ohm-cm). 
The FF for the default conditioning, sealed and EPS was similar. The pore solution resistivity 
estimated by the Montanari model showed good agreement with the value obtained 
experimentally, since the FF for sealed cell and sealed est. are similar. AC yielded the lowest FF 
that did not meet the minimum requirement of 500. One can hypothesize that the accelerated curing 
resulted in a much different microstructure than the other conditionings. None of the conditionings 
resulted in FF above the minimum requirement for freeze-thaw exposure. 
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Figure 20 – Effect of conditioning on formation factor. Horizontal lines indicate requirements 
in AASHTO R 101. FF of AC at 28 days and all other conditionings at 91 days. 

The Coal Creek mixture showed the largest spread of results among the conditionings, compared 
to the other mixtures. FF varied from 1602 to 836. For this mixture, no equilibrium was achieved 
in the default conditioning, since the FF obtained using experimental values was different than that 
using the default value for the pore solution. The same way, PS2 conditioning did not reach 
equilibrium either, showing that for this mixture, PS2 is not a good conditioning. The estimation 
for sealed was not similar to the FF obtained with experimental values. The sealed resulted in 
similar FF to the EPS. AC showed the lowest FF and did not meet the requirement for freeze-thaw 
exposure.  
For the Slag mixture, the default conditioning did not reach equilibrium and the Montanari model 
provided good estimation. None of the conditionings passed the requirement for freeze-thaw 
exposure. 
For the Reclaimed Ash mixture, the default conditioning reached equilibrium. None of the 
conditionings met the freeze-thaw exposure requirement. 
The Coal Creek mixture presented the highest formation factor, indicating the denser 
microstructure comparing to the other mixtures. 

7.3.2. Effect of the Coase Aggregate 
The Elm Road mixture prepared in Phase 1 was rebatched but two other coarse aggregates were 
used: Earl or Dresser Trap Rock. The conditionings used were limewater (LW) and default 
conditioning (DC). Figure 21 shows the effect of coarse aggregate on bulk resistivity at 91 days. 
For LW, all the bulk resistivity of the mixtures with the three different aggregates were statistically 
significant different, while for DC, the mixtures with Lannon and Dresser Trap were considered 
statistically the same.  
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Figure 21 shows that the aggregates affected bulk resistivity. However, independent of the 
aggregate and conditioning, with exception of Dresser in limewater, they were classified as low 
penetrability. 
Figure 22 shows the effect of coarse aggregate on FF. FF calculated with the pore solution 
resistivity default value was higher than when the values obtained experimentally were used, 
especially for the Dresser mixture. FF showed to be dependent on the coarse aggregate type. This 
may be due to the aggregate morphology and the bond between the aggregate and the paste [59]. 
For the Lannon mixture, equilibrium between pore solution and conditioning solution was 
achieved, but not for the Dresser mixture. None of the FF calculated using experimental values 
achieved the minimum requirement for freeze-thaw exposure. 

 
Figure 21 – Effect of coarse aggregate on bulk resistivity at 91 days. 

 
Figure 22 – Effect of coarse aggregate on formation factor at 91 days. Horizontal lines indicate 
requirements in AASHTO R 101. 



36 
 

7.3.3. Effect of the w/cm 
The Coal Creek and the Elm Road mixtures prepared in Phase 1 were rebatched but the w/cm was 
reduced to 0.37. The conditionings used were limewater (LW), default conditioning (DC) and the 
estimated pore solution (EPS).Figure 23 shows the effect of w/cm on bulk resistivity at 91 days. 
For both Coal Creek and Elm Road mixtures, the bulk resistivity of each conditioning was 
statistically different than the others. In addition, the bulk resistivity of the mixture with w/cm of 
0.37 was higher than that of the mixture with w/cm of 0.45, for each of the conditionings, as 
expected. The lower w/cm results in a denser microstructure which, in turn, leads to higher bulk 
resistivity. This indicates that bulk resistivity can be used to differentiate mixtures with different 
w/cm. All mixtures, independent of the conditionings, were classified as low penetrability. 
 

 
Figure 23 – Effect of w/cm on bulk resistivity. 

Figure 24 shows the effect of w/cm on the FF. Surprisingly, the difference between the FF of the 
0.37 mixture and the FF of the 0.45 mixture is not significant, although one can assume that the 
microstructure of the 0.37 mixture is much denser than that of the 0.45 mixture. The FF of the Elm 
Road mixture was 1043 for w/cm 0.37, compared with 935 of Phase I for w/cm of 0.45. The FF of 
Coal Creek mixture was 1269 for w/cm 0.37, compared to 1173 for w/cm 0.45. This may be an 
indication that FF is not properly reflecting the microstructure of the concrete. 
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Figure 24 – Effect of w/cm on formation factor at 91 days. Horizontal lines indicate requirements 
in AASHTO R 101. 

EPS conditioning presented a much higher FF than the default conditioning. EPS is a conditioning 
solution that is closer to the pore solution of the concrete than the default conditioning solution. 
This may represent the true FF of the concrete. The 0.37 mixtures met the minimum requirement 
for freeze-thaw exposure, independently of the conditioning. 

7.3.4. Effect of the % of Cement Replacement 
The Coal Creek, the Elm Road, and the Slag mixtures prepared in Phase 1 were rebatched but the 
cement replacement was decreased to 15%. The conditionings used were limewater (LW), default 
conditioning (DC) and the accelerated curing (AC). Figure 25 shows the effect of % cement 
replacement on bulk resistivity at 91 days. 
It is clear that mixtures containing 30% of SCM resulted in significantly higher bulk resistivity, in 
comparison with those containing only 15%. This was expected, since SCMs densify the matrix, 
contributing to an increase in resistivity. This indicates that bulk resistivity can differentiate 
mixtures with different cement replacement levels, as long as there is a significant difference in 
these levels (Figure 25).  
DC resulted in the lowest bulk resistivity.AC was 8 to 16% higher than LW, depending on the 
mixture and 2 to 28% higher than DC, also depending on the mixture. 
The 15% SCM mixtures, independent of conditionings, were classified as moderate penetrability, 
while the 30% SCM, with exception of slag in default conditioning, were classified as low 
penetrability. 
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Figure 25 – Effect of % cement replacement on bulk resistivity. 

Figure 26 shows the effect of % cement replacement on FF. As expected, the higher the percent 
cement replacement, the higher the FF.  For the 30% Coal Creek mixture there was a significant 
difference between FF calculated with the default value for the resistivity of conditioning solution 
and the FF calculated based on experimental values. However, for the 15% Coal Creek mixture, 
this difference was small, indicating that the default conditioning solution may be appropriate to 
some mixtures but not all. For the 15% mixtures, as for the 30% mixtures, FF is dependent on the 
conditioning. AC presented the significantly lower FF and doesn’t seem to be representative of the 
potential microstructure of the concrete in the field. AC resulted in FF that did not meet the 
minimum requirement of 500. None of the 15% SCM mixtures, independently of the conditioning, 
met the requirement for freeze-thaw exposure. 
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Figure 26 – Effect of % cement replacement on formation factor. AC at 28 days and DC at 91 
days. Horizontal lines indicate requirements in AASHTO R 101. 

 
7.3.5. Effect of Cement 

The mixtures prepared in Phase I were rebatched using Continental Type IL cement. The 
conditionings used were limewater (LW), default conditioning (DC) and sealed (SL). Figure 27 
shows the effect of the cement on bulk resistivity at 91 days. Once more, the conditioning affected 
the bulk resistivity of the mixtures. 
For DC and sealed conditionings, the mixtures containing Continental cement resulted in higher 
bulk resistivities. For LW, the Coal Creek mixture with Alpena cement resulted in higher 
resistivity than that with Continental cement, for the Elm Road mixture it was the exact opposite 
and for the Slag and Reclaimed Ash mixtures there was no significant difference between the 
mixtures with Alpena and Continental cements. Thus, bulk resistivity was not capable of 
differentiating mixtures with different cement of the same class (Type IL). 
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Figure 27 – Effect of cement on bulk resistivity. Sealed at 56 days, other conditionings at 91 
days. 

 
Figure 28 shows the same trend as the bulk resistivity, i.e., there was not a significant difference 
on the FF for the two cements used. 

 
Figure 28 – Effect of cement on formation factor with default conditioning. Horizontal lines 
indicate requirements in AASHTO R 101. 
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7.3.6. Effect of Age 
Figure 29 shows the increase in bulk resistivity from 56 to 91 days. Although there is limited data, 
it is clear that the bulk resistivity of slag mixtures and mixtures in LW increased less from 56 to 
91 days than all the other sets in this study. The average increase for slag mixtures was 22% and 
23% for mixtures in LW, while for all the other sets, the increase in bulk resistivity between 56 
and 91 days was, in average, 44%. This shows that the conditioning may be affecting the hydration 
of the cementitious materials.   
 

 
Figure 29 – Effect of age on bulk resistivity. 

7.3.7. Relationship between Surface Resistivity and Bulk resistivity 
Figure 30 shows a good correlation between surface and bulk resistivities. Figure 30a shows the 
data per type of conditioning. As can be seen, most of the data is within ±10%. The correlation 
between surface and bulk resistivities is about 1, with exception of the mixtures conditioned in 
DC.  

  
Figure 30 – Correlation between surface resistivity and bulk resistivity. (a) by conditioning type, 
(b) all data. Dashed line indicates ±10%. 
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7.3.8. Relationship between Bulk Resistivity and RCPT 
Figure 31 shows that the correlation between bulk resistivity and RCPT was not as good as 
expected. If one considers the penetrability classification in the RCPT and applies the classification 
in WTM T358[54] to the bulk resistivity results, out of the 24 data set point, there are 5 mismatch 
classifications. In 4 of them, bulk resistivity provides a more conservative classification than the 
RCPT.  
As shown in Figure 1, different curves correlating RCPT and resistivity have been proposed over 
the years. As a result, different boundaries for the penetrability classification can be obtained, 
depending on the curve used. The reason for the curves to be different can be the mixture 
proportions of the concretes used to develop the curves, and the volume ratio between limewater 
and concrete. Table 13 shows two penetrability classifications based on two different curves and 
what would be the classification based on the curve shown in Figure 31. Since the curve in Figure 
31 did not match the curve used to develop the classification in WTM T358, there is a mismatch 
in classification. Another reason for mismatch between the curve in Figure 31 and the one used to 
develop the WTM T358 is that in Figure 31, different conditionings were used, not only limewater. 
 

 
Figure 31 – Correlation between bulk resistivity and RCPT. Circled points indicate mismatch in 
classification between resistivity and RCPT. 

Table 13 – Chloride Penetrability Classifications. 

 WTM T358* T 358** Based on Figure 31 
High <5.2 <6.2 <6.4 
Moderate 5.2-10.4 6.2-10.9 6.4-10.4 
Low 10.4-20.8 10.9-19.2 10.4-16.9 
Very Low 20.8-207 19.2-132 16.9-86 
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Negligible >207 >132 >86 
* These boundaries were obtained by correlating RCPT and bulk resistivity. 
** Values converted from apparent surface resistivity to surface resistivity. These boundaries 
were obtained by correlating RCPT and apparent surface resistivity. 

 

8. CONCLUSIONS AND RECOMMENDATIONS 

An extensive experimental program was carried out. The effect of different conditionings on bulk 
resistivity, formation factor, microstructure and service life was evaluated. The effect of materials 
and mixture proportions on bulk resistivity and formation factor was also assessed. 
The types of conditioning evaluated were limewater, sealed, ASTM C1876 default conditioning, 
an average pore solution for WisDOT mixtures, an estimated pore solution of each mixture, and 
accelerated curing. 
Bulk resistivity was affected by the aggregate, percentage of SCM, w/cm, cement and 
conditioning. 
Formation factor was affected by the aggregate, percentage of SCM, w/cm and conditioning. 
Formation factor is an intrinsic material property that reflects its microstructure. However, it was 
observed that formation factor was a function of the conditioning. This is because the conditioning 
method may affect the reactions kinetics, the porosity and the pore size, and, consequently the bulk 
resistivity and the formation factor.  
The most accurate conditioning solution for the determination of formation factor was found to be 
the one that requires the solution to be estimated for every single mixture (EPS). Nevertheless, this 
process is cumbersome and may yield errors in solution preparation when many different mixtures 
need to be evaluated. The average pore solution (PS2) was found to be more accurate than the 
default conditioning. For the default conditioning, the equilibrium between the pore solution and 
the conditioning solution is not always achieved, even after 90 days of conditioning, resulting in 
inaccurate formation factors. Moreover, conditioning specimens in solutions requires large 
solution volumes, is expensive, and requires proper handling and disposal. 
The accelerated curing can be used for bulk resistivity and shouldn’t be used for formation factor.  
The modified NIST model (Montanari model) provided a good estimation of the resistivity of the 
pore solution and can be used to determine the formation factor. 
Service life and time to reach critical saturation were estimated. They were a function of the 
conditioning method, since they are a function of the formation factor.  

8.1. Recommendations 
It is recommended that formation factor be used for mixture qualification.  
AASHTO R 101 requirement for freeze-thaw exposure (FF ≥ 1,000) was found to be too 
restrictive. Mixtures that perform well in the field did not meet this requirement. Based on limited 
data from this project, a FF greater than or equal to 700 seems to be a more reasonable limit. 
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However, more research is needed correlating the formation factor and the freeze-thaw 
performance. 
The most practical method to determine formation factor is to use the sealed condition, as long as 
the specimens are properly sealed. This conditioning may be more representative of the concrete 
in the field, except during rain season or snow thawing, and allows the pore solution resistivity to 
be estimated. Sealing specimens is more easily implementable than conditioning in a solution, 
since it doesn’t require three specimens to be conditioned in each bucket, reducing the laboratory 
space needed, and doesn’t require the preparation or disposal of any solution. It is recommended 
specimens to be kept in their molds with lids, tape the area between lid and mold and double-bag 
the specimens in plastic bags, properly closed. The specimens should be then kept in a moist room 
until age of testing. 
At the age of 91 days, the specimens are demolded and the resistivity determined. The resistivity 
of the pore solution is determined by the Montanari model and the formation factor is calculated 
(Figure 32). For the Montanari model, 90% can be used the degree of reaction at 91 days.  
During the qualification process, a correlation between the resistivity of the sealed specimens and 
the resistivity of the limewater or accelerated curing specimens are obtained. 
For quality control/quality assurance, instead of using formation factor, the resistivity of limewater 
or accelerated curing specimens can be used, using the values obtained during mixture 
qualification as thresholds (Figure 32). 
 

 
Figure 32 – Recommendation for implementation of formation factor for mixture qualification 
and resistivity for QA/QC. 

ASTM C1876 allows cores to be conditioned for a minimum of 6 days. In this project, it was found 
that, in some cases, 90 days of conditioning in the default conditioning was not sufficient to reach 
the equilibrium between the pore solution and the conditioning solution. The further away from 
the equilibrium that it is, the higher the error in calculating formation factor. So, it is not 
recommended for the cores to be conditioned for only 6 days. More research is needed to determine 
the minimum conditioning time. 
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8.1.1. Recommended Specification Language 
During the qualification process, at 91 days, determine the resistivity of sealed specimens and 
companion specimens cured in limewater or subjected to accelerated curing. Sealed specimens 
shall be kept in the molds, the area between the lid and the mold shall be taped and the specimens 
placed in double plastic bags, properly closed. Then, the specimens shall be placed in a moist room 
until the age of 91 days. Specimens subjected to accelerated curing shall be cured in saturated 
limewater at 73 ± 3 °F for 7 days. Then, specimens shall be cured at 100 ± 3 °F until the age of 28 
days. A correlation between the formation factor of sealed specimens and the resistivity of 
limewater specimens or accelerated cured specimens shall be established and this value shall be 
used for QA/QC. 
To determine the formation factor, input the values of the cement and SCM chemical composition 
in the provided spreadsheet for pore solution modeling and determine the pore solution resistivity. 
Calculate the formation factor by dividing the resistivity of the sealed specimens by the calculated 
resistivity of the pore solution. Formation factor shall be equal to or higher than 500, if the concrete 
will not be exposed to freezing and thawing and deicing salts. For concretes exposed to freezing 
and thawing and deicing salts, the formation factor shall be equal to or higher than 700. 
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APPENDIX A 

NIST Model 

This model estimates the pore solution concentration of Na+, K+, and OH- in a mixture and uses 
an electrochemical model [1] to determine the pore solution electrical resistivity from these 
estimated ionic concentrations. In this model, information on the mixture design, the 
cementitious material’s chemical composition, and the degree of reaction. 

Equation 1 and Equation 2 describe the mass fraction of the cementitious system which dissolves 
in solution, which is given by the sum of the contribution of the single cementitious material “i”, 
multiplied by their respective free alkali ion factors. 

Equation 3 and Equation 4 transform the sodium oxide and the potassium oxide which dissolved 
in solution from mass fraction to moles of sodium and potassium per g of material. 

The final step for the ionic concentration calculation of sodium and potassium requires to 
normalize the moles of dissolved alkalis by the amount of free water in the pores per g of 
cementitious material (L/g) as described in Equation 5 and Equation 6. Equation 5 and Equation 
6 take into account the dilution effect when a SCM is used. 

Equation 7a represents the simplified case of a pure hydraulic system, where the free water is 
obtained by subtracting from the initial w/c the water that is bound in the hydration products, for 
which the value of 0.23 (ml/g) is commonly accepted. The presence of SCMs could be 
incorporated in the equation by adjusting the bound water value, proportionally to the mass 
replacement and the type of SCM (Equation 7b). 
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dissolve into the solution in the form of sodium oxide and potassium oxide 
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(%/100) 

• 22.9898 is the molar mass of sodium (g/mol) 

• 39.0983 is the molar mass of potassium (g/mol) 

• 15.9994 is the molar mass of potassium (g/mol) 
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capillary and gel pores of the cementitious matrix, is estimated as described in Equation 8. 

• 𝐷𝐷𝐷𝐷𝐷𝐷 is the degree of hydration or reaction of the cementitious materials 

• w/cm is the water to cementitious ratio 
By combining Equation 1 and Equation 7: 

𝑁𝑁𝑁𝑁+ �
mol

L
� =

∑ �2𝑚𝑚𝑓𝑓,𝑖𝑖
(𝑁𝑁𝑁𝑁2𝑂𝑂) ∙ 𝑀𝑀𝑖𝑖

𝑀𝑀𝑐𝑐𝑐𝑐
∙ 𝑓𝑓𝑖𝑖 ∙ 0.75�𝑛𝑛

𝑖𝑖

(2 ∙ 22.9898 + 15.9994)
∙

1000
𝑤𝑤
𝑐𝑐𝑐𝑐 − 0.23 ∙ DOR ∙ 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑐𝑐𝑐𝑐

 Equation 8 

(a) 

(a) 

(a) 

(b) 

(b) 

(b) 



𝐾𝐾+ �
mol

L
� =

∑ �2𝑚𝑚𝑓𝑓,𝑖𝑖
(𝐾𝐾2𝑂𝑂) ∙ 𝑀𝑀𝑖𝑖

𝑀𝑀𝑐𝑐𝑐𝑐
∙ 𝑓𝑓𝑖𝑖 ∙ 0.75�𝑛𝑛

𝑖𝑖

(2 ∙ 39.0983 + 15.9994)
∙

1000
𝑤𝑤
𝑐𝑐𝑐𝑐 − 0.23 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷 ∙ 𝑀𝑀𝑐𝑐𝑐𝑐𝑐𝑐

𝑀𝑀𝑐𝑐𝑐𝑐

 Equation 9 

f 𝑁𝑁𝑁𝑁+,𝐹𝐹𝐹𝐹𝐹𝐹 𝐴𝐴𝐴𝐴ℎ =  
∆𝐼𝐼𝐼𝐼(𝑁𝑁𝑁𝑁+) ∙ �

𝑤𝑤
𝑐𝑐𝑐𝑐 − 0.23 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷�

1000 ∙
2𝑚𝑚𝑓𝑓

(𝑁𝑁𝑁𝑁2𝑂𝑂) ∙ 𝑀𝑀𝑖𝑖
𝑀𝑀𝑐𝑐𝑐𝑐

(2 ∙ 22.9898 + 15.9994) 

 
Equation 10 

f 𝐾𝐾+,𝐹𝐹𝐹𝐹𝐹𝐹 𝐴𝐴𝐴𝐴ℎ =  
∆𝐼𝐼𝐼𝐼(𝐾𝐾+) ∙ �

𝑤𝑤
𝑐𝑐𝑐𝑐 − 0.23 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷�

1000 ∙
2𝑚𝑚𝑓𝑓

(𝐾𝐾2𝑂𝑂) ∙ 𝑀𝑀𝑖𝑖
𝑀𝑀𝑐𝑐𝑐𝑐

(2 ∙ 22.9898 + 15.9994) 

 
Equation 11 

The estimated ionic concentrations are then used in an electrochemical model, developed by 
Snyder et al. [1], to calculate the pore solution electrical resistivity of the solution. Equation 12 
uses the concentrations of the primary ionic species found in the pore solution (Na+, K+, OH-) to 
estimate the pore solution resistivity [1]. 

This electrochemical model was found to be accurate within 8 % of the predicted resistivity for 
ionic strengths as high as 2 M and for potassium to sodium molar ratios from 1:1 to 4:1 in 
synthetic solutions [1].  

 

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
1

∑ 𝑧𝑧𝑖𝑖𝑐𝑐𝑖𝑖𝜆𝜆𝑖𝑖𝑖𝑖
 Equation 12 

Where:  
• 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the calculate electrical resistivity of the pore solution (Ohm-m) 
• zi is the oxidation number (~) of the ionic species ‘i’ 
• ci, is the molar concentration (mol/L) of the ionic species ‘i’ 
• λi is the equivalent conductivity (cm2 S/mol) of the ionic species ‘i’ 

 

Reference 

[1] K. . Snyder, X. Feng, B. . Keen, and T. . Mason, “Estimating the electrical conductivity of 
cement paste pore solutions from OH−, K+ and Na+ concentrations,” Cem. Concr. Res., 
vol. 33, no. 6, pp. 793–798, Jun. 2003, doi: 10.1016/S0008-8846(02)01068-2. 

 


	Disclaimer-Language-WHRP.pdf
	Disclaimer

	Revised Chapter 1-8_08-13-25.pdf
	1. Executive Summary
	2. Introduction
	3. Research need statement
	4. Research Objectives
	5. Literature Review
	1.
	2.
	3.
	4.
	5.
	5.1.1.1. Concrete Electrical resistivity
	1.
	2.
	3.
	4.
	5.
	5.1.1.2. Formation Factor
	1.
	2.
	3.
	4.
	5.
	5.1.


	6. Research Plan
	6.
	6.
	6.1. Materials
	6.2. Phase I – Effect of Conditioning on the Electrical Resistivity and Formation Factor
	6.
	6.1.
	6.2.
	6.2.1. Mixture Selection
	6.2.2. Phase I - Mixture Preparation and Conditioning
	6.2.3. Phase I - Testing

	6.2.1.
	6.2.2.
	6.2.3.
	6.2.3.1. Pore Solution Expression
	6.2.3.2. Ionic Concentration
	6.2.3.3. Calculation of the Resistivity of the Expressed Pore Solution from   the Dissolved Alkalis
	6.2.3.4. Pore Solution Electrical Resistivity
	6.2.3.5. Degree of Reaction
	6.2.3.6. Porosity

	6.3. Phase 2 – Mixtures’ Preparation and Testing
	1.
	2.
	3.
	4.
	5.
	6.
	6.1.
	6.2.
	6.3.
	6.3.1. Phase II - Mixture Preparation and Conditioning
	1.
	2.
	3.
	4.
	5.
	6.
	6.1.
	6.2.
	6.3.
	6.3.2. Effect of Coarse Aggregate
	6.3.3. Effect of w/cm
	6.3.4. Effect of Cement Replacement
	6.3.5. Effect of Cement
	6.3.6. Effect of Conditioning


	7. Results
	7.
	7.1. Materials’ Testing
	7.
	7.2. Phase 1 Testing
	1.
	2.
	3.
	4.
	5.
	6.
	7.
	7.1.
	7.2.
	7.2.1. Bulk Resistivity
	7.2.2. Pore Solution Resistivity obtained through Modeling
	7.2.3. Pore Solution Electrical Resistivity Obtained Experimentally
	7.2.4. Porosity
	7.2.5. Formation Factor
	7.2.6. Service Life

	7.3. Phase 2 Testing
	1.
	2.
	3.
	4.
	5.
	6.
	7.
	7.1.
	7.2.
	7.3.
	1.
	2.
	3.
	4.
	5.
	6.
	7.
	7.1.
	7.2.
	7.3.
	7.3.1. Effect of Conditioning
	7.3.2. Effect of the Coase Aggregate
	7.3.3. Effect of the w/cm
	7.3.4. Effect of the % of Cement Replacement
	7.3.5. Effect of Cement
	7.3.6. Effect of Age
	7.3.7. Relationship between Surface Resistivity and Bulk resistivity
	7.3.8. Relationship between Bulk Resistivity and RCPT


	8. Conclusions and Recommendations
	8.
	8.1. Recommendations
	1.
	2.
	3.
	4.
	5.
	6.
	7.
	8.
	8.1.
	8.1.1. Recommended Specification Language


	9. References

	Appendix A.pdf
	Appendix A




